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Introduccio general

1. EL CANCER

El cancer és un conjunt de malalties que s’origina a partir d’una proliferacié accelerada,
desordenada i descontrolada de les cél-lules d’un teixit que envaeixen, desplacen i destrueixen,
localment i a distancia, altres teixits sans de I’organisme. El cancer, també denominat neoplasia
o tumor maligne, és un terme molt ampli que engloba més de dos-cents tipus de tumors
malignes. Cadascun d’ells posseeix unes caracteristiques particulars, que en alguns casos son
completament diferents a la resta de cancers, podent-se considerar malalties independents, amb

les seves causes, evolucio i tractament especifics (www.aecc.es).

Segons estimacions de 1’Organitzacié Mundial de la Salut (OMS), el cancer és una de les
principals causes de mort a escala mundial (http://www.who.int/es/). Concretament, 7,6 milions
de defuncions (aproximadament el 13% del total) produides en tot el moéon I’any 2008 es van
atribuir a aquesta malaltia. A més, les morts degudes a neoplasies segueixen augmentant any
rere any, ocupant el primer lloc les produides com a conseqiiéncia del cancer de pulmo,

seguides de prop per les d’estdmac, fetge, colon i mama.

El procés pel qual les ceél-lules normals es transformen en canceroses i adquireixen la
capacitat de multiplicar-se descontroladament i d’envair teixits i altres oOrgans s’anomena
carcinogeénesi. La carcinogénesi es dona per un procés analeg a l'evoluciéo Darwiniana, en el
qual es produeixen canvis genétics successius, que confereixen avantatges de proliferacio,
portant a la conversid progressiva de les cel-lules normals en cel-lules tumorals (Foulds, 1954;
Nowel et al., 1976). Aquest procés pot produir-se per alteracions genetiques espontanies,
heretades o bé per 'accio d'agents carcinogens externs: els carcindgens fisics (llum ultraviolada
o radiacions ionitzants), els carcindgens quimics (components del fum del tabac o contaminants
en aliments) i els carcinogens biologics (infeccions viriques, bacterianes o parasitaries). La
carcinogenesi pot durar anys i es desenvolupa en tres fases diferents: iniciaci6, promocid i
progressid (Ziech et al., 2011). La iniciacié consisteix en una lesié irreversible a ’acid
desoxiribonucleic (ADN) duna cellula que 1i confereix la capacitat de proliferar
descontroladament respecte a la resta de cel-lules que l'envolten. La cél-lula iniciada pot donar
lloc a cel'lules filles portadores de la mateixa alteracié al material genetic. En les cél-lules
iniciades, la multiplicacio cel-lular comen¢a a ser més rapida i la probabilitat de que es
produeixin noves mutacions augmenta. Aquesta és la fase de promocid. Finalment, les cel-lules
pateixen noves mutacions i cada vegada es fan més anomales pel que respecta al seu creixement
i comportament. Aquestes cel-lules adquireixen la capacitat d'invasid, tant a nivell local com a

distancia, originant les metastasis. Aquesta és la fase de progressio.
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Com a norma general s'ha de tenir en compte que una Unica mutacid no és
suficient per provocar la transformacio d'una c¢l-lula normal (Hahn et al., 2002). Les mutacions
s'han d'acumular i afectar diferents gens involucrats directa o indirectament en el control del
creixement cel-lular com els protooncogens o els gens supressors de tumors. Els protooncogens
es troben en les cel-lules normals exercint funcions relacionades amb el control de la
proliferacio cel-lular. Aquests codifiquen per a factors de transcripcid, proteines de transduccio
de senyal que estimulen la divisio i factors reguladors del cicle cel-lular i I’apoptosi. Quan un
protooncogen sofreix una mutacié de guany de funcid, és a dir, una alteracidé que fa que es
mantingui actiu en situacions en qué no hauria d'estar-ho, es converteix en un oncogen i provoca
un increment en la taxa de proliferacio cel-lular. D’una altra banda, els gens supressors de
tumors sén gens la funcid dels quals consisteix a limitar el creixement tumoral constituint una
defensa per a l'organisme enfront de la formacié de tumors. Per tant, quan una mutaci6 afecta a
un gen supressor de tumors i I’inactiva, es dona un efecte complementari a l'observat quan
s'activa un oncogen. Per altra banda, els factors epigenctics també juguen un paper fonamental
en la progressid tumoral, ja que exerceixen una important funcié reguladora de l'expressio
génica. Els canvis epigenctics son heretables i, a diferéncia dels factors genétics, marquen la
cadena d’ADN sense modificar la seqiiencia de nucleotids en si mateixa (Wong et al., 2007).
Fins al moment s'han caracteritzat tres esdeveniments epigenétics associats al cancer: la
hipometilacio global de I'ADN, la hipermetilacié de les illes CpG (regions amb elevada
concentracié de citosina i guanina) i la desregulaci6 de les modificacions de les histones.
Mentre que la hipometilaciéo de 'ADN sol portar a l'activacid de certs gens que haurien d'estar
silenciats, la hipermetilacié de les illes CpG que formen part de regions promotores €és un
mecanisme pel qual s’inactiva l'expressio de gens supressors de tumors en cel-lules tumorals.
Per la seva banda, les principals modificacions que poden sofrir les histones son la metilacio i
I’acetilacid. Les histones son proteines sobre les quals s'empaqueta 'ADN. Quan aquestes no
presenten les modificacions mencionades, la cromatina es troba empaquetada i es restringeix
I'expressio genica. En canvi, quan les histones es troben acetilades o metilades, la cromatina es
desempaqueta, de tal manera que els gens queden exposats a la maquinaria transcripcional i

s’activa I’ expressio.

1.1. Caracteristiques tumorals

L’any 2000, Douglas Hanahan i Robert Weinberg van publicar una coneguda revisiéo on
s’establien les sis propietats distintives que caracteritzen les cel-lules tumorals (Hanahan et al.,

2000). Aquestes caracteristiques comuns necessaries per a la malignancia tumoral son:
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senyalitzacid sostinguda de la proliferacié independent de factors de creixement, insensibilitat a
senyals inhibidores del creixement com son la densitat cel-lular i 1’adheréncia cél-lula-matriu i
cel-lula-cellula, una capacitat proliferativa il-limitada, la capacitat d'evadir la mort cel-lular
programada o apoptosi i la capacitat d'invasid, angiogénesi i metastasi. Tot 1 aix0, recentment
s’ha demostrat que aquests sis fenotips no representen la totalitat dels trets distintius de les
cel-lules cancerigenes, sind que aquestes també presenten inestabilitat genomica, adaptacions
metaboliques especifiques, la capacitat d” evadir la resposta immunitaria i es veuen promogudes

per I’inflamacié (Hanahan ez al., 2011) (Figure 1).

Senyalitzacio sostinguda de la  Insensibilitat a factors inhibidors
proliferacio del creixement

Reprogramacio metabdlica

Evasio de la mort cel-lular

Inestabilitat genomica

Capacitat angiogénica Invasivitat i metastasi

Figura 1. Propietats de les cél-lules tumorals (adaptada de Hanahan i Weinberg, 2011)

La primera de les caracteristiques destacades per Hanahan i Weinberg ¢s 'autosuficiéncia
de senyals de creixement. Per comprendre el funcionament del procés s’ha de tenir en compte
que existeix un conjunt ordenat de successos que condueixen al creixement i la divisio de la
cel-lula. Aquest procés s’anomena cicle cel-lular i sera detallat més endavant (punt 1.3.). Per
dividir-se, les cél-lules normals necessiten d'una seérie d’estimuls proliferatius regulats per
factors de creixement. Algunes cél-lules tumorals son capaces de sintetitzar i alliberar factors de
creixement als quals elles mateixes responen. A més, sovint es produeix una sobreexpressio dels
receptors de factors de creixement en les ceél-lules tumorals, amb el que aquestes es tornen
hipersensibles als lligants presents al seu entorn. També existeixen casos en que les cel-lules
tumorals tenen alterat el tipus de receptors que expressen a la seva superficie, de tal manera que
incrementen la proporcio d'aquells que generen estimuls promitotics (Hagedorn et al., 2001).

Per ultim, les cel-lules tumorals poden reduir la seva dependencia de les senyals de creixement
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externes degut a que diversos oncogens tenen la capacitat de mimetitzar aquestes senyals sense
necessitat de rebre senyals externes. Per exemple, una de les vies més importants en aquest
sentit, és la formada per la familia de proteines senyalitzadores Ras, les quals presenten
mutacions puntuals en els gens que les codifiquen donant lloc a espécies constitutivament

actives en un gran nombre de tumors humans (Gulhati et al., 2012).

A part de l'estimulacié per factors de creixement, per entrar en divisid les cél-lules
normals requereixen també la desactivacid dels senyals antiproliferatius que bloquegen el
creixement. La majoria de proteines que controlen aquestes senyals inhibidores del creixement

estan codificades per gens supressors de tumors (Poznic, 2009; Al-Ejeh et al., 2010).

El fet que aquest potencial replicatiu sigui il-limitat és un altre factor imprescindible per
garantir el creixement d'un tumor. Les cél-lules normals, després d'un nombre de cicles de
creixement 1 divisido determinat, entren en un procés de senescéncia mitjancant el qual son
eliminades de manera natural evitant aixi que pugui donar-se una acumulacié excessiva de
mutacions o alteracions que puguin afectar la seva funcid. Aquest control es realitza gracies als
telomers, seqiiéncies repetitives i no codificants, riques en timina i guanina, que es troben als
extrems dels cromosomes i que s'escurcen en cada divisid cel-lular funcionant aixi com un
rellotge biologic. Les cél-lules tumorals presenten alteracions en els mecanismes que exerceixen
aquest control, de manera que poden continuar dividint-se indefinidament adquirint la
immortalitat que les caracteritza. En aquest fenomen 1’enzim telomerasa exerceix un paper clau
(Shay et al., 2012). Aquesta ADN polimerasa, que esta especialitzada en allargar els telomers,
és practicament inexistent en cel-lules no immortalitzades, mentre que s'expressa a nivells més

alts en cel-lules immortalitzades com sén les tumorals.

A part de I’increment en la proliferacio, I’augment en el nombre de cél-lules que s'observa
en els tumors s'explica també per un descens acusat en la mort cel-lular. En aquest sentit, juguen
un paper clau el procés d’apoptosi, el qual s’explicara en detall a 1’apartat 1.4; la senescéncia
(Ohtani et al., 2012) i 'autofagia (White et al., 2009). Aquests processos es desencadenen en
resposta a nombrosos factors tals com el dany a I'ADN, la falta de nutrients, 1’estrés oxidatiu, la
hipoxia o la manca de factors inductors de la superviveéncia. Les céllules tumorals, pero,

evolucionen per evitar aquests processos.

En formar-se una gran quantitat de noves cel-lules, aquestes comencen a créixer
allunyades dels vasos sanguinis que irrigaven el teixit inicialment. Aquest distanciament fa que
les cel-lules tumorals sofreixin restriccions en l'aportacié d'oxigen i nutrients, dos elements
imprescindibles per a la seva funcio i supervivéncia. En aquest punt juga un paper important la

capacitat angiogenica de les cél-lules tumorals, que afavoreix la formacié de nous vasos
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sanguinis que irriguen el tumor i permeten l'aportacié de nutrients i d'oxigen que les cel-lules

necessiten (Shojaei, 2012). Aquest procés sera detallat a I’apartat 1.5.

Les caracteristiques esmentades anteriorment expliquen la formacié d’un tumor primari.
Tanmateix, la formacié d’un tumor secundari requereix la capacitat d'envair teixits i formar
metastasi. La metastasi és un procés estructurat en diverses etapes successives que requereixen
unes especificitats cel-lulars molt concretes en cadascuna d'elles (Chaffer er al., 2011).
Inicialment, les ceél-lules han de ser capaces de degradar la matriu extracel-lular que les manté
unides a la resta del tumor i al teixit al que pertanyen per tal d’alliberar-se’n. Aquest
desarrelament permet l'entrada de les cél-lules als vasos sanguinis que irriguen el teixit i el seu
transport fins a zones distants de l'organisme. Durant aquest transit, les cél-lules tumorals
circulants han de presentar resisténcia al sistema immunitari per a no ser eliminades de
I’organisme. A continuacid, les cel-lules malignes han de ser capaces d’extravasar, d’integrar-se

en una nova regio i de reprendre la proliferacid per aixi formar un tumor secundari o metastasi.

Pel que fa a la nova generacio de caracteristiques tumorals, la primera propietat destacada
per Hanahan i Weinberg 1’any 2011 fou I’acumulaci6 d'alteracions a nivell gendmic. Com s’ha
comentat anteriorment, les cél-lules tumorals presenten sovint unes taxes de mutacidé majors que
les cel-lules no tumorals. Aquest fet s'ha associat a alteracions en gens que s'encarreguen de
controlar la integritat del genoma detectant danys a nivell de I’ADN i activant la maquinaria de
reparacid, reparant directament aquests danys o interceptant i/o inactivant possibles mutagens

(Negrini et al., 2010).

Recentment, nombroses evidéncies revelen que les cel-lules tumorals mostren una
reprogramacié metabolica caracteristica que els permet abastir 1’alta demanda energetica i
biosintética necessaries per mantenir el seu creixement accelerat (Samudio et al., 2009; Jozwiak
et al., 2012). A més, s’ha demostrat que 1’adaptacié metabolica tumoral actua activament en la
progressié tumoral, facilitant, per exemple, la invasi6 (Vizan et al., 2008; Kamarajugadda et al.,

2012). El metabolisme tumoral sera detallat a I’apartat 1.6.

Durant els ultims anys s’ha descrit que els processos d'inflamacié juguen un paper
important en la formacio de tumors. Malgrat que el procés inflamatori és un mecanisme del
sistema immune destinat a protegir l'organisme contra agressions externes i a afavorir la
recuperacio de lesions, durant la progressié tumoral aquest procés pot promoure l'adquisicio de
diverses caracteristiques tumorals. La resposta inflamatoria permet proveir les cél-lules tumorals
de factors de creixement que activen la proliferacid, de factors de supervivencia que protegeixen
contra la mort cel-lular, de factors angiogénics i d’enzims que modifiquen la matriu

extracel-lular (Grivennikov ef al., 2010a).
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Amb relaci6 a I’ultima propietat tumoral, I'evasié de la vigilancia immunitaria s’ha descrit
com un mecanisme per protegir les cel-lules tumorals de la destruccid pel sistema immune,
evitant aixi I'eliminacié del tumor d'una banda i, tal com s'ha comentat anteriorment, afavorint la

formacio de metastasi (Grivennikov et al., 2010b).

1.2. Cancer de colon

El colon o intesti gruixut és 1'altim tram del tub digestiu i s'estén des del final de 1'intesti
prim fins a 1'anus. El colon té aproximadament una longitud de 135 cm en humans i de 4-5 cm
en ratoli. L ’arquitectura del colon es caracteritza per criptes d’aproximadament 50 cél-lules de
profunditat anomenades criptes coloniques o de Lieberkiithn. Les parets intestinals del colon
estan compostes per diverses capes de teixit: la més interna, en contacte amb el lumen intestinal,
és la mucosa, que es troba envoltada per la submucosa. M¢és externament es situa la capa
muscular que al seu torn esta recoberta per la serosa (Figura 2). A la mucosa colonica existeixen
glandules secretores on es produeixen amb major freqiiéncia els tumors malignes. En aquest cas,

parlem d’adenocarcinomes.

Vellositat
intestinal

== de la mucosa
o
+ *=——Submucosa

apa muscular

Colon Cripta colonica o
de Lieberkithn

Figura 2. Estructura del colon (Adaptada de http://sosbiologiacelularytisular.html).

Les funcions principals del colon sén emmagatzemar residus, mantenir l'equilibri
d'hidrataci6 mitjangant 1’absorcid d’aigua i electrolits i absorbir algunes vitamines com la

vitamina K.
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Es important destacar que el cancer de colon és el tercer en freqiiéncia després del cancer
de pulmo i prostata en I'home, i el segon darrere del de mama en la dona. Si es tenen en compte
els dos sexes a la vegada, el de colon és el tipus de cancer més freqiient, amb casi 28.000 nous
casos a I’any (www.aecc.es). A més, el cancer de colon esta augmentant en incidéncia any rere
any als paisos desenvolupats. Aixi, malgrat que en els tltims anys s'ha produit un augment en la
supervivencia dels pacients amb cancer de colon gracies al major coneixement sobre les causes
d’aparicio i evolucio, a millores en el tractament i a les campanyes de deteccid precog, entre
d’altres (Jemal ef al., 2010); el cancer de colon encara és una de les malignitats més freqiients i
és essencialment incurable quan assoleix una etapa avancada. Per aquesta rad, es precisen noves
estratégies més eficients que les actuals per augmentar la supervivéncia dels pacients amb

cancer de colon.

1.2.1. Genética de la carcinogénesi colonica

El cancer colorectal s'ha classificat en base a la seva forma de transmissid i origen,
coneixent-se com hereditari i esporadic. La forma esporadica ¢és la més comuna, amb
aproximadament el 75% dels casos, i la resta esta representada pel cancer colorectal hereditari
(Rustgi, 2007). Entre els cancers colorectals d’origen hereditari cal destacar la poliposi
adenomatosa familiar (FAP - Familial Adenomatous Polyposis), que és una malaltia autosomica
dominant en la qual es desenvolupen multiples polips adenomatosos al colon durant la segona o
tercera década de vida. D'altra banda, el cancer colorectal hereditari no polipoide (HNPCC -
Hereditary Non-Polyposis Colorectal Cancer), conegut també com a sindrome de Lynch, es
descriu com una malaltia autosomica dominant relacionada sobretot amb mutacions en els gens
de reparacio de ’ADN que moltes vegades va acompanyada del desenvolupament de cancer

d’endometri, estdmac, pancrees, ronyo o tracte urinari.

Es distingeixen dos vies moleculars en la carcinogenesi colorectal: la via del fenotip
supressor o via d'inestabilitat cromosomica (CIN - Chromosomal Instability) i la via del fenotip
mutador o via d'inestabilitat de microsatel-lits (MSI - Microsatellite instability) (Li et al., 2009).
La via supressora o CIN agrupa el 85% dels casos esporadics i els hereditaris de FAP.
L’inestabilitat cromosomica es manifesta en el desenvolupament de tumors amb alteracions en
el nombre de cromosomes (aneuploidia) i peérdues d’heterozigositat (LOH - Loss Of
Heterozygosity), aixi com mutacions que activen oncogens i bloquegen gens supressors de
tumors. Aquestes ultimes alteracions segueixen el model proposat per Fearon i Vogelstein I’any
1990, el qual explica com les diferents etapes cliniques definides en el cancer de colon van

associades a successius canvis genétics (Fearon ef al., 1990) (Figura 3). El procés s’inicia quan
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una cél-lula adquireix una mutacié que desregula la via de senyalitzacio Wnt, la qual es detalla
més endavant. Mutacions que constitutivament activen les vies BRaf/kRas i la pérdua del
control associat a la via del TGF/Smad s’associen amb el creixement d'un petit adenoma fins a
una mida clinicament significativa. Mutacions subsegiients en el gen 7p53 i delecions al
cromosoma 18 on es troba el gen Dcc (Deleted in Colorectal Cancer) sén responsables de la
transicié d'un tumor benigne a un tumor maligne. Aquesta seqiiéncia adenoma-carcinoma ¢€s
acceptada actualment, no obstant, s’han identificat canvis addicionals en aquest model. Per
exemple, s’ha demostrat que mutacions en els gens de NF-kappaB, AP-1 i PIK3CA també estan

implicades en el pas d’adenoma a carcinoma (Vaiopoulos et al., 2010; Ogino et al., 2011).

Mutacic al Mutacio al Mutacic al Mutacio al
gen Apc gen kRas gen Smad4 gen p53
I 1 I
v v v v
Senyalitzacid Senyalitzacié Senyalitzacid Senyalitzacid  Altres
via Wnt via kRas via TGF/Smad via p53  alteracions
| i i
| 1 I
T T T T v
Epiteli Epiteli Adenoma Adenoma Adenoma Carcinoma  Metastasi
normal hiperproliferatiu primerenc intermedi tarda

Figura 3. Esquema dels canvis genetics clau en la tumorigénesi colorectal.

D’una altra banda, la via del fenotip mutador o MSI es troba present en HNPCC i en un
15% dels tumors esporadics. Aquests tumors son diploides i generalment mostren una abséncia
de mutacions en els gens que habitualment estan alterats en tumors generats per la via
supressora. En canvi, aquests tumors presenten un augment en mutacions en gens relacionats

amb la maquinaria de reparaci6 de I' ADN com son MLH1 i MSH2 (Gatalica et al., 2008).

1.3. El cicle cel-lular

Les cel'lules es divideixen a través d'una seérie ordenada de passos denominats cicle
cel-lular; durant el qual la céllula augmenta la seva grandaria, el nombre de components

intracel-lulars, duplica el seu material genétic i finalment es divideix.

Encara que en realitat el cicle cel'lular estd compost per una série continua

d’esdeveniments, per conveniéncia s’ha dividit en dues etapes: divisid i interfase (Figura 4).
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- Divisié: En aquesta etapa, cada cel-lula es divideix en dues cel-lules filles. La divisio
també es coneix generalment com a Mitosi (M), tot i que consta de dos processos fonamentals:
mitosi i citocinesi.

» La mitosi consisteix en el repartiment equitatiu del material genétic per formar els

nuclis de les cél-lules filles.
= La citocinesi és la separaci¢ fisica del citoplasma en dos cel-lules filles.

- Interfase: Es denomina aixi al periode que es dona entre dos divisions successives. La

interfase es composa de varies fases:

=  Fase Gl: és el periode de temps compres entre el final de la divisi6 anterior i la
sintesi d’ADN. Si una c¢l-lula es manté en estat de repos i no es divideix, aquesta

fase es denomina GO.
= Fase S: etapa en que té lloc la duplicacio de ’ADN.

» Fase G2: la darrera etapa de preparacid per a la divisid cel-lular. Al final

d’aquesta etapa, I’ADN comenga a condensar-se i els cromosomes es fan visibles.

Aixi, les cel-lules a la fase G1 del cicle cel-lular contenen un contingut 2n d’ADN (on “n”
es el nombre de cromosomes que han aportat cada un dels progenitors), mentre que les cel-lules
en la fase G2 el tenen de 4n. Les cellules a la fase S es troben duplicant activament el seu

material genétic, i per tant, el seu contingut d’ADN es situa entre 2n i 4n.

/ﬁ\? y

Figura 4. Esquema simplificat del cicle cel-lular i les seves fases.

Q
-
—

o
“4

El conjunt de processos que ocorren durant el cicle cel-lular porten un ordre i supervisio

estrictes gracies a senyals provinents del medi extracel-lular i controladors intracel-lulars. Els
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principals efectors de la regulacio intracel-lular son uns complexos composts per dos tipus de
proteines, les cinases depenents de ciclina (CDK - Cyclin-Dependent Kinases) i les ciclines. Es
coneixen diferents combinacions de CDK-ciclina que actuen en temps especifics durant el cicle.
Dr’altra banda, les families de proteines CIP/KIP i INK4 sén inhibidors dels complexos CDK-
ciclina. A més d’aquesta regulacio intracel-lular, existeix un control extracel-lular del cicle

cel-lular mitjangant factors de creixement.

Els mecanismes que controlen el cicle cel-lular son una diana freqiient en cancer, ja que la
desregulacio del mateix pot provocar una excessiva i1 inadequada divisido cel-lular. En
conseqiiéncia, s'han desenvolupat nombrosos estudis basats principalment en la inhibicié de la
maquinaria que fa possible la progressidé del cicle cel'lular com a estratégia antitumoral

(Canavese et al., 2012; Roberts ef al., 2012).

1.3.1. Diferenciacio cel-lular

La diferenciaci6 cel-lular es defineix com el procés durant el qual cel-lules immadures
adopten certes caracteristiques i aconsegueixen la seva forma i funcid especialitzades. Com s’ha
mencionat anteriorment, les cél-lules poden sortir reversiblement del cicle cel-lular i entrar en un
estat de repds (fase GO) on hi poden estar fins i tot anys. La sortida del cicle es pot donar també
de forma quasi irreversible, com succeeix durant la senescéncia o durant la diferenciacid

terminal (Deshpande et al., 2005; Coller et al., 2006).

Les cel-lules tumorals tenen una morfologia alterada. La diferenciaci6 cel-lular d'un tumor
és el grau en el que les cellules tumorals s’assemblen a les cel-lules normals de les que
procedeixen, tant morfoldgica com funcionalment. Generalment els tumors benignes estan ben
diferenciats i els cancers varien des de ben diferenciats a indiferenciats. Generalment quant més

desdiferenciat és un cancer més alta és la seva velocitat de creixement i pitjor la prognosi.

1.3.1.1. El butirat com agent diferenciador

Com s’ha comentat anteriorment, 1’acetilacio de les histones és un mecanisme mitjangant
el qual es regula ’expressié geénica. Existeixen diversos grups de compostos amb diferents
propietats quimiques que son inhibidors d’histones deacetilases (HDACs) (Carafa ef al., 2011),
enzims encarregats de deacetilar les histones i modificar 1’expressié génica. Entre aquests
productes es troben els acids grassos de cadena curta (SCFA — Short-Chain Fatty Acids), els
acids hidroxoamics i les benzamides. En el primer d’aquests grups es troba el butirat, un acid

gras de quatre atoms de carboni que s’ha descrit que indueix diferenciacio en diverses linies
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cel'lulars derivades de tumors de colon (Zhu ef al., 2003; Dashwood et al., 2007). El butirat es
troba de forma natural en el colon, produint-se a partir de la fermentacio de la fibra que duu a
terme la microflora intestinal (Waldecker et al., 2008) i es utilitzat pels colonocits com a font
d'energia (Ahmad et al., 2000). El butirat realitza la seva accid induint apoptosi i un arrest en la
fase G1 del cicle cel-lular (Shen et al., 2008; Andriamihaja ef al., 2009). D’una altra banda, s’ha
mostrat que el butirat actua també reorganitzant la xarxa metabolica tumoral (Boren et al., 2003;

Alcarraz-Vizan et al., 2010).

1.3.1.2. Diferenciacio de les cél-lules intestinals: via de transduccio Wnt

El procés de diferenciacié cel-lular esta altament regulat al tracte intestinal. Com s’ha
mencionat anteriorment, el colon estd organitzat en compartiments de cél-lules que
constitueixen les denominades criptes coloniques. La progenie de cel-lules mare, localitzades a
la base de les criptes, migra a través de les criptes i continua dividint-se fins arribar a la zona
medial. En aquest moment, les cél-lules paren de dividir-se i comencen a diferenciar-se en
cel-lules madures (Medema et al., 2011). Quan les cél-lules diferenciades arriben a la part apical
de la cripta sofreixen un procés de mort per apoptosi i son llavors eliminades per cél-lules
estromals o es desprenen cap al lumen intestinal. Aquest viatge des de la base de la cripta fins al

apex dura al voltant de 3-6 dies.

La fina regulacié de la diferenciacid intestinal esta basicament controlada per la via de
transduccid Wnt detallada a la figura 5. A les cél-lules diferenciades de l'epiteli intestinal, no
existeix senyalitzacié per Wnt i el complex multi-proteic format per Axina, APC, Glicogen
sintasa cinasa 3-beta (GSK3-B) i CKla participa en la degradacié de B-catenina via proteasoma
en facilitar la seva fosforilacié per GSK3-f i CKla i el posterior reconeixement per ubiquitina
ligases. En preséncia de senyals Wnt, aquests lligants s’uneixen als receptors Frizzled. Una
vegada activat el receptor, la proteina Dishevelled (Dsh) es fosforilada per CKle i interacciona
amb el complex Axina/APC/GSK3-B/CKla inhibint la fosforilacié i posterior degradacio de la
B-catenina. Conseqiientment, la p-catenina s'acumula al citoplasma, facilitant-se la seva
translocacio al nucli, on s'uneix als factors de transcripcié T cell factor/lymphoid enhancer
factor (TCF / LEF) i actua com coactivador transcripcional de 1'expressio de gens implicats en

mantenir el fenotip indiferenciat de les cel-lules, com son Myc i Ciclina D1 (Phelps et al., 2009).
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Figura 5. Descripcio esquematica de la via de senyalitzacidé Wnt.

1.3.1.2.1. Exemple d’errors en la via Wnt: ratolins Apc™™*

Mutacions que promouen l'activacio constitutiva de la via de transduccio Wnt condueixen
a una taxa de produccio de cé¢l-lules coloniques superior a la taxa de pérdua, originant aixi un

Min/+

procés neoplasic. Un dels exemples més conegut €s el model animal de ratolins Apc™" . Aquest

model de ratoli es ampliament utilitzat per estudiar els efectes d'agents dietétics i farmaceutics

in/+ ‘ .7 . .
Min/ conté una mutacié autosomica dominant en

sobre el cancer de colon. El ratoli Apc
heterozigosi al codd 850 del gen Apc, homologa a mutacions presents en cancers de colon
humans. Aquesta mutaci6é causa una proteina APC defectuosa que promou l'activacié aberrant
de la senyalitzaci6 Wnt i predisposa els ratolins a espontaniament desenvolupar polips

intestinals (McCart et al., 2008).

1.4. L’apoptosi

L’apoptosi és un mecanisme cellular clau que consisteix en eliminar de l'organisme
aquelles cel-lules que es troben en excés, danyades o que poden representar un perill per a
I'organisme. Aquest procés, que també rep el nom de mort cel-lular programada, finalitza amb el
desmantellament complet de les principals estructures cel-lulars de forma controlada, de manera

que l'eliminacio cel-lular no produeix efectes nocius o inflamatoris a teixits contigus. En aquest
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aspecte es diferencia de la necrosi, un procés que es desencadena com a resposta a una agressio
més drastica i que es caracteritza per una dissolucio dels organuls i pérdua del control de la
permeabilitat de la membrana amb la consegiient entrada de fluids que causen edema cel-lular,
vesiculacié 1 finalment expulsio del contingut intracel-lular per la ruptura de la membrana,
alliberant hidrolases que afecten als teixits contigus i generen inflamaci6. Morfologicament,
I’apoptosi presenta una serie de caracteristiques ben definides que inclouen la condensacid de la
cromatina, canvis en els organuls i alteracions de la membrana cel-lular, produint eventualment
els anomenats cossos apoptotics. Aquests estan constituits per restes de components
citoplasmatics i nuclears envoltats de membrana cel-lular i son eliminats de l'entorn
extracel-lular per fagocits, evitant aixi la lesi6 i inflamacié dels teixits circumdants. La
maquinaria intracel-lular d’apoptosi depén d'una familia de proteases especifiques anomenades
caspases. Les caspasas es troben a les cél-lules en forma inactiva (procaspases) i son activades
per proteodlisi. Aquestes al seu torn activen altres procaspases en una cascada d'amplificacid
(Ghavami et al., 2009). Les caspases activen proteines clau com per exemple la laminina que

degrada I'embolcall nuclear.
Els senyals de mort poden originar-se a dos nivells (Figura 6):

- La via extrinseca, lligada a receptors de mort (Fas), s'inicia quan l'activacié d'un
d'aquests receptors recluta molécules adaptadores que subseqiientment activen la procaspasa 8,

la qual cosa resulta suficient per processar la caspasa 3 i iniciar la cascada proteolitica.

- La via intrinseca, tamb¢é anomenada mitocondrial, en la qual la permeabilitzacid
d'aquest organul condueix a l'alliberament de proteines proapoptotiques com el citocrom c,
causant la formacié d'un complex anomenat apoptosoma que és capa¢ de desencadenar la

cascada proteolitica apoptotica.
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Apoptosoma

Figura 6. Mecanismes moleculars d’apoptosi a través de la via intrinseca o extrinseca.

El procés d’apoptosi esta altament controlat per una complexa xarxa de mediadors
intracel-lulars i extracel-lulars. Destaquen els membres de la familia Bcl-2, dins de la qual
existeixen membres que promouen |’ apoptosi mitjangant [’alliberaci6 de proteines
mitocondrials apoptogéniques (com Bak, Bax o Bad) i també membres antiapoptotics com Bcl-
2 o Bcl-XL, que ajuden a mantenir |’ integritat de la membrana mitocondrial. A més, també
existeixen proteines com Bid que poden connectar els mecanismes extrinsec i intrinsec (Adams

etal., 1998).

Com s’ha comentat anteriorment, la capacitat de resisténcia a 1’ apoptosi es considera una
de les principals caracteristiques de la progressi6 tumoral. Els defectes en la maquinaria
apoptotica ocasionen sovint fenomens de resisténcia als farmacs antitumorals que actuen induint

I’apoptosi de les cel-lules malignes (MacKenzie et al., 2010; Veldhoen et al., 2012).

1.5. L’angiogénesi tumoral

L’angiogenesi és un procés fisiologic que consisteix en la formacié de nous vasos sanguinis a
partir de vasos preexistents. En humans, I’angiogénesi és un fenomen normal que es produeix
durant el desenvolupament embrionari i la cicatritzacid de ferides. No obstant aixo, també €s un
procés fonamental en la progressioé tumoral maligna. En aquest tltim cas, es parla d’angiogénesi
tumoral. Com s’ha esmentat anteriorment, les cél-lules tumorals activen el procés angiogenic

per tal d’assegurar I’aportacié d’oxigen i nutrients essencials per al creixement del tumor.
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L’activacidé angiogenica és fruit d'un desequilibri entre senyals inductores i senyals inhibidores
de I’angiogenesi a favor de les primeres. Entre les senyals que regulen I’angiogeénesi hi ha
factors solubles com el factor de creixement endotelial vascular (VEGF - Vascular Endothelial
Growth Factor) o el factor de creixement de fibroblasts (FGF - Fibroblast Growth Factor),
angioestatines i citoquines. Entre aquests factors, cal destacar el VEGF com un factor crucial
durant 1’angiogenesi tumoral (Shojaei, 2012). L’any 2003, es va aprovar el Bevacizumab
(Avastin®, Genetech Inc.), un anticos neutralitzador del VEGF, com a primer agent anti-
angiogenic pel tractament del cancer colorectal metastatic (Sato et al., 2012). Des de llavors,
diferents inhibidors angiogénics s’estan utilitzant com farmacs antitumorals. Tot 1 aixo,
recentment s’han descrit diferents inconvenients per a la terapia anti-angiogeénica existent,
incloent ’aparicié de resisténcies i la induccié de ’invasivitat i la metastasi tumoral (Paez-
Ribes et al., 2009). Per tant, es requereixen nous estudis per aconseguir una terapia més eficient,

basada en I’atac d’altres dianes angiogeéniques o en la combinaci6 de farmacs anti-angiogenics.

1.6. El metabolisme tumoral

El gran potencial maligne de la cél-lula tumoral no es manifesta mentre que no es
produeixin en ella alteracions metaboliques que li permetin abastir I’alta demanda energética i
biosintética necessaries per mantenir 1’elevada taxa de proliferacid tumoral (Kroemer et al.,
2008; Samudio ef al., 2009; Samudio et al.). Per tant, per adquirir un fenotip tumoral complert
les cel-lules canceroses han de reprogramar el seu metabolisme. L’adaptaciéo metabolica tumoral
es caracteritza per, entre d’altres, una elevada glicolisi, fins i tot en preséncia d'oxigen
(caracteristica també coneguda com efecte Warburg), l'activacié de vies biosintétiques i un
elevat consum de glutamina (Figura 7). Aquestes caracteristiques metaboliques tumorals no
només representen el punt final de diverses cascades de transduccid cel-lular, sindé que també
actuen activament conferint a les cél-lules la capacitat per sobreviure, proliferar i envair (Vizan
et al., 2008). Per tant, el metabolisme tumoral ofereix la possibilitat de dissenyar noves
estratégies terapeutiques basades en revertir o bloquejar especificament les adaptacions

metaboliques adquirides (Vizan ef al., 2009a).
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Figura 7. Representacio de les vies metaboliques més afectades en cancer. GLUT-1, transportador de
glucosa; HK, hexokinasa; PFK, fosfofructocinasa; PGM, fosfoglicerat mutasa; PK, Piruvat cinasa; LDH,
lactat deshidrogenasa; ME, enzim malic; PDH, piruvat deshidrogenasa; PC, Piruvat carboxilasa; SDH,
succinat deshidrogenasa; IDH, isocitrat deshidrogenasa; ACL, ATP-citrat liasa; ACC, acetil-CoA
carboxilasa; FAS, acid gras sintasa; TKT, transcetolasa; G6PD, glucosa-6-fosfat deshidrogenasa; G6P,
glucosa-6-fosfat; F6P, fructosa-6-fosfat; FBP, fructosa-1,6-bisfosfat; GAP, gliceraldehid-3-fosfat; PEP,
fosfoenolpiruvat; OAA, oxaloacetat; RSP, ribosa-5-fosfat; TCA, cicle dels acids tricarboxilics; PPP, via

de les pentoses fosfat.

1.6.1. Glicolisi

Les cél-lules tendeixen a degradar la glucosa per via glicolitica fins a formar piruvat. En
condicions aerobiques, aquest piruvat entra a la mitocondria on continua la seva metabolitzacid
a través del cicle dels acids tricarboxilics (TCA - Tricarboxylic Acid) o cicle de Krebs. Aquest
procés genera una gran quantitat de poder reductor capa¢ de donar electrons a la cadena de
transport d'electrons o cadena respiratoria per generar energia en forma de d'adenosina trifosfat
(ATP - Adenosine TriPhosphate) en el procés conegut com fosforilacid oxidativa. Per mitja
d'aquest procés metabolic, la cél-lula consumeix glucosa i oxigen i genera com a productes
finals dioxid de carboni (CO,) i aigua. En condicions anaerobiques, les cel-lules normals poden
sobreviure transformant el piruvat en lactat. Aquest mecanisme, conegut com a glicolisi
anaerobica, ¢s molt ineficient a I'hora d'obtenir energia ja que Unicament genera 2 molécules
d'ATP per molécula de glucosa, enfront als 36 que produeix la fosforilacié oxidativa. A més,

d'aquesta manera es genera lactat, que a concentracions elevades és toxic per a les cél-lules.
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La primera caracteristica distintiva a nivell metabolic per a les cél-lules tumorals, ja
descrita per Otto Warburg I’any 1924, és la seva elevada taxa de transformacio de glucosa a
lactat fins i tot en condicions aerobiques (Govardhan et al., 2011). A aquest mecanisme, a més
de com a efecte Warburg, també se’l coneix com a glicolisi aerobica en contraposicio a la
glicolisi anaerobica propia de les cel-lules normals. Encara que les causes de la glicolisi aerobica
i la seva relacié amb el desenvolupament del cancer sén polémiques, una glicolisi elevada ha
estat observada sistematicament en moltes cellules tumorals de diferents teixits d'origens
diversos, suggerint que aquesta alteracid metabolica és comu en el cancer. Durant molts anys es
va creure que la disminucid en 'oxidacid del piruvat en cél-lules tumorals era deguda a defectes
en la cadena respiratoria o en el mateix mitocondri, de manera que la cél-lula no tenia més
alternativa que aconseguir l'energia necessaria per a proliferar mitjancant la conversio de piruvat
a lactat. Per contra, s’ha demostrat que aquests defectes no son comuns en tots els tumors i que
la inhibicid de la cadena respiratoria no causa una elevada taxa glicolitica (Lunt ef al., 2011). En
aquest sentit, un treball de Fantin i col-laboradors demostra que algunes c¢l-lules tumorals
encara mantenen la capacitat de produir ATP per fosforilacié oxidativa perd que tot i aixo

"decideixen" promoure la glicolisi anaerobica (Fantin et al., 2006).

Els avantatges que la glicolisi aerobica ofereix a les cél-lules tumorals sén diversos. En
primer lloc, cal tenir en compte que la constant proliferacié en qué es troben les cél-lules
canceroses exigeix d'una banda, obtenir energia de manera rapida i per una altra, generar
biomassa en gran quantitat i a gran velocitat. En aquesta situacid, s'ha demostrat que I'efecte
Warburg és un procés que permet obtenir energia de manera molt més rapida que la fosforilacié
oxidativa, i a més, s'ha proposat que podria ser un métode molt efectiu per augmentar les taxes
biosintétiques (Grivennikov et al., 2010b). El problema de la baixa eficiéncia metabolica en les
cellules tumorals es pot solucionar gracies a la sobreexpressio de transportadors com GLUT1
que permetin elevar el consum de glucosa (Ortega et al., 2009). Cal destacar que aquest
fenomen ha estat explotat en la clinica per a la deteccid de neoplasies mitjangant tomografia
d'emissié de positrons (PET - Positron Emission Tomography). Aquesta técnica de diagnostic
consisteix en subministrar als pacients 18F-fluorodeoxiglucosa, un analeg de la glucosa que,
malgrat no ser metabolitzable, és reconegut pels transportadors i introduit en les cel-lules on pot
ser detectat. D'aquesta manera, les cél-lules tumorals, que incorporen més glucosa, també
incorporaran una major quantitat de 18F-fluorodeoxiglucosa, revelant l'existéncia i localitzacid

dels tumors (Ozhan ef al., 2012).

Una altra possible explicaci6 a la glicolisi anaerobica observada en tumors podria ser una

reduccio selectiva en 1’us de la mitocondria per evitar I’apoptosi, ja que la cadena respiratoria €s
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la principal generadora d'espécies reactives d'oxigen (ROS — Reactive Oxigen Species) que

poden portar a la mort cel-lular programada.

A més a més, la produccié de lactat provocada per la glicolisi aerobica implica grans
avantatges per a les celllules tumorals i propicia l'adquisicio d'algunes de les seves
caracteristiques malignes. D'una banda, I'acidificacié del medi peritumoral indueix la mort de
les cél-lules normals que envolten el tumor, reduint la inhibicié de la proliferacioé per contacte i
facilitant el creixement del tumor (Gillies et al., 2008). D'altra banda, existeix un fenomen de
secrecio induida per acidosi que activa ’angiogeénesi (Shi ef al., 2001). A més, 1’acidosi provoca
que fibroblasts i macrofags de 1’entorn tumoral alliberin enzims proteolitics que indueixen la
degradacié de la matriu extracel-lular i afavoreixen la invasivitat i la metastasi (Walenta et al.,

2004). Finalment, I’acidosi també¢ inhibeix la resposta immunitaria (Mendler ef al., 2011).

1.6.2. La glutaminolisi

L’elevat consum de glucosa que presenten les cél-lules tumorals és una de les
caracteristiques més estudiades del metabolisme tumoral (Sottnik ez al., 2011). No obstant aixo,
la glucosa no és 1Minica font de carboni i energia en la que aquestes cél-lules basen la seva
adaptacié metabolica. Les cél-lules tumorals poden catabolitzar substrats alternatius com la
glutamina per generar ATP i lactat. Aquest procés es coneix com glutaminolisi. Les dades sobre
quin és el paper concret del catabolisme de la glutamina en el metabolisme tumoral son dispars.
Mentre que diverses publicacions demostren que hi ha cél-lules tumorals que desenvolupen una
dependencia total del catabolisme de la glutamina per mantenir la seva taxa de proliferaci6 (Gao
et al., 2009; Meng et al., 2010), existeixen altres treballs que defensen tot el contrari
(Sandulache et al., 2011). A més, tamb¢ hi ha divergéncies en el desti metabolic de la glutamina
consumida per les cellules tumorals. Una linia de resultats defensa que gran part de la
glutamina consumida es deriva a lactat o alanina per formar, via enzim malic, grans quantitats
de nicotinamida adenina dinucleotid fosfat (NADPH - Nicotinamide Adenine DiNucleotide
Phosphate) que permetin proveir processos anabolics com la sintesi d'acids grassos o de
nucleotids (Wise et al., 2008). Aquests treballs donen un paper secundari a 1'is de I'esquelet
carbonat de la glutamina per emplenar anapleroticament el TCA i sintetitzar lipids o generar
aminoacids no essencials que es destinin a la sintesi proteica. Altres linies de resultats mantenen
redox cel-lular (Gao et al., 2009). D’una altra banda, hi ha estudis que defensen el paper de la
glutaminolisi com a font de nitrogen necessari per a la sintesi d'aminoacids no essencials i

proteines (Meng et al, 2010; Sandulache et al., 2011). Probablement totes les funcions
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proposades juguen un paper important en el metabolisme cel-lular depenent del tipus cel-lular i
de l'estat fisiologic. Independentment dels dubtes que encara existeixen sobre la destinacid de la
glutamina consumida i la seva implicacio en les cél-lules tumorals, el que és evident és que
aquesta via metabolica es troba sobreactivada en molts tipus de tumors (DeBerardinis et al.,
2007). A més a més, s’ha demostrat que la inhibicid de la glutaminolisi disminueix la
proliferacié de cellules tumorals i es correlaciona amb la diferenciacio fenotipica i funcional

d'aquestes cél-lules (Sun et al., 2011Db).

1.6.3. L’activacié de rutes biosintétiques

L’elevada  proliferacio6  propia de les celllules tumorals implica una
sobreactivacié important de totes les rutes biosintétiques. Concretament, la formacié de dues
cel-lules filles que continguin la mateixa dotacié genctica ve lligada a una duplicacié de I'ADN
cel-lular. Aixi mateix, la divisio cel-lular requereix d'una gran quantitat de fosfolipids de nova
sintesi que permetin formar les noves membranes cel-lulars. Per aixo, podem destacar dos grups

de molecules la biosintesi de les quals ¢és fonamental: els acids nucleics i els lipids.

L’activacié de la via de les pentoses fosfat, que genera ribosa-5-fosfat, és necessaria per a
la biosintesi de nucleotids i per a generar poder reductor en forma de NADPH, necessari per a la
sintesi lipidica i el manteniment de la capacitat reductora cel-lular (Tong ef al., 2009). La ribosa-
5-fosfat pot ser sintetitzada a partir de glucosa-6-fosfat a través de la branca oxidativa de la ruta
de les pentoses fosfat, aixi com a partir de fructosa-6-fosfat i gliceraldehid-3-fosfat per la branca
no oxidativa. La branca oxidativa esta catalitzada per la glucosa-6-fosfat deshidrogenasa (G6PD
- Glucose-6-Phosphate Dehydrogenase) 1 la 6-fosfat-gluconat deshidrogenasa mentre que la
branca no oxidativa d'aquesta via esta catalitzada per la transcetolasa (TKT - Transketolase) i la
transaldolasa. Cal ressaltar que s’ha demostrat la importancia de la via de les pentoses fosfat en
diverses linies tumorals (Boros ef al., 2000; Boren et al., 2006), i s’han identificat els dos
enzims clau de la via, la G6PD i la TKT com a possibles dianes en la terapia antitumoral
(Ramos-Montoya et al., 2006; Vizan et al., 2009a). A més, s’ha descrit que durant 1’activacid

angiogeénica augmenta ’activitat de la via de les pentoses fosfat (Vizan et al., 2009b).

La lipogenesi, o sintesi de novo d'acids grassos, és una altra ruta biosintetica clau per al
desenvolupament tumoral (Mashima et al., 2009). En aquest sentit, s’ha observat que diverses
cellules tumorals expressen alts nivells dels enzims lipogenics ATP citrat liasa (ACL), acetil-

CoA carboxilasa (ACC) i acid gras sintasa (FAS — Fatty Acid Synthase) (Swinnen et al., 2006).
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2. APLICACIO DE PRODUCTES NATURALS COM ANTITUMORALS

Des de fa segles s'han utilitzat els productes naturals com a farmacs per tractar
innombrables malalties. D'acord amb I’OMS (http://www.who.int/es/), en alguns paisos asiatics
i africans el 80% de la poblaci6 depén de la medicina tradicional. A més, en molts paisos
desenvolupats, del 70% al 80% de la poblacié ha acudit alguna vegada a aquesta medicina

alternativa.

L’estudi de I’efecte biologic i de les estructures quimiques dels principis actius dels
productes naturals ha resultat util per a la formulaci6 i sintesi de nous farmacs. Aixi, moltes

medicines modernes procedeixen de plantes que ja s'utilitzaven en la medicina tradicional.

Certament, nombrosos estudis han relacionat una dieta rica en fruites 1 verdures 1 el
consum de suplements nutritius naturals amb un menor risc de cancer colorectal (Forte et al.,
2008). A més, evidéncies tant experimentals com epidemiologiques indiquen que ’estil de vida
occidental, caracteritzat per una dieta altament calorica, rica en greix, carbohidrats processats i
proteina animal i, a la vegada, pobra en fibra, fruites i verdures, combinada amb baixa activitat
fisica, augmenta el risc de patir cancer colorectal (Ballinger et al., 2007). Molts d’aquests
estudis coincideixen en indicar que el que promou els efectes beneficiosos d’aquests productes
és el seu alt contingut en polifenols, triterpenoids i fibra, que arriben al colon en concentracions

elevades (Davis et al., 2009).

Les propietats beneficioses dels polifenols s’han relacionat generalment amb la seva
activitat antioxidant. Els principals mecanismes d'aquesta activitat son la neutralitzacié directa
de les ROS, la quelacid6 d’ions metal-lics de transicid i el manteniment dels sistemes
antioxidants endogens com el glutatié (Tourino et al., 2008). D’una altra banda, els polifenols
també mostren efectes prooxidants. Aixi, s’ha descrit que aquests també poden exercir un efecte
citoprotector a partir d’un estimul oxidatiu suau que estimula els mecanismes de defensa
antioxidant endogenes i els sistemes del metabolisme de xenobiotics (Halliwell, 2008). Els
efectes redox dels polifenols es deuen basicament a la seva estructura quimica que facilita una
elevada mobilitat dels electrons en els anells benzeénics. L activitat dual antioxidant/prooxidant
s’explica pel balang entre la forma reduida del polifenol, la qual actua com antioxidant, i la seva
forma oxidada, la qual actua com prooxidant (Galati et al., 2004). A més, s'ha observat que la
capacitat redox dels compostos polifenolics esta també relacionada amb la concentraci6 a la
qual s'utilitzen. En concret, s'ha suggerit que els polifenols presenten activitat antioxidant a
concentracions baixes, podent arribar a ser prooxidants a concentracions elevades (Raza et al.,
2005; Tian et al., 2007). A més a més, s’ha proposat que probablement el mecanisme

antioxidant/prooxidant depen del tipus de cancer i de I’entorn cel-lular (Forester et al., 2011). A
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part de la seva participacid en reaccions redox, els polifenols també poden modificar funcions
cellulars per interaccions amb biomolécules. La semblanca de I’estructura dels polifenols amb
la d'altres biomolecules explicaria la capacitat que presenten per inhibir enzims, proteines de
transduccid, factors de transcripcio, receptors i la formacié de fibres amiloides (Porat ef al.,

2006; Amakura et al., 2008; Bastianetto et al., 2009; Trzeciakiewicz et al., 2009).

D’una altra banda, la fibra dietética és també considerada un component clau de la dieta
amb potencials beneficis per a la salut. La fibra produeix canvis en la massa i contingut fecal i
estimula selectivament el creixement de la microbiota intestinal sana (Lizarraga et al., 2011). A
més, diversos estudis han mostrat una relacid inversa entre el consum de fibra dietética i el risc
de cancer colorectal. Per exemple, un estudi en rates ha mostrat que alguns components de la
fibra poden reduir el desenvolupament de lesions preneoplasiques. A part de les activitats
biologiques esmentades anteriorment, [’accid antitumoral de la fibra s’explica per les propietats
beneficioses dels SCFA, com el butirat i el propionat, alliberats per la fermentacié de la fibra

(Huetal., 2011).

Finalment, cal destacar la gran varietat d’activitats bioldogiques produida pels
triterpenoids. Dins d’aquest grup, els triterpens pentaciclics han estat identificats com els
principals components de plantes medicinals utilitzades de forma tradicional i han mostrat, entre
altres, efectes analgesics, hepatoprotectors, anti-tumorals, anti-virals, anti-inflamatoris,

antioxidants i moduladors del sistema immune (Dzubak et al., 2006).

2.1. Hamamelis virginiana

L’avellaner de bruixa (Hamamelis virginiana) €s un arbust nord-america que ha estat
historicament explotat en la medicina tradicional. Aquesta planta és una font rica en polifenols.
D’una banda, conté molts tanins condensats o proantocianidines i de 1’altra, conté tanins
hidrolitzables com sén 1’hamamelitanin (HT) i la pentagaloilglucosa (PGG) (Vennat et al.,

1988) (Figura 8).
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Figura 8. Estructura dels tanins condensats i hidrolitzables presents en Hamamelis virginiana.

Diversos estudis han analitzat [’activitat redox 1 la citotoxicitat dels compostos
polifenolics presents en H. virginiana. Un treball de Tourifio i col-laboradors (Tourino et al.,
2008) descriu que diferents fraccions polifenoliques extretes de 1’escor¢a d’ H. virginiana sén
altament actives com neutralitzadors de radicals Iliures com son 2,2'-azinobis(3-
etilbenzotiazolina-6-sulfonic acid) (ABTS), 1,1-difenil-2-picrilhidrazil (DPPH) i tris(2,4,6-
tricloro-3,5-dinitrofenil)metil (HNTTM). A més, també redueixen el radical tris(2,3,5,6-
tetracloro-4-nitrofenil)metil (TNPTM), el qual indica que contenen grups hidroxi altament
reactius. D'acord amb aix0, aquestes fraccions protegeixen uns globuls vermells de 1’hemolisi
produida per radicals lliures. A banda d’aix0, algunes fraccions extretes de 1’escor¢a d’H.
virginiana han mostrat capacitat per inhibir la proliferacié d’una linia cel-lular de melanoma
(SK-Mel 28) (Tourino et al., 2008) i també de cél-lules d’adenocarcinoma de colon HT29. En
aquest ultim cas, les fraccions d’ H. virginiana produeixen un arrest en la fase S del cicle

cel-lular 1 indueixen apoptosi (Lizarraga et al., 2008).

Pel que fa als tanins condensats, nombroses evidéncies indiquen que aquestes
proantocianidines extretes de diverses fonts poden inhibir el cancer de colon (Mutanen et al.,
2008; Chung ef al., 2009). Per exemple, un estudi in vitro ha demostrat que un extracte de llavor

de raim ric en proantocianidines es capa¢ d’inhibir la viabilitat i augmentar I’apoptosi en
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cel-lules Caco-2 de cancer de colon. A més, de manera interessant, aquest extracte no afecta la

viabilitat d’una linia de colonocits normals (NCM460) (Engelbrecht et al., 2007).

D’una altra banda, molts estudis in vitro i in vivo han mostrat que els tanins hidrolitzables
d' H. virginiana presenten multiples activitats biologiques, les quals es poden relacionar amb un
efecte preventiu o terapeutic contra el cancer. En el cas de la PGG, diversos estudis in vivo han
demostrat inhibicié en cancer de prostata (Kuo et al., 2009), pulmé (Huh ef al., 2005) i sarcoma
(Miyamoto et al., 1987). Estudis in vitro han mostrat inhibicié de cancer de pit, fetge, leucémia i
melanoma (Oh et al., 2001; Ho et al., 2002; Chen et al., 2003; Chen et al., 2004). Aquesta
capacitat antitumoral s’ha relacionat amb la seva activitat antioxidant, antiinflamatoria,
antiproliferativa, antiangiogénica i amb la seva capacitat per induir apoptosi i arrest del cicle
cel-lular. Concretament; p53, Stat3, Cox-2, VEGFR1, AP-1, SP-1, Nrf-2, i MMP-9 s’han descrit
com algunes de les dianes de la PGG. En canvi, els efectes antitumorals de I’HT no s’han
examinat en profunditat. Tot i aix0, algunes propietats de I’HT es podrien relacionar amb un
efecte protector contra el cancer. En primer lloc, s’ha descrit que aquest tani hidrolitzable
exerceix una activitat antigenotoxica en ce¢l-lules HepG2 d’hepatoma huma (Dauer et al., 2003).
A més, 'HT ha mostrat una activitat inhibidora del factor de necrosi tumoral (TNF)
(Habtemariam, 2002) i de la lipooxigenasa (LOX) (Hartisch et al., 1997), els quals han estat

implicats en la transformaci6 maligna.

2.2.Té verd

El t¢ (Camellia sinensis) és la segona beguda més consumida del mon i representa una
font particularment important de polifenols coneguts com catequines. Les catequines més
importants del te verd son (-)-epigal.locatequin gal.lat (EGCG), (-)-epicatequin gal.lat (ECG), (-
)-epigal.locatequina (EGC) i (-)-epicatequina (EC) (Figura 9). Aquests polifenols han estat
ampliament descrits com quimiopreventius en cancer. Les seves activitats antitumorals
principals son 1’induccié d’apoptosi i arrest de cicle cel-lular. A més, la capacitat antioxidant,
I’inhibicié d'enzims relacionats amb la promocié tumoral com la ciclooxigenasa (COX) i la
LOX, I’inhibicié de I’angiogenesi, I’inhibicié de 1’invasid i la metastasi, entre altres, també han
estat suggerits com potencials mecanismes antitumorals (Siddiqui et al., 2008; Kanwar ef al.,
2012). Els mecanismes moleculars implicats en aquestes accions son la modulacié de la
transduccid de senyals cel-lulars incloent les cinases activades per mitogens (MAPK), les CDK,
les metaloproteinases de matriu (MMP), proteasomes, etc (Yang et al., 2011). Més recentment,
s’ha descrit que les catequines del té verd modulen també 1’activitat de diferents receptors i

transportadors cel-lulars mitjancant l'alteracid d’unes regions de la membrana cel-lular
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anomenades lipid rafts (Patra et al., 2008). Malgrat que 1’activitat antitumoral del té verd ha
estat estudiada en molts treballs tant in vifro com in vivo, la capacitat quimiopreventiva dels
polifenols del té no ha estat coherentment demostrada en tots els estudis, incloent-hi els assaigs
clinics (Yang et al., 2010). Per consegiient, es requereixen estudis addicionals sobre el potencial

efecte antitumoral de les catequines del té verd.
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Figura 9. Estructura de les catequines majoritaries en té verd.

2.3. Raim

Els compostos polifenolics de raim (Vitis vinifera), principalment oligomers
d’epicatequina i epicatequin gal.lat (proantocianidines), han estat ampliament descrits com
antitumorals. Concretament en cancer de colon, el tractament de diferents linies cel-lulars amb
extractes de raim ha mostrat una inhibicié en la proliferacié i una induccié d’apoptosi i arrest
del cicle cel-lular en la fase G1 (Lizarraga et al., 2007; Hsu et al., 2009). A més, I’extracte de
llavor de raim s’ha descrit que redueix el creixement de cél-lules d’adenocarcinoma colorectal
HT29 implantades en ratolins atimics (Kaur et al., 2006), la formacio de criptes aberrants
activada per azoximeta en rates (Velmurugan et al., 2010a) i la formacid de polips intestinals en

ratolins Apc™™* (Velmurugan ef al., 2010b).

2.3.1. Fibra dietética antioxidant de raim

La fibra dietetica antioxidant de raim (GADF - Grape Antioxidant Dietary Fiber) és un
producte particularment interessant degut al seu alt contingut en proantocianidines polimériques

insolubles. Aquests polimers formen part de la fraccio de fibra dietética juntament amb lignines
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i polisacarids. Durant el seu transit al llarg del tracte intestinal, els polifenols senzills solubles
continguts a la fibra son absorbits per les cél-lules intestinals i les proantocianidines alliberen
progressivament unitats d’(epi)catequina que sén llavors absorbides. Les proantocianidines
polimeériques restants son metabolitzades per la microbiota intestinal en especies més senzilles
com els acids fenolics, els quals son finalment absorbits (Tourino et al., 2011). Estudis anteriors
en rates Wistar han mostrat que la GADF exerceix un efecte protector de la mucosa colonica el
qual ha estat atribuit a la modulacié del sistema redox del glutatié i d’enzims antioxidants
endogens (Lopez-Oliva et al., 2010). Més recentment, Lizarraga i col-laboradors han descrit que
la inclusié de la GADF a la dieta de ratolins C57BL/6J protegeix el teixit colonic del
desenvolupament tumoral mitjangant la modulacié de gens supressors de tumors, d’oncogens,
d’enzims pertanyents al sistema de detoxificacié de xenobiotics i1 també dels sistemes de

defensa antioxidants endogens (Lizarraga et al., 2011).

2.4. Acid maslinic

L’acid maslinic (MA — Maslinic Acid) (Figura 10) és un triterp¢ pentaciclic d’origen
natural que es especialment abundant a la cera que recobreix les olives (Olea europaea) (Li et
al., 2010). S’ha descrit que aquest compost exerceix potents activitats antioxidants (Sultana et
al., 2007), antiinflamatories (Marquez-Martin et al., 2006), antivirals (Xu et al., 1996),
parasitostatiques (Moneriz ef al., 2011) i antidiabetogéniques (Fernandez-Navarro et al., 2008).
Meés recentment, alguns estudis han mostrat que I’MA també posseeix capacitat antitumoral en
diferents tipus cel-lulars com son les cél-lules de melanoma (Parra et al., 2011), les cél-lules de
cancer de fetge (Lin ef al., 2011), les cel-lules de cancer del pit (Allouche ef al., 2011) i les
cel-lules de cancer del colon. Amb referéncia a les malignitats de colon, s’ha demostrat que
I’MA es capag de reduir la proliferacio i d’induir apoptosi, arrest a la fase G1/GO del cicle
cel-lular i diferenciacié en cel'lules de cancer de colon, sense alterar el comportament de
cel-lules intestinals normals (Reyes et al., 2006). L’estudi dels mecanismes moleculars en
aquests estudis in vitro, mostra que el MA inhibeix I’expressio de la ciclina D1 (Yap ef al.,
2012) i de la proteina antiapoptotica Bel-2 (Reyes-Zurita ef al., 2009). L’ inducci6 d’ apoptosi
per ’MA també s’ha relacionat amb la seva capacitat per activar la proteina JNK (Reyes-Zurita
et al.). A més, aquest compost també ha estat mostrat com un potent inhibidor dels factors de
transcripcid nuclear factor kB (NF-kB) i AP-1 i també de COX-2 (Hsum et al., 2011; Huang et
al.,2011).
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Figura 10. Estructura de 1’acid maslinic.

3. BIOLOGIA DE SISTEMES

Tradicionalment, el métode cientific més habitual per aproximar-se a un sistema biologic
complex ha estat el del reduccionisme, per tal d’intentar descompondre’l en les seves parts
components, més senzilles de comprendre o modelar. No obstant aixd, aquest nivell de
coneixement biologic resulta molt limitat si no es coneixen les interaccions entre els diferents
elements i la manera en qué cooperen en cada procés o alteren el funcionament de les altres
parts. Un sistema viu, des del microorganisme més primitiu a 1'ésser huma, s molt més que la
suma de les seves parts components. Es per aixo que en 'actualitat esta ampliament acceptat que
per comprendre el funcionament d'un organisme complet es requereix una aproximacid
sistémica que permeti entendre la funcio de gens, proteines i metabolits com part d'una xarxa
complexa i no tan sols com entitats aillades. En aquest sentit, la Biologia de Sistemes es
defineix com un camp d’investigacio interdisciplinaria que busca la integracié de les dades
biologiques per entendre com funcionen els sistemes biologics (Sobie ef al., 2011; Brown et al.,
2012). La Biologia de Sistemes s'ha convertit actualment en una de les arees més actives de la
Biomedicina, ja que es beneficia no només dels avangos en la descripcié molecular, sin6 també
en la possibilitat d'elaborar calculs matematics de gran complexitat i generar models informatics
gracies als avangos en les ciéncies de computacio i analisi (Ghosh ef al., 2011). La visi6 global
dels processos biologics es veu reflectida en el desenvolupament del que es denomina “L'era
omica”. El sufix “-oma” té origen llati i significa “conjunt de”. Per tant, I'addicié d'aquest sufix
a diferents estudis en biologia, cobreix les noves aproximacions massives en les quals s'esta
enfocant la biologia recentment. El concepte de ciéncies omiques recull aquelles disciplines

com la genomica, la transcriptomica, la protedmica, la citomica i la metabolomica. Totes elles
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tenen en comu que es basen en l'analisi d'un gran volum de dades, per la qual cosa es valen de la

bioinformatica i de técniques rapides 1 automatitzades d'alt rendiment.

3.1. La transcriptomica

La transcriptomica estudia i compara transcriptomes, €s a dir, els conjunts d’acid
ribonucleic (ARN) missatgers o transcripts presents en una cél-lula, teixit o organisme. Els
transcriptomes so6n molt variables, ja que mostren quins gens s'estan expressant en un moment
donat. La transcriptomica es basa principalment en 1’us dels microarrays 1 de la bioinformatica

(Bates, 2011).

3.1.1. Técnica de Microarrays

El terme microarray es coneix també com gene chip, DNA chip, biochip, array
d’oligonucleotids o simplement array. Gracies a aquesta técnica es poden analitzar
simultaniament milers de gens en una mateixa mostra d’ARN. El fonament de la técnica de
microarrays ¢s la complementarietat de sondes d'’ADN. D’una banda, oligonucleotids o
fragments d’ADN especifics s'immobilitzen ordenadament sobre el suport del microarray. Els
suports usats son membranes de nild, nitrocel-lulosa o lamines de vidre. De D’altra, s’ailla
I’ARN de la mostra i es verifica que aquest sigui d'elevada qualitat. Tot seguit, s'inicia el procés
d'amplificaci6é i incorporacié simultania del marcatge mitjangcant la transcripcid reversa de
I’ARN a cADN. El marcatge es realitza amb fluorescéncia, agents com la biotina o
radioactivitat. A continuacio, es procedeix a la hibridacid6 de la mostra amb I’ADN del
microarray. L’aparellament de les sondes fixades a I’array i I’acid nucléic procedent de la
mostra a avaluar es regeix per la llei de complementarietat de bases nitrogenades: Guanina-
Citosina i Adenina-Timina. Posteriorment, després de diversos rentats per evitar interferéncies i
falsos positius, els microarrays es sotmeten a un escaneig. D’aqui s'obté la intensitat d'expressio
de milers de gens, la qual és proporcional a la quantitat de transcript de la mostra unit a les seves
sondes complementaries al microarray. L'etapa més important en aquesta técnica €s el
processament de la imatge, 1’analisi de dades mitjangant diferents programes especialitzats i la

posterior interpretacié d’aquest gran volum d’informacié (Figura 11).
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Figura 11. Diagrama simplificat de la metodologia seguida en la técnica de cADN microarrays.

3.1.2. Técnica de PCR a temps real (RT-PCR o qPCR)

La reaccid en cadena de la polimerasa (PCR — Polymerase Chain Reaction) a temps real

(RT-PCR) és una técnica utilitzada freqiientment per 1’analisi de I’expressio génica.

Al contrari que la técnica de microarrays, la RT-PCR, també denominada PCR
quantitativa (qPCR), només permet analitzar un nombre reduit de gens en
un petit nombre de mostres (Abruzzo et al., 2007). Usualment, la técnica de qPCR s'utilitza per
quantificar els nivells d’ARN missatger (mARN) d'alguns gens i aixi validar els perfils
d’expressio obtinguts amb la técnica de microarrays (Wang et al., 2012). Normalment
s'utilitzen gens control com la P2-microglobulina (B2M) com a referéncia en el procés de
normalitzacid de I’expressio génica. A més, la quantificacid dels canvis d’expressid produits per

un tractament o situacié experimental es normalitza sempre respecte un grup control.

3.2. La protedomica

La proteomica estudia i compara qualitativa i quantitativament el perfil de proteines

(proteoma) presents en un conjunt de cél-lules, teixit o organisme en un moment o condicid
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particular. No només es limita a analitzar el resultat de l'expressid geénica, sind que també
estudia les modificacions post-traduccionals que poden experimentar les proteines, aixi com la
interaccié entre elles (Kamath er al.,, 2011). Les técniques emprades son, principalment,
electroforesi en gel, immunohistoquimica, immunofluorescéncia, enzimoimmunoassaig
(ELISA) i espectrometria de masses. A més d'ajudar a entendre la complexitat dels processos
cel-lulars i les respostes fisiologiques de les cel-lules 1 organismes al seu entorn, la protedomica
també és crucial per al desenvolupament de millors métodes de diagnostic i tractament

(marcadors tumorals) (Sun et al., 2011a).

3.3. La citomica

La citdomica és una disciplina que integra els coneixements de la gendmica i la protedmica
amb la funcié dinamica dels sistemes cel-lulars complexos, €s a dir, dels citomes, mitjangant
I’analisi de cel-lules individuals. La citomica té com a objectiu definir exhaustivament el fenotip
molecular i constitueix un nexe d’unio entre la biologia molecular i la cel-lular (Valet, 2005). El
desenvolupament d’aquesta disciplina s'ha fet possible gracies a les noves i potents tecnologies
d'analisi basades en la cé¢l-lula individual, especialment la citometria de flux i la microscopia
confocal i la seva integracié mitjangant analisi bioinformatic. La citdmica representa una eina

potent, ja que permet separar eficientment subpoblacions cel-lulars.

L’estudi de I’apoptosi i el cicle cel-lular mitjancant citometria de flux es pot englobar dins
de la citomica. En el cas del cicle cel-lular, la combinacié dels métodes de marcatge amb
fluorescencia i 1'analisi mitjangant citometria de flux del contingut d'ADN ha estat una de les
estratégies més rapides i aconsellables per obtenir les distribucions de freqiiéncia del cicle
cel-lular de poblacions cel-lulars. S'utilitza iodur de propidi (PI), el qual s’intercala en la doble
cadena de molécules d’acids nucleics, com a marcador de I’ADN i s’aprofita el diferent
contingut d’ADN en les diferents fases del cicle cel-lular per diferenciar les subpoblacions de
cel-lules corresponents a cada fase. Amb la finalitat d'identificar cél-lules en procés apoptotic,
s'utilitza Anexina V conjuntament amb PI. L’Anexina V és una proteina que té una alta afinitat
pels fosfolipids carregats negativament, tals com la fosfatidilserina. Aquests lipids es troben
habitualment a la capa interna de la bicapa lipidica i només es desplacen a I'exterior en situacid
d’ apoptosi. Les cel-lules s'incuben amb Anexina V conjugada amb un fluorocrom que ens
indicara les cél-lules apoptotiques. Quan s'addiciona PI es poden classificar les cél-lules segons
hagin perdut totalment la integritat de la membrana (es tenyeixen amb PI) o 1'hagin mantingut
(no es tenyeixen amb PI). Aixi, d’acord amb I’explicacié dels processos d’apoptosi i necrosi

anterior, les cel-lules Anexina+/PI- son considerades cél-lules en procés d’apoptosi primerenca.
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En canvi, les cél-lules Anexina+/PI+ i Anexina-/PI+ s’agrupen en un mateix grup d’apoptosi
tardana/necrosi degut a que aquest metode no permet diferenciar aquestes dos subpoblacions

cel-lulars.

3.4. La metabolomica

La metabolomica és 1'estudi i comparacio dels metabolomes, és a dir, el conjunt de tots els
compostos de baix pes molecular presents en una cél-lula, teixit o organisme en un moment
donat (Oliver et al., 1998). El seu objectiu €s identificar i quantificar tots els metabolits
sintetitzats endogenament (Fiehn, 2002). Aquest objectiu tan ambiciés presenta moltes
limitacions degut a la gran heterogeneitat dels metabolits presents en un organisme, les
diferéncies entre les seves concentracions relatives i la variabilitat en les seves propietats fisico-
quimiques (polaritat, hidrofobicitat, pes molecular o estabilitat quimica). Malgrat aixo, s'estan
realitzant avencos en el desenvolupament d'eines i técniques que permetin aconseguir, de
manera simultania, la quantificacié del major nombre de metabolits presents en una mostra
biologica concreta. Per exemple, 1'us de plataformes analitiques com la cromatografia de gasos o
de liquids acoblada a 1’espectrometria de masses (GC/MS - Gas Chromatography Coupled to
Mass Spectrometry i LC/MS - Liquid Chromatography Coupled to Mass Spectrometry) i la
ressonancia magnetica nuclear (NMR — Nuclear Magnetic Resonance) ha ajudat a obtenir un
millor coneixement del metabolisme cel-lular (Vizan et al., 2007). Una aproximacid
particularment 1til consisteix en l'us de la GCMS i de molécules marcades amb un isotop
estable i no radioactiu ("*C) com a font de carboni. Concretament, 1'is de [1,2-*C,]-glucosa com
a tracador permet revelar la contribucid de les principals rutes del metabolisme del carboni com
son la ruta de les pentoses fosfat, la glicolisi, el TCA 1 la sintesi de lipids, a partir de 'analisi del
patré de distribucié del "°C en els intermediaris metabdlics (Marin ef al., 2003) (Figura 12).
Aquest analisi del patré de marcatge dels metabolits, que es coneix com analisi de la distribucid
isotopomerica de massa (MIDA - Mass Isotopomer Distribution Analysis) o com metabolomica
obtinguda a partir de 1as de tragcadors (tracer-based metabolomics), ha permeés caracteritzar les
adaptacions metaboliques de les cellules en diferents estats i en resposta a malalties com el
cancer. Els resultats obtinguts mitjangant aquestes técniques també han contribuit a identificar

noves dianes antitumorals i al disseny de noves terapies (Boros ef al., 2002).
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Figura 12. La metabolitzacié de la [1,2-"C,]-glucosa per part de les cél-lules resulta en un patrd
caracteristic d’incorporacié de °C en els intermediaris metabolics que permet caracteritzar I’activitat de
les principals vies metaboliques, incloent la glicolisi, el cicle dels acids tricarboxilics i la sintesi de lipids i

d’acids nucleics.
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Objectius

L’objectiu general d’aquesta Tesi Doctoral consisteix en la caracteritzacié de I’efecte de
diferents productes d’origen natural potencialment antitumorals sobre models de cancer de
colon in vitro 1 in vivo. Es pretén profunditzar en el mecanisme d’acci6 d’aquests compostos a fi
d’explotar-los com suplements nutritius i preventius en individus amb elevada predisposicio a
patir cancer, o bé com agents terapeutics en pacients amb cancers ja establerts. A més, es volen
determinar noves dianes anti-angiogéniques. D’acord amb aquest objectiu global, aquesta Tesi
Doctoral s’estructura en diferents objectius concrets que corresponen als capitols que conformen

la present memoria:

1. Caracteritzar uns tanins provinents de 1’escor¢a d’Hamamelis virginiana com agents
antitumorals amb activitat antiradicalaria i capacitat per inhibir especificament la
proliferacié cel-lular tumoral, per induir arrest en el cicle cel-lular i per provocar mort

cel-lular per apoptosi en una linea cel-lular d’adenocarcinoma de colon huma HT29.

2. Analitzar I’efecte de dos catequines majoritaries en té verd sobre la diferenciacié de

cel-lules HT29 induida per butirat.

3. Caracteritzar I’adaptacié metabolica produida en la linia cel-lular HT29 després del

tractament amb epicatequin galat, present en té verd i raim.

4. Analitzar els mecanismes moleculars d’accid associats a la inhibicid de la poliposi

Min/+

intestinal en ratolins Apc tractats amb una fibra rica en polifenols de raim.

5. Avaluar I’efecte de 1’acid maslinic, present principalment a la pell de 1’oliva, com a

inhibidor del desenvolupament de la poliposi intestinal en ratolins Apc™™".

6. Caracteritzar I’adaptacié metabolica associada a I’activacio angiogénica.
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Informe del director

Marta Cascante Serratosa, catedratica del Departament de Bioquimica i Biologia
Molecular de la Universitat de Barcelona, Josep Lluis Torres, professor d’investigacidé de
I’Institut de Quimica avang¢ada de Catalunya (IQAC-CSIC) i Pedro Vizan Carralcazar,
investigador postdoctoral del Cancer Research UK, com a directors de la Tesi Doctoral titulada
“Caracteritzacié de 1’efecte de compostos naturals en models in vitro i in vivo de cancer de
colon” que presenta Susana Sanchez Tena, fan constar que: Aquesta Tesi Doctoral es presenta
com a “Compendi de Publicacions”, vertebrant-se en sis capitols, dels quals la doctoranda és
primera autora en els cinc primers i coautora en el sis¢. Els resultats presentats en el capitol 1
han estat publicats a la revista Journal of Natural Products amb un index d’impacte de 2,872
(annex 1). Els resultats del capitol 2 volen ser publicats a la revista Cancer Research amb un
factor d’impacte 8,243. D’una altra banda, els resultats del capitol 3 volen ser publicats a la
revista European Journal of Nutrition amb un index d’impacte 3,343. Amb relacié al capitol 4,
els resultats volen ser publicats a Journal of Nutritional Biochemistry amb un factor d’impacte
de 4,538, després de que es resolgui la sol-licitud de proteccid sota patent que estd essent
tramitada per 1’Agéncia de valoritzacid i comercialitzacio dels resultats de la investigacid
(AVCRI). Els resultats presentats en el capitol 5 volen ser publicats a la revista American
Journal of Clinical Nutrition amb un index d’impacte 6,606. Finalment, els resultats mostrats al
capitol 6 han estat publicats a la revista Carcinogenesis amb un index d’impacte de 5,402
(annex 2). Pel que respecta a la contribucioé de la doctoranda a cadascun dels capitols, Susana
Sanchez Tena va ser I’encarregada de portar el gruix de la investigacio, des de la planificacio i
desenvolupament dels experiments, fins a 1’analisi dels resultats i la posterior escriptura dels
articles en els cinc primers capitols. En el capitol 1, la purificacié quimica dels compostos i la
determinacio6 de ’activitat antiradicalaria va esser realitzada a 1’Institut de Quimica avangada de
Catalunya (IQAC-CSIC) en col-laboracio amb el Dr. Josep Lluis Torres Simon. En el capitol 2,
alguns dels estudis d’expressio del transportador MCT]1 es van dur a terme en col-laboraciéo amb
el Dr. Pradeep K. Dudeja de la Universitiy of Illinois at Chicago. D’una altra banda, els

; : Min/+
experiments amb ratolins Apc™ ™"

dels capitols 4 i 5 van ser realitzats en col-laboracié amb la
Dra. Maria Pilar Vinardell Martinez-Hidalgo del Departament de Fisiologia de la Facultat de
Farmacia de la Universitat de Barcelona i la Dra. Daneida Lizarraga investigadora del
Departament de Toxicologia de la Maastricht University. Els resultats referents al contatge de
polips del capitol 4, van ser inclosos en la Tesi Doctoral de la Dra. Daneida Lizarraga (segona
autora del treball). L’analisi per ressonancia magnetica nuclear inclos en el capitol 5 es va dur a

terme en col-laboracié amb el Dr. Ulrich Glinther de la University of Birmingham. Pel que fa al

capitol 6, la doctoranda va col-laborar en la planificacié i desenvolupament dels experiments i
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en la posterior escriptura de D’article. Part dels resultats presentats en aquest capitol es van

utilitzar per a 1’elaboracié de la Tesi Doctoral del Dr. Pedro Vizan (primer autor del treball).

D’una altra banda, aquesta Tesi Doctoral conté com annex dos articles més realitzats en
coautoria. L’annex 3 correspon a una publicacié a la revista Journal of Agricultural and Food
Chemistry amb un factor d’impacte 2,816. Els resultats de 1’annex 4 també han estat publicats
en aquesta ultima revista cientifica. Pel que fa a la participacio de la doctoranda en aquests
treballs, Susana Sanchez Tena va collaborar en la planificacié i desenvolupament dels
experiments en 1’annex 4 i1 va colllaborar en D’escriptura en I’annex 3. Aquests treballs
corresponents als annexos 3 i 4 s’han inclos en Tesis Doctorals anteriors presentades per la Dra.

Cecilia Matito i per la Dra. Anna Carreras, respectivament.

Els directors de la tesi:

Dra. Marta Cascante Dr. Josep Lluis Torres Dr. Pedro Vizan

42



RESUM GLOBAL







Resum global

RESULTATS

La present Tesi Doctoral es centra en l'estudi de l’efecte a nivell transcriptomic,
protedmic, citomic i metabolomic induit per diversos compostos d'origen natural en diferents
sistemes biologics relacionats amb el cancer de colon. Tanmateix, la principal finalitat d’aquest
treball és donar valor afegit a aquests productes naturals procedents de fruits i plantes o bé
obtinguts de residus de la industria del vi i de 1’oli utilitzant-los per a la prevencio6 o tractament
del cancer de colon. A més, es realitza un estudi de ’angiogénesi, un dels processos necessari

per la progressi6 tumoral.

Aquesta Tesi Doctoral s'ha estructurat en dues parts: la primera in vitro basada en estudis
amb c¢l-lules en cultiu d’origen colorectal, on s’han avaluat la pentagaloilglucosa (PGG),
I’hamamelitanin (HT) i la fraccid polifenolica F800H4 provinents de la planta Hamamelis
virginiana (Capitol 1) i I’epicatequina (EC), 1’epigal-locatequin gal-lat (EGCG) (Capitol 2) i
I’epicatequin gal-lat (ECG) (Capitol 3) presents en té verd i raim. D’una altra banda, s’ha

estudiat in vivo (en un model muri de cancer de colon conegut com ratoli Apc™™*

) la resposta a
la fibra dietética antioxidant de raim (GADF - Grape Antioxidant Dietary Fiber) (Capitol 4) i a
I’acid maslinic (MA - Maslinic Acid) (Capitol 5), provinent de I’oliva. Finalment, 1’ultim capitol

s’ha basat en la determinaci6 de noves dianes anti-angiogeniques a nivell metabolic.

A continuacid, s'exposen de forma resumida els resultats obtinguts en cadascun dels
capitols que conformen aquesta Tesi Doctoral i després es procedeix a la discussio general dels

mateixos i a ’enumeracié de les conclusions aconseguides.

Capitol 1. L’hamamelitanin d’Hamamelis virginiana mostra citotoxicitat especifica

contra cél-lules de cancer de colon

L'objectiu d’aquest estudi va ser I’avaluacié de diferents tanins d’Hamamelis virginiana,
també conegut com avellaner de bruixa, com agents anticancerigens en cancer de colon. Per a
cobrir la diversitat estructural dels tanins d’H. virginiana, els tanins hidrolitzables
hamamelitanin (HT) i pentagaloilglucosa (PGQ), i una fraccio6 rica en proantocianidines o tanins
condensats (F800H4) van ser inclosos a l’estudi. Mentre que I’HT es troba disponible
comercialment, la PGG i la fraccié6 F800H4 es van obtenir mitjangant metodes quimics a partir
de I’escor¢a d’H. Virginiana en col-laboracido amb el Dr. Josep Lluis Torres del Institut de
Quimica Avangada de Catalunya (IQAC-CSIC). En primer lloc, es va avaluar la capacitat dels
compostos de I’avellaner de bruixa per neutralitzar radicals lliures com el 1,1-difenil-2-

picrilhidrazil (DPPH), el tris(2,4,6-tricloro-3,5-dinitrofenil)metil (HNTTM) i el tris-(2,3,5,6-
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tetracloro-4-nitrofenil)metil (TNPTM). Els resultats van mostrar que la capacitat antiradicalaria
de la PGG i la fracci6 F800H4 era similar en tots els casos: van ser capagos de reaccionar amb
el DPPH i el HNTTM perdo no amb el TNPTM. En canvi, I’HT, a més de neutralitzar els
radicals DPPH i HNTTM d’una manera similar, també va ser capa¢ de neutralitzar el radical
TNPTM. Aix0 vol dir que ’HT conté algun grup hidroxil més reactiu que el dels altres tanins.
A continuaci6, es va estudiar ’activitat biologica de la PGG, I’HT i la fraccidé F800H4 en
cel-lules d’adenocarcinoma de colon huma HT29. Primerament, es va determinar la
concentracié de producte necessaria per inhibir el 50% de la viabilitat cel-lular respecte el
control (ICsq) 1 aleshores, aquesta concentracid es va utilitzar pels estudis de cicle cel-lular i
apoptosi mitjangant citometria. L’HT va mostrar la major inhibicié de la viabilitat de les
cel-lules HT29 amb una ICsy de 20+4.5 pg/ml, la major induccié d’apoptosi i necrosi (26% i
14% respecte les cel-lules control, respectivament) i també el major arrest del cicle cel-lular en
la fase S, amb un augment del 16% en la poblacid de cellules en aquesta fase respecte el
control. En segon lloc, el tractament amb PGG va reduir la viabilitat cel-lular amb un valor de
ICs de 28+8.8 pg/ml i va induir un 11% d’apoptosi, un 5% de necrosi i un arrest en la fase S del
cicle cel-lular amb un augment del 8% en la poblacié de cel-lules en aquesta fase. La fraccid rica
en proantocianidines F800H4 va ser la menys eficag inhibint la viabilitat cel-lular amb una ICs,
de 38+4.4 pg/ml i també induint apoptosi (9%) i necrosi (6%). A més, F800H4 no va modificar
significativament la distribucio del cicle cel-lular normal. En la cerca de nous compostos
antitumorals és molt important 1’especificitat, és a dir, que els productes siguin capagos
d’inhibir el creixement de les cel-lules tumorals sense danyar les cel-lules normals. Aixi doncs,
es va determinar la capacitat antiproliferativa de la PGG, I’HT, i la FS00H4 en colonocits
humans no tumorigenics NCM460. Els resultats van mostrar que les concentracions d’HT i
F800H4 capaces d'induir la mort en cél-lules HT29 no tenien cap efecte nociu per a les cél-lules
NCM460 (ICsy superior a 100 pg/ml). En canvi, la PGG va inhibir la viabilitat de les linies
cel-lulars cancerosa i normal d’una manera similar (ICsp en HT29 = 28+8.8 pg/ml / ICsy en
NCM460 23+£2.4 pg/ml). Finalment, donat que s’ha descrit una modulaci6 artefactual de la
citotoxicitat atribuida a la formacié d’espécies reactives d’oxigen (ROS — Reactive Oxygen
Species) en el medi de cultiu durant la incubaci6 amb polifenols (Chai et al., 2003), es va
determinar la generacié de radicals al medi de cultiu i I’efecte antiproliferatiu dels diferents
productes en preséncia de catalasa, capa¢ de degradar-los. Tots els productes estudiats van
mostrar una produccié dosi-depenent del radical peroxid d’hidrogen (H,0,) en el medi de cultiu.
Com s’esperava, quan aquest medi es va suplementar amb catalasa, aquesta gairebé va produir
una descomposicid completa del H,O, generat en tots els casos. Amb referéncia a la

determinacié de la capacitat antiproliferativa dels compostos d’H. virginiana, la suplementacid
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amb catalasa practicament no va afectar la citotoxicitat en les cel-lules HT29 incubades amb
tanins hidrolitzables (ICsy en medi = 28+8.8 pg/ml / ICsp en medi amb catalasa = 34+1.2 pg/ml
per la PGG i ICsp en medi = 2044.5 pg/ml / ICsy en medi amb catalasa =13+4.6 pg/ml per I’HT),
mentre que la citotoxicitat observada per a la fraccido F800H4 va resultar ser artefactual (ICs, en
medi = 38+4.4 pg/ml / ICso en medi amb catalasa = 95+8.7 ug/ml). Conseqiientment, la
diferéncia entre la citotoxicitat de la F8O0H4 en c¢l-lules HT29 i NCM460 no es tan diferent

com s’havia observat anteriorment.

Capitol 2. Els polifenols majoritaris en té verd inhibeixen la diferenciacié induida per

butirat mitjancant interaccio amb el Transportador Monocarboxilic 1 (MCT1)

L’efecte protector de molts productes bioactius presents en aliments com la fibra o els
vegetals s’ha relacionat amb 1’activitat de la microbiota intestinal. En aquest sentit, el consum
de polifenols naturals s’ha descrit que augmenta la concentracié intestinal de productes derivats
de la fermentacié microbiana de la fibra com és el butirat (Juskiewicz et al., 2011; Kosmala et
al., 2011; Juskiewicz et al., 2012), un inhibidor de les histones deacetilases (HDACs) que
indueix diferenciacié en cél-lules de cancer de colon (Boren ef al., 2003). Tanmateix, el
mecanisme pel qual el butirat i els polifenols interaccionen a nivell cel-lular intestinal no ha

estat investigat.

En aquest treball es va avaluar l'efecte de dos catequines majoritaries en té verd,
I’epicatequina (EC) i I’epigal-locatequin gal-lat (EGCG), en la diferenciacid de la linea cel-lular
d’adenocarcinoma de colon huma HT29 induida per butirat. En primer lloc, amb la finalitat de
determinar la concentraci6 efectiva dels diferents polifenols que s'utilitzaria en estudis
posteriors, es van realitzar assajos de viabilitat en la linia cel-lular HT29. En aquests es va
observar que les concentracions de producte necessaries per inhibir el 20% de la viabilitat
respecte el control (ICy) corresponien a 100 uM i 20 uM per a I’EC i ’EGCG, respectivament.
A continuacid, es van incubar les ce¢l-lules amb aquestes concentracions d’EC o d’EGCG
conjuntament amb el butirat amb 1’objectiu d’analitzar si els polifenols modificaven d’alguna
manera |’efecte diferenciador descrit per aquest acid gras de cadena curta. Sorprenentment,
encara que els polifenols per si sols no produien cap efecte, es va observar que ambdos
polifenols disminuien ’activitat fosfatasa alcalina (AP) (marcador de diferenciacio en cél-lules
intestinals) induida per butirat. Es va voler aprofundir en el mecanisme d’aquesta interacciod
entre els polifenols i el butirat. Primer es va voler esclarir si es tractava d’una interferéncia a
nivell de I’enzim AP, a una interferéncia a nivell del procés de diferenciacio cel-lular o bé a una

interacci6 entre el butirat i els polifenols. Es va mesurar I’activitat d’un marcador de
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diferenciaci6 intestinal diferent a I’AP, ’aminopeptidasa N. En aquest estudi es van obtenir els
mateixos resultats que amb I’AP, eliminant una interaccid a aquest nivell. Llavors, es va
estudiar si la interaccié es donava a nivell dels enzims histona deacetilasa (HDAC), ja que es
coneix que el butirat actua inhibint aquests enzims i activant aixi I’expressié de diferents
proteines implicades en la diferenciacioé cel-lular (Humphreys et al., 2012). La mesura de
I’activitat HDAC en extractes nuclears de cel-lules HT29 tractats amb butirat o polifenols va
corroborar I’activitat inhibidora d’HDAC del butirat i va demostrar que els polifenols no
afectaven 1’activitat total HDAC en extractes nuclears de cél-lules HT29. Quan els extractes
cel-lulars es tractaven amb butirat i polifenols simultaniament, s’observava que els polifenols no
produien canvis significatius en la inhibicid de I’activitat HDAC produida pel butirat.
Addicionalment, es va mesurar la diferenciacié cel-lular induida per un altre agent diferenciador
que actua inhibint les HDACs, la Tricostatina A (TSA), i es va demostrar que els polifenols no
afectaven la diferenciacid induida per aquest compost, eliminant aixi finalment la possibilitat de
que I’efecte dels polifenols es produis a través de les HDACs. Per estudiar el mecanisme
d'interferéncia entre butirat i polifenols, les cél-lules HT29 es van incubar durant 48 h amb
butirat sol o bé amb butirat i polifenols conjuntament i posteriorment es va fer un estudi de
I’entrada de butirat marcat amb '*C. El tractament amb butirat, tal com estava descrit (Borthakur
et al., 2008), va activar el seu propi transport. En canvi, els polifenols combinats amb butirat
van produir una disminucio significativa de I’entrada de butirat marcat induida per aquest. Tot
seguit, considerant que els resultats mostraven una clara interferéncia entre butirat i polifenols,
es va decidir estudiar el transportador intestinal de butirat anomenat Transportador
Monocarboxilic 1 (MCT1 — Monocarboxylate Transporter 1) (Saksena et al., 2009). Es va
examinar 1’efecte dels polifenols sobre el MCT1 mitjangant transfeccio d’una construccié que
contenia el seu promotor amb el gen luciferasa i també per Western blot. Mentre que el
tractament amb butirat va augmentar significativament ’activitat del promotor del MCT1, els
polifenols no van produir cap canvi. Altrament, 1’analisi per Western blot del MCT1 va mostrar
que no hi havia diferéncies a nivell proteic en cap dels tractaments. Tot plegat, aquests resultats
suggerien una regulacié del MCT1 a nivells diferents. Recentment, s’ha descrit que la funcio
d’alguns transportadors i receptors de membrana depen de la seva associaciéo amb certes regions
de membrana anomenades rafis lipidics (Chen et al., 2011). Aquestes regions son microdominis
de membrana rics en colesterol, esfingolipids i proteines, que son insolubles en detergents i que
es poden separar facilment del material més dens per flotacid en un gradient de densitat.
Curiosament, alguns polifenols s’han descrit com moduladors de rafis lipidics (Annaba et al.,
2010). Per consegiient, el segiient pas va ser investigar si ’EC i ’EGCG causaven alteracions

en l'associacid del MCT1 amb els rafts lipidics. En aquest cas, es va utilitzar un gradient de
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densitat d’OptiPrep per separar aquests microdominis de membrana. Després de la
centrifugacid, les fraccions obtingudes es van analitzar per electroforesi 1 Western blot. La
deteccié del MCTTI i la flotilina (marcador de rafts lipidics) va mostrar que en les cel-lules
control el MCT1 es trobava majoritariament a les fraccions no corresponents a rafis. Per contra,
el tractament amb butirat augmentava la preséncia de MCT1 en aquestes fraccions. Quan el
butirat es combinava amb polifenols, el MCT1 es redistribuia a totes les fraccions, antagonitzant

la localitzacio del MCT1 en lipid rafts induida per butirat.

Capitol 3. L’epicatequin gal-lat interfereix amb la productivitat metabolica en cél-lules

de cancer de colon

Les cel'lules tumorals presenten un metabolisme extremadament actiu i distintiu que els
confereix I'habilitat de sobreviure, proliferar i envair (Mathupala et al., 2010; Dang, 2012). Per
aquesta ra6, la inhibicié de 1’adaptacid6 metabodlica tumoral ha estat proposada com una
aproximacid terapéutica potent. En aquest capitol, es va caracteritzar el perfil metabolic de les
cel-lules d’adenocarcinoma de colon huma HT29 després del tractament amb epicatequin gal-lat
(ECG), un producte present en té verd i raim amb demostrada capacitat antitumoral
(Ravindranath et al., 2006) a fi de determinar les dianes metaboliques d’aquest compost. En
combinar I'estudi bioquimic classic de mesura d’intermediaris metabolics i d’analisi enzimatic
utilitzant técniques espectrofotometriques, amb 1’is de l'isotopomer estable de la glucosa [1,2-
BC,]-glucosa com a font de carboni i les técniques de cromatografia de gasos acoblada a
espectrometria de masses (GC/MS — Gas Chromatography Coupled to Mass Spectrometry), es
va poder comparar la utilitzacié de les principals vies del metabolisme central del carboni en les
cel'lules HT29 tractades o no amb ECG. En primer lloc, es va determinar la capacitat
antiproliferativa de ’ECG en cel-lules HT29. Segons els resultats, dues dosis d'ECG van ser
escollides: una concentracié de 70 uM, la qual va produir una reduccié de la viabilitat de 18+4 i
una concentracio més alta de 140 pM, la qual va causar una reduccié més important en la
viabilitat de les cel-lules HT29 de 70+11. La quantificacié per espectrofotometria dels
metabolits més importants per a les cé¢l-lules tumorals va mostrar que el consum de glutamina i
glucosa i la produccié de lactat només es veien reduits després de la incubacié amb 140 uM
ECG. L’us del cicle de Krebs o cicle dels acids tricarboxilics (TCA - Tricarboxylic Acid) va ser
estudiat a partir de 1’analisi isotopoméric del glutamat. L’enriquiment en °C en aquest metabolit
va mostrar que les cellules tractades amb ambdues concentracions d’ECG presentaven una
activitat del TCA més baixa comparada amb les cel-lules control. A més, pel que fa a I’entrada

de piruvat al TCA, els resultats van mostrar que el tractament amb 140 uM ECG augmentava la
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contribucid de la piruvat carboxilasa (PC) al TCA i en canvi, disminuia la utilitzacié de glucosa
a través de la piruvat deshidrogenasa (PDH). Donat que una inhibicié en el TCA podria estar
relacionada amb una inhibicio de les vies biosintétiques, es va decidir estudiar la incorporacid
de marca als acids grassos palmitat (C16) i estearat (C18). Es va estimar la contribucio de la
glucosa marcada a la sintesi d’aquests acids grassos i també la fraccidé de nova sintesi (FNS) la
qual indica la quantitat relativa d’acid gras sintetitzada de novo respecte al total d’acids grassos
sintetitzats de nou. Els resultats van mostrar que 'ECG 70 uM va ser capa¢ de reduir la
contribucid de la glucosa a la sintesi d’estearat. D’una altra banda, ’ECG 140 uM va disminuir
la contribucié de la glucosa a la sintesi dels dos acids grassos estudiats. A més, el tractament de
les cel-lules HT29 amb 140 uM ECG va reduir la FNS tant pel palmitat com per 1’estearat. Amb
relacié a I’analisi de la incorporacié de marca en la ribosa provinent de 1’acid ribonucleic
(ARN), els resultats van posar de manifest que mentre que el tractament amb 70 uM ECG no
produia diferéncies significatives, 140 uM ECG disminuia la sintesi de novo de ribosa i causava
un canvi significatiu en I’equilibri entre les vies oxidativa i no oxidativa (ratio ox:no-ox) de la
ruta de les pentoses fosfat (PPP - Pentose Phosphate Pathway) a favor de la via oxidativa. Per
analitzar en més profunditat a que es devia aquest desequilibri, es van analitzar les activitats dels
enzims claus de la PPP: glucosa-6-fosfat deshidrogenasa (G6PD - Glucose-6-phosphate
dehydrogenase) 1 transcetolasa (TKT - Tranmsketolase). Els resultats van mostrar que les

activitats enzimatiques eren inhibides un 15% 1 un 35%, respectivament, per ’ECG 140 uM.

Capitol 4. La fibra dietética antioxidant de raim inhibeix la poliposi intestinal en

Min/+

ratolins Apc” " El gen Apc (Adenomatous polyposis coli) esta directament implicat en el

Min/+ r .y ,
" conté una mutacio en el codd 850

desenvolupament del cancer de colon huma. El ratoli Apc
del gen Apc, homologa a les mutacions en humans. Aixi dons, atés que aquest model animal
desenvolupa espontaniament adenomes com a resultat de la inactivacid del mateix gen
involucrat en la patogeénesi de la majoria de cancers de colon humans, els experiments amb
aquest model animal son pertinents per a l'estudi d'agents quimioterapeutics per al cancer
colorectal huma. L'objectiu d'aquest treball fou I'estudi de l'efecte de la fibra dietética
antioxidant de raim (GADF - Grape Antioxidant Dietary Fiber) sobre la carcinogénesi colonica

en ratolins Apc™™*

. Aquests estudis es van plantejar a partir d’estudis previs en el nostre grup
que demostraven que 1I’administracié de GADF a ratolins C57BL/6J induia un perfil d'expressio
i un perfil metabolic que implicaven un efecte protector enfront la carcinogénesi intestinal
Min/+

(Lizarraga et al., 2011). Els ratolins Apc es van obtenir amb quatre setmanes d'edat i després
d'una setmana d’aclimatacid a 1’estabulari, es van iniciar els tractaments. Els animals es van

dividir en dos grups: control negatiu (pinso normal) i GADF (pinso complementat amb 1% de
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GADF (pes/pes)). Cada grup es va subdividir en dues gabies, cadascuna amb sis ratolins, en el
cas dels controls, o bé cinc ratolins, en el cas dels tractats. Durant les sis setmanes que va durar
I'experiment els ratolins es van alimentar amb les dietes corresponents i es va portar a terme un
control setmanal del pes dels ratolins i del consum d'aigua i pinso. Després del sacrifici dels
animals, es van recollir mostres per analitzar-les posteriorment. En primer lloc, es va separar
l'intesti prim dels ratolins, el qual es va dividir en tres parts (proximal, medial i distal) i
cadascuna es va col-locar sobre una cartolina que es va conservar en formaldehid al 4%. A
continuacid, es van contar i classificar segons el diametre els polips trobats en cada segment de
l'intesti utilitzant una lupa binocular. Les observacions van mostrar que els ratolins del grup
control presentaven 16 polips de mitja al llarg de l'intesti prim, mentre que els ratolins tractats
amb GADF mostraven una inhibicié en la formacié de polips del 76% (3.9 polips totals). A
més, es va observar una inhibicid significativa en polips menors a 1.0 mm (5.5+1.2 versus
1.9£0.4) i majors a 2.0 mm de diametre (7.742.2 versus 1.0+0.3). Els polips de grandaria
intermeédia també van mostrar una tendéncia a disminuir (3.0+1.1 versus 1.0£0.3) encara que no
de manera significativa. En la classificacid per seccions intestinals, es va observar una reduccio
en el nombre de polips en la zona proximal, medial i distal del 76% (4.6+0.9 versus 1.1+0.3),
81% (4.3£1.0 versus 0.8+£0.3) 1 73% (7.342.4 versus 2.0+0.4) respectivament. Cal destacar que
aquests resultats referents al contatge de polips es van incloure en una Tesi Doctoral anterior
presentada per la Dra. Daneida Lizarraga. Posteriorment, per completar aquests estudis i
determinar els mecanismes moleculars pels quals es donava I’efecte quimiopreventiu de la
GADF, es va realitzar una comparacio dels perfils d'expressid dels ratolins tractats i no tractats.
El dia del sacrifici dels animals, es va recollir la mucosa del colon dels ratolins i es va conservar
en trizol. Després, es va procedir a l'aillament de ’ARN i a 1’analisi de I’expressi6 genica
mitjangant microarrays. Aquest analisi va revelar la modulacié de I’expressio de 183 gens en
els ratolins tractats amb GADF (amb un canvi d’1.5 o més respecte el control i un p-valor
<0.05). El posterior estudi funcional mitjancant diferents eines bioinformatiques (Kyoto
Encyclopedia of Genes and Genomes (KEGG) Mapper, Metacore i Gene set analysis) va
mostrar que molts dels gens modulats estaven implicats en la progressiéo tumoral, incloent
Cendl, Gadd45a, Tgfbl, Plk3, kitl, Csnkle, Lfng. Destaca entre aquests la infraregulaci6 de la
ciclina D (Ccndl), la qual és un membre clau del control de la progressio del cicle cel-lular a
través de la fase G1. Els gens Poldl i Rfcl, implicats en la replicaciéo de I’ADN també van ser
infraregulats per GADF. A més, la suplementacio amb GADF va disminuir I’expressio de gens

relacionats amb inflamacid i resposta immune.
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Capitol 5. Efecte quimiopreventiu de I’acid maslinic contra la tumorigenesi intestinal
en ratolins Apc™™*

Min esmentat anteriorment

En aquest capitol de la tesi es va utilitzar el model de ratoli Apc
amb 1'objectiu d'avaluar 'efecte de 1'acid maslinic (MA - Maslinic Acid) en el desenvolupament
de la poliposi intestinal. Es va seguir el mateix protocol que en el cas anterior: després d’una
setmana d’aclimatacié a 1’estabulari, els animals es van dividir aleatoriament en els grups
d’estudi. Per un costat, els animals control alimentats amb pinso normal i per I’altre els animals
del grup MA, alimentats amb el pinso normal contenint 100 mg d’MA/ Kg pinso. Després de sis
setmanes de tractament, es van recollir diferents mostres per analitzar. En primer lloc, es va
separar ’intesti prim per realitzar el contatge de polips. Es va observar una disminucio
significativa del 45% en el nombre total de polips trobats en els intestins dels ratolins tractats
amb MA respecte als ratolins control (16£3.9 versus 9+2.9). En la classificacidé depenent del
segment de I’intesti, la inhibicio de polips més important es va observar en els polips proximals
(69%) (4.6%0.9 versus 1.4+0.4), seguida pels de la zona medial (48%) (4.3+1.0 versus 2.2+0.7)
i distal (28%) (7.3+£2.4 versus 5.3£2.0). Respecte a 1’analisi per mida de polip, ’'MA va inhibir
el desenvolupament de polips <1 mm de diametre amb un 44% (5.5+1.2 versus 3.1£1.0), de
polips entre 1 i 2 mm amb un 33% (3.0£1.1 versus 2.0£0.7) i de polips >2 mm amb un 50%
(7.7£2.2 versus 3.8+£1.4). Tot seguit, per elucidar els mecanismes pels quals ’'MA inhibia la

Min/+

tumorigenesis intestinal en ratolins Apc , es va comparar el perfil transcripcional de la

S . Min/+
mucosa colonica de ratolins Apc™™

tractats o0 no amb MA mitjangant microarrays. La
suplementacié amb MA va canviar significativament l'expressio de 2375 gens (amb un canvi
d’l.5 o més respecte el control i un p-valor <0.05). L’analisi d’aquesta llista de gens
diferencialment expressats va mostrar que I’MA produia principalment modificacions en vies
relacionades amb la progressié tumoral. Concretament en cancer de colon, ’'MA va infraregular
la glicogen sintasa cinasa 3 (Gsk3b), la ciclina D (Ccndl), la proteina cinasa B o AKT (4kt1) i
el DIP13a (4Appll) mentre que va sobreregular el gen deleted in colorectal carcinoma (Dcc).

Aquesta modulacié podria explicar la disminuci6 el creixement tumoral en els ratolins Apc™™"

tractats amb MA. A més, la determinacio del perfil d’expressio en els ratolins Apc™™”,

va
suggerir que ’MA era capa¢ d’induir apoptosi mitjangant la infraregulaci6 de les proteines anti-
apototiques Bcl-2 (Bcl2) i Bel-XL (Bcl211). Aquesta inhibicié de proteines anti-apoptotiques va
anar acompanyada de la modulacio d’altres proteines relacionades amb el procés d’apoptosi
com sén el factor de creixement tumoral (7gfb1) i el seu receptor (Tgfblrl), P53 (Tpr53), SHC
(Shcl), GRB (Grb2) i SOS (Sosl), entre altres. D’una altra banda, 1’accié quimiopreventiva de
I’MA es va relacionar també amb la induccio d’arrest del cicle cel-lular en la fase G1 mitjangant

la infraregulacié de gens implicats en la transicid a través d’aquesta fase com son la Ciclina D
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(Cendl), Cdk4, Cdk6, Btrc, Junb i Ppp2r4. Addicionalment, 'MA va produir canvis en
I’expressié de gens que codifiquen per proteines implicades en la regulacid del citosquelet
d'actina, de I’adhesid, de la inflamacid 1 del sistema immune. En el sacrifici dels ratolins es va
extreure sang a partir de la qual es va obtenir sérum utilitzat per portar a terme 1’analisi
metabolic mitjangant ressonancia magnética nuclear (NMR — Nuclear Magnetic Resonance) en
col-laboracié amb el Dr. Ulrich Giinther de la Universitat de Birmingham. La comparacié dels
espectres de NMR dels sérums control i MA va demostrar que la suplementacié amb MA
produia un augment en els nivells de cossos cetonics i una disminucio en els nivells de glucosa.
De manera interessant, algunes de les modulacions transcripcionals induides per I'MA podien
explicar aquest perfil metabolic. La disminucié de la concentracid de glucosa en el sérum dels
ratolins tractats amb MA podia ser una conseqiiéncia de la sobreregulacio de la proteina CAP
(Sorbsl). A més, aquests baixos nivells de glucosa podien ser conseqiiéncia d'una acumulacié
de glicogen provocada pel tractament amb MA el qual regula a nivell transcripcional proteines
relacionades amb aquest procés com sén la GSK3 i la PHK (Phkal). D’una altra banda,
I’augment en cossos cetonics, el qual requereix una elevada oxidacié d’acids grassos, es va
veure controlat per la sobreregulacio de I’expressio del gen Cpt! el qual codifica per la carnitina
palmitoiltransferasa I encarregada de I’entrada d’acids grassos a la matriu mitocondrial on es

ddna I’oxidacio d’aquests.

Capitol 6. Caracteritzaciéo dels canvis metabolics associats a P’activacié angiogénica:

identificacio de potencials dianes terapéutiques

L'elevada taxa de proliferacio de les cel-lules tumorals deriva en la formacié d'una massa
cel-lular en la qual es produeix un ambient hipoxic i pobre en nutrients. Aixi doncs, la capacitat
d'un tumor per estimular la creaci6é de nous vasos sanguinis, procés conegut com angiogeénesi, li
assegura els elements necessaris per seguir progressant. Donat que es coneix molt poc sobre
'adaptacié metabolica que pateixen les cel-lules endotelials durant aquesta transformacio, en
aquest treball es van estimular les cel-lules endotelials umbilicals humanes (HUVEC — Human
Umbilical Vascular Endothelial Cells) mitjancant 1'addicié del factor de creixement vascular
endotelial (VEGF - Vascular Endothelial Growth Factor) o del factor de creixement de
fibroblasts (FGF — Fibroblast Growth Factor) 1 es va procedir a un estudi de les vies
metaboliques principals d'utilitzacié de la glucosa, utilitzant técniques analogues a les descrites
pel capitol 3, amb la finalitat de caracteritzar 1’adaptacié metabolica associada a 1’estimulacid
angiogénica. Es va observar que els canvis metabolics que acompanyaven l'activacid

angiogeénica mitjangada per VEGF i FGF eren molt similars. En primer lloc, la taxa glicolitica,
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determinada mitjangant la distribucid isotopomerica del lactat excretat al medi, es mantenia
practicament idéntica. En tots dos casos es van trobar quantitats importants de glicogen
intracel-lular. Un estudi més profund de la glucosa provinent d'aquest glicogen, va mostrar que
part del °C provinent de la [1,2-°C,]-glucosa s'acumulava a les reserves de glicogen, la qual
cosa indicava un metabolisme actiu de sintesi i degradacid de glicogen en aquestes cél-lules. A
més, es va observar que la sintesi de ribosa per part de la ruta de les pentoses fosfat (PPP —
Pentose Phosphate Pathway) es donava de manera molt similar amb els dos tipus d'activacid
endotelial. La utilitzacié de 5-diarilurea-oxi-benzimidazol, un inhibidor del receptor 2 del factor
de creixement endotelial vascular (VEGFR - Vascular Endothelial Growth Factor Receptor 2),
ens va permetre investigar si aquest patrd metabolic caracteristic era essencial per a 1’activacio
de les cel'lules HUVEC. L’inhibidor va causar aproximadament un 30% d'inhibicié de la
proliferacio en les cél-lules HUVEC activades amb VEGF i, inesperadament, un 20% d'inhibicid
de la proliferacio quan les cél-lules s’activaven amb FGF. Contrariament, 1’us de I’inhibidor no
va afectar la xarxa metabolica quan I’activacié de les cél-lules HUVEC es donava mitjangant
FGF i si que ho va fer quan s’activaven mitjangant VEGF. En aquest ultim cas, 'addicié de
l'inhibidor va provocar una disminucio en la sintesi de novo de ribosa, especialment a través de
la via oxidativa de la PPP, i en la sintesi de glicogen. A més, un estudi més profund d’aquest
glicogen va revelar que les cel-lules activades amb VEGF i tractades amb l'inhibidor
acumulaven més quantitat de glicogen intracel-lular. Els resultats esmentats fins al moment es
van incloure a la Tesi Doctoral del Dr. Pedro Vizan. Posteriorment, es va investigar el
comportament del glicogen en ambients hipoxics i hipoglucemics. Mentre que les reserves de
glicogen es consumien drasticament quan s’incubaven les cel-lules HUVEC en un medi de
cultiu sense glucosa, aquestes augmentaven en condicions d’hipoxia. Finalment, les cél-lules
HUVEC es van tractar amb un inhibidor de la glicogen fosforilasa (CP-320626), enzim clau per
a la degradacioé del glicogen i també amb un inhibidor de la glucosa-6-fosfat deshidrogenasa
(G6PD - Glucose-6-Phosphate Dehydrogenase) (G5) 1 un inhibidor de la transcetolasa (TKT —
Transketolase) (O1), enzims clau de la PPP, com s’ha esmentat anteriorment. El tractament amb
aquests inhibidors metabolics va disminuir la viabilitat cel-lular i la capacitat de migracio6 de les

cél-lules HUVEC.

DISCUSSIO

Als paisos desenvolupats, el cancer €s la segona causa de mortalitat després de les malalties
cardiovasculars. En el cas concret del cancer colorectal, aquest ocupa el quart lloc en mortalitat

a nivell mundial segons 1’Organitzacié Mundial de la Salut (OMS) (http://www.who.int). A part
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de diferents factors de risc per al cancer colorectal que no podem canviar, com sén 1’edat o els
antecedents hereditaris, també existeixen altres factors de risc relacionats amb 1’estil de vida.
Tanmateix, la relacié entre I’alimentacio, la inactivitat fisica i I’obesitat amb el risc de cancer
colorectal és una de les més fortes entre tots els tipus de cancer. Amb referéncia a I’alimentacio,
s’ha descrit que un consum elevat de carn vermella, de sucres processats i d’alguns tipus de
greix poden augmentar el risc de cancer colorectal. Per contra, una alimentacio rica en vegetals
ha estat associada amb un menor risc de cancer colorectal. D'aqui el creixent interés de la
comunitat cientifica en l'obtencio de substancies d'origen natural encaminades a la prevencid i el
tractament del cancer. Amb tot i aix0, els mecanismes pels quals aquests compostos
antiproliferatius d'origen natural exerceixen la seva accid encara no han estat del tot esclarits.
Per tant, amb l'objectiu d’aprofundir en el coneixement d'aquests mecanismes d’accio, en
aquesta Tesi Doctoral hem plantejat tot un seguit d’estudis dirigits a caracteritzar l'efecte de
diferents compostos polifenolics i d’una fibra alimentaria rica en polifenols sobre models de
cancer de colon in vitro 1 in vivo. Finalment, s’han investigat noves dianes anti-angiogéniques
amb la finalitat d’identificar potents terapies combinades que ataquin a la vegada el creixement
del tumor i I’angiogenesi estimulada per ell. Per aconseguir aquests objectius, s’han utilitzat
diferents disciplines englobades per la Biologia de Sistemes, com la transcriptomica, la
protedmica, la citomica i la metabolomica, les quals ens han permes aprofundir en el
coneixement de les dianes moleculars dels diferents productes estudiats. D’aquesta manera, per
realitzar el capitol 1 es van utilitzar técniques pertanyents a la citdmica com son ara I’estudi del
cicle cel'lular i de I’apoptosi per citometria de flux. Aquest capitol va avaluar dos tanins
hidrolitzables, ’hamamelitanin (HT) i la pentagaloilglucosa (PGG), i una fraccid rica en tanins
condensats (F800H4) procedents d’H. virginiana com possibles agents antitumorals. Estudis
previs en el nostre laboratori ja havien avaluat ’efecte de diferents fraccions polifenoliques
extretes de 1’escorca d’aquest arbust en cél-lules d’adenocarcinoma de colon huma HT29 i
havien descrit una inhibicié important del creixement d’aquesta linia cel-lular (Lizarraga et al.,
2008). A diferéncia del nostre estudi, les fraccions analitzades eren barreges heterogenies que
contenien tant tanins hidrolitzables com condensats. En el nostre cas, es va treballar amb
productes purificats (puresa del 98% o més), en el cas de ’HT i la PGG i amb un fraccid
enriquida (83.9%) en tanins condensats. Els nostres resultats van mostrar que els polifenols d’H.
virginiana actuaven induint apoptosi i necrosi, a més d'un arrest en la fase S del cicle cel-lular
en cel-lules HT29. Aquesta informacid €s coherent amb la obtinguda a 1’estudi amb extractes
polifenolics i indica que els compostos bioactius continguts en les fraccions corresponen molt
probablement als tanins estudiats. A més, el nostre estudi va aportar informacié addicional molt

interessant pel que fa a I’especificitat dels tanins extrets de 1’avellaner de bruixa. D’una banda,
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es va observar que la PGG inhibia de la mateixa manera el creixement de les cél-lules
canceroses 1 dels colonocits normals. De 1’altra, la citotoxicitat produida per la fraccio F800H4,
rica en tanins condensats, va resultar ser un efecte artefactual causat per la generacié de ROS al
medi de cultiu. Contrariament, I’HT es va mostrar com un tani amb una prometedora activitat
antitumoral gracies a la seva elevada bioeficacia i especificitat. Aquests efectes tant diferents
produits pels tanins d’H. virginiana probablement es deuen a la seva diferent capacitat redox.
Segons ’estructura quimica, 1’activitat bioldgica de ’HT i la PGG hauria de ser semblant, en
canvi, I’HT va resultar molt més activa bioldogicament. Aix0 es podria explicar per 1’elevada
capacitat de transferéncia electronica de I’HT, demostrada per la seva capacitat per reaccionar
amb el radical TNPTM. La posicid activada podria ser 1’hidroxil geminal a I’éster de gal-lat, el
qual podria formar un pont d'hidrogen amb el grup carbonil del gal-lat com a part d’un anell de
sis membres estéricament favorable. Aquest pont d’hidrogen podria afavorir la ionitzacid de
I’hidroxil. Altrament, I’efecte artefactual produit per la fraccio F800H4 probablement es deu al
seu alt contingut en grups pirogal-lol altament reactius (Tourifio et al., 2008). Aixi doncs,
aquests resultats juntament amb investigacions anteriors (Lizarraga et al., 2007; Singh et al.,
2011) ressalten la importancia dels grups gal-lat i pirogal-lol per a 1’activitat biologica. Aixo ens
van portar a estudiar els polifenols del té verd i raim epicatequina (EC), epigal-locatequin gal-lat
(EGCQG) i epicatequin gal-lat (ECG). Mentre que aquesta ultima catequina que conté un grup
gal-lat i que es troba en quantitats elevades en extractes de raim es va utilitzar en el capitol 3, en
el capitol 2 es van utilitzar els dos compostos estructuralment més diferents i presents
majoritariament en té verd. Per un cantd I’EGCG, el qual conté un grup gal-lat i un grup
pirogal-lol, i per l’altre, 'EC que no conté cap d’aquests grups. Aquestes diferents
caracteristiques quimiques s’han relacionat amb [’eficacia biologica de les catequines (Yang et
al., 2009). Concretament, el producte que s’ha descrit com més bioactiu és ’EGCG, seguit de
prop per ’ECG i en ultim lloc I’EC (Ingolfsson ef al., 2011). Curiosament, aquesta tendencia es
va observar en els nostres de capacitat antiproliferativa en la linia cel-lular HT29, de manera que
el producte amb més capacitat antiproliferativa va ser I’EGCG, seguit per ’ECG i finalment,

I’EC.

En el capitol 2, es van utilitzar diferents técniques protedmiques per determinar I’efecte de
I’EC i ’EGCG sobre la diferenciacio de les cél-lules HT29 induida per butirat. Sorprenentment,
tot i que el tractament amb I’EC i ’EGCG sols no va modificar la diferenciacio de les cél-lules
HT29, aquests polifenols van reduir la diferenciacié induida per butirat. El mecanisme d'accid
d’aquest acid gras de cadena curta (SCFA — Short Chain Fatty Acids) es basa principalment en
la seva inhibicid de les histones deacetilases (HDAC) (Humphreys et al., 2012), dada que es va

confirmar en la deteccido de ’activitat HDAC en extractes nuclears de cél-lules HT29. Per
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contra, no es va detectar modificacio significativa de 1’activitat HDAC per part dels polifenols.
Aquest ultim resultat coincideix amb estudis anteriors, també en HT29, que revelen que no hi
havia canvis en D’activitat HDAC de fraccions citoplasmatiques o nuclears després del
tractament amb sulforafa i EGCG (Nair et al., 2008). El posterior estudi de I’entrada cel-lular de
butirat va mostrar que el butirat és capag d’activar la seva propia entrada a la cél-lula i també
que els polifenols disminueixen aquesta entrada. Aquest Gltim resultat ens va portar a estudiar el
transportador monocarboxilic 1 (MCT1), el qual juga una funcié important en el transport
intestinal de butirat (Saksena et al., 2009). E1 MCT1 es localitza a la membrana apical del tracte
intestinal, on esta implicat en 1'absorcié de SCFA com és el butirat. Aquests acids grassos també
poden entrar a les cél-lules intestinals rapidament per lliure difusid, no obstant aixod el seu
transport ¢és fortament facilitat pel MCT1 (Halestrap, 2012). Per tant, considerant que el butirat
ha estat descrit com un producte antitumoral en cancer colorectal, el seu transportador MCT1 es
considerat un gen supressor de tumors. L’analisi del control transcripcional del MCT1 va
mostrar que mentre que els polifenols no produien canvis, el butirat activava ’activitat del
promotor del gen MCT1. Aixd ja s’havia demostrat anteriorment en cel-lules AA/C1 (Cuff et
al., 2002) i Caco-2 (Borthakur et al., 2008) de cancer de colon huma. Tot seguit, considerant
que aquests canvis en regulacio transcripcional no es reflectien en canvis a nivell proteic, es va
buscar un altre mecanisme per explicar els efectes dels polifenols en la diferenciacié induida pel
butirat. Com s’ha comentat, diferents evidéncies suggereixen que la funcié optima d’alguns
transportadors i receptors depén de la seva localitzacid en microdominis de membrana
anomenats rafts lipidics (Annaba ef al., 2010; Chen et al., 2011). A més, de manera interessant,
els polifenols del té s’han descrit com reguladors d’aquestes regions de membrana (Patra ef al.,
2008; Duhon et al., 2010). Es va estudiar el comportament dels rafis lipidics en resposta als
diferents tractaments en HT29 i es va observar que mentre que el butirat activava el
posicionament del MCT1 en rafts lipidics, les catequines del té verd produien una redistribucio
d’aquest transportador en zones de la membrana no corresponents a rafts. D’aquesta manera, els
polifenols inhibien I’entrada de butirat i la posterior induccio de la diferenciacié de les cel-lules
HT29. Aixi, aquests sorprenents resultats suggereixen que, tot i que tant el butirat com els
polifenols del té verd posseeixen efectes beneficiosos per la salut humana, han de ser utilitzats
separadament per mantenir les seves activitats. Pel que fa als estudis esmentats anteriorment
sobre 1’augment de la concentracié intestinal de SCFA pels polifenols, ’augment en butirat
intestinal podria compensar in vivo la inhibicié de I’entrada cel-lular de butirat descrita aqui, en
el cas que ’augment de butirat es degui a un canvi en ’activitat de la microbiota produit pel
polifenols. A més, I’augment en la concentracid intestinal de butirat també podria ser explicat

per 1’accid inhibitoria dels polifenols en I’entrada de butirat. Aquest nou coneixement sobre la
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interferéncia de prebiotics és de gran interés per al futur disseny racional d’intervencions

preventives o terapéutiques contra el cancer colorectal..

En el capitol 3, es va caracteritzar I’ECG com potencial inhibidor del metabolisme tumoral.
Com s’ha esmentat abans, ’adaptacié metabolica tumoral €s necessaria per suportar el
creixement accelerat propi de les cél-lules tumorals 1 a la vegada, els aporta avantatges per
sobreviure i1 envair nous teixits (Vizan et al., 2008; Dang, 2012). Aixi, la xarxa metabolica
tumoral es presenta com una prometedora diana per inhibir el cancer. Es van monitoritzar les
principals vies del metabolisme central del carboni, entre les quals destaquen la glicolisi, el cicle
dels acids tricarboxilics (TCA — Tricarboxylic Acid), la sintesi de lipids i la ruta de les pentoses
fosfat (PPP — Pentose Phosphate Pathway). D’aquesta manera es va descriure el perfil
metabolic de les cel-lules HT29 tractades amb ECG i, per tant, es van poder determinar les
dianes a nivell metabolic d’aquesta catequina natural. Primerament, els resultats obtinguts van
demostrar que les cel-lules HT29 tractades amb 140 uM ECG consumien menys glucosa i
produien menys lactat. Com ja s’ha comentat a la introduccid, una de les principals
caracteristiques metaboliques associades a la progressio tumoral és la degradacid accelerada de
glucosa a lactat inclis en preseéncia d’oxigen. Aixi doncs, no és d’estranyar que un producte
considerat antitumoral disminueixi ’elevada entrada de glucosa i conseqiientment la produccid
de lactat. A més, el tractament amb 140 uM ECG va disminuir també el consum de glutamina,
fet que es podria deure a la coneguda capacitat de I’ECG per inhibir la glutamat deshidrogenasa
mitocondrial (Li et al., 2006). Donat que la glutamina, igual que la glucosa, és un substrat
crucial per garantir 1’elevada taxa proliferativa caracteristica de les cel-lules tumorals, la
inhibicioé de la seva entrada també és de gran interés per al tractament del cancer (Meng et al.,
2010). Respecte a I’estudi de la distribucid isotopomeérica en glutamat, cal destacar que aquesta
ens va permetre detectar una inhibicié del TCA, la qual, a la vegada, es podria deure, almenys
en part, a la inhibicié en I’entrada de substrats metabolics esmentada. Ja que en alguns estudis
I’activacio del TCA es mostra com una adaptacié metabolica per augmentar la sintesi de
precursors anabolics (Chen et al., 2007; Weinberg et al., 2010), aquesta inhibicié del TCA per
I’ECG pot actuar reduint aquests precursors metabolics necessaris per la biosintesi de proteines,
acids nucleics 1 lipids. En aquest sentit, 1’analisi isotopomeéric en els acids grassos palmitat i
estearat va mostrar que ’ECG redueix també la lipogénesi en cel-lules HT29. Aquesta dada
resulta interessant degut al fet que la sintesi d’acids grassos ha estat proposada com diana
antitumoral (Menendez, 2010). En referéncia a 1'analisi isotopomeéric en ribosa, es va mostrar
que mentre que el tractament amb 70 uM ECG no va produir canvis, 140 uM ECG va ser capag
de reduir la sintesi de novo de ribosa. Tanmateix, cal subratllar que aquesta inhibicié en la

sintesi d'acids nucleics s’ha mostrat com una aproximacio potent en quimioterapia (Nakamura et
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al., 2011; Senanayake et al., 2011). A més, 1’analisi en ribosa tamb¢ va mostrar un augment
significatiu en la proporcio d’utilitzacié de la branca oxidativa respecte la no oxidativa de la
PPP després del tractament amb 140 uM ECG. El posterior analisi de I’activitat dels enzims
que controlen aquestes vies, glucosa-6-fosfat deshidrogenasa (G6PD - Glucose-6-Phosphate
Dehydrogenase) 1 transcetolasa (TKT - Tranmsketolase), respectivament, va mostrar una
inhibicié d’ambdés enzims per ’ECG 140 uM, encara que la inhibicio observada en la TKT va
ser més important. S’ha descrit que els coeficients de control sobre el creixement tumoral per la
G6PD i la TKT son 0.41 i 0.9, respectivament (Boren et al., 2002). Per tant, ambdues
inhibicions de I’activitat enzimatica poden implicar una reducci6 important de la progressio
tumoral, encara que 1’efecte de la TKT juga un paper més important. A més, en diverses linies
tumorals la branca no oxidativa de la PPP, controlada per la TKT, ha estat descrita com la font
principal de ribosa-5-fosfat (Cascante et al., 2000), aixi que la importancia d'aquesta inhibicid
per a la inhibicio tumoral es veu refor¢ada. Tot i aix0, la inhibicié de la G6PD per ’ECG també
pot jugar un rol important en la inhibicié tumoral, ja que la branca oxidativa de la PPP no només
s’utilitza per sintetitzar ribosa, siné que també serveix per sintetitzar poder reductor en forma de

NADPH necessari per a la sintesi lipidica.

En el capitol 4 diferents técniques pertanyents a la transcriptomica ens van permetre
determinar els patrons d’expressio associats a I’efecte quimiopreventiu de la GADF. Aquest
compost va aconseguir reduir la formacié de polips a I’intesti prim dels ratolins Apc™™" en un
76% respecte el control. Cal recalcar que aquests resultats son millors que altres observats en

Min™* tractats amb fibra o

estudis anteriors realitzats en condicions semblants en ratolins Apc
altres compostos polifenolics. Per exemple, I’administracio de dibenzoilmeta al 1% va reduir el
nombre total de tumors intestinals en un 50% (Shen et al., 2007) i un extracte polifenolic de
poma va ser capag de disminuir també aquest nombre en un 35% i un 42% en ratolins Apc™™"
alimentats amb una dieta equilibrada o una dieta occidental, respectivament (Fini et al., 2011).
Els millors resultats obtinguts per a la fibra han estat una reduccid del 25% en tumors intestinals
després de 1’administracié de segd de ségol al 10% (Mutanen et al., 2000) i una disminucié del
51% amb 30% de seg6 d'arros (Verschoyle ef al., 2007). L’analisi de polips per mida va revelar
que la GADF va inhibir els polips de totes les mides d’una manera similar, indicant que actua
inhibint tant 1’aparicié com el desenvolupament dels polips. D’una altra banda, 1’analisi per
zones intestinals va mostrar un efecte anti-tumoral molt homogeni que podria estar relacionat
amb la composicio de la GADF: Aquesta conté una mescla complexa de polifenols associats a
la fibra dietética els quals son gradualment alliberats i absorbits per les cél-lules intestinals. Pel

que fa a DI’estudi dels mecanismes moleculars associats a la inhibicié de la carcinogenesi

intestinal per la GADF, I’analisi d’expressio per microarrays va suggerir que la GADF es basa
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principalment en la induccié d’un arrest del cicle cel-lular en la fase G1 per disminuir el
creixement tumoral. La GADF va modular diferents gens crucials per a la progressio d’aquesta
fase com son la Ciclina D (Cendl) i GADDA4S5 (Gadd45a). Aquests resultats son coherents amb
estudis anteriors on es va observar en immunohistoquimiques de teixit intestinal que el

tractament de ratolins Apc™™*

amb un extracte de llavor de raim produia una infraregulaci6 de
la Ciclina D i una sobreregulacié de la proteina Cip1/p21 (Velmurugan et al., 2010). A més, un
altre estudi va coincidir en descriure que l’extracte de llavor de raim sobreregula p21 i
conseqiientment indueix un arrest del cicle cel-lular en la fase G1 (Kaur et al., 2011). L’estudi

Min* ' altres vies relacionades com

de la via de senyalitzacio Wnt, defectuosa en els ratolins Apc
és ara la via Notch, va mostrar que GADF inhibeix també el creixement polipoide a través de la
inhibicid simultania d’aquestes rutes intracel-lulars. Sorprenentment, 1’analisi d’expressié també
va revelar una inhibicié de molts gens relacionats amb el sistema immune i la inflamacio.
Historicament, la funcidé d’aquests processos s’ha conegut com protectora enfront de les
cel-lules tumorals, en canvi, més recentment s ha descrit que, quan la inflamacio esdevé cronica,
es capa¢ de promoure el creixement maligne. De manera paral-lela, els polifenols del raim han
estat implicats en ambdues funcions en diferents treballs, enfortint la funciéo immune (Katiyar,
2007) o bé actuant com antiinflamatoris i atenuadors del sistema immune (Misikangas et al.,
2007). Atés que en els ratolins Apc™™" la tumorigenesi intestinal es conduida per una
inflamacid continuada i una senyalitzacié immune excessiva (Saleh et al., 2011), la inhibicio de
la resposta immune podria reduir la progressié dels polips. A més, considerant que recentment
s’ha demostrat que el consum de fibra esta inversament associat a la preséncia d'un perfil de
citoquines pro-inflamatories (Chuang et al., 2011), ’efecte atenuador de la resposta immune
podria ser causat sinérgicament pels components polifenolics i la fibra. A més, aquesta efecte
sinérgic es podria estendre a la resta de modulacions transcripcionals. En el cas dels polifenols,
probablement la modulacié de I’expressio genica es dona directament (Yun et al., 2010), mentre
que I’accid de la fibra es mitjangada pels SCFA alliberats durant la fermentacio colonica (Hu ef

al., 2011).

En el capitol 5, I’us de la biologia de sistemes, integrant dades basades en la transcriptomica
i la metabolomica ens van permetre identificar un efecte protector de l'acid maslinic enfront la

Min El tractament amb MA va reduir el nombre

poliposi intestinal espontania en ratolins Apc
total de polips un 45 % en comparacié amb el grup control. L’MA va mostrar una eficacia
inhibitoria diferent depenent del segment d’intesti analitzat. Aix0 es podria deure a canvis en el
pH, el patré d'expressio d’enzims, la microbiota i la concentracio a causa del contingut intestinal
al llarg del tracte intestinal, que podrien modificar I'estructura quimica i la biodisponibilitat de

I’MA. Per exemple, s’ha descrit que el resveratrol es gairebé completament conjugat quan
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s’administra oralment i els seus glucoronats i sulfats son realment els metabolits bioactius
(Tessitore et al., 2000; Iwuchukwu et al., 2008). Igual que en el cas de la GADF, la inhibicid de
polips classificats per mida va ser homogeénia, suggerint que I’MA inhibia tant 1’aparici6é com el
desenvolupament dels polips intestinals en els ratolins Apc™™". La determinacié del perfil

transcripcional en ratolins Apc™™”

tractats amb MA va mostrar principalment modificacions en
vies relacionades amb el cancer, com son el cicle cel-lular o I’apoptosi. A tall d’exemple, 'MA
va infraregular I’expressié de JunB, un component de la activating protein-1 (AP-1) implicat en
el control del cicle cel-lular, la diferenciacid, la inflamacid i la transformacié preneoplasica.
Aquest resultat concorda amb un estudi anterior que mostrava que I’efecte quimiopreventiu de
I’MA en limfocits Raji depenia, en part, de la inhibicié d’AP-1 (Hsum et al., 2011). Amb
relacié a 1’apoptosi, I’'MA va disminuir I’expressio de les proteines anti-apoptotiques Bcl-2 i
Bcl-XL. En concret, la infraregulacié de la Bcl-2 ja havia estat observada per Western blot
després del tractament de cél-lules HT29 amb MA (Reyes-Zurita ef al., 2011). A més, ’'MA va
modular diferents vies de transduccid de senyal relacionades amb supervivéncia. Com a
exemple, I’MA va infraregular I’expressié de diferents subunitats de la proteina PKA. En aquest

sentit, cal destacar que el tractament dels ratolins Apc™™"

amb un antagonista de la PKA va ser
capag¢ de reduir la progressié tumoral (Brudvik et al., 2011). En aquest cas, igual que es va
observar amb la GADF, ’'MA també va infraregular gens relacionats amb la inflamacié i el
sistema immune. D’acord amb aix0, ’MA ja havia estat préviament implicat en activitats anti-
inflamatories i atenuadores del sistema immune a través de la inhibicié de NFkB (Huang ef al.,
2011). Addicionalment, la comparacio dels espectres de NMR dels serums control i MA va
revelar un augment en els nivells de cossos cetonics 1 una reduccié dels nivells de glucosa en els
ratolins tractats. A part de la modulacio transcripcional implicada, la disminucié en els nivells
de glucosa podria ser una conseqii¢ncia de I’acumulacié de glicogen promoguda directament per
aquest compost, ja que ’'MA s’ha descrit com un potent inhibidor de la glicogen fosforilasa
(Guan et al., 2011). D’una altra banda, la mateixa disminuci6 en els nivells de glucosa en sérum

podria contribuir a I’augment en cossos cetonics, ja que la formacié de cossos cetonics s’activa

quan hi ha poca disponibilitat de glucosa.

Finalment, en el capitol 6, mitjangant técniques corresponents a la metabolomica ja
esmentades en el capitol 3, es va determinar la modulaci6 de la xarxa metabolica requerida per
donar suport al procés angiogénic. Els resultats van mostrar un patré metabolic comu
caracteristic de I’activacié angiogenica quan les cél-lules endotelials umbilicals humanes
(HUVEC — Human Umbilical Vascular Endothelial Cells) eren activades amb el factor de
creixement vascular endotelial (VEGF - Vascular Endothelial Growth Factor) o el factor de

creixement de fibroblasts (FGF — Fibroblast Growth Factor). Per tal de comprovar si el patrd
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metabolic detectat era realment una conseqiiencia de 1’activacidé angiogenica, es va analitzar
I’efecte d'un inhibidor del receptor 2 del factor de creixement endotelial vascular (VEGFR -
Vascular Endothelial Growth Factor Receptor 2), S5-diarilurea-oxi-benzimidazol, en la xarxa
metabolica de les cél-lules HUVEC. Aquest inhibidor actua a la part intracel-lular del VEGFR-2
i impedeix la seva fosforilacio, causant una disminucié en la cascada de senyalitzaci6 activada
per VEGF. La distribucid isotopomérica en lactat no va canviar significativament quan es va
afegir I’inhibidor, suggerint que el flux glicolitic no depén de la senyal del VEGF. Tanmateix, el
tractament amb [’inhibidor en c¢l-lules HUVEC activades amb VEGF va produir una
disminucio en el flux de la PPP. Curiosament, diversos estudis anteriors han demostrat que la
inhibicié d’aquesta via redueix la capacitat de migracié de cel-lules endotelials d’aorta bovines
(Ascher et al., 2001; Leopold et al., 2003). A més, els resultats van mostrar que la utilitzacié del
inhibidor també disminuia I’enriquiment en °C en les reserves de glicogen. Aixd és va veure
confirmat per 1'acumulacié de reservoris de glicogen en preséncia de I’inhibidor. La importancia
fisiologica d’aquests reservoris de glicogen es podria deure a les necessitats de les cel-lules
endotelials durant la formacié dels nous vasos, després del reclutament per tumors solids, en
condicions d’hipoxia i hipoglicémia. Aixi, forgant les condicions d’hipoglucémia fisiologiques,
es va observar un catabolisme total dels reservoris de glicogen. Aquesta disminucié dramatica
del contingut de glicogen en un medi sense glucosa ja s’havia observat anteriorment en una altra
linia de cel-lules endotelials humanes (Artwohl et al., 2007). Al contrari, la hipoxia no va
produir 1’Gs d’aquests reservoris, sind que va causar un augment en el contingut de glicogen
cel-lular. En condicions d’hipoxia, la taxa glicolitica augmenta, fet que pot provocar un augment
en la concentraci6 intracel-lular d’intermediaris glicolitics. Per aixo, s hipotetitza que 1'augment
observat en el contingut de glicogen en condicions d’hipoxia es podria explicar per un equilibri
metabolic entre els intermediaris glicolitics i les reserves de glicogen. Aixi, els nostres resultats
mostren la PPP i el metabolisme glicogen com noves dianes terapéutiques contra I’angiogénesi.
A més, la importancia d’aquestes caracteristiques metaboliques es va veure reforcada quan la
inhibicio dels enzims clau del metabolisme del glicogen i la PPP va inhibir la viabilitat i la
capacitat de migracié de les cél-lules HUVEC. Curiosament, tant la PPP, com s’ha comentat
anteriorment, com el metabolisme de glicogen s’han descrit com dianes antitumorals (Lee et al.,
2004; Nakamura et al., 2011; Senanayake et al., 2011). Per tant, la inhibicio d’aquestes vies
metaboliques confereix una nova i potent aproximacid terapeutica que ataca simultaniament el

creixement tumoral i I’angiogénesi.

A manera de resum, els resultats obtinguts en aquesta Tesi Doctoral donen a conéixer
nous mecanismes d’accid i noves dianes terapéutiques associats a 1’efecte dels productes

naturals en cancer de colon. A més, les dades obtingudes aporten llum al coneixement sobre
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algunes interferéncies entre diferents productes prebiotics les quals s’han de tenir en compte en

futures intervencions quimiopreventives. Finalment, es mostra una adaptacié metabolica

caracteristica de les ce¢l-lules endotelials activades que pot esser explotada per al tractament

efectiu del cancer.

1.

CONCLUSIONS

El tani hidrolitzable pentagaloilglucosa i la fraccié F800H4 rica en tanins condensats
extrets d’H. virginiana inhibeixen de manera semblant el creixement de les cél-lules
d’adenocarcinoma de colon huma HT29 i dels colonocits normals NCM460. En canvi,
el tani hidrolitzable hamamelitanin actua especificament contra les cél-lules tumorals
HT29 induint apoptosi i produint un arrest en la fase S del cicle cel-lular. Els efectes de
I’hamamelitanin possiblement es deuen a la preséncia d’una posicié fenolica altament

reactiva capag de reaccionar amb el radical estable TNPTM.

Els polifenols majoritaris en té verd, (-)-epicatequina (EC) i (-)-epigal-locatequin gal-lat
(EGCG), inhibeixen I’entrada de butirat a les cel-lules HT29 i la subsegiient
diferenciaci6 induida per aquest. Aquest efecte no es deu a la modulaci6 de les histones
deacetilases ni a canvis en 1’expressid del Transportador Monocarboxilic 1 (MCT1)
encarregat del transport intestinal de butirat. Tanmateix, I’EC i ’EGCG disminueixen
I’activitat del MCT1 mitjangant el seu posicionament en zones de la membrana

plasmatica no corresponents a rafts lipidics.

El tractament de les cel-lules HT29 amb epicatequin gal-lat (ECG), present en té verd i
raim, redueix I’entrada de diferents substrats metabolics com sén la glucosa i la
glutamina. Conseqiientment, produeix tamb¢ una disminucié en la produccié de lactat
en les céllules tractades. A més, 'ECG disminueix 1’'as del cicle dels acids
tricarboxilics, la sintesi de lipids i la via de les pentoses fosfat. La reduccié en aquesta
ultima via es deu a la inhibicié de l’activitat dels seus enzims clau glucosa-6-fosfat

deshidrogenasa i transcetolasa.

Min/+

El tractament dels ratolins Apc amb una fibra antioxidant de raim (GADF - Grape

Antioxidant Dietary Fiber) va disminuir significativament la poliposi intestinal
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espontania produida en aquest ratolins gencticament predisposats. Aquest efecte
quimiopreventiu de la GADF es deu principalment a la modulacié de 1’expressio genica
relacionada amb un arrest del cicle cel-lular en la fase G1. Aixi mateix, GADF també
infraregula gens relacionats amb la resposta immune i la inflamacid, la qual cosa

contraresta la inflamacio cronica present en ratolins Apc™™*.

L’acid maslinic (MA - Maslinic Acid), procedent de 1’oliva, inhibeix la poliposi
intestinal en ratolins Apc™™*. El mecanisme pel qual es dona aquesta inhibicio és la
induccid d’apoptosi i d’arrest en la fase G1 del cicle cel'lular. A més a més, el
tractament amb MA produeix un perfil metabolic protector caracteritzat per una
disminucid en els nivells sérics de glucosa i un augment en els nivells de cossos

cetonics.

L’activacié angiogeénica de cél-lules endotelials umbilicals humanes HUVEC comporta
una adaptacio metabolica, independent del factor de creixement que la produeixi, que es
caracteritza per una activacio de la ruta de les pentoses fosfat i del metabolisme del
glicogen. Els reservoris de glicogen intracel-lulars sén exhaurits en un ambient
hipoglucémic i, en canvi, augmentats en condicions d’hipoxia. La inhibicio de la via de
les pentoses fosfat i del metabolisme del glicogen produeix una reduccio en la viabilitat

i la migracio de les cel-lules endotelials.
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Capitol 1

RESUM

L’escor¢a d’Hamamelis virginiana (avellaner de bruixa) ¢és una font rica en tanins
condensats 1 hidrolitzables, els quals s’ha descrit que exerceixen una accid protectora envers el
cancer de colon. El present estudi caracteritza diferent tanins de 1’avellaner de bruixa com agents
citotoxics selectius contra el cancer de colon. Per cobrir la diversitat estructural dels tanins presents
a ’escorca d’H. virginiana, els tanins hidrolitzables, hamamelitanin i pentagaloilglucosa, juntament
amb la fraccio rica en proantocianidines o tanins condensats (F800H4), es van seleccionar per a
l'estudi. El tractament amb aquests compostos va reduir la viabilitat i va induir apoptosi, necrosi i
arrest en la fase S del cicle cel-lular en cél-lules HT29, amb I’hamamelitanin sent el més eficag. Per
eliminar I’efecte artefactual degut a la formaci6 de H,O, en el medis de cultiu, ’efecte
antiproliferatiu es va determinar en preséncia i abséncia de catalasa. La preséncia de catalasa només
va canviar significativament 1'Cs, de la fraccio F800H4. A més, a concentracions que inhibeixen un
50% el creixement de les cel-lules HT29, I’hamamelitanin no va tenir cap efecte nociu en colonocits
normals NCM460 mentre que la pentagaloilglucosa va inhibir ambdoés tipus cel-lulars. Utilitzant
I’assaig del TNPTM es va identificar una posicié fenolica altament reactiva present en

I’hamamelitanin que pot explicar la seva eficacia inhibint el creixement del cancer de colon.
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ABSTRACT

Hamamelis virginiana (witch hazel) bark is a rich source of condensed and hydrolysable
tannins reported to exert a protective action against colon cancer. The present study characterizes
different witch hazel tannins as selective cytotoxic agents against colon cancer. To cover the
structural diversity of the tannins that occur in H. virginiana bark, the hydrolysable tannins,
hamamelitannin and pentagalloylglucose, together with a proanthocyanidin-rich fraction (FS00H4)
were selected for the study. Treatment with these compounds reduced tumor viability and induced
apoptosis, necrosis, and S-phase arrest in the cell cycle of HT29 cells, with hamamelitannin the
most efficient. Owing to polyphenol-mediated H,O, formation in the incubation media, the
antiproliferative effect was determined in the presence and absence of catalase to rule out any such
interference. The presence of catalase only significantly changed the ICsy for FSOOH4. Furthermore,
at concentrations that inhibit the growth of HT29 cells by 50%, hamamelitannin had no harmful
effects on NCM460 normal colonocytes, whereas pentagalloylglucose inhibited both cancerous and
normal cell growth. Using the TNPTM assay, we identified a highly reactive phenolic position in

hamamelitannin which may explain its efficacy at inhibiting colon cancer growth.
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INTRODUCTION

Several epidemiological studies have indicated that tannins may exert a protective effect
against colon cancer, one of the most prevalent neoplastic diseases in the developed world
(Theodoratou et al., 2007; Cutler et al., 2008). Witch hazel (Hamamelis virginiana) bark is a rich
source of both proanthocyanidins, or condensed tannins, and hydrolysable tannins (Figure 1) such
as hamamelitannin and pentagalloylglucose (Vennat et al., 1988), whose capacity to regulate cell

proliferation, cell cycle, and apoptosis have attracted much attention (Hu et al., 2009a).

An inverse relation has been reported between proanthocyanidins and colorectal cancer
(Mutanen et al., 2008). An in vitro study demonstrated that a grape seed proanthocyanidin extract
significantly inhibits cell viability and increases apoptosis in Caco-2 colon cancer cells, but does not
alter the viability of the normal colon NCM460 cell line (Engelbrecht et al., 2007). Other results
show that proanthocyanidins from different sources are cytotoxic to human colorectal cells (Gosse
et al., 2005; Chung et al., 2009; Hoverman et al., 2011). In addition, several in vitro and in vivo
studies have shown that hydrolysable tannins from witch hazel bark exhibit multiple biological
activities, which may have potential in the prevention and treatment of cancer. /n vivo preclinical
studies of pentagalloylglucose, one of the major hydrolysable tannins in witch hazel, demonstrated
inhibition of prostate cancer (Hu ef al., 2008; Kuo ef al., 2009), lung cancer (Huh et al., 2005), and
sarcoma (Miyamoto et al., 1987) cells. In vitro inhibition of the growth and invasiveness of breast
cancer, leukemia, melanoma, and liver cancer cells have also been reported (Oh et al., 2001; Ho et
al., 2002; Chen et al., 2003; Chen et al., 2004). The other major hydrolysable tannin in witch hazel,
hamamelitannin, inhibits TNF-mediated endothelial cell death and DNA fragmentation in EAhy926
endothelial cells (Habtemariam, 2002). Since TNFo/TNFR1 signaling may act as a tumor promoter
for colon carcinogenesis (Sakai et al., 2010), the anti-TNF activity of hamamelitannin may indicate
a protective effect against colon cancer. Furthermore, hamamelitannin has been described to inhibit
S-lipoxygenase (5-LOX) (Hartisch et al., 1997) and given that 5-LOX is an inflammatory enzyme
involved in malignant transformation (Wasilewicz et al., 2010), this inhibition could prevent cancer

growth.

Moreover, various studies have analyzed the cytotoxicity and scavenging capacity of H.
virginiana phenolic compounds. It has been reported that different witch hazel polyphenolic
fractions are highly active as free radical scavengers against 2,2'-azinobis-(3-ethylbenzothiazoline-
6-sulfonic acid) (ABTS), 1,1-diphenyl-2-picrylhydrazyl (DPPH), and tris-(2,4,6-trichloro-3,5-
dinitrophenyl)-methyl (HNTTM). They also reduce tris(2,3,5,6-tetrachloro-4-nitrophenyl)-methyl
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(TNPTM) radical to some extent, which indicates that they contain highly reactive hydroxy groups.
In this way, witch hazel fractions protect red blood cells from free radical-induced hemolysis and
also inhibit the proliferation of the SK-Mel 28 melanoma tumor cell line (Tourifio ef al., 2008).
Some of these fractions also inhibited cell proliferation, arrested the cell cycle at the S phase and
induced apoptosis in HT29 human colon cancer cells (Lizarraga et al., 2008). The witch hazel
mixtures studied so far include those from highly heterogeneous mixtures containing both
hydrolysable and condensed tannins of low molecular weight, as well as flavan-3-ol monomers
(Tourifio et al., 2008; Lizarraga et al., 2008); however, the activity of oligomeric structures from
witch hazel bark has not been evaluated. Furthermore, Masaki et al. reported that hamamelitannin
from H. virginiana posses protective activity to cell damage induced by superoxide anion radicals

in murine dermal fibroblast (Masaki et al., 1993; Masaki ef al., 1995).

To advance our understanding of the compounds responsible for the activity of H.
virginiana bark, we evaluated the behavior of pure hamamelitannin and pentagalloylglucose
(hydrolysable tannins of different size) and a highly purified proanthocyanidin-rich fraction
(F800H4). First, we examined the viability, apoptosis, and cell cycle of the human colorectal
adenocarcinoma HT29 cell line after treatment with these compounds. To identify products that
inhibit cancer cell growth without harming normal cells, the antiproliferative capacity of
Hamamelis compounds was also measured against the NCM460 cell line (human colonocytes). As
several studies have reported that polyphenols can be oxidized under standard cell culture
conditions, leading to the production of significant amounts of ROS such as H,0,, and that this can
modulate cell functions (Halliwell, 2003), we supplemented the cell culture medium with catalase,

which decomposes polyphenol-generated ROS, thus ruling out this possibility (Bellion et al., 2009).
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Figure 1. Structures of hydrolysable and condensed tannins in Hamamelis virginiana bark.

MATERIALS AND METHODS

General Experimental Procedures. UV measurements were made on a UV
spectrophotometer Cary 50-Bio (Varian, Palo Alto, CA, USA). Semipreparative chromatography
was conducted on a Waters system (Milford, MA, USA) using an X-Terra C18 (19 x 250 mm, 10
um) column. HPLC was carried out on a Hitachi (San Jose, CA, USA) system equipped with a
quaternary pump, autosampler and diode array detector (DAD), and an analytical Kromasil Cig
(Teknokroma, Barcelona, Spain) column. All chemicals were purchased from Sigma-Aldrich Co (St
Louis, MO, USA), unless otherwise specified. For extraction, we used deionized water, bulk EtOH
(Momplet y Esteban, Barcelona, Spain), bulk acetone (Quimivita, Sant Adria del Besos, Spain), and
bulk hexane (alkanes mixture) (Quimivita). For purification, deionized water, analytical grade
MeOH (Panreac, Montcada i Reixac, Spain), analytical grade acetone (Carlo Erba, Milano, Italy),
and preparative grade CH;CN (E. Merck, Darmstadt, Germany) were used for semipreparative and

preparative chromatography; milli-Q water and HPLC grade CH;CN (E. Merck) were used for
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analytical RP-HPLC. Analytical grade MeOH (Panreac) was used for thioacidolysis and free radical
scavenging assays, and analytical grade CH;Cl (Panreac) was used for the electron transfer assays.
TFA (Fluorochem, Derbyshire, UK) biotech grade was distilled in-house. 37% HCI and HOAc were
from E. Merck. Et;N (E. Merck) was of buffer grade. Deuterated solvents for NMR were from SDS
(Peypin, France). DPPH (95%) was from Aldrich (Gillingham-Dorset, UK), 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox) (97%) was from Aldrich (Milwaukee, WI, USA).
HNTTM and TNPTM radicals were synthesized as described elsewhere (Torres et al., 2003; Torres
et al., 2007). Antibiotics (10000 U/mL penicillin, 10000 pg/mL streptomycin) were obtained from
Gibco-BRL (Eggenstein, Germany), fetal calf serum (FCS) was from Invitrogen (Paisley, UK) and
trypsin EDTA solution C (0.05% trypsin—0.02% EDTA) was from Biological Industries (Kibbutz
Beit Haemet, Israel). The Annexin V/FITC kit was obtained from Bender System (Vienna, Austria).
M3Base medium was purchased from INCELL (San Antonio, TX, USA).

Extraction, Fractionation and Characterization of F800H4. Polyphenols were obtained
from witch hazel bark by extraction with acetone-water (7:3) and fractionation with EtOAc
(Tourifio et al., 2008) that produced fraction OWH (polyphenols soluble in EtOAc and H,0O) and
fraction AH (polyphenols only soluble in H,O). To generate fraction F800H4, AH (800 mg) was
dissolved in 50% MeOH and fractionated on a Sephadex LH-20 column (50 x 2.5 ¢cm i.d.) using a
gradient of MeOH in H,O and a final step of washing with acetone, as previously reported (Jerez et
al., 2007). Five sub-fractions (800H1 to 800HS5) were collected and their absorbance was measured
at 280 and 400 nm; yield, 8% from fraction AH; 0.05% from witch hazel bark. Table 1 shows the
chemical composition of fraction F800H4, which was estimated as previously described (Tourifio et
al., 2008). The content of condensed tannins was estimated by thioacidolytic depolymerization in
the presence of cysteamine and HPLC analysis of the cleaved units. The hydrolysable tannins were

determined directly from the fraction by HPLC and standards.

Purification of Pentagalloylglucose. Pentagalloylglucose was purified from fraction OWH
by semipreparative chromatography on a Waters system (Milford, MA, USA) using an X-Terra C18
(19 x 250 mm, 10 pum) column. A total amount of 2 g of OWH was processed in successive
chromatographic runs with loads of 200 mg, 4 mL each, and elution by a binary system [solvent A,
0.1 % aqueous TFA; solvent B, 0.08 % TFA in H,O/CH;CN (1:4)] under the following conditions:
10 min at 16% B and two gradients, 16-36% B over 40 min and 36-55% B over 5 min, at a flow rate
of 10 mL/min with detection at 235 nm. The purity of the pentagalloylglucose was ascertained by

HPLC on a Hitachi (San Jose, CA, USA) system equipped with a quaternary pump, autosampler
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and diode array detector (DAD) and an analytical Kromasil C18 (Teknokroma, Barcelona, Spain)
column under the same elution conditions at a flow rate of 1 mL/min. Pentagalloylglucose was
lyophilized and its identity was confirmed by chromatography coupled to high resolution mass
spectrometry and NMR; purity, 95% by HPLC; yield, 3.8% from fraction OWH, 0.03% from witch
hazel bark.

DPPH Assay. The antiradical capacity of the polyphenols was evaluated by the DPPH
stable radical method (Brand-Williams et al, 1995). Fresh MeOH solutions (2 mL) at
concentrations ranging from 2 to 30 pM were added to a freshly prepared radical solution (2 mL,
120 uM) in deoxygenated MeOH. The mixture was incubated for 30 min at room temperature in the
dark and the UV absorbance at 517 nm was measured. The results were plotted as the percentage of
absorbance disappearance [(1 - A/A0) x 100] against the amount of sample divided by the initial
concentration of DPPH. Each data point was the result of three independent determinations. A
dose-response curve was obtained for every sample. The results are expressed as the efficient
concentration, ECsy, given as the amount of polyphenols that consumes half the amount of free
radical divided by the initial amount of DPPH in micromoles. The results are also expressed as
antiradical power (ARP), which is the inverse of ECsq. UV measurements were made on a UV

spectrophotometer Cary 50-Bio (Varian, Palo Alto, CA, USA).

Electron Transfer Capacity against the Stable Free Radicals HNTTM and TNPTM.
Fresh solutions of the polyphenols (2 mL) at concentrations ranging from 2 to 62 pM were added to
a freshly prepared solution of HNTTM (2 mL, 120 uM) in deoxygenated CHCI;/MeOH (2:1). The
mixture was incubated for 7 h at room temperature in the dark and the UV absorbance was
measured at 384 nm. The results are plotted as the percentage of absorbance disappearance [(1 -
A/A0) x 100] against the amount of sample divided by the initial amount of the radical in
micromoles, as described for DPPH. Each data point was the result of three independent
determinations. A dose—response curve was obtained for every sample. The results are expressed as
the efficient concentration, ECso, and as ARP. The working conditions with TNPTM were
essentially those described for HNTTM (Torres et al, 2007) with some differences. The
concentration range was 10-120 puM, the incubation time was 48 h and the absorbance was

measured at 378 nm. The results are plotted as described for HNTTM.

Cell Culture. Human colorectal adenocarcinoma HT29 cells (obtained from the American
Type Culture Collection, HTB-38) were grown as a monolayer culture in Dulbecco’s Modified

Eagle’s Medium (DMEM) in the presence of 10% heat-inactivated fetal calf serum and 0.1%
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streptomycin/penicillin in standard culture conditions. NCM460 cells, obtained by a Material
Transfer Agreement with INCELL, are from an epithelial cell line derived from the normal colon
mucosa of a 68-year old Hispanic male (Moyer et al., 1996). They were grown as a monolayer
culture in M3Base medium (which contains growth supplements and antibiotics) supplemented with
10% heat-inactivated fetal calf serum and 2.5 mM of D-glucose (final concentration 5 mM glucose).

The cells were cultured at 37°C in a 95% air, 5% CO, humidified environment.

Determination of Cell Viability. The assay was performed using a variation of the MTT
assay described by Mosmann (Mosmann, 1983). The assay is based upon the principle of reduction
of MTT into blue formazan pigments by viable mitochondria in healthy cells. The cells were seeded
at densities of 3x10° cells/well (HT29 cells) and 1x10* cells/well (NCM460 cells) in 96-well flat-
bottom plates. After 24 h of incubation at 37°C, the polyphenolic samples were added to the cells at
different concentrations in fresh medium. Some experiments were performed in the presence of
catalase (100 U/mL, from bovine liver) to examine the potential influence on extracellular H,O,.
The use of an antioxidant enzyme in the cell medium allows us to rule out the effects of exogenous
H,0, generated during the incubation with polyphenols. The addition of this enzyme does not affect
the cellular markers, since it does not enter the cells and is removed after incubation. In all cases the
antitumor agent EGCG was used as standard. The culture was incubated for 72 h. Next the medium
was removed and 50 uL. of MTT (1 mg/mL in PBS) with 50 uL of fresh medium was added to each
well and incubated for 1 h. The MTT reduced to blue formazan and the precipitate was dissolved in
100 pL of DMSO; absorbance values were measured on an ELISA plate reader (550 nM) (Tecan
Sunrise MR20-301, TECAN, Salzburg, Austria). Absorbance was taken as proportional to the
number of living cells. The concentrations that caused 50% cell growth inhibition (ICsp) were

estimated from the dose—viability curves.

Cell Cycle Analysis by FACS. The cell cycle was analyzed by measuring the cellular DNA
content using the fluorescent nucleic acid dye propidium iodide (PI) to identify the proportion of
cells in each stage of the cell cycle. The assay was carried out using flow cytometry with a
fluorescence-activated cell sorter (FACS). HT29 cells were plated in 6-well flat-bottom plates at a
density of 87x10° cells/well. After 24 h of incubation at 37°C, the polyphenolic fractions were
added to the cells at their respective 1Csy values. We used the G1/S cell cycle inhibitor HU at 1 mM
as standard. The cultures were incubated for 72 h in the absence or presence of the polyphenolic
fractions. The cells were trypsinized, pelleted by centrifugation (1500 rpm for 5 minutes), and
stained in Tris buffered saline (TBS) containing 50 ug/mL PI, 10 pg/mL RNase free of DNase, and
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0.1% Igepal CA-630. They were incubated in the dark for 1 h at 4°C. Cell cycle analysis was
performed by FACS (Epics XL flow cytometer, Coulter Corp., Hialeah, FL, USA) at 488 nm
(Lozano et al., 2005).

Apoptosis Analysis by FACS. Double staining with Annexin V-FITC and PI measured by
FACS was used to determine the percentage of apoptotic cells. Annexin+/ PI- cells were considered
early apoptotic cells. Annexin+/ PI+ and Annexin-/ PI+ cells were classed together as late
apoptotic/necrotic cells, since this method does not differentiate necrotic cells from cells in late
stages of apoptosis, which are also permeable to PI. The cells were seeded, treated, and collected as
described in the previous section. ST 1 pM was utilized as a control of apoptosis induction. After
centrifugation (1500 rpm for 5 minutes), they were washed in binding buffer (10 mM Hepes, pH
7.4, 140 mM NaCl, 2.5 mM CaCl,) and re-suspended in the same buffer. Annexin V-FITC was
added using the Annexin V-FITC kit. Afterwards, the cells were incubated for 30 minutes at room
temperature in the dark. Next, PI was added 1 min before the FACS analysis at 20 pg/mL.

Fluorescence was measured at 495 nm (Annexin V-FITC) and 488 nm (PI).

Determination of H,0, (FOX Assay). H,O, in the cell culture medium was determined
using the ferrous oxidation xylenol orange (FOX) assay (Jiang et al., 1992). After oxidation of
Fe(ll) to Fe(ll) by H,0O,, the resulting xylenol orange—Fe(Ill) complex was quantified
spectrophotometrically (560 nm). The cells were incubated for 72 hours with a range of
concentrations of witch hazel compounds in culture medium (DMEM or M3Base) either alone or in
the presence of catalase (100 U/mL, from bovine liver) under cell culture conditions (96-well flat-
bottom plate, in the absence of cells). EGCG was used as positive control in this assay given that it
has already been reported that this product generates high levels of ROS in cell culture media. Next,
100 pL of medium was transferred to a new 96-well flat-bottom plate. FOX reagent (900 pL) was
added to each aliquot: 100 uM of xylenol orange, 250 uM of ferrous ammonium sulfate, 25 mM of
H,S0O,4 and 4 mM of BHT in 90% (v/v) MeOH. After 30 min, absorbance at 560 nm was measured
in a microplate reader (Tecan Sunrise MR20-301, TECAN). Peroxides were quantified by

comparing the absorbance to a standard curve (H,O, concentrations: 0—150 pM).

Data Presentation and Statistical Analysis. Data are given as the means = S.D. (standard
deviation). For each assay, the parametric unpaired two-tailed independent sample t-test was used
for statistical comparison with the untreated control cells and differences were considered to be

significant when p < 0.05 and p < 0.001.
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RESULTS AND DISCUSSION

Pentagalloylglucose and fraction FS800H4 were extracted from the bark of witch hazel
whereas the hydrolysable tannin hamamelitannin was obtained commercially. Both hydrolysable
tannins presented a purity of 98% or more, as confirmed by HPLC. Once fraction F800H4 was
obtained, its polyphenolic composition was characterized to ensure that it possessed a high
percentage of condensed tannins. Table 1 summarizes the results of the HPLC analysis after
thioacidolysis in the presence of cysteamine (condensed tannins) and direct HPLC analysis (gallic
acid, pentagalloylglucose, and hamamelitannin). F800H4 was found to be composed of mostly
condensed tannins (83.9% of the total tannins), both monomers and proanthocyanidins
[(epi)catechin oligomers and polymers]. It also contained 16.1% of hydrolysable tannins, mainly
hamamelitannin. Pentagalloylglucose was not detected in fraction F800H4. The condensed tannins
had a mean degree of polymerization (mDP) of 2.6, 35% of galloylation, and 32% of pyrogallol.
The total galloylation of the fraction was 45.5%.

Table 1. Polyphenolic Composition of F§00H4

mDP % G % P
2,6 35,0 32,0

% GC % EGC % C % EC % EGCG % ECG
12,4 0,4 29,1 23,0 19,1 15,9

" %GA %HT %PGG
10,0 90,0 0,0

smDP: mean degree of polymerization, %G, percentage of
galloylation; %P: percentage in pyrogallol. ®GC, gallocatechin;
EGC, epigllocatechin; C, catechin; EC, epicatechin, EGCG,
epigallocatechin gallate; ECG, epicatechin gallate. °GA, gallic acid;
HT, hamamelitannin; PGG, pentagalloylglucose.
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Tannins regulate different cell functions through different actions that may or may not
involve redox reactions (Sang et al., 2005). Since polyphenols may act as antioxidants and
prooxidants, we studied the redox activity of H. virginiana compounds and evaluated their free
radical scavenging properties using different stable radicals like DPPH, HNTTM, and TNPTM.
DPPH reacts with polyphenols by mechanisms that may include both hydrogen donation and
electron transfer (Foti et al., 2004), while HNTTM and TNPTM are only sensitive to electron
transfer (Torres et al., 2007). The reactions with DPPH and HNTTM gave information on the total
capacity to scavenge radicals by hydrogen donation or concerted electron proton transfer (DPPH)
and by electron transfer (HNTTM). The reaction with TNPTM revealed the presence of highly
redox reactive positions. Table 2 summarizes the activities of pentagalloylglucose, hamamelitannin,
and the proanthocyanidin fraction F800H4 against the stable free radicals. Overall,
pentagalloylglucose, hamamelitannin, and the proanthocyanidin-rich fraction F800H4 showed a
similar total scavenging capacity, as their number of phenolic hydroxy groups per unit of mass was
similar. Interestingly, differences were detected with TNPTM. While the scavenging capacity of the
polyphenols against TNPTM is low because only some of the hydroxy groups are able to donate
electrons to this radical, the possible effects of these hydroxy groups may be biologically relevant
because they are the most reactive positions. One of the phenolic hydroxy groups in
hamamelitannin was reactive enough to transfer its electron to TNPTM while pentagalloylglucose
was much less responsive (Table 2, last column). Hamamelitannin and pentagalloylglucose are
structurally similar. In the case of hamamelitannin though, there is a hydroxy moiety geminal to one
of the gallate esters and this might explain the differences detected in the reactivity against the
TNPTM radical. The extra hydroxy group might participate in a hydrogen bond with the carbonyl
group from the gallate moiety to form a six-membered ring. This could introduce a conformational
restriction with loss of planarity and subsequent loss of conjugation within the gallate moiety. The
extended conjugation of the carbonyl and aromatic groups is the reason why gallates are less
reactive than pyrogallols (Sato ef al., 2010). The results with TNPTM indicate that hamamelitannin
is particularly reactive and may even participate in the formation of ROS through electron transfer

to oxygen to form the superoxide radical.
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Table 2. Hydrogen Donation and Electron Transfer Capacity

ECs," ARP”  H/&  ECs) ARP e ECs," ARP” e
238 42,0 19,8 54,8 18,2 8,6 2403,9 04 0.2
27,8 36,2 8,8 71,2 14,0 34 116,2 22 1,0
39,8 25,1 27,1 66,7 15,0 162 1761,6 0,6 0,7

aEC,, ug of polyphenol/pumol of radical. ® ARP, (1/EC,;) x 103. ¢ Number of hydrogen atoms donated or electrons
transferred to the stable radical per molecule of polyphenol, calculated as the inverse of 2 x molar EC,,

Pentagalloylglucose has been shown to inhibit different malignancies (Miyamoto et al.,
1987; Hu et al., 2008; Kuo et al., 2009). Potential mechanisms for its anticancer activity include
anti-angiogenesis, antiproliferation, S-phase and G1-phase cell-cycle arrest, induction of apoptosis,
anti-inflammation and anti-oxidation. Putative molecular targets include p53, Stat3, Cox-2,
VEGFRI1, AP-1, SP-1, Nrf-2, and MMP-9. This study reports for the first time the role of
pentagalloylglucose in colon cancer. We studied here the viability, the cell cycle, and apoptosis
process in human colorectal adenocarcinoma HT29 cells. In these bioassays, different positive
controls were used. Epigallocatechin gallate (EGCG), a major catechin in green tea described to
have antitumor activity (Singh et al., ; Yang et al.), was used as standard in cell viability assays; the
cell cycle inhibitor hydroxyurea (HU) was used as standard in cell cycle experiments (Iacomino et
al., 2006) and staurosporine (ST) was utilized as a positive control in apoptosis assays (Elsaba et
al., 2010). Treatment with pentagalloylglucose reduced the viability of HT29 cells with an ICsq
value of 28 + 8.8 pg/mL (Figure 2a) and induced 11% apoptosis compared to control cells, 5%
necrosis (Figure 3) and S-phase arrest in the cell cycle with 8% increase in the population of cells
in the S phase and a concomitant decrease in the percentage of cells in G1 and G2 phases (Figure
4). Because pentagalloylglucose inhibits DNA replicative synthesis with greater efficacy than a
known DNA polymerase-alpha inhibitor, aphidocolin,(Hu et al., 2009b) this may explain the arrest
in the S phase. The antitumor effects of hamamelitannin have not been examined, except for its
antigenotoxic action in HepG2 human hepatoma cells reported by Dauer et al. (Dauer et al., 2003),
as well as its anti-TNF (Habtemariam, 2002) and anti-LOX activities (Hartisch et al., 1997). The
cellular mechanism that this hydrolysable tannin induces may be related to the inhibition of the
tumor necrosis factor itself and its receptor, which affect apoptosis, necrosis, and cell cycle

processes. As a result, after treatment with hamamelitannin, we observed a reduction in the viability
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of HT29 cells with an ICsy of 20 £ 4.5 pg/mL (Figure 2a) and induction of 26% of apoptosis, 14%
of necrosis (Figure 3) and S-phase arrest in the cell cycle with a 16% increase in the population of
cells in this phase (Figure 4). With regard to condensed tannins, proanthocyanidins from various
sources have been reported to inhibit colon cancer cells (Maldonado-Celisa et al., 2008; McDougall
et al., 2008). Treatment of the human colon adenocarcinoma HT29 cell line with the
proanthocyanidin-rich fraction F800H4 extracted from witch hazel bark was less effective at
inhibiting cell viability (ICso = 38 + 4.4 png/mL; Figure 2a), and inducing apoptosis (9%) and
necrosis (6%) (Figure 3), than the same treatment with hydrolysable tannins. FS00H4 had little
effect on the normal cell-cycle distribution apart from a slight increase in the S- and G2-phases

(Figure 4).
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Overall, the hydrolysable tannins were more effective than the condensed tannins.
Interestingly, hamamelitannin, which includes a highly reactive position, as demonstrated by its
reaction with TNPTM (Table 2), showed the strongest inhibition of cell viability, induction of
apoptosis and necrosis, and cell-cycle arrest in the S phase in HT29 colon cancer cells (Figures 2a,
3, 4). The effect of this reactive position in hamamelitannin may even be prooxidant. The
prooxidant effect of some polyphenols has been discussed extensively and it has been suggested
that moderate generation of ROS may produce an antioxidant effect by fostering the endogenous
defenses (Dhakshinamoorthy et al., 2000; Ascensao et al., 2005). Therefore, in our assays,
hamamelitannin may exert its activity, at least in part, by providing mild prooxidant challenges

through electron transfer reactions leading to moderate formation of ROS.

On the other hand, since it has been reported that an increase in endogenous ROS levels is
required for the transition from the G1 to the S phase of the cell cycle (Havens et al., 2006), the cell
cycle arrest in the S phase induced by witch hazel compounds may be explained to some extent by

its ROS scavenging capacity.

In the search for compounds or fractions that inhibit cancer cell growth without harming
normal cells, the antiproliferative capacity of pentagalloylglucose, hamamelitannin, and the
proanthocyanidin-rich fraction FS00H4 was determined in NCM460 human colonocytes. NCM460
are non-tumorigenic cells derived from normal colon mucosa that has not been infected or
transfected with any genetic information (Moyer et al., 1996). This is the first comparison of the
effects of witch hazel compounds on the growth of non-transformed colonocytes and cancerous
colon cells. Our results show that the concentrations of hamamelitannin and F800H4 capable of
inducing the death of HT29 cells (Figure 2a) had no harmful effects on normal colon cells (ICsy
higher than 100 pg/mL for hamamelitannin and F800H4) (Figure 2c), whereas pentagalloylglucose
inhibited both cancerous and normal cell growth (Figure 2a and 2c). Pentagalloylglucose inhibited

NCM460 cell viability with an ICsy of 23 pg/mL + 2.4 (Figure 2a, c).

It has been reported that polyphenol-mediated ROS formation in cell culture medium can
lead to the artifactual modulation of cytotoxicity attributed to polyphenol exposure. Accordingly,
Chai et al. reported that H;O,-mediated cytotoxicity, resulting from incubation of PC12 cells with
green tea or red wine was completely prevented by the addition of bovine liver catalase to the
culture medium (Chai et al., 2003). All Hamamelis compounds tested together with the positive
control used (EGCG) (Long et al., 2000; Elbling et al., 2005) generated H,O, in a concentration-
dependent manner in DMEM (Figure 5a). Hamamelitannin showed the highest H,O, production at
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100 pg/mL. As expected, supplementing the cell culture medium with 100 U/mL catalase resulted
in almost complete decomposition of polyphenol generated H,O, in all cases (Figure 5b). The next
step was to study the antiproliferative capacity of H. virginiana polyphenolics by co-incubating
with catalase. This enzyme had little effect on HT29 cells incubated with hydrolysable tannins (ICsq
in DMEM = 28 pg/mL + 8.8 (Figure 2a) / ICsy in DMEM with catalase = 34 pg/mL = 1.2 (Figure
2b) for pentagalloylglucose and ICsy in DMEM = 20 pg/mL + 4.5 (Figure 2a) / ICso in DMEM with
catalase = 13 pg/mL + 4.6 (Figure 2b) for hamamelitannin), whereas F800H4 cytotoxicity was
shown to be partially attributable to H,O,-mediated modulation (ICsy in DMEM = 38 pg/mL + 4.4
(Figure 2a) / ICs5o in DMEM with catalase = 95 ug/mL + 8.7 (Figure 2b)). This effect is probably
triggered by the highly reactive pyrogallol moieties in the condensed tannins. Interestingly, the
results obtained for the positive control, EGCG, a flavan-3-ol with a pyrogallol B-ring, are in
accordance with this hypothesis. Consequently, the difference between the ICs, value of F800H4
determined in HT29 cells incubated with catalase (Figure 2b) and the value established in NCM460
cells (Figure 2c) is not as high as when we compared the results obtained for HT29 without catalase
(Figure 2a), which were artifactual, with NCM460 (Figure 2¢). This demonstrates that, as with
pentagalloylglucose, FS00H4 is not completely specific against cancer cells. Interestingly, the

cytotoxic activity of hamamelitannin was not modified by the addition of catalase to the medium.
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In summary, we conclude that pentagalloylglucose and the proanthocyanidin-rich fraction
F800H4 do not show specificity for cancerous cells, whereas hamamelitannin is a promising
chemotherapeutic agent, which might be used for the treatment of colon cancer without

compromising the viability of normal colon cells. Hamamelitannin appears to contain a highly
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reactive phenolic position that can be detected by the stable radical TNPTM, which may explain its
efficacy at inhibiting colon cancer cell growth. These findings may lead to a better understanding of
the structure—bioactivity relationship of tannins, which should be of assistance for formulations of

chemopreventive and chemotherapeutic agents.
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RESUM

Una dieta rica en fibra dietética i compostos derivats de plantes com sén els polifenols ha
estat inversament relacionada amb el risc de cancer de colon. L’efecte protector d’aquests
compostos bioactius es veu afectat per la microbiota. Recentment, s’ha mostrat que els
polifenols naturals augmenten la concentracio intestinal de productes derivats de la fermentacio
microbiana de la fibra com és el butirat, un conegut inhibidor de les histones deacetilases
(HDACS) que indueix diferenciacio en cel-lules de cancer de colon. En aquest estudi, es va
avaluar l'efecte de les catequines del té verd, (-)-epicatequina (EC) i (-)-epigal-locatequin gal-lat
(EGCQ), en la diferenciacio de cel-lules HT29 d’adenocarcinoma de colon huma induida per
NaB. Tot i que el tractament amb polifenols sols no va modificar la diferenciacié de les cél-lules
HT29, aquest va reduir la diferenciacié induida per NaB. L'as d'un altre inhibidor de les
HDACG:S, la Tricostatina A (TSA), el qual també va produir diferenciacié que no va ser afectada
pels polifenols, i la determinaci6 de I’activitat HDAC in vitro, la qual no va ser afectada pels
polifenols, van eliminar un mecanisme dependent d'HDAC. Estudis posteriors van revelar una
disminucio en I’entrada cel-lular de NaB produida pel tractament amb polifenols. Aixo ens va
portar a estudiar el Transportador Monocarboxilic 1 (MCT1 - Monocarboxylate Transporter 1),
el qual ha estat descrit com a transportador intestinal del NaB. Mentre que les catequines del té
verd no van produir canvis en 1’expressio del MCT1, aquestes van regular la funcié del MCT1 a
través de la seva reorganitzacidé a la membrana plasmatica augmentant la seva preséncia en
fraccions no corresponents a rafts lipidics. Els nostres descobriments revelen que, per mantenir
els seus efectes beneficiosos, el NaB i els polifenols del té verd han de ser utilitzats
separadament. Aquesta informacié s’hauria de tenir en compte per al disseny de noves

intervencions terapeutiques en la prevencio o el tractament del cancer colorectal.
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ABSTRACT

A diet rich in dietetic fiber and plant-derived compounds such as polyphenols has been
inversely related to colon cancer risk. The protective effects of these bioactive compounds are
mediated by the microbiota. Recently, it has been shown that natural polyphenols increase
dietary fiber microbial fermentation derived products such as butyrate, a well-described histone
deacetylase (HDAC) inhibitor that induces differentiation in colon cancer cells. In this study, we
evaluated the effect of the green tea polyphenols, (-)-epicatechin (EC) and (-)-epigallocatechin
gallate (EGCG), on human colon adenocarcinoma HT29 cells NaB-induced differentiation.
Although polyphenols treatment did not modify HT29 differentiation, it reduced NaB-induced
differentiation. The use of another HDAC inhibitor, Trichostatin A (TSA), which also caused
differentiation but was not affected by polyphenols, and in vitro HDAC activity determination,
in which polyphenols did not shown any effect, rule out an HDAC-dependent mechanism.
Posterior studies revealed uptake competition between NaB and polyphenols. This led us to
study the Monocarboxilate Transporter 1 (MCT1), which has been described as a transporter for
both NaB and poyphenols. Whereas green tea catechins did not produce changes in MCT1
expression, they resulted to modulate MCT1 function via its reorganization in the plasma
membrane enhancing its presence in non-raft fractions. Our findings suggest that to maintain
their beneficial effects, NaB and green tea polyphenols have to be used separately. This valuable
information should be of assistance in choosing a rational design for more effective therapeutic

interventions in the prevention or treatment of colorectal cancer.
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INTRODUCTION

Colorectal cancer (CRC) constitutes one of the most frequent malignancies worldwide
and is one of the prevalent causes of cancer-related mortality in the western world (Jemal ef al.,
2010). Therefore, further development of therapeutic and preventive approaches to control this
disease is clearly needed. A diet rich in fiber and plant-derived compounds present in tea, fruits
and vegetables has been inversely associated with the risk of colorectal cancer (Ferguson et al.,
2001; Watson et al., 2011). Furthermore, the protective effect of the bioactive compounds
present in these aliments has been shown to be related to the human intestinal microbiota
activity. In this regard, consumption of natural polyphenols has been described to be able to
increase dietary fiber microbial fermentation derived products such as butyrate (NaB - Sodium
butyrate) (Juskiewicz et al., 2011; Kosmala et al., 2011; Juskiewicz et al., 2012), thus providing
a beneficial effect to the host. However, how NaB and polyphenols interact at cellular level has

not been satisfactorily addressed.

NaB has been described as a potent antitumoral agent against colon cancer that has been
even used in clinical trials for treating cancers (Berni Canani et al., 2012). NaB is a four-carbon
short chain fatty acid that represents a major oxidative fuel for colon epithelial cells (Corfe et
al., 2009). Previous studies have demonstrated that deficiency in the availability or utilization of
NaB causes colitis and may be involved in ulcerative colitis and colon carcinogenesis (Boren et
al., 2003; Alcarraz-Vizan et al., 2010). Moreover, NaB induces apoptosis and a cell cycle arrest
in the G1/G0 phase accompanied by terminal cell differentiation in several colon cancer cell
lines (Shen et al., 2008; Andriamihaja et al., 2009; Humphreys ef al., 2012). The mechanisms of
action of butyrate to induce differentiation involves mainly an epigenetic regulation of gene
expression through the inhibition of histone deacetylases (HDACs) (Carafa et al., 2011), which
remove acetyl groups from lysine residues of histones and regulate the affinity of protein
transcription complexes for DNA. Genes causing cell differentiation are normally

downregulated by HDAC activity.

Numerous studies have evaluated the antitumor activities of green tea polyphenols in
different experimental systems and the observations have shown that these tea components lead
to cancer cell growth inhibition, apoptosis, and reduction in invasion, angiogenesis and
metastasis (Kanwar et al., 2012). A plethora of molecular mechanisms of tea polyphenols has
been suggested, which include both anti-oxidant and pro-oxidant effects, inhibition of mitogen-
activated protein kinases, or modulation of growth factor receptor tyrosine kinases and
transporters activity through the alteration of lipid rafts by tea catechins (reviewed in ref. 16)

(Yang et al., 2010). However, little is known about the role of green tea polyphenols in
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intestinal epithelial differentiation of colon cancer cells. Although they have been related to cell
differentiation, their modulation is largely dependent on the cell type. For example, tea
catechins have been shown to enhance the differentiation of normal human keratinocytes
(Balasubramanian et al., 2007). However, EGCG also has been reported to inhibit the formation
and differentiation of osteoclasts (Oka ef al., 2012) and to reduce endothelial differentiation
(Lamy et al., 2002). In colon cancer cells, differentiation produced by polyphenols has been also

reported to be dependent on the cell line (Lea et al., 2010).

In the present study, we evaluated the effect of the major green tea polyphenols (-) -
epigallocatechin gallate (EGCG) and (-)-epicatechin (EC) on differentiation induced by NaB in
human colon adenocarcinoma HT29 cells. We demonstrate that polyphenols interfere with NaB
induced differentiation and we propose a mechanism for this inhibition based on the re-

localization of a monocarboxylate transporter in the plasma membrane.

MATERIALS AND METHODS

Chemicals and cell culture conditions. All chemicals were purchased from Sigma-

Aldrich Co (St. Louis, MO), unless otherwise specified.

HT29 human colon adenocarcinoma cells (obtained from the American Type Culture
Collection) were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) 25 mM D-glucose
supplemented with 10% heat-inactivated fetal calf serum (FCS) (PAA Laboratories, Pasching,
Austria) and 0.1% antibiotics (100 U/mL penicillin and 100 pg/mL streptomycin) (Invitrogen,
Paisley, UK). Caco-2 cells were maintained in DMEM 25 mM D-glucose, 20% FCS, 2 mM
glutamine, and 1% antibiotics (100 U/mL penicillin and 100 pg/mL streptomycin). Cell cultures

were carried out at 37 °C in a humidified atmosphere with 5% CO2.

Determination of cell viability. The assay is based upon the principle of reduction of
MTT into blue formazan pigments by viable mitochondria in healthy cells. HT29 cells were
seeded at 3x10° cells cells/well in 96-well flat-bottom plates. After 24 h of incubation at 37°C,
fresh media containing EC and EGCG at different concentrations were added. After 72 hours,
the media was removed, and 50 uL of MTT (1 mg/mL in PBS) with 50 puL of fresh medium was
added to each well and incubated for 1 h. The MTT reduced to blue formazan and the
precipitate was dissolved in 100 uL. of DMSO. Absorbance values were measured on an ELISA
plate reader (550 nm) (Tecan Sunrise MR20-301, Tecan, Salzburg, Austria). Absorbance was

taken as proportional to the number of living cells.

116



Capitol 2

Alkaline Phosphatase Activity assay. Alkaline phosphatase activity was measured using
p-nitrophenyl phosphate as substrate according to the published procedures (Bergmeyer, 1972).
HT29 human colon adenocarcinoma cells were started in 60 cm® petri dishes with the same
number of cells (6 x 10°) and incubated for 24 h at 37°C. Then, new medium with polyphenols,
NaB and NaB/polyphenols was added and incubated for 24, 48 and 72 h at 37°C. The medium
was changed every 24 h. After incubation, the cells were washed with phosphate buffered saline
(PBS), detached from the flasks using 0.025% trypsin-EDTA (Invitrogen) and then resuspended
in lysis buffer (1 mM dithiothreitol, 1 mM EDTA, 0.02% Triton X-100, 0.02% sodium
deoxycholate, 0.2 mM phenylmethylsulfonyl fluoride, 1% sodium azide and 20 mM Tris-HCI,
pH 7.5). Cells were homogenized using a laboratory sonicator (1/2 Liter Branson 200 Ultrasonic
bath, 5 min, 40 kHz, 4°C) and immediately ultracentrifuged at 105,000g for 1 h at 4°C. The
supernatant was separated and used for the determination of alkaline phosphatase activity using
a Cobas Mira Plus chemistry analyzer (HORIBA ABX, Montpellier, France). The enzyme
activity was estimated by measuring the absorbance at 405 nm due to formation of p-
nitrophenol and was expressed as mU/ml per mg of protein. Protein determination was
performed in the same lysates using the BCA protein assay (Pierce Biotechnology, Rockford,

IL).

Histone deacetylase (HDAC) assay. HT29 cells were incubated in 60 cm® petri dishes
for 48-72 h at 37°C (65-85% confluence). Next, cells were washed in PBS pH 7.4 followed by
incubation in hypotonic buffer (20 mM HEPES pH 7.6, 20% glycerol, 10 mM NaCl, 1.5 mM
MgCl,, 0.2 mM EDTA, 0.1% Triton X-100) for 5 min. Then, cells were collected and nuclei
pelleted at 1000 rpm in microfuge for 10 minutes. Purified nuclei were resuspended in
hypertonic buffer (20 mM HEPES pH 7.6, 20% glycerol, 450 mM NaCl, 1.5 mM MgCl,, 0.2
mM EDTA, 0.1% Triton X-100) and rocked for 1 hour at 4°C. After centrifuging at 13000 rpm
in microfuge for 5 minutes at 4°C, the supernatant obtained was the nuclear extract. Then,
nuclear extracts of non-treated HT29 cells were quantified by using standard BCA Protein
Assay (Pierce Biotechnology, Rockford, IL) and same quantity of protein was subjected to
treatment with NaB and NaB/polyphenols for 30 min at 37°C. HDAC activity was measured
employing a Fluorometric Assay Kit (Biovision), following manufacturer's instructions. The
procedure involves the use of the HDAC substrate, which consists of an acetylated lysine side
chain, and incubation with a sample containing nuclear extract. Deacetylation sensitizes the
substrate, and treatment with the lysine developer produces a fluorophore, which can be
analyzed with a fluorometer (Ex/Em = 350 - 380/440 - 460 nm). A HeLa cell nuclear extract
was used as a positive control. Percent inhibition of treated cells was compared with HT29

untreated controls.
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['*C]-NaB uptake. HT29 cells were seeded at 2 x 10* cells/well in 24-well plates. After
24 h of incubation at 37°C, fresh media containing NaB and NaB/polyphenols was added and
incubated for 48 h at 37°C. The medium was changed after 24 h of incubation and left 24 h
more. Next, cells were incubated at room temperature for 20 min in tracer-free buffer
containing (in mM): 110 NaCl, 1 CaCl,, 4 KCl, 0.44 K,HPO,, 1 MgSQO,, 5 glucose, 50
mannitol and 5 HEPES, pH 7.4. Cells were then washed and incubated with buffer containing
(in mM): 259 mannitol, 20 HEPES, pH 6.5 and 1 ['*C]-NaB (1 uCi/ml) for a time period of 5
min. The uptake was stopped by washing the cells twice with ice-cold PBS. Finally, cells were
solubilized with 0.5 N NaOH for at least 4 h. The protein concentration was measured by the
method of BCA. Incorporated radioactivity was counted by a Tri-CARB 1600-TR liquid
scintillation counter (Packard Instruments, Downers Grove, IL). The values were expressed as

nmol/mg protein per 5 min.

Transient transfection and luciferase assay. Cloning of the MCT1 promoter region and
preparation of its progressive 5’ deletion constructs in pGL2 reporter plasmid have been
described earlier (Hadjiagapiou et al., 2005). Caco-2 cells were transfected using the Amaxa
Nucleofector System (Amaxa) according to the manufacturer’s instructions. Briefly, 2 x 10°
cells were harvested and then were electroporated in 100 pl of solution T (supplied by Amaxa)
with MCT1 promoter-luciferase construct. The cells were then transferred to full media and
plated on a 24-well plate. 24 hours after transfection, fresh medium containing NaB and
polyphenols were added. After 24 h of incubation, cells were processed as indicated in
Luciferase Assay System kit from Promega (Madison, WI). Luciferase activities were measured
48h post transfection using GLOMAX Luminometer (Promega) and expressed as percent of the
control. Protein concentrations were determined using Bradford Assay (Bio-Rad). The promoter

activity was expressed as a ratio of luciferase activity to protein in each sample.

Cell lysates and Western blotting. 6 x 10° HT29 cells were plated on 60 cm” petri dishes
and incubated for 24 h. Then, fresh medium with NaB and NaB/polyphenols was added and
incubated for 48 h. After incubation, the cells were washed with ice-cold PBS and lysed in 20
mM Tris-HCL, pH 7.5, 150 mM NacCl, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, and 1x
complete protease inhibitor cocktail. The lysate was sonicated and centrifuged at 5000 g for 5
min at 4°C, and protein concentration was determined by Bradford. The samples obtained above
were subjected to 10% SDS-PAGE and transferred to nitrocellulose membranes. MCT1
expression was detected utilizing human anti MCT1 antibody (Santa Cruz Biotechnology, sc-
50324). Flotillin expression was analyzed using human anti flotillin antibody (BD Transduction
Laboratories, 610820). Beta-actin was used as a loading control (MP Biomedicals, Eschwege,

Germany, 69100).
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Rafts isolation and biochemical characterization. Lipid rafts were isolated by flotation
on OptiPrep density gradient as previously described (Qiu et al., 2011). HT29 human colon
adenocarcinoma cells were started in 60 cm” petri dishes with the same number of cells (6 x
10°) and incubated for 24 h at 37°C. Then, cells were exposed to or not exposed to NaB or
NaB/polyphenols for 48 h. After incubation, cells were resuspended, and incubated for 30 min
at 4°C in TNE buffer containing (in mM) 25 Tris (pH 7.4), 150 NaCl, 5 EDTA, and 1% Triton
X-100 supplemented with 1x Complete protease inhibitor cocktail. The membranes were then
adjusted to 40% final concentration of OptiPrep and layered at the bottom of density gradient
with steps of final concentrations of 35, 30, 25, and 20% of OptiPrep in TNE buffer. TNE buffer
was laid on the top of the gradient, which was then centrifuged at 48,000 rpm for 4 h at 4°C. 1
ml fractions were collected from the top to the bottom of the gradient and then analyzed by
Western blotting (see above). MCT1 and the described marker for lipid rafts, flotillin, were
analyzed in each fraction (Zhao et al., 2011).

Data Presentation and Statistical Analysis. Data are given as the means = S.D.
(standard deviation). For each assay, the parametric unpaired two-tailed independent sample t-
test was used for statistical comparison with the untreated control cells and differences were

considered to be significant when p < 0.05 or p < 0.001.

RESULTS

Inhibition of HT29 cell viability by EC and EGCG. To determine a non-toxic but still
active concentration of EC and EGCG, HT29 cell viability was determined in the presence of
different polyphenol concentrations (Figure 1). From the obtained dose-viability curve we
estimated the inhibitory concentration 20 (IC,) defined as the concentration of product that
causes 20% of inhibition of cell viability respect to control non-treated cells viability after 72
hours. Although increasing concentrations of both EC and EGCG produced a dose-dependent
decrease in cell viability, EGCG was much more efficient at doing so. The 72 hours IC,, values
obtained were 100 uM for EC and 20 pM for EGCG. We used these concentrations along the
study.
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Figure 1. Dose-effect curves of EC and EGCG on cell viability. HT29 cell cultures were treated with
increasing doses of EC (A) or EGCG (B) as indicated on the x axis for 72 hours. Cell viability was
expressed as a percentage respect to untreated control. IC, (EC) = 100 uM / IC,y (EGCG) = 20 puM.

Polyphenols reduce NaB-induced differentiation in colorectal adenocarcinoma cell
lines. Firstly, we studied whether EC and EGCG affected NaB-induced differentiation. Cells
were exposed to 2 mM NaB for 24, 48 and 72 hours, alone or in the presence of 100 uM EC and
20 uM EGCG. Measured as Alkaline Phosphatase (AP) activity, NaB-induced differentiation
was reduced by both polyphenols at 48 and 72 hours of combined treatment (Figure 2A). EC
was also able to reduce NaB-induced AP activity at 24 hours (Figure 2A). Worthy of note,
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treatments with polyphenols alone did not have any impact on differentiation (Figure 2B). To
discard a direct effect of the polyphenols on AP activity, we repeated the experiments
measuring the activity of another differentiation marker (aminopeptidase N) at 48 hours.
Consistently, polyphenols reduced NaB-induced differentiation (Supplemental Figure 1A) and
did not show an increase in differentiation when used alone (Supplemental Figure 1B). This
effect of polyphenols was also extended to another epithelial colorectal adenocarcinoma cell
line, Caco-2, which showed the same differentiation profile regarding NaB and polyphenols

treatment (Supplemental Figure 2A&B).
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Figure 2. Polyphenols reduce butyrate-induced differentiation. (A) HT29 cells were treated with NaB
2 mM or with NaB and polyphenols EC 100 uM and EGCG 20 pM for 24, 48 and 72 hours and AP
activity was measured and normalized by protein. The data are presented and statistically tested as AP
activity normalized to NaB treated cells. (B) HT29 cells were treated with NaB 2 mM or with
polyphenols alone (EC 100 uM and EGCG 20 uM) for 24, 48 and 72 hours and AP activity was
measured. The data are presented and statistically tested as AP activity normalized to Ctr cells. All

experiments were performed four times. * p<0.05, ** p<0.01.
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Tea polyphenols effect on differentiation is not related to HDAC activity modulation.
Given that the NaB-induced differentiation is provoked by its inhibitory capacity of HDAC
activity (Waldecker et al., 2008b), we decided to study the effects of EC and EGCG in HDAC-
related differentiation. First, we studied whether polyphenols were able to modify the
differentiation induced by Trichostatin A (TSA), another well-described HDAC inhibitor. HT29
cells were exposed to 180 nM TSA for 48 hours, alone or in presence of 100 uM EC and 20 pM
EGCG. The addition of polyphenols to TSA did not have any impact on TSA-induced
differentiation measured as AP activity (Figure 3A). Secondly, we determined directly the
HDAC activity in nuclear extracts from HT29 cells after their incubation with NaB and
polyphenols alone or in combination. In nuclear extracts from HT29 human colon
adenocarcinoma cells, NaB was found to be a potent HDAC inhibitor, significantly decreasing
the HDAC activity in a dose-dependent manner (55% and 67% reduction at 500 uM and 2 mM
of NaB, respectively) (Figure 3B). On the contrary, none of the concentrations studied for EC
and EGCG were able to inhibit significantly the HDAC activity in HT29 nuclear extracts
(Figure 3B). Moreover, polyphenols do not produce any difference respect to the HDAC
activity inhibition of NaB when cells were treated with both simultaneously (Figure 3C). These
results led us to conclude that polyphenols are not affecting NaB differentiation by directly
affecting HDAC activity.
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Figure 3. Polyphenols effect on differentiation is not HDAC-related. (A) HT29 human colon
adenocarcinoma cells were treated with TSA at 180 nM or with TSA in the presence of polyphenols EC
100 uM and EGCG 20 uM for 48 hours and AP activity was measured. Data are presented as AP activity
normalized and statistically tested to TSA treated cells. (B) HDAC activity determined in nuclear extracts
from HT29 cells after treatment with NaB or NaB with polyphenols for X hours. The data are presented
and statistically tested as HDAC activity normalized to non-treated (Ctr) cells. (C) HDAC activity
determined in nuclear extracts from HT29 cells after treatment with NaB or polyphenols for X hours. The
data are presented and statistically tested as HDAC activity normalized to Ctr cells. Mean £+ S.D. from

three independent experiments. * p<0.05, ** p<0.01.

Polyphenols impair NaB entry to the cell. To study the mechanism of interference

between NaB and polyphenols we studied the cellular entry of NaB into HT29 cells. HT29 cells
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were incubated with 2 mM NaB alone or in the presence of 100 pM EC and 20 uM EGCG for
48 hours and acute ['*C]-NaB incorporation was measured. NaB treatment slightly enhanced its
own transport (Figure 4A). Interestingly, we observed a significant decrease in ['*C]-NaB

cellular entry after NaB/polyphenols incubation respect to NaB-treated cells (Figure 4A).
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Figure 4. Polyphenols impair NaB entrance to the cell. HT29 cells were treated with NaB 2 mM or
with NaB and polyphenols EC 100 uM and EGCG 20 pM for 72 hours. Acute ['*C]-NaB uptake was
subsequently measured as described in Materials & Methods. Experiments were performed two times. **

p<0.01.

Tea polyphenols effect on NaB-induced differentiation is not related to MCT1
expression. Next, we decided to study the intestinal transporter Monocarboxilate Transporter 1
(MCT1) used for NaB transport (Saksena et al., 2009). Firstly, we examined MCT1 promoter
activity in response to NaB and polyphenols. Caco-2 cells were transiently transfected with
MCT1 promoter-reporter construct. 24 hours posttransfection, cells were treated with NaB,
polyphenols or a combination of both for 24 h and luciferase assays were performed 48 h
posttransfection. Interestingly, NaB was able to significantly increase MCT1 promoter activity
with an approximately fourfold augment compared with control (Figure 5A). In contrast,
polyphenols alone did not affect MCT1 expression respect to the control cells (Figure 5A).
When we combined NaB with polyphenols at IC,, concentration, the NaB-induced MCT1
expression was slightly but not significantly reduced (Figure 5A). Subsequently, we tested if

these changes in expression could be also detected at protein level. Stinkingly, western blot
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analysis of MCT1 showed that there were no differences at protein level in any of the treatments

(Figure 5B), indicating post-transcriptional regulation of MCTT1.
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Figure 5. Effect of NaB and polyphenols on MCT1 expression. (A) Caco-2 cells were transiently
transfected with the MCT1 promoter-luciferase construct, treated with NaB alone, polyphenols alone or a
combination of both and the promoter activity was assessed by measuring luciferase activity and
expressed as relative light units (RLU)/mg. Results represent means + SD of two separate experiments
performed in triplicate and are expressed as fold increase comparing treated transfected cells with
transfected untreated ctr cells. * p<0.05, ** p<0.01 compared with control. (B) After X hours of NaB,
polyphenols or both, Caco-2 lysates were probed against MCT-1 in a western blot, using beta-actin as a

loading control. A representative blot is shown.

EC and EGCG reduce NaB-enhanced MCT1 raft localization in HT29 plasma
membrane. Since polyphenols have been demonstrated to be lipid rafts regulators (Colin ef al.,
2011), we next investigated whether EC and EGCG caused any alterations in the association of

MCT1 with lipid rafts. Lipid-rich plasma membrane domains have been commonly isolated as
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detergent-resistant membranes by flotation from denser material through a discontinuous or
continuous density gradient. In this case, we used an OptiPrep density gradient. After
centrifugation, proteins in the OptiPrep fractions can be directly analyzed by SDS-PAGE and
Western Blot. As shown in Figure 6, MCT1 was predominantly expressed in high-density non-
raft fractions of control HT29 cells, even though some MCT1 expression was found in lipid
rafts-corresponding fractions. NaB treatment for 48 hours disrupted lipid raft organization
partially, and at the same time enhanced the presence of MCT1 in low-density fractions
representing lipid rafts. When polyphenols were added to NaB, MCT1 was redistributed in all

fractions, counteracting NaB-induced localization of the transporter in the lipid rafts (Figure 6).

Non-raft Raft
Ctrol
NaB
NaB/EC
NaB/EGCG

Figure 6. EC and EGCG antagonize plasma membrane redistribution of MCT1 caused by NaB.
HT29 cells were incubated with NaB or NaB/polyphenols for 48 h and then lysed. Cellular membranes
were laid at the bottom of OptiPrep density gradient and subjected to ultracentrifugation. Fractions were
then collected from the top (low-density fractions) to the bottom of the gradient (high-density fractions).
Proteins in the fractions were separated on 10% SDS-PAGE and blots were probed with anti-MCT1 or

anti-flotillin antibodies.
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DISCUSSION

In this study we analyze the effect of polyphenols on NaB-induced differentiation. We
decided to use the IC, concentrations at 72 hours (EC: 100uM, EGCG: 20uM) to avoid
massive cell damage by polyphenols. Regarding NaB, we used a concentration of 2mM that has
been described to be able to differentiate HT29 colon cancer cells (Alcarraz-Vizan et al., 2010).
Surprisingly, although treatment with EC and EGCG alone did not change cell differentiation,
NaB-induced differentiation was reduced by both polyphenols. The mechanism of action of
NaB in colon cancer mainly includes effects on differentiation via its inhibition of HDACsS.
EGCG has also been identified as an inhibitor of HDAC activity in prostate, skin and breast
cancer cells (Waldecker ef al., 2008a). However, studies in HT29 cells revealed that there was
no significant change in HDAC activity of cytoplasmic or nuclear fractions after sulforaphane
and EGCG treatment (Nair et al., 2008). Accordingly, we have not detected any significant
inhibition of HDAC activity in vitro (Figure 3B), and the impairment of differentiation was not
observed using TSA (Figure 3A), another well-known HDAC inhibitor also proposed as anti-
tumor agent (Amoedo et al., 2011).

The effect of polyphenols on NaB-induced differentiation could be due to an interaction
between NaB and polyphenols that prevents the entry and cellular action of NaB. Determination
of ["*C]-NaB uptake showed that whereas NaB treatment triggered its own transport, polyphenol
treatment impaired NaB uptake (Figure 4). This result led us to study the activity of the
aforementioned NaB intestinal transporter Monocarboxilate Transporter 1 (MCTT1). It has been
shown that MCT]1 is located within the apical membrane of the intestinal tract where it is
involved in the absorption of short chain fatty acids, such as NaB, into the colon. Short chain
fatty acid can also enter cells rapidly by free diffusion of the undissociated acid, nevertheless its
transport is strongly facilitated by MCT1 (Halestrap, 2012). As it has been mentioned before,
NaB has antitumor properties in colorectal cancer and, as such, MCT1, which is involved in its
transport, is considered a tumor suppressor gene. Hence, next step was the evaluation of MCT1
expression. MCT-1 luciferase reporter assays showed an increase in expression after NaB
treatment, but not with the polyphenols alone (Figure 5A). This substrate-induced MCT1
activity by NaB has been previously demonstrated in AA/C1 human colonic epithelial cells
(Cuff et al., 2002) and colon cancer Caco-2 cells (Borthakur et al., 2008). In contrast as
expected, this reporter increase was not significantly inhibited by simultaneous treatment with

polyphenols and, moreover, it not produced an increase in protein levels (Figure 5B).

Since we detected an increase in mRNA that did not result in an enhanced MCT1

protein, we sought for another mechanism to explain the effects on NaB-induced differentiation
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produced by the polyphenols. Recent remarkable progresses indicate that optimal function of
some transporters is dependent on its association with lipid rafts (Chen et al, 2011).
Interestingly, lipid rafts, defined as microdomains within the lipid bilayer of cellular membranes
that assemble subsets of transmembrane or glycosylphosphatidylinisotol-anchored proteins and
lipids (cholesterol and sphingolipids) and that experimentally resist extraction in cold detergent,
have been related to some of the biological effects induced by tea polyphenols (Patra et al.,
2008). Concretely, EGCG has been shown to prevent activation of c-Met receptor (Duhon et al.,
2010) and epidermal growth factor receptor (EGFR) (Adachi et al, 2007). Similarly, our
analysis of lipid raft-dependent MCT1 function in HT29 cells indicated that NaB activate
MCT]1 function by enhancing its positioning in lipid rafts, and that tea polyphenols produce a
redistribution of MCT1 in the non-lipid raft fractions (Figure 6). These observations made us to
hypothesize that EGCG and EC might inhibit MCT1 NaB transport by altering lipid rafts
organization. At the same time, this provides an explanation for the the observed increase in
NaB uptake after NaB treatment (Figure 4), which could not be explained by changes in the
quantity of protein MCT1 (Figure 5B), but due to the modulation of lipid rafts by 2 mM NaB
(Figure 6).

It has been reported that the chemical structure of polyphenols is generally involved in
their biological efficiency (Yang et al., 2009). Concretely in green tea catechins, the most
bioactive catechin has been describe to be EGCG containing a trihydroxyl structure in the D
ring (gallate) and also a pyrogallol B-ring, followed closely by ECG with a gallate group, and
then to a lesser extent EGC and EC that posses a basic structure (Ingolfsson et al., 2011).
However, our results for both green tea components, EC and EGCG, were very similar along

the study.

The present study provides evidence that tea polyphenols EC and EGCG impair NaB
uptake and the subsequent NaB-induced differentiation in HT29 cells. These novel findings
suggest that although both NaB and green tea catechins have been reported to have a wide range
of beneficial effects for human health, at cellular level they interfere, suggesting they may be
used separately. Regarding the abovementioned studies about the increase in short chain fatty
acids cecal concentration by polyphenols, when combined with a rich fiber diet, the raise in
cecal NaB may compensate in vivo the inhibition of NaB uptake by polyphenols described here
in case that NaB increase is related to a change of microbial activity enhancing NaB production.
Moreover, the increased NaB cecal concentration may be also explained by the inhibitory action
of polyphenols in NaB intestinal uptake. Further studies may be required to investigate the

physiological relevance of our findings, which provides a better knowledge about the
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interferences of prebiotics, and which should be of assistance in preparing a rational design for

preventive and therapeutic interventions.
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Supplemental Figure 1. Polyphenols reduce butyrate-induced HT29 differentiation measured as

aminopeptidase N (AMN) activity. (A) HT29 cells were exposed to NaB at 2 mM for 48 hours, alone or
in the presence of EC at 100 pM and EGCG at 20 uM and aminopeptidase N (AMN) activity was

measured and normalized by protein. The data are presented and statistically tested as AMN activity

normalized to NaB treated cells. NaB-induced differentiation was reduced by both polyphenols. (B) HT29

cells were treated with NaB 2 mM or with polyphenols alone (EC 100 uM and EGCG 20 pM) for 48

hours and AMN activity was measured. The data are presented and statistically tested as AMN activity

normalized to Ctr cells. Polyphenols did not show an increase in differentiation when used alone All

experiments were carried out four times. * p<0.05, ** p<0.01.
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Supplemental Figure 2. Butyrate-induced Caco-2 differentiation is reduced by tea catechins. (A)

Caco-2 cells were treated with NaB 2 mM or with NaB and polyphenols EC 100 uM and EGCG 20 pM

for 48 hours and alkaline phosphatase (AP) activity was measured and normalized by protein. The data

are presented and statistically tested as AP activity normalized to NaB treated cells. Polyphenols

produced a slight no significant decrease in NaB-induced differentiation. (B) Caco-2 cells were treated

with NaB 2 mM or with polyphenols alone (EC 100 uM and EGCG 20 uM) for 48 hours and alkaline

phosphatase (AP) activity was measured. The data are presented and statistically tested as AP activity

normalized to Ctr cells. Polyphenols alone did not have any impact on differentiation. This experiment

was performed once using two cultures for each treatment. * p<0.05, ** p<0.01.
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RESUM

Evidéncies experimentals i epidemiologiques demostren que els polifenols del raim i del
té verd son capagos d’inhibir la proliferaci6 tumoral i modular el metabolisme cel-lular.
L'adaptacié metabolica subjacent a la progressio tumoral confereix a les cél-lules canceroses la
capacitat per sobreviure, proliferar i envair. Per tant, la inhibicid del perfil metabolic tumoral es
presenta com una nova i potent estratégia terapéutica. En aquest estudi, es van utilitzar
determinacions espectrofotomeétriques combinades amb un analisi de la distribucid
isotopomérica de massa (MIDA - Mass Isotopomer Distribution Analysis) amb [1,2-°C,]-
glucosa com tragador per revelar I’organitzacié de la xarxa metabolica en cél-lules HT29
d’adenocarcinoma de colon huma en resposta a diferents concentracions d’epicatequin gal-lat
(ECG), una de les principals catequines en té verd i la més important en extractes de raim.
L’analisi bioquimic va revelar una disminucié en el consum de glucosa i glutamina i també en
la producci6 de lactat després del tractament amb ECG. A més, el metabolisme de la [1,2-°C,]-
glucosa per part de les cél-lules HT29 ens va permetre determinar que el cicle dels acids
tricarboxilics, la sintesi de novo d’acids grassos i la ruta de les pentoses fosfat es trobaven
reduides en les cél-lules tractades amb ECG. Curiosament, ’ECG va inhibir I'activitat dels
enzims clau de la via de les pentoses fosfat, la transcetolasa i la glucosa-6-fosfat
deshidrogenasa. En conclusio, els nostres resultats suggereix que I’ECG interfereix amb
I’adaptacid metabolica tumoral, disminuint les necessitats energetiques i biosintétiques

associades amb una proliferacio accelerada en cel-lules HT29.
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ABSTRACT

Epidemiological and experimental evidences demonstrate that green tea and grape
polyphenols have the ability to inhibit cancer growth and modulate cellular metabolism.
The robust metabolic adaptation underlying tumor progression confers cancer cells the
ability to survive, proliferate and invade. Therefore, targeting the tumor metabolic
profile is a potential novel therapeutic approach. In our study, we used biochemical
determinations combined with a mass isotopomer distribution analysis (MIDA)
approach using [1,2-"C,]-glucose as a tracer to characterize human colon
adenocarcinoma HT29 cells metabolic network in response to different concentrations
of epicatechin gallate (ECG), one of the main catechins in green tea and the most
important catechin in grape extracts. Biochemical analyses revealed a decrease in both
glucose and glutamine consumption and in lactate production after ECG treatment.
Moreover, the metabolization of [1,2-°C,]-glucose by HT29 cells allowed us to
establish that the tricarboxylic acid cycle, the de novo synthesis of fatty acids and the
pentose phosphate pathway were reduced in ECG-treated cells. Interestingly, ECG
inhibited the activity of transketolase and glucose-6-phosphate dehydrogenase, the key
enzymes of the pentose phosphate pathway. To sum up, our data suggest ECG as a
promising chemotherapeutic agent for the treatment of colon cancer which targets
metabolic tumor adaptation diminishing the energetic needs and the biosynthetic

requirements associated with an increased proliferation of HT29 tumor cells.
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INTRODUCTION

Colorectal cancer is one of the most prevalent causes of cancer-related mortality in the
western world (Jemal et al., 2010). Therefore, further development of therapeutic and
preventive means of controlling this disease is clearly needed. Epidemiological and
experimental studies have linked a diet rich in fruits, vegetables and beverages containing
polyphenolic compounds to the prevention of colon cancer, among other diseases. In particular,
epicatechin gallate (ECG), one of the major catechins in green tea and grape, has been described
as a potent protector against colorectal cancer in a cell type dependent manner. ECG induced
apoptosis in SW480 cells through the ERK activation, AKT inhibition, imbalance among anti-
and pro- apoptotic protein levels and caspase-3 activation. However, in Caco2 cells, ECG only
increased the antioxidant potential without affecting cell growth (Ramos et al., 2011). Another
study described that ECG induces G1 phase cell cycle arrest and apoptosis in HCT116 colon
cancer cells (Baek et al., 2004). Moreover, recent both irn vitro and in vivo studies indicate that
green tea and grape polyphenols have preventive effects against the development of metabolic
diseases such as obesity, insulin resistance, hypertension and hypercholesterolemia (Chen et al.,

2012; Shimizu et al., 2012).

Multiple lines of evidence show that tumorigenesis is often associated with a metabolic
adaptation characterized by, among others, the broadly known Warburg effect (increased
fermentation of glucose to lactate even in the presence of oxygen), a high glutamine uptake, the
activation of biosynthetic pathways and the over-expression of some isoenzymes. These robust
characteristics confer a common advantage to many different types of cancers, increasing the
ability of cells to survive, proliferate and invade (Dang et al, 2011). Therefore, a better
knowledge of the tumor metabolic profile required to support proliferation is necessary for the
development of novel therapeutic strategies against cancer. By studying how antiproliferative
natural products alter this metabolic profile in cancer derived cell lines, we are revealing

potential targets for therapeutic strategies against cancer.

Stable isotope tracing, using [1,2-"°C,]-glucose as a source of carbon in combination with
mass spectrometry to detect detailed substrate flow and specific distribution patterns in
various °C isotopomers, allows the evaluation of metabolic fluxes through the main pathways
that facilitate energy production and biosynthetic metabolism. Examples of the strength of this
approach include the characterization of the metabolic adaptation underlying angiogenic
activation (Vizan et al., 2009) and the elucidation of distinctive metabolic phenotypes that
correlate with different codon-specific mutations in K-ras in NIH3T3 mice fibroblasts (Vizan e?

al., 2005).
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In the present study we use this powerful methodology to gain insight into the targeting of
the tumor metabolic profile present in human colon adenocarcinoma HT29 cells by ECG. Our
data indicated that ECG impairs the metabolic productivity associated with an increased tumor

proliferation.

MATERIALS AND METHODS

Chemicals. All chemicals were purchased from Sigma-Aldrich Co (St Louis, MO, USA),
unless otherwise specified. Dulbecco’s Modified Eagle’s Medium (DMEM) and antibiotic
(10,000 U/mL penicillin, 10,000 pg/mL streptomycin) were obtained from Gibco-BRL
(Eggenstein, Germany), fetal calf serum (FCS) and trypsin-EDTA solution C (0.05% trypsin-
0.02% EDTA) from Invitrogen (Paisley, UK). Stable [1,2-"°C,]-glucose isotope was obtained
with >99% purity and 99% isotope enrichment for each position from Isotec Inc. (Miamisburg,

OH).

Cell culture. Human colorectal adenocarcinoma HT29 cells (obtained from the American
Type Culture Collection, HTB-38) were grown as a monolayer culture in DMEM (with 4 mM
L-glutamine, without glucose and without sodium pyruvate) in the presence of 10% heat-
inactivated fetal calf serum, 10 mM of glucose and 0.1% streptomycin/penicillin in standard
culture conditions. Cell cultures were carried at 37°C in 95% air, 5% CO, humidified
environment. HT29 cell cultures were started with 3x10° cells in 60 cm” petri dishes which were
achieved by using standard cell counting techniques. 24 h after seeding, cell medium was
removed and fresh supplemented medium with [1,2-"°C,]-D-glucose (50% isotope enrichment)

was added with or without ECG. The cells were harvested 72 h after treatment.

Determination of cell viability. The assay was performed using a variation of the MTT
assay (Sanchez-Tena et al., 2012). The assay is based upon the principle of reduction of MTT
into blue formazan pigments by viable mitochondria in healthy cells. HT29 cells were seeded at
densities of 3x10° cells cells/well in 96-well flat-bottom plates. After 24 h of incubation at
37°C, ECG was added to the cells at different concentrations in fresh medium. The culture was
incubated for 72 h. Next, the medium was removed, and 50 uL of MTT (1 mg/mL in PBS) with
50 pL of fresh medium was added to each well and incubated for 1 h. The MTT reduced to blue
formazan and the precipitate was dissolved in 100 pL of DMSO. Absorbance values were
measured on an ELISA plate reader (550 nM) (Tecan Sunrise MR20-301, Tecan, Salzburg,

Austria). Absorbance was taken as proportional to the number of living cells.
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Glucose, lactate and glutamine concentration. The glucose, lactate and glutamine
concentrations in the culture medium were measured spectrophotometrically using a Cobas
Mira Plus chemistry analyzer (HORIBA ABX, Montpellier, France) at the beginning and at the

end of the incubation time, to calculate glucose/glutamine consumption and lactate production.

Lactate mass isotopomer analysis. To measure lactate by gas chromatography coupled
to mass spectrometry (GC/MS), this metabolite was extracted by ethyl acetate after acidification
with HCI and derivatized to its propylamideheptafluorobutyric form (Lee ef al., 1998). The m/z
328 (carbons 1-3 of lactate, chemical ionization) was monitored for the detection of mO

(unlabeled species), m1 (lactate with one °C atom) and m2 (lactate with two ">C atoms).

Glutamate mass isotopomer analysis. Glutamate was separated from the cell medium
using ion-exchange chromatography as described elsewhere (Boren et al., 2003). Glutamate was
converted to its n-trifluoroacetyl-n-butyl derivative and the ion clusters m/z 198 (carbons 2-5 of
glutamate, electron impact ionization) and m/z 152 (carbons 2—4 of glutamate, electron impact

ionization) were monitored.

Fatty acids mass isotopomer analysis. Fatty acids were extracted by saponification of
the Trizol (Invitrogen, Carlsbad, CA) cell extract after removal of the RNA-containing
supernatant. Cell debris was treated with 30% KOH and 100% ethanol overnight, and the
extraction was performed using petroleum ether (Lee ef al., 1998). Fatty acids were converted to
its methyl ester derivative and the ion clusters m/z 269 (palmitate (C16), electronic impact

ionization) and m/z 297 (stearate (C18), electronic impact ionization) were monitored.

RNA ribose mass isotopomer analysis. RNA ribose was isolated by acid hydrolysis of
cellular RNA after Trizol purification of cell extracts. Ribose isolated from RNA was
derivatized to its aldonitrile acetate form using hydroxyl-amine in pyridine and acetic anhydride
(Lee et al., 1998). The ion cluster around the m/z 256 (carbons 1-5 of ribose, chemical

ionization) was monitored.

Gas chromatography/mass spectrometry. Mass spectral data were obtained on a
GCMS-QP2010 selective detector connected to a GC-2010 gas chromatograph from Shimadzu.
The settings were as follows: GC inlet 200 °C, transfer line 280 °C, MS Quad 150°C. A HP-
SMS capillary column (30 m length, 250 pm diameter and 0.25 pm film thickness) was used for
the analysis of glucose, lactate, ribose and glutamate. On the other hand, for the analysis of fatty
acids the GC inlet was set at 250 °C and a bpx70 (SGE) column (30 m length, 250 um diameter
and 0.25 pm film thickness) was used.
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Activities of the PPP enzymes glucose-6-phosphate dehydrogenase (G6PD) and
transketolase (TKT). Cell cultures were washed with PBS and scrapped in lysis buffer (20 mM
Tris—HCI, pH 7.5, 1 mM dithiothreitol, 1 mM EDTA, 0.02% Triton X-100, 0.02% sodium
deoxycholate). Cells were homogenized on ice-cold buffer following 3 cycles of 10 s of
sonication with a titanium probe and immediately centrifuged at 13,000xg for 20 minutes at
4°C. The supernatant was used for the determination of enzyme activities adapting a previously
described method (Boren et al. 2001) to a Cobas Mira Plus chemistry analyzer. Briefly, G6PD
(EC 1.1.1.49) activity was evaluated by measuring 340 nm absorbance changes result of
NADPH formation recorded for 15 minutes after the addition of 10 uL. of sample to a cuvette
containing 0.5 mM NADP" in 50 mM Tris—HCI, pH 7.6 at 37 °C. Reactions were initiated by
the addition of G6P up to a final concentration of 2 mM. The method for TKT (EC
2.2.1.1) analysis is based on its product, glyceraldehyd-3-phosphate, which is isomerized to
dihydroxyacetone-phosphate and in turn, its conversion to glycerol-phosphate consumes NADH
that absorbs at 340 nm. Briefly, samples were added to a cuvette containing 5 mM MgCl,,
0.2 U/ml triose phosphate isomerase, 0.2 mM NADH, 0.1 mM thiamine pyrophosphate in
50 mM Tris—HCI, and pH 7.6 at 37 °C. The reaction was initiated by the addition of a substrate
mixture in 1:2 proportion (substrate mixture : final volume) prepared by dissolving 50 mM R5P
in 50 mM Tris—HCI, pH 7.6 with 0.1 U/ml ribulose-5-phosphate-3-epimerase and 1.7 mU/ml
phosphoriboisomerase. Later, protein concentration of cell extracts was determined using the
BCA Protein Assay (Pierce Biotechnology, Rockford, IL). Enzyme activities are expressed as
mU/mg prot.

Data analysis and statistical methods. /n vitro experiments were carried out using three
cultures each time for each treatment. Mass spectral analyses were carried out by three
independent automatic injections of 1 uL of each sample by the automatic sampler. Statistical
analyses were performed using the parametric unpaired, two-tailed independent sample t test
with 95% or 99% confidence intervals. p < 0.05 (*) and p < 0.01 (**) were considered to

indicate significant differences.

RESULTS

Inhibition of HT29 cell viability by ECG. HT29 cells were treated with different doses
of ECG and cell viability was determined (Figure 1). According to the results, two doses of
ECG were chosen: a concentration of 70 pM, which produced a reduction of viability of 18+4
and a higher concentration of 140 uM, which caused a more important reduction in HT29 cell

viability of 70+11.
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Figure 1. Effect of increasing concentrations of ECG on HT29 cell viability. Values are represented as
mean of percentage of cell viability with respect to control cells + standard error of three independent

experiments.

Differences in glucose and glutamine consumption and lactate production in ECG-
treated HT29 cells. Glucose and glutamine consumption and lactate production were estimated
in HT29 cells before and after 72 h of ECG treatment. Figure 2 shows the values for glucose
consumption (A), lactate production (B) and glutamine consumption (C) in ECG-treated cells
and non-treated (control) cells. Treatment with 70 uM ECG did not show any effect in glucose
and glutamine consumption and lactate production. However, 140 uM ECG treatment decreased
70% and 55% glucose and glutamine consumption, respectively. Similarly, lactate production
was reduced by 46% after the incubation of human colon adenocarcinoma HT29 cells with 140

uM of ECG.
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Figure 2. Effect of ECG on glucose (A) and glutamine (C) consumption and on lactate production (B).
Mean =+ standard deviation of three independent experiments. **p < 0.01, significant difference with

respect to the corresponding value in untreated cells.

Lactate mass isotopomer distribution was not significantly affected by ECG. From
lactate mass isotopomer distribution the total lactate enrichment measured as ) mn=m1+m2x2
can be calculated. This parameter represents the average number of *C atoms per molecule and
indicates the synthesis de novo from labeled glucose. The glycolytic rate (GR), which indicates
the rate of lactate production versus glucose consumption, can be also estimated from m2
lactate*2/m2 glucose. In the experiments performed the initial m2 glucose represented 48.17 %.
Table 1 shows that lactate label distribution was not significantly altered when HT29 cells were

treated with 70 uM or 140 uM of ECG.
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Table 1. Lactate mass isotopomer distribution

m0 m1 m2 >mn GR (%)
Control 0,7854+0,0219  0,0203+0,0050  0,1897+0,0187 0,4134+0,0423 77,9227+7,7842
70 uM ECG 0,7927+0,0095 0,01588+0,0014 0,1891+0,0110 0,4009+0,0182 78,0257+5,5051
140 uM ECG 0,7822+0,01710  0,0269+0,0093 0,1850+0,01089 0,4144+0,0283 75,3152+4,7679

Table 1. Lactate mass isotopomer distribution, *C enrichment (Y¥'mn) and glycolytic rate (GR)
determined after 72 h treatment of HT29 cells with 70 uM and 140 uM ECG. Values are represented as

mean + standard error of three independent experiments.

ECG treatment reduced tricarboxylic acid cycle activity. Tricarboxylic acid (TCA)
cycle activity was studied by means of glutamate mass isotopomer distribution analyses. Fluxes
through pyruvate dehydrogenase (PDH) and pyruvate carboxylase (PC) pathways were
estimated from the levels of m2 isotopomers of C2-C4 and C2-C5 fragments (%PC=m2 (C2-
C4)/m2 (C2-C5) and %PDH=(m2 (C2-C5) - m2 (C2-C4))/m2 (C2-C5)) and “C glutamate
enrichment was calculated as ) mn=ml+m2x2+m3x3 for C2-C4 and C2-C5 glutamate
fragments. Both 70 uM and 140 pM ECG-treated cells presented a lower TCA cycle activity
compared to control cells as suggested by the reduction in glutamate enrichment (Table 2).
Results also showed that whereas 140 pM ECG treatment increased PC contribution to TCA

cycle, it decreased glucose utilization through PDH (Figure 3).

Table 2. Glutamate mass isotopomer distribution

C2-C4 m0 m1 m2 >mn

Control 0,9573:0,0195 0,03890,0187 0,0026£0,0016 0,0477+0,0202
J0UMECG  0,9763:0,0141 0,0213:0,0142 0,0011£0,0006 0,0276+0,0140
140 y(MECG  0,9834:0,0044 0,0122+0,0026 0,0010£0,0004 0,02400,0139
C2-C5 m0 m1 m2 >mn

Control 0,0486£0,0081 0,0154:0,0028 0,0339:0,0049 0,0901:0,0139
70UMECG  0,9659:0,0046 0,0092:0,0024 0,0241£0,0023 0,0605£0,0072
140 (MECG  0,9861%0,0026 0,0043£0,0012 0,0075:0,0013 0,0243£0,0043

Table 2. Mass isotopomer distribution and "*C enrichment (Ymn) in fragments C2-C4 (upper panel) and
C2-C5 (lower panel) from glutamate secreted in the culture media after 72 h treatment of HT29 cells with
70 uM and 140 pM ECG. Values are expressed as mean * standard error of three independent

experiments. p < 0.05 (*) / p <0.01 (**) versus the untreated condition.
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Figure 3. PC and PDH contributions to TCA cycle were estimated using m2 (C2—C4) and m2 (C2-C5) -
m2 (C2-C4), respectively. Values are expressed as mean + standard error of three independent

experiments. p < 0.01 (**) versus the untreated condition.

ECG inhibited lipid synthesis. Lipid synthesis is dependent on glucose carbons, as
they are the primary source of acetyl-CoA, which is then incorporated into fatty acids
through de novo synthesis. Acetyl-CoA enrichment was calculated from the m4/m2 ratio using
the formula m4/m2= (n—1)/2x(q/1- q), where n is the number of acetyl units and ¢ is the labeled
fraction with p being the unlabeled fraction (ptg=1). Therefore, to calculate palmitate (C16)
labelled fraction, the formula is (m4/m2)/3.5= ¢/1-q= g/p, whereas to calculate it for stearate
(C18) we used (md4/m2)/4= g/1-g= g/p. Next, we obtain the labeled fraction from ¢g=
(¢/p)/(1+g/p). The contribution of glucose carbons to fatty acid synthesis was estimated dividing
the obtained ¢ by the theoretical enrichment derived from glucose. Finally, we determined the
relative number of fatty acids synthesized de novo respect to the total number of de novo fatty
acids (FNS) using the formula m2/8q(1-q)’ for palmitate and m2/9q(1-q)* for stearate. Results
shown in figure 4A revealed that 70 uM ECG was enough to reduce an 8% the contribution of
glucose to stearate (Figure 4A) and that 140 uM ECG reduced a 9% the contribution of glucose
to both palmitate and stearate synthesis. Figure 4B shows that stearate synthesis was lower than
palmitate synthesis in HT29 cells. Moreover, the fraction of de novo synthesis or FNS was
inhibited a 27% and a 35% for palmitate and stearate, respectively, after the treatment with 140
uM ECG (Figure 4B).
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Figure 4. (A) Determination of the relative contribution of glucose carbons to palmitate (C16) and
stearate (C18) synthesis. (B) Determination of the fraction of de novo synthesis of palmitate (C16) and
stearate (C18) in ECG-treated cells and in control cells. Mean + standard deviation of two independent

experiments. p < 0.05 (*) / p <0.01 (**), significant difference with respect to control cells.

Reduced de novo synthesis of RNA ribose from glucose in ECG-treated HT29 cells.
Table 3 shows RNA ribose analysis. Whereas ribose mass isotopomer m1 is formed when [1,2-
BC,]-glucose is decarboxylated by the oxidative branch of the pentose phosphate pathway
(PPP), m2 mass isotopomer is synthesized by the reversible non-oxidative branch of the cycle.
The combination of these two branches generates m3 and m4 species. Therefore, the ratio
between fluxes through oxidative and non-oxidative branches of PPP can be estimated
according to the formula ox:non-ox=(ml)/(m2) since ml need the oxidative branch to be
formed, whereas m2 specie require the non-oxidative branch. The total ribose label
incorporation is estimated as Y mn=ml+m2x2+m3x3+m4x4. HT29 cells treated with 70 uM
ECG did not present consistent differences in both "*C enrichment and the ox:non-ox ratio
respect to the control cells (Table 3). On the contrary, treatment with 140 uM ECG was able to
diminish ribose total '>C enrichment in HT29 cells and was also able to significantly modulate
the flux balance through the two branches of the PPP (ox:non-ox ratio) in favor of the oxidative

branch.
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Table 3. Ribose mass isotopomer distribution

m0 m1

m2 m3 m4 >mn

ox:non-ox

Control 0,5521+0,0672 0,2597+0,0443
70 y(MECG  0,5237%0,0232 0,2736+0,0125

*%k *%
140 yM ECG  0,666620,0432 0,2015+0,0372

0,1288+0,0186 0,0438+0,0122 0,01558+0,0040 0,7109+0,1107
0,1310+0,0123 0,0513%0,0050 0,0202+0,0042 0,7743+0,0387

*%k *%k *% *%
0,0940+0,0197 0,0283%0,0075 0,0095+£0,0024 0,5124+0,0481

2,0163+0,3205
2,0885+0,2205

*
2,1436+0,5741

Table 3. Mass isotopomer distribution, >C enrichment (¥mn) and the oxidative:non-oxidative ratio in

RNA ribose in HT29 cells non-treated or treated with 70 uM and 140 uM ECG. Mean + standard

deviation of three separate experiments. p < 0.05 (*) / p < 0.01 (**), significant difference with respect to

control cells.

ECG inhibited G6PD and TKT specific enzymatic activities. After discover a

disbalance between the fluxes through the oxidative and the non-oxidative branches of the PPP,

we decided to study the activity of the enzymes controlling this biosynthetic pathway, G6PD

and TKT. The specific activities of these enzymes were measured for non-treated and ECG-

treated cells and compared in figure 5. There were no significant changes in the G6PD and TKT

activities after 70 uM ECG treatment in HT29 cells. However, decreases of 15 % in G6PD and

35 % in TKT specific activities were observed after treatment with 140 uM ECG.
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Figure 5. Plot of fold of ECG-treated respect non-treated HT29 cells of G6PD (A) and TKT (B)
activities. Results show the mean =+ standard error of four experiments. p < 0.01 (**) versus untreated

cells.

DISCUSSION

The characteristic metabolic adaptation underlying tumor progression represents the end
point of several signaling cascades, but it also actively enhances the degree of tumor
malignancy. In this framework, tumor metabolism confers a novel potential target to inhibit
cancer cell growth. Given that the green tea catechin ECG has been associated to both tumor
inhibition and metabolic modulation, we decided to study the HT29 colon cancer cells

metabolic network in response to different concentrations of this polyphenol.

Neoplastic cells increase glycolysis in order to produce anabolic precursors and energy
(Vander Heiden ef al., 2009). In order to maintain this high rate of glycolysis, it is obligatory for
the tumor cells to have access to an elevated supply of glucose. In this regard, our results

showed that HT29 cells treated with 140 uM ECG exhibited a lower glucose uptake compared
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to HT29 control cells (Figure 2). This result is in agreement with the anti-diabetic and anti-
obesity activities of green tea, which have been related to the regulation of the gene expression
in the glucose uptake function (Cao et al, 2007). Moreover, the inhibition in substrate
consumption was also accompanied by a reduced lactate production (Figure 2). Reduction in
delivered lactate is, at least in part, a consequence of decreased glucose uptake. Interestingly,
recent reports indicate that targeting lactate efflux is a new avenue to inhibit cancer growth;
first, inhibiting the overall glycolytic pathway, and second, avoiding the acidic pH of the tumor
microenvironment (Mathupala et al., 2010). On the other hand, mass isotopomer distribution in
lactate gave us additional information about the glycolytic pathway. Incubation with [1,2-°C,]-
glucose as tracer resulted in specific mass isotopomer distributions in metabolites such as lactate
secreted into the culture medium, which were analyzed by GC/MS techniques. The applied
technique determined the fractions of different mass isotopomers: m0 (without any'*C labels),
ml (one "C label), m2 (two "°C labels), etc. These fractions for lactate present in the media in
control and ECG-treated conditions are shown in Table 1 and showed no relevant changes after
ECG treatment at the different concentrations studied. The estimated glycolytic flux (GR) did
not show modifications, indicating that although the absolute values for glucose consumption
and lactate production were reduced in 140 uM ECG-treated cells, the velocity of the pathway
did not change after ECG treatment. This estimated GR indicated that in all cases a 75-78 % of
the lactate came directly from glucose. Consistently, our calculations for glycolytic rate in HT29
cells are in agreement with previous from Alcarraz-Vizan et al. (Alcarraz-Vizan et al., 2010). In
this regard, taking into account the determined GR, lactate production is greater to the expected
from glucose consumption, indicating that lactate is being produced from additional carbon

sources, other than glucose, such as pyruvate, glutamine and aminoacids.

It has to be noted that the growth of cancer cells requires more than just glucose. Highly
proliferative cells also require additional supplies such as glutamine for cell growth and biomass
accumulation (Dang, 2012). Glutamine is used as a source of nitrogen and as a key anaplerotic
carbon source to replenish metabolites depleted from the TCA cycle for biosynthesis. On one
hand, glutamine can provide carbon for lipid synthesis by oxidative metabolism through the
TCA cycle to produce malate that when is converted to pyruvate, can be decarboxylated by the
PDH enzyme to yield acetyl-coA that will be exported to the cytosol. This route fuels
mitochondrial ATP generation, serves as a source of NADPH by the action of the malic
enzyme, and supplies anaplerotic carbon to the TCA cycle. On the other hand, the a-
ketoglutarate obtained from glutamine can be reduced to generate citrate, which in turn can be
used as a source of acetyl-coA in the cytosol where will be used for biosynthesis (Metallo et al.,

2011; Vander Heiden et al., 2012). Interestingly, glutamine consumption was diminished in
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HT29 cells after incubation with 140 uM of ECG (Figure 2). This decrease in glutamine uptake
by ECG could be related to its ability to inhibit the mitochondrial glutamate dehydrogenase,
which catalyzes an oxidative deamination of glutamate to a-ketoglutarate that feeds the TCA

cycle (Li et al., 2006).

Regarding glutamate mass isotopomer analysis, label distribution in fragments C2-C4 and
C2-C5 allowed us to estimate the TCA cycle activity. The reduction in °C enrichment in all the
fractions of glutamate after ECG treatments (Table 2) indicated an inhibition of the TCA cycle.
On contrary to the historically thought, up-regulation of glycolysis exhibited by cancer cells
does not necessarily imply a strict anaerobic metabolism nor a dysfunctional oxidative
phosphorylation (Amoedo ef al., 2011). Recently, it has been reported that the tumorigenicity
mediated by oncogens such as Myc and K-ras is dependent on mitochondrial metabolism and
electron transport (Weinberg ef al., 2010; Le et al., 2012) and also that metastatic breast cancer
cells utilize aerobic glycolysis coupled with the TCA cycle and the oxidative phosphorylation to
generate ATP (Chen et al., 2007). In these cases the activation of the TCA cycle seems to be
needed to supply energy and anabolic precursors required for the synthesis of cell building
blocks. Therefore, the inhibition of the TCA cycle by ECG may act as reducing the metabolic
precursors necessary for the biosynthesis of proteins, nucleic acids and lipids. Furthermore, the
analysis of glutamate fragments allowed us to calculate the contributions of PC and PDH to
TCA cycle (Figure 3). °C from [1,2-*C,]-glucose can enter into mitochondrial citrate by the
abovementioned PDH or via the anaplerotic carboxylation of pyruvate catalyzed by PC. Then,
transamination of a-ketoglutarate produces labeled glutamate that is excreted in the media.
Depending on the route used to enter within the mitochondria, a different label pattern in C2-C4
and C2-C5 glutamate fragments is obtained. In HT29 cells both PDH and PC entry points are
active, although the PDH flux is much more important (around 90 %) (Figure 3). Interestingly,
140 uM ECG produced a disequilibrium in glucose utilization through both routes, enhancing
the contribution of the PC flux and reducing the characteristic high tumor flux through PDH.

A recent study described that simultaneous targeting of the glycolytic pathway with
dichloroacetate and the mitochondrial activity with arsenic trioxide in breast cancer cells is
more effective inhibiting cell proliferation and inducing cell death than either inhibition alone
(Sun et al., 2011). Therefore, our results suggest that ECG could be a good strategy to inhibit
cancer cells by means of inhibiting the main energetic pathways necessaries to produce cellular

ATP and also metabolic intermediaries.

Precursors for lipids and proteins are generated in the TCA cycle and removed from the

mitochondria to participate in biosynthetic reactions. Therefore, next step was to determine label
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incorporation into the fatty acids palmitate (C16) and stearate (C18) and calculate the
contribution of glucose to lipid synthesis and the FNS. Results denoted a less active lipogenesis
in ECG-treated cells, which could be related to an inhibition in the synthesis of essential
components of the cellular membranes required for the accelerated proliferation in HT29 cells.
Interestingly, both TCA cycle and lipogenesis were already reduced with 70 uM ECG treatment

indicating a more sensitive and efficient effect of ECG targeting these pathways.

Finally, the analysis of ribose showed in Table 3 demonstrated that low ECG
concentration did not cause significant changes in its mass isotopomer distribution. However,
high ECG concentration reduced ribose ’C enrichment indicating that the de novo synthesis of
ribose from glucose was decreased. It is worth noting that pentose phosphate pathway inhibition
in different tumor cell lines results in an effective decrease in tumor cell proliferation (Comin-
Anduix et al., 2001; Cascante et al., 2002). Furthermore, inhibition of nucleic acid synthesis has
been shown to be successful in chemotherapy (Purcell et al., 2003). Ribose can be synthesized
from the glycolytic intermediate glucose-6-phosphate via the oxidative branch of the PPP as
well as from fructose-6-phosphate and glyceraldehyde-3-phosphate via the non-oxidative
branch of the PPP. Mass isotopomer distribution analysis in ribose showed a significant increase
in the ox:non-ox ratio after treatment with high concentrations of ECG. This fact prompted us to
deepen in the PPP activity after ECG treatment. We analyzed the activities of the key enzymes
in PPP: G6PD and TKT. Both enzymatic activities were reduced in 140 uM ECG-treated cells
(Figure 5). Moreover, in agreement with the reported increase in the ox:non-ox ratio, the
inhibition observed for TKT was more important than the reduction in G6PD. Given that the
control coefficients on tumor cell growth for G6PD and TKT have been described to be 0.41
and 0.9, respectively (Boren et al., 2002); the 35 % reduction in TKT activity could imply an
important effect inhibiting nucleic acid synthesis and tumor growth. Interestingly, in several
tumor-derived cell lines, the non-oxidative branch of the PPP was found to be the main source
for ribose-5-phosphate synthesis (Cascante et al., 2000), hence the importance of this inhibition
is reinforced. Although in a lesser extent, G6PD activity showed also an inhibition (15 %) that
could also be biologically important since the use of the oxidative branch of the PPP enables
cells not only to synthesize more ribose for nucleic acid requirements, but also to recruit

reducing power in the form of NADPH necessary to membrane lipid synthesis.

It has been described that the pattern of metabolic changes is associated with the type of
cell death and growth inhibition involved in the cytotoxic action of a determined drug
(Motrescu et al., 2005). Moreover, the precise metabolic phenotype in cancer cells has been
reported to be dependent on cell type and growth conditions (Telang et al., 2007) and even on

the microregions of the same tumor (dos Santos et al., 2004). In our study, ECG acts mainly
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reducing the synthesis of macromolecules needed to produce a new cell, hence inhibiting colon
cancer cell viability. In future studies, it would be interesting to determine whether these

metabolic changes induced by ECG are common to other colon cancer models.

In summary, incubation with different concentrations of ECG modified, in a dose-
dependent manner, the metabolic profile in HT29 cells targeting the incorporation of nutrients
into the biomass. ECG reduced substrate uptake and also the anabolic pathways needed to
satisfy the metabolic requirements associated with an increased tumor proliferation (Figure 6).
Our results indicate that bioactive compounds such as polyphenols may play a role in cancer
therapy as nutritional supplements controlling tumor viability through the regulation of glucose

carbon redistribution.
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Figure 6. HT29s’ metabolic network changes in response to ECG treatment. (A) Activated metabolic
profile in HT29 cells to support tumor proliferation. (B) ECG treatment reduced glucose/glutamine
uptake, lactate production, TCA cycle activity and lipid and ribose synthesis. G6P, glucose-6-phosphate;
F6P, fructose-6-phosphate; GAP, glyceraldehyde-3-phosphate; OAA, oxaloacetate; G6PDH, glucose-6-
phosphate dehydrogenase; TKT, transketolase.
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RESUM

Estudis epidemiologics i experimentals suggereixen que la fibra i els polifenols tenen un
efecte protector contra del desenvolupament del cancer de colon. Conseglientment, en aquest treball
es va avaluar el DI’eficacia quimiopreventiva i els mecanismes d’accié associats de la fibra
antioxidant de raim (GADF — Grape Antioxidante Dietary Fiber) enfront la tumorigenesis intestinal

1 + . . . 1
Min’* "Els ratolins es van alimentar amb un pinso estandard

espontania en el model de ratoli Apc
(grup control) o bé amb pinso contenint un 1% (w/w) de GADF (grup GADF) durant 6 setmanes.
La GADF va reduir la tumorigenesis intestinal, concretament va disminuir el nimero total de polips
un 76% respecte els ratolins control. A més, 1’analisi de polips per mida, va mostrar una reduccid
considerable en totes les categories [diametre <1 mm (65%), 1-2 mm (67%) 1 >2 mm (87%)]. Pel
que fa a la formacio de polips en les zones proximal, medial i distal, es va observar una disminucio
del 76%, 81% 1 73%, respectivament. Els potencials mecanismes moleculars subjacents a la
inhibicio de la tumorigenesis intestinal es van investigar per comparacié dels perfils d'expressio dels
ratolins tractats o no amb GADF. Es va observar que els efectes de la GADF s’associen
principalment amb la modulaciéo de gens implicats en la progressié tumoral, incloent Ccnd]l,
Gadd45a, Tgfbl, Plk3, kitl, Csnkle, Lfng, Poldl i Rfcl. Els nostres descobriments mostren per
primer cop l'eficacia i els mecanismes moleculars d’acciéo de la GADF contra la tumorigenesis

Min/+

intestinal en ratolins Apc™ ", suggerint el seu potencial per la prevencié envers el cancer colorectal.
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ABSTRACT

Epidemiological and experimental studies suggest that fiber and polyphenolic compounds
might have a protective effect on the development of colon cancer in humans. Accordingly, we
assessed the chemopreventive efficacy and associated mechanisms of action of a lyophilized red
grape pomace containing proanthocyanidin-rich dietary fiber (Grape Antioxidant Dietary Fiber,

M mouse model. Mice were fed a

GADF) on spontaneous intestinal tumorigenesis in the Apc
standard diet (control group) or a 1% (w/w) GADF-supplemented diet (GADF group) for 6 weeks.
GADF supplementation greatly reduced intestinal tumorigenesis, significantly decreasing the total
number of polyps by 76%. Moreover, size distribution analysis showed a considerable reduction in
all polyp size categories [diameter <1 mm (65%), 1-2 mm (67%) and >2 mm (87%)]. In terms of
polyp formation in the proximal, middle and distal portions of the small intestine a decrease of 76%,
81% and 73% was observed respectively. Putative molecular mechanisms underlying the inhibition
of intestinal tumorigenesis were investigated by comparison of microarray expression profiles of
GADF-treated and non-treated mice. We observed that the effects of GADF are mainly associated
with the modulation of genes involved in cancer progression, including Ccndl, Gadd45a, Tegfbl,
PIk3, kitl, Csnkle, Lfng, Poldl and Rfcl. Our findings show for the first time the efficacy and

Min/+

associated mechanisms of action of GADF against intestinal tumorigenesis in Apc mice,

suggesting its potential for the prevention of colorectal cancer.
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INTRODUCTION

Most grape dietary fibre and polyphenols accumulate in the fruit skins, seed and pulp,
which after the manufacture of grape juice and wine remains as pomace. After production, this
processed raw material becomes a by-product and is used as fertilizer, animal feed or disposed in
dumps, being a great waste of health-promoting compounds. Given that there is great evidence
suggesting that higher dietary intake of vegetables and fruits, rich in fibre and polyphenols, is
associated with a lower risk of colorectal cancer (Forte et al., 2008), further study of these by-

products as colon cancer chemopreventive agents is still needed.

Grape Antioxidant Dietary Fiber (GADF), here in the form of lyophilized red grape
pomace, is a wine processing by-product from red grape that is rich in dietary fibre and
polyphenols. It contains a large amount (13% wt:wt) of non-extractable polymeric
proanthocyanidins (PA), mainly (epi)catechin-based polymers that are part of the dietary fiber
fraction together with lignins and polysaccharides. During its transit along the intestinal tract, the
small soluble polyphenols are absorbed and the remaining PA progressively release (epi)catechin
units that are then absorbed and metabolized. The remaining polymeric PA are cleaved by the
intestinal microbiota into smaller species such as phenolic acids, which in turn are absorbed and
metabolized (Tourifio ef al., 2011). Previous studies in male Wistar rats have shown that GADF
exerts a protective effect upon the large intestine mucosa, which has been attributed to modulation
of the gluthathione redox system and endogenous antioxidant enzymes (Lopez-Oliva et al., 2010).
Recently, Lizarraga and colleagues reported that the inclusion of GADF in the mouse diet protects
the normal colon tissue against polyp development through alterations in the expression of tumor
suppressor genes and proto-oncogenes as well as the modulation of enzymes pertaining to the
xenobiotic detoxifying system and endogenous antioxidant cell defenses (Lizarraga et al., 2011).
Together, these results suggest that GADF could be an effective chemopreventive agent against
colorectal cancer. However, the efficacy of GADF as a chemopreventive agent needs to be

established in well-defined preclinical models of colon cancer before embarking on clinical trials.

The Apc™™* mouse is a model of colon cancer that harbors a dominant germline mutation
at codon 850 of the homolog of the human adenomatous polyposis coli (4pc) gene, which results in
a defective protein product that predisposes the mice to spontaneously develop pre-neoplastic
intestinal polyps (Su et al., 1992). APC function is linked to the Wnt signaling pathway, in which it
operates by activating B-catenin degradation. Therefore, mutation of the Apc gene produces
cytosolic accumulation and an increase in the nuclear translocation of B-catenin. In the nucleus, B-

catenin activates the transcription factor T cell factor/lymphoid enhancer factor (TCF/LEF), giving
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rise to an increase in the expression of genes regulating cell proliferation and predisposing the cells
to the formation of tumors. Mutations in the Apc gene have been directly implicated in the
development of both human familial adenomatous polyposis (FAP) and sporadic colorectal cancer
(Hinoi et al., 2007). Hence, the Apc™™" mouse model is considered an analog of human intestinal
tumorigenesis and has been widely used to study the effects of dietary and pharmaceutical agents on
human colon cancer prevention. Here we assessed the efficacy and associated molecular
mechanisms of action of GAFD consumption on spontaneous intestinal tumorigenesis in Apc™™"

mice.

MATERIAL AND METHODS

Grape antioxidant dietary fiber (GADF). GADF was obtained from red grapes (the
Cencibel variety) harvested in the vintage year 2005 in La Mancha region in Spain, as described in
the Spanish patents registered under the numbers 2259258 and 2130092. The percentage
composition of GADF used in this work was as follows: dietary fiber, 73.48 £ 0.79 (57.95 + 0.78
comprising an indigestible fraction of insoluble compounds such as lignin and proanthocyanidins
and 15.53 = 0.11 of a soluble fraction constituted by pectins and hemicellulose); polymeric
proanthocyanidins associated with insoluble dietary fiber, 14.81 + 0.19; fat, 7.69 + 0.49; protein,
11.08 &+ 0.46; and ash, 5.25 £+ 0.19. More than 100 phenolic compounds (not associated with dietary
fiber) such as phenolic acids, anthocyanidins, catechins and other flavonoids have been detected in

GADF (Tourifio et al., 2008).

Animals and diet. We used male Apc™™*

mice aged 5 weeks from Jackson Laboratories
(Bangor, ME). Animals were housed in plastic cages at 22 °C and 50% humidity, with a 12:12 h
light/dark cycle, according to European Union Regulations. The experimental protocols were
approved by the Experimental Animal Ethical Research Committee of the University of Barcelona
in accordance with current regulations for the use and handling of experimental animals. After 7
days of acclimatization during which they received a standard diet (Teklad Global 18% Protein
rodent diet), the animals were randomly divided into two groups, with 12 and 10 mice per group
(Control and GADF respectively). Control mice continued to be fed the standard diet, and the
GADF-treated group was fed a special diet comprising the basal diet (Teklad Global 18% Protein
rodent diet) supplemented with GADF at 1% w/w in order to mimic the recommended fiber content
in the diet (Ferguson, 2005). Diets were purchased from Harlan Interfauna Iberica S.L (Barcelona,

Spain). Both food and water were supplied ad libitum throughout the experiment. Throughout the 6-

week treatment period, mice were observed for any signs of toxicity, and body weight and food and
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water intake were recorded weekly. At the end of the 6 weeks, the animals were starved overnight
and then anesthetized with volatile isoflurane (ESTEVE, Barcelona, Spain). Blood samples were
obtained by cardiac puncture. Finally, animals were sacrificed by an overdose of anesthesia.

Measurement of intestinal polyps. ApCMin/+

mice develop polyps in both the small and
large intestine, although more intestinal adenomas are observed in the small intestine. Therefore,
after sacrifice, the small intestine was excised from each mouse. Immediately after sacrifice, the
small intestine was cut longitudinally and rinsed with phosphate-buffered saline solution (pH 7.4) to
remove the intestinal contents. The intestines were pinned flat on cardboard and then fixed for 1 day
in 4% neutral buffered formalin solution (v/v; pH 7.4). Intestinal sections were stored at room
temperature in 1% neutral buffered formalin solution (v/v) until further analysis. In order to
facilitate tumor quantification and identification, the small intestine was divided into three equal
sections: proximal, medial and distal. Thereafter the small intestine sections were stained in
phosphate-buffered saline solution (pH 7.4) and 0.1% (v/v) methylene blue. Using a
stereomicroscope and a measured grid, the number of tumors and their dimensions in each small

intestine section were determined. The size of each tumor was categorized as <1 mm, 1-1.9 mm, or

>2 mm.

RNA isolation and gene profiling by Affymetrix Microarrays. Large intestine was
removed and placed on a plastic plate, which was kept at 4 °C on ice. After removal of the rectum,
the colon was opened longitudinally with fine scissors, and mucus and feces were removed. The
colonic mucosal layer was incubated in Trizol (Invitrogen, Carlsbad, CA) for 3 min and scraped off
the muscle layer using the edge of a sterile glass slide. Cells were transferred into 800 ul Trizol,
homogenized by pipetting, and stored at -80 °C until RNA isolation. Total RNA was isolated using
a combination of two methods. First, total RNA was isolated using the Trizol method, according to
the manufacturer’s protocol (Invitrogen, Carlsbad, CA). Next, RNA was purified using the RNeasy
Mini kit and DNase I treatment (Qiagen, Germantown, MD) according to the manufacturer’s
protocol. RNA was dissolved in DEPC-treated, RNase-free water. RNA purity and quantity were
tested spectrophotometrically using the NanoDrop ND-1000 (NanoDrop Technologies) and were
considered suitable for further processing if the ratio of absorbance at 260/280 > 1.9. Integrity was
tested using lab-on-a-chip technology on the BioAnalyzer 2100 (Agilent, Palo Alto, CA, USA) and
RNA was considered to be intact when showing a RNA integrity number (RIN) > 8. Affymetrix
Microarrays using the Mouse Genome 430 2.0 platforms were performed according to the protocols
published by the manufacturer (Affymetrix). We analyzed five RNA samples chosen at random
from the control and GADF group.
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Microarray data analyses. Data were standardized using the Robust Multi-array Average
method (Bolstad ef al., 2003) and quantile normalization. Differential gene expression was assessed
using the /imma (Smyth, 2004) package from Bioconductor. Multiple testing adjustment of p-value
was conducted according to Benjamini and Hochberg (Benjamini et al., 2001). Biochemical
pathway analysis was conducted using the Kyoto Encyclopedia of Genes and Genomes (KEGG)
Mapper. This is a collection of KEGG mapping tools for KEGG pathway mapping. The tool
"Search&Color Pathway" was used to overlay gene expression results from microarrays onto
biochemical pathways found in the KEGG. Gene expression levels were denoted using color codes
displayed along the pathway by gene symbol boxes. Different shapes and patterns were used to
represent induced and suppressed gene expression. Enrichment analysis was based on MetaCore™,
an integrated knowledge database and software suite for pathway analysis of experimental data and
gene lists. Enrichment analysis consists of matching the gene IDs of possible targets for the
“common”, “similar” and “unique” sets with gene IDs in functional ontologies in MetaCore. The
probability of a random intersection between a set of IDs the size of the target list with ontology
entities is estimated by the p-value of the hypergeometric intersection. A lower p-value means
higher relevance of the entity to the dataset, which results in higher rating for the entity. Use of the
False Discovery Rate (adjusted p-value) allows processes with doubtful significance for the current
experiment to be rejected, and ensures that the findings are not contaminated with false positives.
Gene set analysis was carried out for the Gene Ontology terms using FatiScan (Al-Shahrour et al.,
2007) integrated in the Babelomics suite. This method detects significantly up- or down-regulated
blocks of functionally related genes in lists of genes ordered by differential expression. FatiScan
can search blocks of genes that are functionally related using different criteria such as gene
ontology terms, KEGG pathways, and others. The core of the method proposed is based on an
algorithm to test whether a set of genes, labeled with terms (biological information), contain
significant enrichments in one or several of these terms with respect to another set of reference
genes. FatiScan uses a Fisher's exact test for 2x2 contingency tables to compare two groups of
genes and extract a list of GO terms whose distribution among groups is significantly different.
Given that many GO terms are tested simultaneously, the results of the test are corrected for
multiple testing to obtain an adjusted p-value. FatiScan returns adjusted p-value based on the False

Discovery Rate (FDR) method (Benjamini et al., 2001).

RT-real time PCR. cDNA was synthesized in a total volume of 20 ul from RNA samples
by mixing 1 pg of total RNA, 125 ng of random hexamers (Roche), 0.01 M dithiothreitol
(Invitrogen), 20 units of RNAsin (Promega), 0.5 mM dNTPs (Bioline), 200 units of M-MLV
reverse transcriptase (Invitrogen) and 4 pl 5X First-Strand Buffer (375 mM KCl, 15 mM MgCl,,
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250 mM Tris-HCl, pH 8.3) (Invitrogen). The reaction mixture was incubated at 37 °C for 60 min.
The cDNA product was used for subsequent amplification by real time PCR. The mRNA levels for
the selected genes were determined in an ABI Prism 7000 Sequence Detection System (Applied
Biosystems) using 9 pL of the cDNA mixture and 11 pL of the specific primers in Master mix (all
from Applied Biosystems). 2 microglobulin (B2M) RNA was used as an endogenous control. The
reaction was performed following the manufacturer’s recommendations. Fold-changes in gene

expression were calculated using the standard AACt method.

RESULTS AND DISCUSSION

GADF supplementation inhibits spontaneous intestinal polyposis without affecting

body weight in APC ™™ mice.

During the experiment the body weight and food and water consumption of all mice were
monitored. Food consumption and body weight gain did not differ between the control and GADF
groups throughout the study and no mortality was observed in any group (data not shown). GADF
treatment did not result in macroscopic changes indicative of toxicity in any organs including the

liver, lung and kidney.

GADF treatment resulted in a significant reduction in the formation of small intestine
tumors. Control mice developed an average of 16 polyps per animal and GADF treatment decreased
this number to 3.9 (Figure 1A). In fact, GADF induced a 76% reduction in intestinal polyposis with
respect to the control. Interestingly, GADF exerted a higher anti-tumoral effect than observed in

Min™* mice in similar conditions using dietary fiber or other individual

previous studies in Apc
polyphenolic compounds. For example, administration of 1% dibenzoylmethane reduced the total
number of small intestinal tumors by 50% in Apc™™" mice (Shen ef al., 2007). The best results
obtained with fiber in similar studies were a reduction in small intestinal tumors of 25% after
feeding on 10% rye bran (Mutanen et al., 2000) and a decrease of 51% with 30% rice bran
(Verschoyle et al., 2007). As shown in Figure 1B, GADF treatment induced a decrease in the
number of small intestine polyps in the proximal, medial and distal sections of 76% (4.6 + 0.9
versus 1.1 = 0.3), 81% (4.3 £ 1.0 versus 0.8 £ 0.3) and 73% (7.3 + 2.4 versus 2.0 = 0.4)
respectively. These homogeneous values indicate that GADF exerts its anti-tumorigenic activity
throughout the small intestine. GADF contains a complex mixture of polyphenols including
monomers of catechins, anthocyanins, flavonols and hydroxycinnamic acids, as well as

(epi)catechin oligomers and polymers (PA), all of which are associated with a fiber matrix of both

soluble and insoluble polymers such as polysaccharides and lignins that may influence the
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absorption of the putatively bioactive GADF components. Small polyphenols such as phenolic acids
and monomeric (epi)catechins that are originally contained within the matrix or are derived from
the partial depolymerization of oligomeric PA are absorbed in the small intestine; however, some of
the PA are fermented by the intestinal microbiota and are absorbed in the form of smaller phenolic
acids (Tourifio et al, 2009). The fact that GADF exerts its anti-tumorigenic function
homogencously throughout the intestine could thus be related to its composition, as the putatively
bioactive polyphenolic compounds embedded in the fiber are gradually released and absorbed.
Moreover, fiber increases the transit time through the gastrointestinal tract, which allows food
polyphenols to be more extensively absorbed by enterocytes. Analysis of the size distribution of
polyps revealed that GADF reduced the occurrence or growth of <1 mm diameter polyps by 65%
(5.5« 1.2 versus 1.9 + 0.4), of 1-2 mm by 67% (3.0 £ 1.1 versus 1.0 + 0.3) and of >2 mm by 87%
(7.7 £ 2.2 versus 1.0 £ 0.3) (Figure 1C). These results suggest that GADF inhibits both the
appearance and development of intestinal polyps, although the most important inhibitory effect was

observed in larger polyps indicating a major inhibition in polyp’s progression.
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Figure 1. A) Total number of polyps/mouse in the small intestine of Apc mice. B) Number of

polyps/mouse in proximal, medial and distal sections. C) Number of polyps/mouse shown by polyp size
distribution (<1 mm diameter polyps, 1-2 mm and >2 mm). Data represented as mean = SEM (*, p > 0.05) (*

%, p>0.01).

Gene expression profile induced by GADF. To elucidate the underlying mechanisms by
which GADF prevents carcinogenesis we determined the transcriptional profile of the Apc™™*

mouse colonic mucosa following GADF treatment using cDNA microarrays.

Of the 39,000 genes represented on the whole mouse genome cDNA microarray, 183 genes
were differentially expressed between the control and GADF groups with a 1.5-fold change or more

in expression. Of these 183 differentially expressed genes, 40 genes were up-regulated and 143
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genes were down-regulated. A complete list of these differentially expressed genes is shown in

supplemental data 1.

This list of differentially expressed genes associated with GADF consumption was
subjected to a KEGG molecular pathway analysis using KEGG Mapper to identify any enrichment
of genes with specific biological themes. This analysis mainly showed modifications in cancer-
related pathways. Figure 2 presents the KEGG cell cycle pathway analysis using KEGG Mapper.

Mt mice by inducing cell cycle

This analysis suggests that GADF suppresses tumorigenesis in Apc
arrest. GADF treatment led to a reduction in the expression of the Ccndl gene, which codes for
cyclin D, which in turn is involved in regulating cell cycle progression and drives the G1/S phase
transition. Cyclin D is under the transcriptional activation induced by B-catenin/TCF/LEF, hence the
downregulation of this gene by GADF antagonizes the deregulated Wnt signaling pathway in

ApCMm/+

mice. Moreover, an increase in the expression of a regulator of this protein called Gadd45a
was detected. The GADDA45 protein interacts with many effectors, such as Cdc2/CyclinB1, PCNA
(which regulates Cyclin D/Cdk4,6), and p21, thus mediating cell cycle arrest, differentiation or
apoptosis (Hoffman ef al., 2009). These results are consistent with previous studies in which dietary

M mice was found to down-regulate Cyclin D1

supplementation with grape seed extract in Apc
and up-regulate Cipl/p21 in small intestinal tissue samples according to immunohistochemical
analysis (Velmurugan et al., 2010). Likewise, another study reported that grape seed extract up-
regulates p21, leading to G1 cell cycle arrest (Kaur ef al., 2011). Furthermore, study of the cell
cycle pathway showed that the expression of Tgfb/ is also down-regulated. Interestingly, TGF-
betal has been reported to be involved in the progression of colorectal cancer, and therefore a
reduction in its expression suggests higher sensitivity to anti-growth signals and a reduction in
angiogenesis (Narai et al., 2002; Langenskiold ef al., 2008). Additionally, the DNA replication
pathway represented in KEGG Mapper (data not shown) was also down-regulated in the mucosa of

Min”* mice treated with GADF. This was due to inhibition of the expression of Pold2 and Rfcl,

Apc
two members of the DNA polymerase complex. Consequently, inhibition of DNA synthesis may

also be involved in the induction of G1 arrest in the cell cycle (Takeda et al., 2005).
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Figure 2. Adaptation of KEGG cell cycle pathway using KEGG Mapper. Circular pathway members were
significantly up-regulated and rectangular members were found to be down-regulated in the intestinal mucosa
of Apc™™"* mice treated with GADF. Horizontal lines indicate a fold change (FC) of between 1.5 and 2 and

vertical lines a FC of more than 2.

KEGG Mapper analysis also showed the modulation of other genes related to cancer
pathways (Figure 3). GADF supplementation modulated the expression of Kit/, which encodes the
ligand of the tyrosine-kinase receptor KIT. The ligand for KIT is known as kit ligand or stem cell
factor (SCF). Yasuda and colleagues reported that SCF-KIT signaling enhances proliferation and
invasion in KlIT-positive colorectal cancer cell lines (Yasuda et al, 2007). Thus, the lower
expression of kit ligand in GADF-treated mice may be related to the inhibition of intestinal polyp
growth.

169



Capitol 4

PATHWAYS [N CANCER

AY
Y
A

.

| oo

RARz PU.
BIZE SIS brgit genes

() () (o) (o) G () (22 ) o) (B2) (o) (o) (o) (G2 ) ()

05200 10719710,
{e) Kanebasa Lsboratories

E__] Down-regulated: FC 1.5-2 [[T] Down-regulated: FC =2

170

KEGG Mapper. Circular boxes represent up-regulated genes and rectangular boxes represent down-regulated

Figure 3. Relative transcript abundance of genes encoding proteins in cancer pathways, as determined by
genes following GADF supplementation. Horizontal lines indicate a FC of between 1.5 and 2 and vertical

lines specify a FC of more than 2.



Capitol 4

M mice possess a mutation in the Apc gene that results in

As mentioned earlier, Apc
defective Wnt signaling. The representation of the KEGG Mapper Wnt signaling pathway (Figure
4) showed that GADF down-regulates the expression of Csnkle, which encodes the CKI protein
epsilon. This protein is a positive regulator of beta-catenin-driven transcription and is specifically
required for the proliferation of breast cancer cells with activated beta-catenin (Kim et al., 2010).
Moreover, recent data indicate that Wnt and Notch signaling might play an equally important role in
the maintenance of the undifferentiated state of Apc-deficient cells (Reedijk et al., 2008). In fact, it
has been reported that Notch signaling occurs downstream of Wnt through B-catenin-mediated
transcriptional activation of the Notch-ligand Jaggedl (Rodilla ef al., 2009), suggesting that Notch
is an alternative target for the treatment of Apc-mutant intestinal polyposis. Interestingly, GADF
treatment also down-regulated Lfng (data not shown), which encodes Fringe, a glycosyltransferase
that is involved in the elongation of O-ligands in the Notch pathway (Chen ef al., 2001). Therefore,

GADEF inhibits colon cancer growth through the simultaneous downregulation of Wnt and Notch

signaling.
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Figure 4. Adaptation of KEGG Wnt signaling pathway. Circular colored boxes represent up-regulated genes

Min/+

encoding that protein and rectangular boxes represent down-regulated genes in Apc mice following

GADF treatment. Horizontal lines indicate a FC in expression of between 1.5 and 2 and vertical lines specify

a FC of more than 2.

Pathway analysis performed using KEGG Mapper was complemented with an independent
analysis by MetaCore to obtain the p-value of each pathway. Pathway analysis of significantly
modulated genes using MetaCore showed significant changes in maps that contain several canonical
pathways. Table 1 presents the top Maps according to Metacore, showing the greatest
downregulation in the cell cycle, immune system responses and G-protein signaling, whereas cell
adhesion, neurophysiological process and development were up-regulated. In addition to the above-
mentioned cell-cycle-associated genes, Metacore analysis identified upregulation of the PLK3 gene,
which is associated with cell cycle progression. Interestingly, PLK3 has been correlated with the
development of certain cancers (Myer et al., 2011), and therefore its downregulation by GADF

Min/+

could be involved in the anti-tumoral effect of the latter in Apc mice. Metacore analysis also
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revealed the downregulation of immune-system-related genes by GADF (Lck, Nfkbie, Cxcr4, H2-
Abl, Igh, Igl-V1, and Igkvi-117). Inflammation and immune system responses have been reported
to have dual effects in cancer, either by providing protection from tumor cells or, when
inflammation becomes chronic, by promoting tumor growth. Grape polyphenols have been
implicated in strengthening immune function (Katiyar, 2007), but their anti-inflammatory and
immune-attenuating properties have recently attracted much attention (Misikangas et al., 2007,

Min/+

Kawaguchi ef al., 2011). These functions may play an important role in Apc mice since the

tumorigenesis initiated by intrinsic defects in pathways regulating cell proliferation, as observed in

Min/+

Apc mice, is driven by repeated inflammation and excessive immune signaling (Saleh et al.,

Mt mice revealed

2011). Accordingly, a study identifying genes involved in tumorigenesis in Apc
the upregulation of various immune system and inflammation genes (Leclerc et al., 2004).
Therefore, in this case, diminished immune signaling may reduce tumor progression. Interestingly,
apart from the immuno-attenuating properties of grape polyphenols mentioned above, a recent
investigation concluded that high fiber intake may be inversely associated with the presence of a
cytokine pro-inflammatory profile (Chuang et al., 2011). Therefore, attenuation of the immune

Mt mice treated with GADF could be due to the combined effect of soluble

response in Apc
polyphenols, insoluble PA and other components of the dietary fiber fraction such as

polysaccharides and lignins.

Tablel
Effects in modulated pathways by GADF in colon mucosa of ApcMin/+ mice as found in Metacore
GeneGO Maps Regulated pathways p-value Significant/total genes

Cell cycle and its regulation (|) Regulation of G1/S transition (part 1) () 0,0010 2 (Cendl, Tgfbl )38
Nucleocytoplasmic transport of CDK/Cyclins () 0,0023 1 (Ccndl )/14
ATM / ATR regulation of G2 / M checkpoint (1) 0,0005 2 (Gadd45a, Plk3)/26

Immune response () CXCR4 signaling via second messenger () 0,0007 3 (Lck, Nfkbie, Cxcrd )/34
TCR and CD28 co-stimulation in activation of NF-kB () 0,0012 3 (H2-Ab1, Nfkbie, Lck)/40
ICOS pathway in T-helper cell (|) 0,0017 3 (H2-4b1, Nfkbie, Lck)/46
NFAT in immune response () 0,0023 4 (H2-Ab1, Nfkbie, Lck, Ig)/51
T cell receptor signaling pathway (|) 0,0025 3 (H2-Abl, Nfkbie, Lck)/52

G-protein signaling (]) G-Protein alpha-q signaling cascades () 0,0007 3 (Rgs2, Plcb4, Nfkbie)/34
Proinsulin C-peptide signaling (]) 0,0025 3 (Cendl, Plcb4, Nfkbie )/52

Cell adhesion (1) Tight junctions (1) 0,0010 2 (Ocln, Cldn4)/36
Ephrin signaling (1) 0,0016 1 (Epha2)/45

Neurophysiological process (1) Receptor-mediated axon growth repulsion (1) 0,0016 2 (Epha2)/45

Development (1) A3 receptor signaling (|) 0,0021 3 (H2-A, Nfkbie, Lck)/49
TGF-beta-dependent induction of EMT via SMAD:s () 0,0008 2 (Tgfbl, Etsl )35
TGF-beta-dependent induction of EMT via SMAD:s (1) 0,0009 2 (Ednl, Ocln)/35
TGF-beta-dependent induction of EMT via MAPK (1) 0,0017 2 (Ednl, Ocln)/47
Regulation of epithelial-to-mesenchymal transition (EMT) (1) 0,0031 2 (Ednl, Ocln)/64

1/] Activated/Inhibited
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In addition to modulation of the immune response, some of the down-regulated immune
system/inflammation genes identified in the Metacore analysis (Table 1) have been associated with
tumoral progression. For example, Cxcr4, a chemokine receptor specific for stromal cell-derived
factor-1, has been reported to be involved in tumorigenicity in breast, pancreatic and colorectal
cancer (Wang et al., 2008; Yoshitake et al., 2008; Holm et al., 2009). Regarding colorectal cancer,
the expression of both stromal cell-derived factor-1 and its receptor CXCR4 has been reported to
predict lymph node metastasis. Therefore, lower expression of this protein in GADF-fed mice may
be related to the inhibition of tumor growth. GADF supplementation also modulated the expression
of Nfkbie, which has been reported to regulate cell viability and proliferation during transformation
(Dooley et al., 2011). Additionally, Lck, a Src-related tyrosine kinase that is expressed in certain
tumors such as human colon carcinoma (Krystal et al., 1998), was down-regulated in the mucosa of

Apc™™* mice treated with GADF.

Also, a promoting effect of GADF on enterocytic differentiation was shown by the
upregulation of genes related to cell adhesion molecules such as Ocln, Cldn4 and Ephal in

polarized epithelial cells (Table 1).

To gain further insight into the biological processes related to the protective effects of fiber
and grape polyphenols, we used a Gene set analysis of the KEGG pathways using the tool FatiScan
in the Babelomics suite. In this case all genes in the array (significantly and non-significantly
differentially expressed) were included in the analysis in order to detect which pathways were
globally modulated. Substantial modulation of the KEGG cancer and immune system
diseases/immune system subgroups was also independently identified by this analysis (Table 2).
GADF was also found to modulate carbohydrate and lipid metabolism. This may be related to
previous data that indicate that grape products reduce plasma lipids and benefit blood glucose
control (Vislocky et al., 2010). In terms of the possible effects produced by other components of the
fiber, it has been shown that a diet containing pectin may help correct some disturbances in lipid
metabolism, and that a diet containing cellulose may improve glycemic control (Krzysik et al.,
2011).
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Table 2 (continued)

Blocks of functionally related genes after GADF treatment in Apc

Min/+

mice

Down-regulated KEGG pathways

ID KEGG KEGG annotation Group Subgroup
mmu04210 Apoptosis Cellular Processes

mmu04115 p53 signaling pathway Cellular Processes

mmu04114 Oocyte meiosis Cellular Processes

mmu04110 Cell cycle Cellular Processes Cell Growth and Death
mmu04142 Lysosome Cellular Processes Transport and Catabolism
mmu04150 mTOR signaling pathway Environmental Information Processing

mmu04370 VEGF signaling pathway Environmental Information Processing

mmu04350 TGF-beta signaling pathway Envir | Information Processing

mmu04012 ErbB signaling pathway Environmental Information Processing Signal Transduction
mmu04512 ECM-receptor interaction Environmental Information Processing

mmu04514 Cell adhesion molecules (CAMs) Environmental Information Processin ling Molecules and Interaction
mmu04130 SNARE interactions in vesicular transport Genetic Information Processing

mmu03060 Protein export Genetic Information Processing

mmu03050 Proteasome Genetic Information Processing

mmu03018 RNA degradation Genetic Information Processing Folding, Sorting and Degradation
mmu03440 Homologous recombination Genetic Information Processing

mmu03410 Base excision repair Genetic Information Processing

mmu03430 Mismatch repair Genetic Information Processing

mmu03030 DNA replication Genetic Information Processing

mmu03420 Nucleotide excision repair Genetic Information Processing Replication and Repair
mmu03022 Basal transcription factors Genetic Information Processing

mmu03020 RNA polymerase Genetic Information Processing

mmu03040 Spliceosome Genetic Information Processing Transcription
mmu00970 Aminoacyl-tRNA biosynthesis Genetic Information Processing

mmu03010 Ribosome Genetic Information Processing Translation
mmu05215 Prostate cancer Human Diseases

mmu05216 Thyroid cancer Human Diseases

mmu05214 Glioma Human Diseases

mmu05222 Small cell lung cancer Human Diseases

mmu05221 Acute myeloid leukemia Human Diseases

mmu05223 Non-small cell lung cancer Human Diseases

mmu05219 Bladder cancer Human Diseases

mmu05211 Renal cell carcinoma Human Diseases

mmu05210 Colorectal cancer Human Diseases

mmu05220 Chronic myeloid leukemia Human Diseases

mmu05212 Pancreatic cancer Human Diseases Cancers
mmu05416 Viral myocarditis Human Diseases Cardiovascular Diseases
mmu05340 Primary immunodeficiency Human Diseases

mmu05320 Autoimmune thyroid disease Human Diseases

mmu05330 Allograft rejection Human Diseases

mmu05332 Graft-versus-host disease Human Diseases

mmu05322 Systemic lupus erythematosus Human Diseases

mmu05310 Asthma Human Diseases Immune System Diseases
mmu04940 Type I diabetes mellitus Human Diseases Metabolic Diseases
mmu05012 Parkinson’s disease Human Diseases Neurodegenerative Diseases
mmu00330 Arginine and proline metabolism Metabolism

mmu00280 Valine, leucine and isoleucine degradation Metabolism

mmu00310 Lysine degradation Metabolism Amino Acid Metabolism
mmu00030 Pentose phosphate pathway Metabolism

mmu00020 Citrate cycle (TCA cycle) Metabolism

mmu00010 Glycolysis / Gluconeogenesis Metabolism

mmu00620 Pyruvate metabolism Metabolism

mmu00640 Propanoate metabolism Metabolism

mmu00520 Amino sugar and nucleotide sugar metabolism Metabolism Carbohydrate Metabolism
mmu00190 Oxidative phosphorylation Metabolism Energy Metabolism
mmu00563  Glycosylphosphatidylinositol(GPI)-anchor biosynthesis Metabolism

mmu00510 N-Glycan biosynthesis Metabolism Glycan Biosynthesis and Metabolism
mmu00564 Glycerophospholipid metabolism Metabolism

mmu00071 Fatty acid metabolism Metabolism

mmu00592 alpha-Linolenic acid metabolism Metabolism

mmu00561 Glycerolipid metabolism Metabolism

mmu01040 Biosynthesis of unsaturated fatty acids Metabolism

mmu00565 Ether lipid metabolism Metabolism

mmu00062 Fatty acid elongation in mitochondria Metabolism

mmu00600 Sphingolipid metabolism Metabolism Lipid Metabolism
mmu00760 Nicotinate and nicotinamide metabolism Metabolism

mmu00740 Riboflavin metabolism Metabolism

mmu00670 One carbon pool by folate Metabolism

mmu00770 P t and CoA bi t Metabolism

mmu00860 Porphyrin and chlorophyll metabolism Metabolism Metabolism of Cofactors and Vitamins
mmu00480 Glutathione metabolism Metabolism Metabolism of Other Amino Acids
mmu00230 Purine metabolism Metabolism

mmu00240 Pyrimidine metabolism Metabolism Nucleotide Metabolism
mmu00983 Drug metabolism Metabolism Xenobiotics Biodegradation and Metabolism
mmu04912 GnRH signaling pathway Organismal Systems

mmu04914 Progesterone-mediated oocyte maturation Organismal Systems Endocrine System
mmu04621 NOD-like receptor signaling pathway Organismal Systems

mmu04620 Toll-like receptor signaling pathway Organismal Systems

mmu04666 Fc gamma R-mediated phagocytosis Organismal Systems

mmu04623 Cytosolic DNA-sensing pathway Organismal Systems

mmu04664 Fc epsilon RI signaling pathway Organismal Systems

mmu04670 Leukocyte transendothelial migration Organismal Systems

mmu04612 Antigen processing and presentation Organismal Systems

mmu04662 B cell receptor signaling pathway Organismal Systems

mmu04640 Hi oietic cell lineage Organismal Systems Immune System
mmu04730 Long-term depression Organismal Systems Nervous System
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Table 2

Blocks of functionally related genes after GADF treatment in Apc
Up-regulated KEGG pathways

Min/+ .
mice

ID KEGG KEGG annotation Group Subgroup
mmu04520 Adherens junction Cellular Processes Cell Communication
mmu05412  Arrhythmogenic right ventricular cardiomyopathy (ARVC) Human Diseases

mmu05414 Dilated cardiomyopathy Human Diseases

mmu05410 Hypertrophic cardiomyopathy (HCM) Human Diseases Cardiovascular Diseases
mmu00290 Valine, leucine and isoleucine biosynthesis Metabolism Amino Acid Metabolism
mmu00100 Steroid biosynthesis Metabolism Lipid Metabolism
mmu00830 Retinol metabolism Metabolism Metabolism of Cofactors and Vitamins
mmu04260 Cardiac muscle contraction Organismal Systems Circulatory System
mmu04360 Axon guidance Organismal Systems Development
mmu04740 Olfactory transduction Organismal Systems Sensory System

Interestingly, studies evaluating the consumption of GADF by normal C57BL/6J mice
showed many changes in the expression of genes involved in antioxidant activity and xenobiotic
metabolism. GADF up-regulated genes encoding enzymes implicated in phase I (biotransformation)
of the xenobiotic metabolism that convert hydrophobic compounds to more water-soluble moieties,
as well as genes from phase II (detoxifying metabolism) that catalyze several conjugation reactions,
and genes encoding for peroxiredoxins, members of the family of mammalian proteins that
neutralize reactive oxygen species (Lizarraga et al., 2011). Surprisingly, in Apc™™" mice, GADF
had no significant effect on the antioxidant and detoxifying machinery, apart from upregulation of
the Cyp2c54 gene (supplemental data 1) which encodes a cytochrome P450, demonstrating the
importance of the regulation of cell growth and maintenance functions to the detriment of

antioxidant and xenobiotic systems in tumor progression.

We hypothesize that the changes in the gene expression profile induced in the intestinal

Min/+
mucosa of Apc™™

mice treated with GADF and the associated inhibition of spontaneous intestinal
polyposis may be a result of the action of polyphenolic compounds (both soluble and insoluble
fiber-like PA) and other components of the dietary fiber fraction. It is likely that the polyphenols
contained in GADF act through molecular mechanisms such as the modulation of gene expression,
as previously reported (Yun et al., 2010), whereas the insoluble polysaccharides in the fiber act via
the short chain fatty acids (SCFA) released from their fermentation by the gut microflora. SCFA do
more than just provide an important source of energy to the colonic epithelium, as they also possess
a wide range of physiological functions. For instance, acetate has been shown to bind a G-protein-
coupled receptor, GPR43, which is expressed on immune cells (Maslowski et al, 2009), and
butyrate has been reported to inhibit histone deacetylase enzymes and alter microRNA expression,

consequently preventing malignant transformation by reducing cell proliferation and inducing

differentiation and apoptosis (Hu et al., 2011).
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Validation of microarray data by RT-PCR. The changes in mRNA expression observed
in the microarrays for Cendl, Kitl, Csnkle, Lfng and Cxcr4 were further validated by RT-real time
PCR (Figure 5). These targets were selected for RT-real time PCR analysis based on their
participation in the pathways that were significantly modulated by GADF supplementation.
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Figure 5. Validation of genes that were differentially expressed in the colon mucosa of Apc mice after

GADEF treatment by RT-PCR. Data represented as mean = SEM (* *, p > 0.01).

In summary, the present study shows for the first time that dietary administration of GADF

Min/+
" mouse model. The cancer

prevents spontaneous intestinal polyposis in the Apc
chemopreventive effects of GADF were mainly related to the modulation of cancer progression-
related genes, suggesting the induction of G1 cell cycle arrest and the downregulation of genes
related to the immune response and inflammation, and thus a protective effect against chronic

inflammation and excessive immune signaling in Apc™™*

mice. The powerful anti-tumoral effect of
GADF may be the result of synergy between the different compounds in the dietary fiber, including
soluble and insoluble grape polyphenols and insoluble polysaccharides and lignins. The fact that
GADF is a by-product of the wine industry makes it of particular economic and health interest.
Taken together, our findings show that GADF is a promising nutraceutical for the prevention of

colon cancer in high-risk populations.
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Supplemental data 1

Differentially expressed genes GADF_vs CTL

Affimetrix 1D Symbol Gene description Told change Adjusted p-value
1418283 _at Cldn4 claudin 4 2,0 0,047
1449133 _at Sprrla small proline-rich protein 1A 2,0 0,035

1451924 a_at Ednl endothelin 1 1,9 0,049
1419911 _at Corolc coronin, actin binding protein 1C 1.8 0,047
1443208 _at 1,8 0,035
1441115 _at D18Ertd232e DNA segment, Chr 18, ERATO Doi 232, expressed 1.8 0,041
1439124 _at Wdr91 WD repeat domain 91 1,8 0,049
1417133_at Pmp22 peripheral myelin protein 22 1.7 0,022
1433205 _at Ndfip2 Nedd4 family interacting protein 2 1,7 0,039
1436520 _at Ahnak2 AHNAK nucleoprotein 2 1,7 0,044

1436750_a_at Oxctl 3-oxoacid CoA transferase 1 1,7 0,049
1424339 _at Oasll 2'-5' oligoadenylate synthetase-like 1 1,7 0,036
1455180 _at Geoml GRINLIA complex locus 1,7 0,047
1455457_at Cyp2cs54 cytochrome P450, family 2, subfamily ¢, polypeptide 54 1,7 0,049
1436614 _at 1,7 0,046
1430191 _at  9130004J05Rik RIKEN ¢DNA 9130004J05 gene 1.7 0,045
1434496_at PIk3 polo-like kinase 3 (Drosophila) 1,7 0,022
1458279 _at 1,7 0,022

1455804_x_at Oxctl 3-oxoacid CoA transferase 1 1,6 0,049
1422823 at Eps8 epidermal growth factor receptor pathway substrate 8 1.6 0,044
1441030_at Rail4 retinoic acid induced 14 1,6 0,044
1426818 _at Arrde4 arrestin domain containing 4 1,6 0,035
1437868 _at Famd6a family with sequence similarity 46, member A 1.6 0,035
1435059 _at Asapl ArfGAP with SH# domain, ankyrin repeat and PH domainl 1,6 0,036
1436101 _at Pank2 kinase 2 (Haller -Spatz 1.6 0,047
1438581 _at Cytsa cytospin A 1.6 0,047

1425837 a_at Cerndl CCR4 carbon catabolite repression 4-like (S. cerevisiae) 1.6 0,049
1417732 _at Anxa8 annexin A8 1,6 0,049

1421151 _a_at Epha2 Eph receptor A2 1.6 0,035
1439598 _at 1,5 0,036
1458591 _at Rasef RAS and EF hand domain containing 15 0,044
1417335 _at Sult2bl sulfotransferase family, cytosolic, 2B, member 1 1,5 0,049
1452385_at Usps3 ubiquitin specific peptidase 53 15 0,044
1449519 _at Gadd45a growth arrest and DNA-damage-inducible 45 alpha 1.5 0,050
1448873 _at Ocln occludin 1,5 0,044
1455033 _at Fam102b family with sequence similarity 102, member B 1,5 0,047

1426894 s at  Faml02a family with sequence similarity 102, member A 15 0,049
1435265 _at 1,5 0,035
1458453 _at Lmo7 LIM domain only 7 1,5 0,048

1422824 s at Eps8 epidermal growth factor receptor pathway substrate 8 15 0,049
1418459 _at Cede9l1 coiled-coil domain containing 91 -1,5 0,035

1420249 s _at Ccl6 chemokine (C-C motif) ligand 6 -1,5 0,049
1449342 _at Ptplb protein tyrosine phosphatase-like (proline instead of catalytic arginine), member b -1.5 0,047
1452191 _at Prep prolylcarboxypeptidase (angiotensinase C) 15 0,047

1430514 a_at Cd99 CD99 antigen 15 0,044

1430656_a_at Asnsdl domain 1 -1,5 0,049

1435864_a_at 1810063B05Rik RIKEN cDNA 1810063B05 gene -1.5 0,047
1451091 _at Txndc5 thioredoxin domain containing 5 -1,5 0,049
1433831 _at  4833418A01Rik RIKEN ¢cDNA 4833418A01 gene -1,5 0,047
1422029 _at Cel20 chemokine (C-C motif) ligand 20 -1.5 0,049
1451987 _at Arrb2 arrestin, beta 2 0,035

1428340 s at  Atpl3a2 ATPase type 13A2 0,039

1453550_a_at Farl fatty acyl CoA reductase 1 0,036

1436038 _a_at Pigp phosphatidylinositol glycan anchor biosynthesis, class P 0,049
1434955 _at Marchl ‘membrane-associated ring finger (C3HC4) 1 0,049

1421022 x_at Acypl acylphosphatase 1, erythrocyte (common) type 0,047
1426801 _at 39692 septin 8 0,046
1419463 _at Clea2 chloride channel calcium activated 2 0,036

1437341 x_at Cnp 2'3"cyclic nucleotide 3' phosphodiesterase 0,044
1454930 _at Thbeel tubulin folding cofactor E-like 0,036
1457817 _at 0,049
1437354_at Ube3a ubiquitin protein ligase E3A 0,046
1443167 _at 0,049
1423966_at Cd9912 CD99 antigen-like 2 0,044
1436212_at Tmem?71 transmembrane protein 71 0,035
1423306_at  2010002N04Rik RIKEN c¢DNA 2010002N04 gene 0,047

1425206_a_at Ube3a ubiquitin protein ligase E3A 0,049
1417619 at  Gadd45gip! growth arrest and DNA-damage-inducible, gamma interacting protein 1 1,6 0,050
1417176_at Csnkle casein kinase 1, epsilon -1,6 0,048
1460486_at Rabgapl RAB GTPase activating protein | 1,6 0,049
1443894 _at Evi2a ecotropic viral integration site 2a -1,6 0,036

1428850 x_at Cd99 CDY9 antigen -1,6 0,044
1453761 _at Phf6 PHD finger protein 6 -1,6 0,047
1433496 _at Glt25d1 25 domain ing 1 -1,6 0,047
1426555_at Scpepl serine carboxypeptidase 1 1.6 0,041
1418513 _at Stk3 serine/threonine kinase 3 (Ste20, yeast homolog) 1.6 0,049
1452888 at  1110034G24Rik RIKEN cDNA 1110034G24 gene -1,6 0,050
1451249 _at Trmtl TRMI tRNA 1 homolog (S. -1,6 0,048
1420975_at Bazlb bromodomain adjacent to zinc finger domain, 1B 1,6 0,044
1439305 _at -1,6 0,036
1456064 _at Kena3 potassium volt ted channel, shaker-related subfamily, member 3 1,6 0,049

1451920_a_at Rfcl replication factor C (activator 1) 1 -1,6 0,047

1429847 a_at 4833418A01Rik RIKEN ¢cDNA 4833418A01 gene -1,6 0,047
1425338 _at Plcb4 phospholipase C, beta 4 16 0,047

1431430 s at Trim59 tripartite motif-containing 59 1.6 0,045

1453485 _ 1110005A03Rik RIKEN ¢DNA 1110005A03 gene -1,6 0,044

1425986 _a_at Dcunldl DCNI, defective in cullin 1, domain ining 1 (S. -1,6 0,047

1428900 _s Mett5d1 methyltransferase 5 domain containing 1 -1,6 0,049

1449749 s_at Tfblm transcription factor B1, mitochondrial -1,6 0,050
1451730_at Zfp62 zine finger protein 62 -1,6 0,047
1417419 _at Cendl cyclin D1 -1,6 0,035
1450377 _at Thbsl thrombospondin 1 -1,6 0,035
1421018 _at  1110018J18Rik RIKEN cDNA 1110018J18 gene -1,6 0,047

183




Capitol 4

1418980 _a_at
1419279 _at
1426550_at
1450095 _a_at
1434450 s_at
1460468 s_at
1417568 _at
1451386_at
1448277 at
1433485 _x_at
1448288 at
1446508 _at
1425477 x_at
1433466_at
1439819 at
1419247 at
1455095 _at
1427680 _a_at
1448012_at
1454850 _at
1436515_at
1418776_at
1442325 _at
1443353 _at
1417852 x_at
1436171 _at
1448482 _at
1425396_a_at
1437756_at
1425247 a_at
1418181 _at
14172195 _at
1425854 x_at
1442338 at
1438299 s at
1429672_at
1460279 _a_at
1420653 _at
1448698 _at
1420643 _at
1416021 a_at
1423847 _at
1423520 _at
1448117 _at
1436902 x_at
1417420_at
1449005 _at
1450648 s_at
1438858 x_at
1417025 _at
1419248 at
1450379_at
1429065 _at
1416022_at
1419647_a_at
1447774 x_at
1434067 _at
1430388 a_at
1417290 _at
1419004 s_at
1419480_at
1454268 _a_at
1418296_at
1433783 _at
1452716_at
1460259 s _at
1415854 _at
1452431 s _at
1419549 _at
1419186 _a_at
1455966_s_at
1451721_a_at
1436713 s_at
1440196_at
1449071 _at
1424375 5 _at
1415983 _at
1420699_at
1448710_at
1424931 s_at
1450792_at
1455269 _a_at
1448617 _at
1452163 _at
1460218 _at
1416246 a_at
1417426_at
1427747 a_at
1460423 x_at
1455869_at

Cnp
Pip4k2a
Sidtl
Acypl
Adrbk2
Dnajc22
Neald
Blvb
Pold2
Gprs6
Nfib

H2-Abl
AI467606
AU015263
Res2
Hist2h2be
Nfib
76336
Theldl0c

Bach2
5830443 L24Rik
Tbcld24

Cleal
Arhgap30
Slc39a8
Lek
Gimap9
Igh
Pipda3
Tmsb10
Terb-J

Nfkbie
5830407E08Rik
Gtf2i
Tefbl
Cendl
Ling
Fabps
Neapd2
Lmnbl
Kitl
Tmsb10
Cendl
Slel6a3
Rmes5
H2-Aa
H2-Ebl
Rgs2
Msn
1200009F 10Rik
Fabps
Ter3
5730469M10Rik
Al662270
Sulf2
Lrgl
Bcl2ala
Sell
Cyba
FxydS

db3
5730469M10Rik
Clca2
Kitl
H2-Aa
Argl
St8siad
Nudt21
H2-Ab]
Meg3

Myl7
Gimap4
Lepl
ClecTa
Cxerd
Igl-V1
Tyrobp
Corola
Cds3
Etsl
cds2

Tgkvi-117

2'3'cyclic nucleotide 3' phosphodiesterase
phosphatidylinositol-5-phosphate 4-kinase, type 11, alpha
SIDI transmembrane family, member 1
acylphosphatase 1, erythrocyte (common) type
adrenergic receptor kinase, beta 2
Dnal (Hsp40) homolog, subfamily C, member 22
neurocalcin delta
biliverdin reductase B (flavin reductase (NADPH))
polymerase (DNA directed), delta 2, regulatory subunit
G protein-coupled receptor 56
nuclear factor I/B

histocompatibility 2, class 11 antigen A, beta 1
expressed sequence AI467606
expressed sequence AUO15263
regulator of G-protein signaling 2
histone cluster 2, H2be
nuclear factor I/B
expressed sequence C76336
TBC1 domain family, member 10c
BTB and CNC homology 2
RIKEN cDNA 5830443124 gene
TBC1 domain family, member 24

chloride channel calcium activated 1
Rho GTPase activating protein 30
solute carrier family 39 (metal ion transporter), member 8
lymphocyte protein tyrosine kinase
GTPase, IMAP family member 9
immunoglobulin heavy chain complex
protein tyrosine phosphatase 4a3
thymosin, beta 10
T-cell receptor beta, joining region

nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, epsilon
RIKEN ¢DNA 5830407E08 gene
general transcription factor 11 T
transforming growth factor, beta 1
cyclin D1
LFNG O- ide 3-beta-N
fatty acid binding protein 5, epidermal
non-SMC condensin I complex, subunit D2
lamin B1
kit ligand
thymosin, beta 10
cyclin D1
solute carrier family 16 (monocarboxylic acid transporters), member 3
response to metastatic cancers 5
histocompatibility 2, class IT antigen A, alpha
histocompatibility 2, class IT antigen E beta
regulator of G-protein signaling 2

moesin

RIKEN cDNA 1200009F 10 gene

fatty acid binding protein 5, epidermal
immediate early response 3
RIKEN cDNA 5730469M10 gene
expressed sequence AI662270
sulfatase 2
leucine-rich alpha-2-glycoprotein 1
B-cell leukemia/lymphoma 2 related protein Ala
selectin, lymphocyte
cytochrome b-245, alpha polypeptide
FXYD domain-containing ion transport regulator 5
LIM domain binding 3
RIKEN cDNA 5730469M10 gene
chloride channel calcium activated 2
kit ligand
histocompatibility 2, class IT antigen A, alpha
arginase, liver
STS alpha-N- 1 inide alpha-2,8-si 4
nudix (nucleoside diphosphate linked moiety X)-type motif 21
histocompatibility 2, class II antigen A, beta 1
maternally expressed 3

myosin, light polypeptide 7, regulatory
GTPase, IMAP family member 4
lymphocyte cytosolic protein 1
C-type lectin domain family 7, member a
chemokine (C-X-C motif) receptor 4
immunoglobulin lambda chain, variable 1
TYRO protein tyrosine kinase binding protein
coronin, actin binding protein 1A
CD53 antigen
E26 avian leukemia oncogene 1, 5' domain
(D52 antigen
coronin, actin binding protein 1A
serglycin
lipocalin 2
immunoglobulin kappa chain variable 1-117
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0.050
0.039
0.044
0.047
0.049
0.035
0.049
0.046
0.036
0.047
0.044
0.047
0.047
0.044
0.047
0.049
0.050
0.049
0.050
0.048
0.048
0.048
0.035
0.048
0.047
0.035
0.049
0.040
0.047
0.016
0.045
0.047
0.035
0.047
0.044
0.035
0.047
0.044
0.036
0.048
0.050
0.050
0.005
0.049
0.037
0.049
0.049
0.049
0.049
0.050
0.047
0.047
0.044
0.039
0.034
0.048
0.047
0.035
0.036
0.039
0.039
0.036
0.047
0.049
0.047
0.045
0.047
0.047
0.050
0.047
0.049
0.045
0.046
0.027
0.048
0.050
0.047
0.035
0.022
0.049
0.036
0.049
0.047
0.044
0.044
0.039
0.050
0.047
0.035
0.047
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RESUM

La quimioprevencio és una estratégia per reduir el risc de cancer colorectal, una de les
principals causes de mort als paisos occidentals. Pel que fa a aix0, I’acid maslinic (MA-Maslinic
Acid), un triterpé pentaciclic extret de la cera que recobreix les olives, s’ha descrit que es capag
d’inhibir la proliferacioé i d’induir apoptosi en linies cel-lulars de cancer de colon, sense afectar
cel-lules intestinals normals. El present estudi va avaluar I’eficacia quimiopreventiva i els
mecanismes associats de I’MA envers la tumorigenesis intestinal espontania en ratolins
Apc™™_Els ratolins es van alimentar amb una dieta estandard (grup control) o amb una dieta
suplementada amb MA (grup MA) durant sis setmanes. El tractament amb MA va reduir el
nombre total de polips intestinals en un 45% (P < 0.01). Els mecanismes d’accid associats a
aquesta activitat quimiopreventiva es van investigar per comparacio dels perfils d’expressio dels
ratolins control i els ratolins tractats amb MA mitjangant microarrays 1 també per analisi del
perfil metabolic en el sérum dels ratolins utilitzant técniques de ressonancia magneética nuclear.
El fenotip d'expressio induit per ’'MA va suggerir que aquest producte actua inhibint les senyals
de creixement i la inflamacié. Finalment, aquests canvis resulten en un arrest en la fase G1 del
cicle cel-lular i una induccié d’apoptosi. A més, el tractament amb MA va induir un perfil
metabolic protector contra la tumorigenesis intestinal. Aquests resultats mostren per primer cop
l'eficacia i els mecanismes moleculars d’accio de I’'MA enfront el desenvolupament de tumors

Min/+

intestinals en el model de ratolins Apc™™"", suggerint el seu potencial quimiopreventiu contra el

cancer colorectal.
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ABSTRACT

Chemoprevention is a pragmatic approach to reduce the risk of colorectal cancer, one of
the leading causes of cancer-related death in western countries. In this regard, maslinic acid
(MA), a pentacyclic triterpene extracted from wax-like coatings of olives, is known to inhibit
proliferation and induce apoptosis in colon cancer cell lines without affecting normal intestinal
cells. The present study evaluated the chemopreventive efficacy and associated mechanisms of

Min* mhice. Mice were fed

maslinic acid treatment on spontaneous intestinal tumorigenesis in Apc
with a standard diet (control group) or a maslinic acid-supplemented diet (MA group) for six
weeks. MA feeding reduced total intestinal polyp formation by 45% (P<0.01). Putative

Min* mice were

molecular mechanisms associated with suppressing intestinal polyposis in Apc
investigated by comparing microarray expression profiles of MA-treated and control mice and
by analyzing the serum metabolic profile using NMR techniques. The different expression
phenotype induced by MA suggested that it exerts its chemopreventive action mainly by
inhibiting cell-survival signaling and inflammation. These changes eventually induce G1-phase
cell cycle arrest and apoptosis. Moreover, the metabolic changes induced by MA treatment were
associated with a protective profile against intestinal tumorigenesis. These results show the
efficacy and underlying mechanisms of MA against intestinal tumor development in the

Min/+

Apc mice model, suggesting its chemopreventive potential against colorectal cancer.
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INTRODUCTION

Chemoprevention based on the use of bioactive plant compounds has emerged as a
practical approach to decrease the risk of various cancers, including colorectal cancer, which is
one of the most frequent malignancies and one of the leading causes of cancer-related death in
western countries. Familial adenomatous polyposis (FAP), a hereditary colorectal cancer
predisposition syndrome, is caused by a mutated adenomatous polyposis coli (Apc) gene. FAP
patients develop numerous colonic adenomas progressing to colorectal cancer and small

Min* mouse, a common animal model of

intestinal adenomas in most cases. Interestingly, the Apc
intestinal tumorigenesis, harbors a mutation in the same gene that causes FAP and, like FAP
patients, develops large numbers of intestinal tumors at an early age (Su et al., 1992). Therefore,
the Apc™™" mouse model is considered to be an analog of human intestinal tumorigenesis and is

extensively used to study chemotherapeutic agents for humans.

Natural products have been exploited for treatment of human diseases for thousands of
years. Maslinic acid (MA), a natural pentacyclic triterpene, is widely present in dietary plants,
especially in olive fruit skins. This compound has attracted much interest due to its proven
pharmacologic safety and its many biological activities, such as anti-viral (Xu et al., 1996) and
antidiabetogenic (Fernandez-Navarro et al., 2008) functions. More recently, some studies have
shown that MA has anti-cancer capacity in different cell types, including melanoma (Parra et
al., 2011), liver cancer (Lin ef al., 2011), astrocytoma (Martin et al., 2007) and colon cancer.
Specifically in colon malignancies, MA possesses potent differentiating and anti-proliferation
properties, inducing cell-cycle arrest in the GO/G1 phase and apoptosis in colon cancer cells
without affecting non-tumor cells (Reyes ef al., 2006). However, because only a few, mainly in
vitro, studies have aimed to characterize the mechanisms of action of olive components in colon
cancer, further research is required.

Therefore, the main objective of the current study was to determine the efficacy of MA

Min/+

consumption in preventing spontaneous intestinal tumorigenesis in Apc mice and to

characterize the mechanisms by which MA executes its function.

MATERIALS AND METHODS

Animals and treatment. A total of 22 male 4-week-old Apc™™" mice were purchased
from the Jackson Laboratories (Bar Harbor, ME) and maintained in the animal facility at the
University of Barcelona. Animal care was strictly in accordance with the European Union

Regulations. The experimental protocols were approved by the Experimental Animal Ethical
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Research Committee of the University of Barcelona in accordance with current regulations for
animal care and use for experimental purposes. MA was obtained from olive pomace by using
the method described by Garcia-Granados et al. (Garcia-Granados et al., 2003). The extract
used was a white powder comprising 98% maslinic acid and 2% oleanolic acid. This extract is
stable when stored at 4 °C. After a 7-day acclimatization period receiving the standard diet
(Teklad Global 18% Protein rodent diet), animals were randomly divided into two groups of 12
and 10 mice per group (Control and MA, respectively). Control mice were fed with the standard
diet, and the MA-treated group was fed with the same diet supplemented with 100 mg of MA/kg
feed (15 mg MA/kg body weight). Diets were purchased from Harlan Interfauna Iberica S.L
(Barcelona, Spain). Animals were maintained for 12 h light/dark cycles, with free access to
water and food. Throughout the 6-week treatment period, animals were observed for any signs
of toxicity; body weights and food and water intake were recorded weekly. At the end of the 6
weeks, the animals were starved overnight and anesthetized with volatile isoflurane (ESTEVE,
Barcelona, Spain) before blood samples were obtained by cardiac puncture. Finally, mice were
killed by an overdose of anesthesia.

Measurement of intestinal polyps. Apc*™"

mice develop polyps in both the small and
large intestine, with an increased incidence of intestinal adenomas observed in the former.
Therefore, immediately after the mice were killed, the small intestine was excised from each
mouse, cut longitudinally, and rinsed with phosphate-buffered saline solution (pH 7.4) to
remove intestinal contents. Intestines were pinned flat on cardboard and then were fixed for 1
day in 4% neutral-buffered formalin solution (v/v; pH 7.4). Intestinal sections were stored at
room temperature in 1% neutral buffered formalin solution (v/v) until further analysis. To
facilitate tumor quantification and identification, the small intestine was divided into three
equal-length sections: proximal, medial, and distal. Thereafter, the small-intestine sections were
stained in phosphate-buffered saline solution (pH 7.4) containing 0.1% (v/v) methylene blue. By
using a stereomicroscope and a measured grid, tumor number and dimensions were determined

for each small-intestine section. The size of each intestine tumor was categorized as <I mm, 1—

1.9 mm, or >2 mm.

RNA isolation and gene profiling by Affymetrix Microarrays. The large intestine of
each dead mouse was removed and placed on a plastic plate, which was kept at 4 °C. After
removal of the rectum, the colon was opened longitudinally with fine scissors, and mucus and
feces were washed away. The colonic mucosal layer was incubated in Trizol (Invitrogen,
Carlsbad, CA) for 3 min and scraped off of the muscle layer with the edge of a sterile glass
slide. Cells were transferred into 800 uL. Trizol, homogenized by pipetting, and stored at —80°C

until RNA extraction. RNA was isolated by using a combination of two methods. First, total
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RNA was isolated by using the Trizol method according to the manufacturer’s protocol
(Invitrogen, Carlsbad, CA). Subsequently, it was purified by using the RNeasy Mini kit and
digesting it with DNase I (Qiagen, Germantown, MD) according to the manufacturer’s protocol.
RNA pellets were resuspended in DEPC-treated, RNase-free water, and their purity and quantity
were determined spectrophotometrically by using the NanoDrop ND-1000 (NanoDrop
Technologies). RNA samples were considered suitable for further processing if their absorbance
ratio 260/280 was higher than 1.9. Integrity was tested by using lab-on-a-chip technology on the
BioAnalyzer 2100 (Agilent, Palo Alto, CA, USA). Samples were considered intact if they had
an RNA integrity number (RIN) above 8. Affymetrix microarrays on the Mouse Genome 430
2.0 platforms were performed according to the protocols published by the manufacturer
(Affymetrix). Five RNA samples chosen randomly from the control and the MA group were

analyzed.

Microarray data analyses. Data was standardized by using the Robust Multi-array
Average method (Bolstad ef al., 2003) and quantile normalization. Differential gene expression
was assessedusing the limma (Smyth, 2004) package from Bioconductor. Multiple testing
adjustment of p-values was carried out as described by Benjamini and Hochberg (Benjamini et
al., 2001). Biochemical pathway analysis was conducted using Kyoto Encyclopedia of Genes
and Genomes (KEGG) Mapper, a collection of KEGG mapping tools for KEGG pathway
mapping. The Search&Color Pathway tool was used to overlay gene expression results from
microarrays onto biochemical pathways found in KEGG. Gene expression levels were denoted
by color codes displayed on the pathway by gene symbol boxes. Different shapes and pattern
boxes were used to represent induced and suppressed gene expression. Enrichment analysis was
based on MetaCore, an integrated knowledge database and software suite for pathway analysis
of experimental data and gene lists. Enrichment analysis consisted of matching gene IDs of
possible targets for the “common”, “similar”, and “unique” sets with gene IDs in functional
ontologies in MetaCore. The probability of a random intersection between a set of IDs and the
size of target list with ontology entities was estimated by the p-value of hypergeometric
intersection. A lower p-value indicates higher relevance of the entity to the dataset, which shows
in a higher rating for the entity. The use of the False Discovery Rate (adjusted p-value) allowed
processes with doubtful significance in the experiment to be rejected and ensures that findings

are not contaminated with false positives.

RT Real-Time PCR. The cDNA was synthesized in a total volume of 20 pL by mixing 1
ug of total RNA, 125 ng of random hexamers (Roche), 0.01 M dithiothreitol (Invitrogen), 20
units of RNAsin (Promega), 0.5 mM dNTPs (Bioline), 200 units of M-MLV reverse
transcriptase (Invitrogen), and 4 uL 5X First-Strand Buffer (375 mM KCl, 15 mM MgCl,, 250
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mM Tris-HCL, pH 8.3) (Invitrogen). The reaction mixture was incubated at 37°C for 60 min.
The cDNA product was used for subsequent real-time PCR amplification. The mRNA levels of
the selected genes were determined in an ABI Prism 7000 Sequence Detection System (Applied
Biosystems) by using 9 puL of the cDNA mixture and 11 pL of the specific primers in Master
mix (all from Applied Biosystems). 2 microglobulin (B2M) RNA was used as an endogenous
control. The reaction was performed following the manufacturers recommendations. Fold-

changes in gene expression were calculated by using the standard AACt method.

Serum sampling and NMR metabolic analysis. Blood samples were obtained by
cardiopuncture of anesthetized mice, and serum samples were obtained by centrifuging blood at
600 g at 4°C for 10 min. Macromolecules were removed from the serum samples by using the
ultrafiltration method described by Giinther et al. (Gunther et al., 2005). Briefly, NanoSep 3K
Omega centrifugal devices were prepared by washing them 10 times with 0.5 mL water + 0.75
g/L sodium azide at 1100 g and 30°C for 1 h. Prior to use, the mouse samples were stored at
—80°C. When needed, samples were thawed, filtered, and then spun at 9000 g at 4°C for 45 min.
Then, 150 pL of the filtrate was diluted to obtain a 600-uL. NMR sample in buffer (60 mmol/L
sodium phosphate, 10 mmol/L sodium azide, 0.5 mmol/LTMSP, 10% D,0O, pH 7.0). The
samples were analyzed by using a Varian 600 Direct Drive spectrometer operating at 599.36
MHz with a 5 mm triple resonance probe at 25°C. One-dimensional '"H NMR spectra were
obtained by using 1024 transients, 16 steady-state scans, a spectral width of 6313 Hz, 16384
complex data points, and a 4 s recycling time. Excitation sculpting was used for water
suppression. The data were processed in NMRLab (Gunther ef al., 2000). An exponential line-
broadening function of 0.3 Hz was applied, and the dataset was zero-filled to 32768 data points
prior to Fourier transformation. Both spectra were phase-corrected manually and referenced to
TMSP (at 0 ppm). Regions containing residual water signal and a TMSP signal were removed,
and the data were binned, normalized, log-transformed, and mean-centered prior to principal
component analysis. Loadings were then exported to Chenomx NMR Suite with associated
libraries (version 4.5; Chenomx), which was used to identify metabolites contributing to signals

in the loadings plots.

RESULTS AND DISCUSSION

CMin/+

MA inhibits intestinal tumorigenesis without affecting body weight in AP mice.

During the experiment, all mice were monitored for body weight, diet, and water consumption.

Min/+

For the last three weeks, Apc mice fed with MA showed significantly lower body weight

gains than did controls (Figure 1A). However, there were no significant differences in water
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(data not shown) or food intake (Figure 1B) between control and MA-fed mice. Therefore, the
loss of weight in MA-treated mice may not be attributed to differences in food and drink intake
and may not be related to a satiety effect either. In fact, weight loss could be related to the
antiobesity and antidiabetogenic features of MA (Liu et al., 2007). Furthermore, none of the
animals fed with MA produced any sign of toxicity or any gross changes in any organ, including

liver, lung, and kidney.

—a—C —o—MA

Mice body weight (g)
n

6] 1 2 3 4 5 6
Weeks of treatment

Average food-intake (mg)/mouse

3 4 5 6

Weeks of treatment

—
M

Figure 1. A) Effects of maslinic acid treatment on body weight. B) Effects of MA feeding in food intake.
Data represented as mean + SEM (* *, p > 0.01).

Min* mice.

As shown in Figure 2A, MA prevented spontaneous intestinal polyposis in Apc
Dietary feeding with MA at 100 mg/kg of feed significantly (P<0.01) suppressed intestinal
polyp formation by about 45% (9 tumors per mouse) when compared with the control diet group

(16 tumors per mouse). Although MA significantly reduced the total number of polyps in small
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intestine, this effect was statistically nonsignificant (due to fewer polyps and high variability)
when polyps are classified by size or zone, except for polyps in the proximal small intestine
(Figure 2B & C). MA showed differential efficacy depending on small-intestine segment. The
most important MA chemopreventive effect was observed on proximal polyps (69%), followed
by medial (4%) and distal polyps (28%) (Figure 2B). This is in agreement with previous
evidence that some dietary and pharmaceutical compounds provide cancer protection only in
parts of the small intestine (Corpet e al., 2003). These effects could be related to several
physiologic conditions through the gastrointestinal tract, such as pH, expression pattern of
several enzymes, microbiota, and concentration due to intestinal content. All these conditions
can modify the chemical structure of a chemopreventive agent and influence its final
metabolism and, consequently, its anticancer effect. For example, resveratrol is almost
completely conjugated upon oral administration, and the most bioactive metabolites are its
glucuronide and sulfate derivatives (Tessitore et al., 2000; Iwuchukwu et al., 2008). The
inhibitory efficacy depending on polyp size was more homogeneous, suggesting that MA
inhibits both the appearance and development of intestinal polyps. In size distribution analysis
of polyps, MA reduced the occurrence or growth of <1 mm diameter polyps by 44%, of 1-2 mm
diameter polyps by 33%, and of >2 mm diameter polyps by 50% (Figure 2C).
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Figure 2. A) Total number of polyps/mouse in the small intestine of Apc mice. B) Number of

polyps/mouse in proximal, medial and distal sections. C) Number of polyps/mouse shown by polyp size
distribution (<1 mm diameter polyps, 1-2 mm and >2 mm). Data represented as mean £ SEM (* *, p >

0.01).

Gene expression profile induced by MA. To elucidate the underlying mechanisms by

Min/+

which MA inhibits intestinal tumorigenesis in Apc mice, we determined the transcriptional

Min/+

profile of the Apc
MA feeding.

mice’s colonic mucosa by performing cDNA microarray analysis after

In the present study, we analyzed the expression profile of 45 101 genes by performing
whole mouse genome cDNA microarrays. MA supplementation changed the expression of 2375
genes (p-value < 0.05), with an absolute fold-change of 1.5 or more. Of these 2375 differentially

expressed genes, 193 were upregulated, and 2182 were downregulated (Supplemental data 1).
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First, the list of differentially expressed genes between non-treated and MA-treated mice
was subjected to a KEGG molecular pathway analysis using the KEGG Mapper tool to identify
possible enrichment of genes with specific biological activities. The results of this study showed
modifications mainly in cancer-related pathways. Figure 3 depicts the KEGG colorectal cancer
pathway using KEGG Mapper and shows that MA downregulates glycogen synthase kinase 33

Min/+

(Gsk3b), a protein involved in Wnt signaling that is affected in Apc mice. As mentioned

Min/+

above, Apc mice contain a mutation in APC that, together with Axin and GSK3p, operates

by activating B-catenin degradation. Therefore, the mutation of the Apc gene present in the

Min/+

Apc mouse produces a cytosolic accumulation and an increase in nuclear translocation of -
catenin. In the nucleus, B-catenin interacts with the transcription factor T cell factor/lymphoid
enhancer factor (TCF/LEF), leading to an increase in the expression of survival genes, including
c-Myc, Cyclin D1, and Cyclooxygenase-2 (Cox-2) (Phelps et al., 2009). However, GSK3p has
also been linked to a prosurvival signal in a Wnt/B-catenin-independent manner. In this regard,
GSK3p is constitutively activated in colon cancer cells, where it is implicated in tumorigenesis
and cancer progression. Accordingly, the downregulation of GSK3f inhibits proliferation and
enhances apoptotic cell death in chronic lymphocytic leukemia B cells, renal cancer cells,
pancreatic cancer cells, and colon cancer cells (Min et al., 2009; Ban et al., 2010). These results
may indicate that MA confers a protective effect by inhibiting GSK3p. Interestingly, MA also
inhibited Cyclin D (Ccndl), a gene expressed after the transcriptional activation of f-
catenin/TCF/LEF. Cyclin D is involved in regulating cell-cycle progression and drives the G1/S

phase transition. In agreement with this result, the results of other studies have related MA

antitumor activity to an inhibition of cyclin D1 expression (Li et al., 2010).
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Figure 3. Adaptation of KEGG colorectal cancer pathway using KEGG Mapper. Circular pathway

members were significantly up-regulated and rectangular members were found to be down-regulated in

Min/+

the intestinal mucosa of Apc mice treated with MA. Horizontal lines indicate a fold change (FC) of

between 1.5 and 2 and vertical lines a FC of more than 2.

Moreover, MA treatment downregulated the expression of the Ak#/ gene, which codes for
the protein AKT (protein kinase B, PKB), a serine/threonine kinase critical in controlling cell
survival, insulin signaling, angiogenesis, and tumor formation. Overexpression of 447 is an early
event in colorectal carcinogenesis (Colakoglu et al., 2008), thus the lower expression of 4kt in

MA-treated mice may be related to the inhibition of intestinal polyp growth in Apc™™" mice.

Another common clinicopathologic feature of colorectal carcinoma is the presence of
mutations in p53 (7pr53). This gene encodes protein p53, which regulates cell cycle, apoptosis,
senescence, metabolism, and DNA repair. The mutated form of p53 is highly expressed in more
than 50% of all cancers, including colon cancer. The existence of overexpressed p53 in APCM™*

CMin/+

mice may explain the downregulation of p53 by MA. In AP mice, p53 inactivation does

has been reported to have little effect on the incidence or the progression and apoptosis of
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adenomas (Qiu ef al., 2009). Nevertheless, inhibition of p53 in mice treated with MA indicates

that the death process is p5S3-independent.

The genes of the post-replicative DNA mismatch repair system (MMR) are also involved
in DNA repair. One of these genes, Msh6, was inhibited by MA. DNA repair is associated with
the prevention of mutagenesis and cancer but can also be associated with the detection and
repair of mismatches derived from chemically induced DNA damage with genotoxic agents. In
this regard, the utility of genotoxic drugs is often limited by the enhanced ability of cancer cells
to repair their DNA. Therefore, attenuation of the DNA repair system sensitizes tumor cells to
DNA-damaging agents (Abuzeid et al., 2009). Notably, MA has been reported to interfere with
DNA integrity in HT29 cells (Reyes-Zurita et al., 2011); hence, it could be acting, at least in
part, as a genotoxic agent. In this case, Msh6 downregulation could trigger DNA damage and
posterior apoptosis. Anyway, inhibition of only one DNA repair system would hardly affect

final repairing activity due to the functional redundancy of MMR proteins.

Furthermore, MA supplementation downregulated the expression of Tgfb! and its
receptor (7gfblrl). Advanced colorectal adenomas usually present changes in transforming
growth factor beta (TGFp) signaling. Generally, cancerous cells increase their production of
TGFpB, which acts on the secreting cancerous cells themselves and on surrounding cells
regulating cell growth, differentiation, and apoptosis (Shiou et al., 2006). Thus, reduction of

Min/+

TGFp signaling by MA may be involved in the inhibition of tumorigenesis in Apc mice.

In the advanced stages of colorectal pathogenesis, deleted in colorectal carcinoma (Dcc)
gene expression appears to be lost or markedly reduced. This gene encodes a netrin 1 receptor
that functions as a tumor suppressor via its ability to trigger tumor cell apoptosis (Castets et al.,
2011). MA caused upregulation of DCC, indicating a pro-apoptotic effect. However, a mediator
of the DCC apoptotic pathway, DIP13a (4ppll) was downregulated by MA treatment. DIP13a
interacts with a region on the DCC cytoplasmic domain that is required for the induction of
apoptosis (Liu ef al., 2002). However, DIP13a also binds many other proteins, including
RABSA, AKT2, PI3KCA, and adiponectin receptors to regulate cell proliferation and
adiponectin and insulin signaling. Given that little is known about DIP13a, its inhibition by MA

Min/+

could indicate a beginning of MA-resistance in Apc mice, antagonizing DCC apoptotic

activation but also modulating other DIP13a biological functions.

Furthermore, MA modulated the expression of another apoptosis-related protein called
Bcl-2, an integral outer mitochondrial membrane protein that suppresses apoptosis by
controlling mitochondrial membrane permeability. Bcl-2 inhibits caspase activity either by

preventing the release of cytochrome c from the mitochondria and/or by binding to the
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apoptosis-activating factor. Downregulation of Bcl-2 by MA acts as a pro-apoptotic stimulus.
This finding is in agreement with that of a recent study where western blotting analysis showed
that the treatment of the HT29 human colon adenocarcinoma cell line with MA induced the

repression of Bel2 (Reyes-Zurita et al., 2011).

Pathway analysis performed using KEGG Mapper was complemented with an
independent analysis by MetaCore to obtain a p-value for each pathway. According to the
GeneGO Maps Folder in Metacore, the maps containing genes corresponding to cytoskeleton
remodeling, transcription, cell cycle, cell adhesion, immune response, apoptosis, and survival in
normal and pathologic TGF-B-mediated regulation of cell proliferation were the most

significantly modulated (Table 1).

Table 1. Effects in modulated pathways by MA in colon mucosa of ApcMin/+ mice as found in Metacore

GeneGO Maps Regulated pathways p-value _signifi genes Wodulated genes

Cytoskeleton remodeling TGF, WNT and cytoskeletal remodeling (1) 3,57E-09 23111 Ncl, Tgfb1, Tgfbr, WntSa, Fzd7, Dvi1, Dock1, Akt1, Gsk3b, Map3k7, Mapk14,
Limk2, Ppard, Trps3, Cend1, Cfl1, Actnt, Arped, Sos1,Grb2, Pxn , Tin1, Shct
Cytoskeleton remodeling (1) 4,91E-07 19/102 Nel, Tgfb1, Tafbrt, Dockl, Gskab, Map3k7, Mapk14, Limk2, Ci1, Actnt, Arped,
Sos1,Grb2, Pxn , Tint, Shet
Transcription CREB pathway (1) 118E-07 13/44 'AKt1, Mapk14, Cend1, Sos1, Grb2, Shet, Clcaz, Camk2g, Gprcsa, Pricb,
Prkar2b, Rps6ka2, Cdo1, Prkaca, Fbxws, Fbxw11
Cell cycle Regulation of G1/S transition (part 1) (1) T61E-07 12138 ‘Cdka, Caké, Junb, Birc, Ppp2rd, Tafb1, Tgfbrl, Gskab, Cond, Cond2
Cell adhesion Chemokines and adhesion (1) 3,55E-07 197100 Dockl, Akt1, Gskab, Limk2, Cil1, Actnt, Arped, Sos1,Gb2, Pxn, Tind, Shct,
Thbs1, Cd4d, Cdd47, ltga3, Msn, Flot2, Eifdg1
Immune response Signaling pathway mediated by IL-6 and IL-1 (1) 3,56E-06 o727 Sos1,Grb2, Shot, lbst, Jak1, IKbkap, Nikbie, Irak1, Cebpb
IL-15 signaling (1) 2,19E-06 14/64 Akt1, Mapk14, Sos1,Grb2, Shct, li2rg, Adam17, Nikbie, Prkce, Ets1, Bel2, Bol2i1
MIF - the neuroendocrine-macrophage connector () 1,92E-04 4/46 Picb2, Pla2géc, lipr2
PIP3 signaling in B () 1,34E-04 4142 Picb2, Pikart, ltpr2, Foxo3, Igh-6

Apoptosis and survival BAD phosphorylation (1) 7,21E-06 11742 Bol2. Bol2l1, Sos1, Grb2, She2, Rpsekaz, Ywhas, Ywhag. Prkarzb. Priaca

Normal and pathological TGF-beta-mediated regulation of cell prolif. _Normal and pathological TGF -beta mediated regulation of cell profif_(1) _2.71E-06 10733 Tgtb1, Tgfor, Gskab, Mapki4, Trp53, Cond Sos1,Grb2, She, Map2ké,

171 Activated/Inhibited

In addition to the aforementioned cell-cycle-associated genes, Metacore analysis
identified downregulation of Cdk4, Cdk6, Btrc, Junb, and Ppp2r4 (Table 1, cell cycle). Cell-
cycle progression is highly controlled by a complex network of signaling pathways that
eventually converge to regulate the activity of cyclin/cyclin-dependent kinase (CDK)
complexes. There are different members of the CDK family, and each CDK is dependent on a
particular cyclin; therefore, the activity of each CDK can be controlled by the availability of its
cyclin partner (Ballabeni et al., 2011). In this regard, in addition to the downregulation of cyclin
D mentioned previously, MA inhibited the expression of its partners during G1 phase, Cdk4 and
Cdk6, inhibiting the G1 cyclin-CDK complexes and leading to Gl-phase cell-cycle arrest.
Specific and timely proteolysis of cell-cycle regulators by the ubiquitin-proteasome system
represents an important mechanism that ensures proper progression through the cell cycle in a
unidirectional and irreversible manner. Moreover, in cancer cells, deregulation or suppression of
the proteasome is supposed to induce uncontrolled proteolysis and is linked to having a more
sensitive profile to drugs than that of normal cells (Roberti ez al.). MA inhibited the ubiquitin
ligase SKP1-CUL1-F-box-protein (SCF) complex by downregulating the Btrc gene. BetaTrCP
protein pertaining to the F-box family is the substrate-recognition component of the SCF

ubiquitin ligase complex, which mediates the ubiquitination and subsequent proteasomal
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degradation of target proteins involved in cell-cycle checkpoints, protein translation, cell
growth, and survival. Interestingly, BPTrCP mediates the degradation of the pro-apoptotic protein
BimEL to promote cell survival (Dehan et al., 2009) and has been reported to be overexpressed
in colorectal tumors (Ougolkov ef al., 2004). Hence, its downregulation by MA could be related

to the inhibition of spontaneous polyposis in Apc™™*

. Additionally, MA modulates other cell-
cycle regulatory proteins. For example, MA suppresses the expression of the gene encoding the
oncogenic protein JunB, which is an essential component of the activating protein-1 (AP-1)
transcription factor that is involved in the control of cell growth, differentiation, inflammation,
and neoplastic transformation. It is noteworthy that a recent study demonstrated that the
chemopreventive effects of MA in Raji cells depends on the inhibition of nuclear factor-xB
(NF-kB) and the activation of Activator protein (AP-1) (Hsum ef al., 2011). Another protein

Min* mice after treatment

controlling cell growth and division that was downregulated in Apc
with MA was a regulatory subunit of protein phosphatase 2A (PP2A) (Ppp2r4). This protein has
been described to dephosphorylate B-catenin, acting as a positive regulator of Wnt signaling
(Eichhorn et al., 2009; Zhang et al., 2009). Moreover, Ppp2r4 function is essential for cell
survival (Eichhorn et al., 2009; Zhang et al., 2009). Therefore, MA’s downregulation of the

gene encoding this protein could be involved in its antitumor effect.

Apart from the apoptosis-related genes already mentioned, Metacore analysis revealed
that the induction of apoptosis by MA was also based on the downregulation of the anti-
apoptotic gene Bc/2l] (Bcl-XL) (Table 1, apoptosis and survival). Moreover, different signal
transduction pathways that save cells from apoptosis have been shown to be modulated in MA-
treated mice. For instance, MA downregulates epidermal growth factor receptor (EGFR)
signaling, which is related to mitogenesis and tumorigenesis. After EGFR activation, a trimeric
complex between tyrosine phosphorylated She, Grb2, and Sos is formed and this, in turn,
triggers downstream mitogenic signaling (Koizumi et al., 2005). MA exerted this action by
downregulating Shcl, Grb2, and Sosl gene expression. Furthermore, MA treatment reduced the
expression of the Rps6ka2 gene, coding for the protein p90Rsk, a downstream mediator of the
mitogen-activated protein kinase (MAPK) pathway, which has been reported to inhibit
apoptosis via the stimulation of binding of Bad to 14-3-3 and the inactivation of Bad-mediated
cell death (Tan et al., 1999). Interestingly, MA also triggered this apoptotic action by inhibiting
the expression of Ywhae and Ywhag, which code for different members of the family of 14-3-3
proteins, and thus reducing Bad sequestration and increasing Bad-induced apoptosis via the
mitochondrial death pathway (Wu et al., 2009). In addition, MA reduced the expression of
Prkar2b and Prkaca coding for the regulatory subunit type Il-beta of the cAMP-dependent
protein kinase (PKA RlIl-beta) and the catalytic subunit alpha of the cAMP-dependent protein
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kinase (PKA C-alpha), respectively. PKA is a serine/threonine kinase that is activated by cyclic
adenosine monophosphate (cAMP). Effects of PKA on apoptosis are likely to be largely
dependent on the cell type and the mechanisms by which apoptosis is induced (Franklin ez al.,
2000). In the case of Apc™™* mice, treatment with a PKA antagonist, Rp-8-Br-cAMPS, reduces
tumor promotion and B-catenin levels, nuclear translocation, and expression of some of its target

genes, such as c-Myc and cyclooxygenase-2 (Cox-2) (Brudvik et al., 2011).

In addition, evidence is accumulating to suggest that proteins involved in regulating actin
cytoskeleton and cell adhesion also participate in mitogenesis, either as unique transducers of
growth signals or as monitors of anti-apoptotic conditions, or both (Honda et al., 2005; Rosano
et al., 2006). In this regard, Metacore analysis showed that MA downregulated the maps
containing genes corresponding to cytoskeleton remodeling and cell adhesion (Table 1,
cytoskeleton remodeling and cell adhesion). Amongst the modulated genes, it is important to
highlight Cd44, which encodes a transmembrane protein associated with tumor invasion,
metastasis, and acquisition of resistance to apoptosis. A recent study using short hairpin RNA
against CD44 to silence its expression in SW620 colon cancer cells showed that reduced
expression of the protein inhibited cell proliferation, migration, and invasion. In agreement with
our results, reduced expression of CD44 induced cell cycle arrest in the G1 phase and apoptosis
via the downregulation of Bcl-2 and Bcel-xL and the upregulation of BAX (Park ef al., 2012).

Therefore, expression data in cancer signaling indicate that, as suggested by our polyp

Min/+

analysis, MA inhibits both the appearance and development of intestinal polyps in Apc mice

by inducing a cell-cycle arrest in the G1 phase and p53-independent apoptosis.

Finally, Metacore also revealed the downregulation of immune system-related genes by
MA (Table 1, immune response). Inflammation and immune system responses have
controversial effects in cancer, either by preventing and inhibiting tumor development or, when
inflammation becomes chronic, by promoting the growth and progression of cancer (Zamarron
et al., 2011). In this regard, chronic inflammation plays a decisive role in the development and
sustenance of intestinal adenomatous polyps in the Apc™™" mice (McClellan ef al., 2012).
Accordingly, MA has been implicated in anti-inflammatory and immune-attenuating actions via
suppression of NFkB (Huang et al., 2011). Therefore, in this case, the downregulation of

immune system responses by MA may reduce tumor growth.

Validation of microarray data by RT-PCR. The changes in mRNA expression
observed in the microarrays for Ccndl, Cdk4, Bcl2, Shcl, Cd44 and Sorbs 1 were validated by

performing RT real-time PCR assays (Figure 4). These targets were selected for RT real-time
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PCR analysis on the basis of their significant participation in the chemopreventive effects
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Figure 4. Validation of genes that were differentially expressed in the colon mucosa of Apc mice

after MA treatment by RT-PCR. Data represented as mean = SEM (*, p > 0.05; * * p > 0.01).

Metabolic profile of blood serum induced by MA. '"H NMR spectroscopy detected a
wide range of metabolites in mouse serum. Principal component analysis revealed a clear
difference between controls and MA-fed mice, with little variation between the replicates
(Figure 5). This result reflects the observation in NMR spectra (Figure 6) in which replicates are
almost indistinguishable but significant differences are observed between MA-treated and
control mice. Comparison of the NMR spectra of serum from control and MA-fed mice showed
that MA supplementation produced an increase in ketone bodies, whereas it reduced the levels
of glucose relative to that in untreated mice (Figure 6). Interestingly, the genetic modulations
induced by MA can explain the altered metabolic profile. The decrease in serum glucose
concentration in ApcMin/+ mice treated with MA could be a consequence of the upregulation of
the c-Cbl-associated protein (CAP) encoded by Sorbsi. CAP plays a critical role in insulin-
regulated GLUT4 translocation (Zhang ef al., 2003) and hence, its activation by MA promotes
glucose cellular uptake. Moreover, low glucose levels in mice serum can be due to a glycogen
accumulation triggered by MA treatment. First, glycogen reservoirs are regulated by the

aforementioned GSK3. This protein, apart from its role in Wnt and pro-survival signaling, is
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able to phosphorylate and inhibit glycogen synthase activity, impairing glycogen synthesis.
Thus, inhibiting GSK3 by MA implies an activation of glycogen accumulation. Second, MA
also reduced Phkal expression. Because the Phkal gene encodes PHK protein, which activates
glycogen phosphorylase and leads to the conversion of glycogen into glucose-1-phosphate,
downregulating PHK inhibits glycogen degradation. In addition to these transcriptional
modifications, MA has been described to be a potent inhibitor of glycogen phosphorylase
activity, thus triggering glycogen reservoir accumulation (Guan et al., 2011). An increase in
ketone bodies was also found in serum from MA-treated mice. Ketone bodies consisted of 3-
hydroxybutyrate and acetoacetate. The decrease in serum glucose may contribute to the increase
in serum ketone body concentrations because, although ketone body synthesis occurs normally
under all conditions, its formation increases as glucose availability drops. To support the
elevated ketone body synthesis in MA-treated mice, high fatty acid oxidation is necessary for
the production of acetyl-CoA used as substrate. In mice treated with MA, fatty acid degradation
is activated by the upregulation of Cpz1, which encodes carnitine palmitoyltransferase I (CPT I),
the mitochondrial gateway for fatty acid entry into the matrix and, thus, the main controller
of fatty acid oxidation. It is noteworthy that this observation may be involved in the loss of

weight detected in Apc™™*

mice after MA treatment. Given that accumulating evidence
suggests that obesity (Mutoh er al., 2011) and hyperglycemia (Erbach et al., 2012) are
associated with increased risk of colorectal cancer, the metabolic changes induced by MA

Min/+

treatment are potentiating its chemoprotective effect in Apc mice.

Taken together, our data show that MA is a nontoxic agent that effectively inhibits

intestinal polyposis in genetically predisposed Apc™™”

mice. The cancer chemopreventive
effects of MA are mainly related to the modulation of cancer progression—related genes,
suggesting an induction of a G1-phase cell-cycle arrest and activation of apoptosis by a p53-
independent mechanism. Moreover, the expression of genes related to energy metabolism is
altered by MA to support a protective metabolic profile. In summary, our findings provide the

first in vivo evidence that MA is a promising nutraceutical for colon cancer prevention.
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Figure 5. Principal component analysis revealed a clear difference between controls and MA-treated

mice with little variation between the replicates.
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Figure 6. Overlaid '"H NMR spectra of sera from Apc™™* mice in the control and MA-treated groups. (A)
Spectra fragment from 2.28 to 2.44 ppm. (B) Spectra fragment from 3.38 to 3.56 ppm.
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Supplemental data 1

Genes differentially expressed MA_vs_CTL

Affimetrix ID Symbol Gene description Fold change Adjusted p-value
1437438 x_at Pnliprp2 pancreatic lipase-related protein 2 58 0,009521
1447802_x_at AV099323 expressed sequence AV099323 3,8 0,000000
1437812_x_at Ganab alpha glucosidase 2 alpha neutral subunit 3,6 0,000000
1447007 _at 1700008I05Rik RIKEN cDNA 1700008105 gene 2,6 0,000000
1447882_x_at Ddx54 DEAD (Asp-Glu-Ala-Asp) box polypeptide 54 25 0,000000
1450875_at Gpr37 G protein-coupled receptor 37 25 0,000000
1441935_at Ankra2 ankyrin repeat, family A (RFXANK-like), 2 24 0,000000
1440180_x_at Zbtb3 zinc finger and BTB domain containing 3 23 0,000000
1440383 _at Dclre1b DNA cross-link repair 1B, PSO2 homolog (S. cerevisiae) 23 0,000001
1420132_s_at Pttg1ip pituitary tumor-transforming 1 interacting protein 21 0,000003
1447902_at 1810013A23Rik RIKEN cDNA 1810013A23 gene 2,1 0,000000
1455792_x_at Ndn necdin 21 0,000002
1439296_at Prickle3 prickle homolog 3 (Drosophila) 21 0,000000
1452538 _at Igh-6 immunoglobulin heavy chain 6 (heavy chain of IgM) 2,0 0,000001
1418913_at Bhmt2 betai ystei 2 2,0 0,000005
1419911_at Corolc coronin, actin binding protein 1C 2,0 0,000002
1439224 _at 2,0 0,001574
1451600_s_at EG13909 predicted gene, EG13909 2,0 0,001412
1459047 _x_at 1,9 0,000004
1436383_at Cplx2 complexin 2 1,9 0,000000
1456120_at Secisbp2| SECIS binding protein 2-like 1,9 0,002064
1417197 _at Wwc2 WW, C2 and coiled-coil domain containing 2 1,9 0,000000
1439124 _at Wdr91 WD repeat domain 91 1,9 0,000001
1456868_at 1,9 0,000002
1440159_at 1700010BO9Rik RIKEN cDNA 1700010B09 gene 1,9 0,000317
1420175_at Tax1bp1 Tax1 (human T-cell leukemia virus type ) binding protein 1 1,9 0,000134
1422425_at Sprr2k small proline-rich protein 2K 1,9 0,004129
1458626_at Nos1 nitric oxide synthase 1, neuronal 1,9 0,000009
1422973_a_at Thrsp thyroid hormone responsive SPOT14 homolog (Rattus) 1,9 0,000001
1439144 _at Cwf1911 CWF19-like 1, cell cycle control (S. pombe) 1,9 0,000002
1425824 _a_at Pcsk4 proprotein convertase subtilisin/kexin type 4 1,8 0,000003
1435906_x_at Gbp2 guanylate binding protein 2 1,8 0,003678
1438956_x_at Pim3 proviral integration site 3 1,8 0,000032
1459115_at 1,8 0,000000
1422162_at Dcc deleted in colorectal carcinoma 1,8 0,000002
1452481_at Plcb2 phospholipase C, beta 2 1,8 0,000007
1441160_at D330050G23Rik RIKEN cDNA D330050G23 gene 1,8 0,000000
1419349_a_at Cyp2d9 cytochrome P450, family 2, subfamily d, polypeptide 9 1,8 0,006830
1419975_at Scp2 sterol carrier protein 2, liver 1,8 0,000381
1443152_at Ptcd3 pentatricopeptide repeat domain 3 1,8 0,000058
1447892_at 1,8 0,000034
1429983 _at 2010002MO9Rik RIKEN cDNA 2010002M09 gene 1,8 0,000010
1458250_at Fam13c family with sequence similarity 13, member C 1,8 0,000002
1450260_at Grpr gastrin releasing peptide receptor 1,8 0,008580
1423804 _a_at Idi1 i I-diph hate delta i 1,8 0,005388
1439834 _at 2400009B08Rik RIKEN cDNA 2400009B08 gene 1,8 0,000001
1455457 _at Cyp2c54 cytochrome P450, family 2, subfamily c, polypeptide 54 1,7 0,000046
1456003_a_at Slc1a4 solute carrier family 1 (glutamate/neutral amino acid transporte 1,7 0,000006
1459243 _at 100042016 predicted gene, 100042016 1,7 0,000258
1440642_at D630042P16Rik RIKEN cDNA D630042P16 gene 1,7 0,000005
1443827 _x_at Fam20c family with sequence similarity 20, member C 1,7 0,000069
1438615_x_at 2010317E24Rik RIKEN cDNA 2010317E24 gene 1,7 0,000000
1439404_x_at Zfx zinc finger protein X-linked 1,7 0,000025
1441840_x_at Sbno2 y notch 2(D 1,7 0,000002
1442027_at Nbeal1 neurobeachin like 1 1,7 0,000084
1451635_at AB056442 cDNA sequence AB056442 1,7 0,000016
1436991_x_at Gsn gelsolin 1,7 0,000197
1432731_at 5830437K03Rik RIKEN cDNA 5830437K03 gene 1,7 0,000216
1426520_at Btg4 B-cell translocation gene 4 1,7 0,000015
1416023_at Fabp3 fatty acid binding protein 3, muscle and heart 1,7 0,000011
1443799 _at 1,7 0,000078
1436750_a_at Oxct1 3-oxoacid CoA transferase 1 1,7 0,000589
1437671_x_at Prss23 protease, serine, 23 1,7 0,001541
1459788_at Gpr107 G protein-coupled receptor 107 1,7 0,002566
1436737_a_at Sorbs1 sorbin and SH3 domain containing 1 1,7 0,000611
1439822_at 1,7 0,000002
1423544 _at Ptpn5 protein tyrosi h ptor type 5 1,7 0,001058
1423635_at Bmp2 bone morphogenetic protein 2 1,7 0,002040
1417461_at Cap1 CAP, adenylate cyclase-associated protein 1 (yeast) 1,7 0,004914
1451547 _at lyd iodotyrosine deiodinase 1,7 0,008053
1460055_at 1,7 0,000055
1418623_at Rab2a RAB2A, member RAS oncogene family 1,7 0,000017
1444254 _at Tns4 tensin 4 1,7 0,000004
1439887_at 1,7 0,000619
1456701_at B230208H17Rik RIKEN cDNA B230208H17 gene 1,7 0,000001
1440824 _at 1,7 0,000001
1455226_at Spnb1 spectrin beta 1 1,7 0,000066
1448301_s_at Serpinb1a serine (or cysteine) peptidase inhibitor, clade B, member 1a 1,7 0,000317
1454789 _x_at Prpf6 PRP6 pre-mRNA splicing factor 6 homolog (yeast) 1,7 0,000003
1431189_a_at Fahd2a fumar y domain ining 2A 1,7 0,000000
1441009_at 4732491K20Rik RIKEN cDNA 4732491K20 gene 1,7 0,000148
1458335_x_at Urm1 iquitin related i 1 (s. isiae) 1,7 0,000029
1436099_at Al836003 expressed sequence Al836003 1,7 0,000036
1418069_at Apoc2 apolipoprotein C-ll 1,7 0,000867
1422533 _at Cyp51 cytochrome P450, family 51 1,7 0,003016
1455912_x_at Unc45a unc-45 homolog A (C. elegans) 1,7 0,000000
1449687 _at D10Ertd610e DNA segment, Chr 10, ERATO Doi 610, expressed 1,6 0,001949
1424014 _at 2900092E17Rik RIKEN cDNA 2900092E17 gene 1,6 0,000007
1429935_at Len12 lipocalin 12 1,6 0,000005
1419972 _at Slc35a5 solute carrier family 35, member A5 1,6 0,000001
1445125_at D8Ertd107e DNA segment, Chr 8, ERATO Doi 107, expressed 1,6 0,000027
1416854 _at Slc34a2 solute carrier family 34 (sodium phosphate), member 2 1,6 0,015000
1446978_at 1,6 0,000011
1437140_at 4930412F15Rik RIKEN cDNA 4930412F15 gene 1,6 0,000027
1436155_at Nmnat2 icoti i i yly 2 1,6 0,000116
1427267 _at Tnrc18 trinucleotide repeat containing 18 1,6 0,000029
1438156_x_at Cptla carnitine palmitoyltransferase 1a, liver 1,6 0,001922
1455033_at Fam102b family with sequence similarity 102, member B 1,6 0,000012
1418113_at Cyp2d10 cytochrome P450, family 2, subfamily d, polypeptide 10 1,6 0,001799
1437342_x_at Pttg1ip pituitary tumor-transforming 1 interacting protein 1,6 0,000007
1438588 _at Plagl1 pleiomorphic adenoma gene-like 1 1,6 0,000017
1418602_at Cdh15 cadherin 15 1,6 0,000025
1441026_at Parp4 poly (ADP-ribose) polymerase family, member 4 1,6 0,005460
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Capitol 5

1431688_at
1425514 _at
1456569_x_at
1425848_a_at
1447227 _at
1439451 _x_at
1445708 _x_at
1422320_x_at
1427780_at
1459658 _at
1423037 _at
1452460_at
1419918_at
1456397_at
1445556_at
1450361_at
1417485_at
1445566_at
1439427 _at
1424386_at
1433681_x_at
1433855_at
1441910_x_at
1427970_at
1422904_at
1424722_at
1435084_at
1429427 s_at
1419439 _at
1440144_x_at
1445352_at
1456844 _at
1445662_x_at
1436408_at
1434831_a_at
1444662 _at
1424610_at
1434426 _at
1435964 _a_at
1418580_at
1443792_at
1437171_x_at
1433888_at
1450255_at
1442241_at
1428234 _at
1447062_at
1434507 _at
1434807_s_at
1416835_s_at
1426232_at
1433430_s_at
1441362_at
1451182_s_at
1456327_at
1428689_at
1449186_at
1440715_s_at
1418340_at
1437410_at
1451794 _at
1427580_a_at
1439819_at
1430144 _at
1442989 _at
1443331_at
1418528_a_at
1452676_a_at
1420142_s_at
1433174_a_at
1455863_at
1417716_at
1428707 _at
1423795_at
1454842_a_at
1439797 _at
1460678_at
1429725_at
1434493 _at
1451127 _at
1425204_s_at
1429180_at
1425551_at
1444478 _at
1422779 _at
1418596_at
1416487_a_at
1456386_at
1418253_a_at
1430415_at
1444459 _at
1458031_at
1431374 _at
1448140_at
1428429_at
1440234_at
1425315_at
1446447 _at
1424923 _at
1449157 _at
1448668_a_at
1423617 _at
1424197 _s_at
1435325_at
1456250_x_at
1441112_at

LOC73899
Pik3r1
Gsn
Dusp26

Gpr172b
3110021A11Rik
Phxr5
Defb35
Mcm5
Aplnr
Ankrd26
Tmed7
Cdh4

Prop1
Ibsp

Cldn9
Reep2
Capn3
Abat
Ccne1
Zfp689
Fmo2
1300017J02Rik
C730049014Rik
Tcf712
Stk22s1
C330046E03

Camk2d

Rprml
Foxo3
Pla2g4c
Trub2
Ncapd3
Taok3
Ritp4
Tsgal4
Gsn
Atp2b2
Cdgap

Cpsf6

Npepl1
Mitx3
Amd1
BC024479
Cdc23

Ankrd54

Tysnd1
Bag4
Cdkn2aipnl
Fcerlg
Aldh2
Tmcc3
Rian
AU015263
Avl9

Dad1
Pnpt1
Pa2g4
5430440L12Rik
Spata5l1
Got2
Ptms
Sfpq
B3galnt2
Ppard
Klhdc2
Zfhx3
1810022K09Rik
AW 146242
Ddx19a
Gmpr2
Hip1r
Appl1
Smpd3
Fgfr4
Yap1

Hspadl
Phf6

6330407A03Rik
Ciapin1
Rgmb

1810012P15Rik
Dock7

Serpina3g
Nr2c1
Irak1
Pdf
Fance
Usp46
Tgfbi
LOC667118

hypothetical LOC73899
h idvlinositol 3-ki

3 y subunit, polypepti
gelsolin
dual specificity 26 (putative)

G protein-coupled receptor 172B
RIKEN cDNA 3110021A11 gene
per-hexamer repeat gene 5
defensin beta 35

5, cell division cycle 4
apelin receptor

ankyrin repeat domain 26

transmembrane emp24 protein transport domain containing 7
cadherin 4

paired like homeodomain factor 1
integrin binding sialoprotein

claudin 9

receptor accessory protein 2
calpain 3

A

cyclin E1
zinc finger protein 689
flavin containing monooxygenase 2
RIKEN cDNA 1300017J02 gene
RIKEN cDNA C730049014 gene
transcription factor 7-like 2, T-cell specific, HMG-box
seril ine kinase 22 1
y ical protein C3: 3

calcium/calmodulin-dependent protein kinase I, delta

reprimo-like

forkhead box 03

phospholipase A2, group IVC (cy ic, calcil il
TruB idine (psi) sy 2 (E. coli)

non-SMC condensin Il complex, subunit D3
TAO kinase 3

receptor transporter protein 4

testis specific gene A14

gelsolin

ATPase, Ca++ transporting, plasma membrane 2
CDC42 GTPase-activating protein

cleavage and polyadenylation specific factor 6

aminopeptidase-like 1
metaxin 3
S ionine decar Yy 1

cDNA sequence BC024479
CDC23 (cell division cycle 23, yeast, homolog)

ankyrin repeat domain 54

trypsin domain containing 1

BCL2-associated athanogene 4

CDKN2A interacting protein N-terminal like

Fc receptor, IgE, high affinity |, gamma polypeptide

y y 3 ial
transmembrane and coiled coil domains 3
RNA imprinted and accumulated in nucleus
expressed sequence AU015263

AVL9 homolog (S. cerevisiase)

defender against cell death 1

polyrib Targid " 1
proliferation-associated 2G4

RIKEN cDNA 5430440L12 gene
spermatogenesis associated 5-like 1

2, mif ial
parathymosin
splicing factor proli ine rich (polypyrimidine tract binc
UDP-GaINA Ac beta 1,3 i ase, |
i i i ptor delta

P pr

kelch domain containing 2

zinc finger homeobox 3

RIKEN cDNA 1810022K09 gene

expressed sequence AW146242

DEAD (Asp-Glu-Ala-Asp) box polypeptide 19a
i 2

huntingtin interacting protein 1 related
adaptor protein, phosphotyrosine interaction, PH domain and |
i i i 3, neutral

fibroblast growth factor receptor 4
yes-associated protein 1

heat shock protein 4 like
PHD finger protein 6

RIKEN cDNA 6330407A03 gene

R’GM domain family, member B
RIKEN cDNA 1810012P15 gene
dedicator of cytokinesis 7

serine (or cysteine) peptidase inhibitor, clade A, member 3G
nuclear receptor subfamily 2, group C, member 1
interleukin-1 receptor-associated kinase 1

peptide deformylase (mitochondrial)

Fanconi anemia, complementation group E

ubiquitin specific peptidase 46

transforming growth factor, beta induced

similar to Zinc finger BED domain containing protein 4
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0,001015
0,000034
0,000037
0,000089
0,000474
0,000119
0,000029
0,000026
0,000003
0,000849
0,000295
0,000190
0,000864
0,000576
0,000049
0,000003
0,000083
0,000047
0,000003
0,000003
0,000343
0,000174
0,000003
0,000043
0,011499
0,000350
0,001418
0,003920
0,000014
0,000014
0,000045
0,002838
0,000003
0,000887
0,000767
0,000069
0,000275
0,000974
0,000768
0,005278
0,000189
0,000778
0,000003
0,000141
0,006507
0,002954
0,000054
0,000041
0,000388
0,001681
0,008209
0,000190
0,000106
0,000038
0,005953
0,000005
0,000052
0,005335
0,000389
0,003684
0,005110
0,002773
0,008601
0,004688
0,000046
0,000068
0,001564
0,012741
0,000783
0,000295
0,000953
0,000002
0,000003
0,003932
0,009871
0,001178
0,000825
0,000181
0,010362
0,000286
0,000078
0,010788
0,000366
0,002613
0,000134
0,000096
0,000094
0,000602
0,000243
0,001624
0,002404
0,000008
0,000642
0,000431
0,000709
0,000031
0,000952
0,000056
0,013360
0,000048
0,000017
0,000105
0,000018
0,000334
0,001768
0,006783



Capitol 5

1443649_at
1428749 _at
1453251_at
1443628_at
1426025_s_at
1423053_at
1432384 _a_at
1439201_at
1440068 _at
1417311 _at
1451091_at
1458812_at
1438725_at
1448585_at
1429368_at
1440690_at
1418440_at
1452381_at
1453228 _at
1456927 _at
1456933_at
1439622_at
1429504 _at
1457641_at
1415888_at
1420817_at
1441033_at
1452182_at
1423345_at
1426575_at
1442511_at
1430996_at
1451391_at
1452869_at
1430108_at
1439974 _at
1432207 _a_at
1423982 _at
1458969 _at
1450264 _a_at
1423321_at
1418925_at
1438442_at
1458737 _at
1424232_a_at
1448794 _s_at
1438454 _at
1429586_at
1443156_at
1442494 _at
1418222 _at
1441253 _at
1448500_a_at
1443068_at
1452020_a_at
1417602_at
1429359_s_at
1415689_s_at
1439787 _at
1425424 _at
1450480_a_at
1458602_at
1439953 _at
1425348_a_at
1417807 _at
1460548_a_at
1456413_at
1456476_at
1456897 _at
1429963 _at
1453051_at
1440635_at
1418475_at
1430992_s_at
1451591_a_at
1428100_at
1448691_at
1443630_at
1447465_at
1426764 _at
1455135_at
1443162_at
1419247 _at
1440009_at
1420866_at
1460366_at
1426744 _at
1451927_a_at
1436305_at
1443148 _at
1436665_a_at
1425118_at
1451667 _at
1423879_at
1455208_at
1435923_at
1423450_a_at
1417254 _at
1455439_a_at
1419403_at
1425845_a_at
1416657 _at
1426790_at
1434282 _at
1442704 _at
1434133_s_at

DmxI2
Dhx30

Laptm5
Arf4
Mettl6
Usp14

Crip2
Txndc5

Med13
Gtf2h4
Lrig3

Colga1
Creb312
Stx11
Mast2

Rassf4
Rnpc3

Hdgf
Ywhag
Tmtc2
Galnt2
Degs1
Sgms1

Ipo7

Etnk1
2700050L05Rik
Prpf38b
9030622M22Rik
Fkbp15

Toel
Fusip1

AU019559

Chka
Myadm
Celsr1

5730470L24Rik
C77097
Ftsjd1
Dnajc2
B430203M17Rik
4930558N01Rik

Ubr2
2610024G14Rik

Lime1
D130084N16Rik
Siva1
Per2
Rbpms
Zkscan3
P2rx7
MGC7817
Grk6
Bbx
Pmm2
Srprb
Ufsp1
Erall
Pde4dip
Atxn2l

Mapk6
Zkscan1
Palld
Scnn1b
Cisd2
Efnb1
Sfrs1
Ubgin4

Oaz2
Ccdc9

Rgs2
OIfr78
Zfp161
EmiI3
Srebf2
Mapk14
Rnf217

Ltbp4
Spire2
Fam20b
D030056L22Rik
Pex19
Ado
Hs3st1
Spata5
Lgals1
BC017612
Shoc2
Akt1
Ssrp1
Ibtk

Wdrd2a

Dmx-like 2
DEAH (Asp-Glu-Ala-His) box polypeptide 30

y protein 5
ADP-ribosylation factor 4
methyltransferase like 6

ubiquitin specific peptidase 14

cysteine rich protein 2
thioredoxin domain containing 5

mediator complex subunit 13
general transcription factor Il H, polypeptide 4
leucine-rich repeats and immunoglobulin-like domains 3

collagen, type VIII, alpha 1
CcAMP responsive element binding protein 3-like 2
syntaxin 11

kinase 2

Ras association (RalGDS/AF-6) domain family member 4
RNA-binding region (RNP1, RRM) containing 3

hepatoma-derived growth factor
ine 3 (¢1 5 acti\

and tetratri ide repeat ining 2

UDP-N-acetyl-alpha-D-gal. i ypeptide N Igal

degenerative spermatocyte homolog 1 (Drosophila)

sphingomyelin synthase 1

importin 7

ethanolamine kinase 1

RIKEN cDNA 2700050L05 gene

PRP38 pre-mRNA processing factor 38 (yeast) domain containi

RIKEN cDNA 9030622M22 gene

FK506 binding protein 15

target of EGR1, member 1 (nuclear)

FUS i ing protein (seri ginine rich) 1

expressed sequence AU019559

choline kinase alpha

yeloid: iated differentiation marker

cadherin, EGF LAG P G-type ptor 1 ( i ho

RIKEN cDNA 5730470L24 gene

expressed sequence C77097

FtsJ y domain ining 1

DnaJ (Hsp40) homolog, subfamily C, member 2

RIKEN cDNA B430203M17 gene

RIKEN cDNA 4930558N01 gene

ly

ubiquitin protein ligase E3 component n-recognin 2
RIKEN cDNA 2610024G14 gene

Lck interacting transmembrane adaptor 1

RIKEN cDNA D130084N16 gene

SIVA1, apoptosis-inducing factor

period homolog 2 (Drosophila)

RNA binding protein gene with multiple splicing

zinc finger with KRAB and SCAN domains 3

purinergic receptor P2X, ligand-gated ion channel, 7

hypothetical protein LOC620031

G protein-coupled receptor kinase 6

bobby sox homolog (Drosophila)

phosphomannomutase 2

signal recognition particle receptor, B subunit

UFM1-speci peptidase 1

Era (G-protein)-like 1 (E. coli)
n aDi

ing protein (my
ataxin 2-like

mitogen-activated protein kinase 6

zinc finger with KRAB and SCAN domains 1
palladin, cytoskeletal associated protein
sodium channel, nonvoltage-gated 1 beta
CDGSH iron sulfur domain 2

ephrin B1

splicing factor, arginine/serine-rich 1 (ASF/SF2)
ubiquilin 4

ornithine decarboxylase antizyme 2
coiled-coil domain containing 9

g of G-protein signaling 2
olfactory receptor 78
zinc finger protein 161

i 'm mi i protein like 3
sterol regulatory element binding factor 2
mitogen-activated protein kinase 14
ring finger protein 217

latent transforming growth factor beta binding protein 4
spire homolog 2 (Drosophila)

family with sequence similarity 20, member B

RIKEN cDNA D030056L22 gene

peroxisomal biogenesis factor 19

2.ami hanethiol . i

heparan sulfate (gl ine) 3-O-sulfotr 1
spermatogenesis associated 5
lectin, galactose binding, soluble 1
cDNA sequence BC017612
soc-2 (supp of clear) h log (C.
thymoma viral proto-oncogene 1
structure specific recognition protein 1
of Bruton i ia tyrosine kinase

WD repeat domain 42A

212

-1,6

0,001631
0,001329
0,001845
0,000866
0,000056
0,000010
0,002797
0,000053
0,000192
0,004015
0,000150
0,000288
0,000222
0,000156
0,000424
0,001323
0,006082
0,009036
0,000271
0,004584
0,003023
0,000859
0,011502
0,000869
0,000281
0,000073
0,000172
0,000001
0,000035
0,000448
0,015435
0,001020
0,000963
0,002673
0,000041
0,003129
0,000064
0,005725
0,000659
0,000606
0,000014
0,000053
0,000385
0,004714
0,000011
0,006114
0,001666
0,000029
0,002082
0,002266
0,000299
0,013109
0,008299
0,004081
0,001373
0,000205
0,015601
0,000827
0,000070
0,000408
0,000083
0,000106
0,000711
0,000077
0,000070
0,000297
0,002884
0,000106
0,000874
0,000619
0,000001
0,002672
0,003407
0,000044
0,000594
0,001974
0,000001
0,000308
0,000011
0,000100
0,000093
0,000350
0,000247
0,010247
0,000075
0,000046
0,000002
0,004047
0,000080
0,001245
0,001262
0,001311
0,003868
0,000213
0,000053
0,000536
0,000054
0,000965
0,007017
0,000869
0,000008
0,000003
0,000492
0,000075
0,001341
0,000029



Capitol 5

1430175_at
1451538_at
1435916_at
1433506_at
1451099_at
1443593_at
1434404 _at
1449122_at
1427417 _at
1454743 _at
1445885_at
1459648 _at
1422793 _at
1458205_at
1428174_x_at
1451644_a_at
1451514_at
1421784_a_at
1422551_at
1447575_at
1426945_at
1458974 _at
1429464 _at
1428168 _at
1416548_at
1458290_at
1456209_x_at
1437491 _at
1427153_at
1418284 _at
1422532 _at
1441732_at
1448623_at
1430515_s_at
1457334 _at
1424078_s_at
1449504 _at
1434680_at
1450519_a_at
1427476_a_at
1443905_at
1429846_at
1426781_at
1421908_a_at
1444827 _at
1455065_x_at
1417551_at
1448392 _at
1419072_at
1448446_at
1449523 _at
1418118_at
1426518_at
1417753_at
1426548_a_at
1416075_at
1436007_a_at
1438419_at
1449947 _s_at
1452831_s_at
1421052_a_at
1452099 _at
1444705_at
1417606_a_at
1424201_a_at
1422993 s_at
1416235_at
1452191_at
1440408_at
1455987 _at
1444530_at
1423765_at
1449117 _at
1451168_a_at
1460692_at
1452045_at
1424660_s_at
1446929 _at
1439349 _at
1451360_at
1439097 _at
1416240_at
1422493 _at
1448620_at
1457062_at
1416397 _at
1421832_at
1455841_s_at
1451221_at
1418644 _a_at
1426627 _at
1443109_at
1425592_at
1427490_at
1435514_at
1444185_at
1457154_at
1450570_a_at
1446860_at
1450269_a_at
1429984 _at
1457500_at
1438270_at
1459237 _at
1426118_a_at
1416637 _at

4930588G05Rik
Sox9
Zfp84
Lrrc8d
Mbc2

Fam73a
Ubxn2b
Scml4
Nup205
Ube2d2

Pafah1b2

Khsrp
H2-gs10
Usp43
Efna4
Zkscan3

Ipo5

Prkaa2
Mpzl1
Slc35b4

Bicd2
Bckdhb
Vps72
Xpc

Tmem123
Aasdhppt
C130057MO5Rik
Pex6
Kpna1
Plekhg3
Prkaca
Trim32

9030411K21Rik
Tyw1
Tcf12

Gnpda1
Cin3
Sparc
Gstm7
Deaf1
Bcl7c
Slc22a1
Tubgcp5
Pkd2
Atpbd4
Sav1
Thumpd1
Rbm16
Zfhx3
Ppat
Sms
AA408296

Calr
Seh1l
Refbp2
Lrrc59
Prcp
B830008J18Rik
Sec61atl

Athi1
Jund
Arhgdia
Ehmt2
Zfp281
Crtc2
D130062J21Rik
Sbno2
Ergic2

Psmb7
Cpox
Fcgr3

1700081L11Rik

Mesdc1

Twsg1

Grwd1

BC018507
Stk11
Map3k7

Tnpo2
Abcb7
Lztfl1

Cd19

Pfkl
5730455013Rik
Depdc5
Alg46148

Tomm40
Slc4a2

RIKEN cDNA 4930588G05 gene

SRY-box containing gene 9

zinc finger protein 84

leucine rich repeat containing 8D

membrane bound C2 domain containing protein

family with sequence similarity 73, member A
UBX domain protein 2B

sex comb on midleg-like 4 (Drosophila)
nucleoporin 205

ubiquitin-conjugating enzyme E2D 2

platelet-activating factor

, isoform 1b, alpha2 si

KH-type splicing regulatory protein

MHC class | like protein GS10

ubiquitin specific peptidase 43

ephrin A4

zinc finger with KRAB and SCAN domains 3

importin 5

protein kinase, AMP: i alpha 2 ic subunit
myelin protein zero-like 1
solute carrier family 35, member B4

D homolog 2 (Drosophil
branched chain id dehydr E1, beta polypepti
vacuolar protein sorting 72 (yeast)

xeroderma pit ion group C

transmembrane protein 123

yde dehydr
RIKEN cDNA C130057M05 gene

peroxisomal biogenesis factor 6

karyopherin (importin) alpha 1

pleckstrin homology domain containing, family G (with RhoGe'
protein kinase, cAMP dependent, catalytic, alpha

tripartite motif-containing 32

RIKEN cDNA 9030411K21 gene
tRNA-yW sy izing protein 1 h log (S. isiae)
transcription factor 12

6

ceroid lipofuscinosis, neuronal 3, juvenile (Batten, Spielmeyer-

acidic ine rich glycop
glutathione S-transferase, mu 7
deformed epi autor y factor 1 (Dr

B-cell CLL/lymphoma 7C
solute carrier family 22 (organic cation transporter), member 1
tubulin, gamma complex associated protein 5
polycystic kidney disease 2
ATP binding domain 4
homolog 1 (D
THUMP domain containing 1
RNA binding motif protein 16
zinc finger homeobox 3
ibosyl pyr
spermine synthase
expressed sequence AA408296

calreticulin

SEH1-like (S. cerevisiae

RNA and export factor binding protein 2
leucine rich repeat containing 59

prolylcar y i i i C)
RIKEN cDNA B830008J18 gene

Sec61 alpha 1 subunit (S. cerevisiae)

ATH1, acid trehalase-like 1 (yeast)

Jun proto-oncogene related gene d

Rho GDP dissociation inhibitor (GDI) alpha
euchromatic one lysine N-methyltransferase 2
zinc finger protein 281

CREB transcription i 2
RIKEN cDNA D130062J21 gene
y notch 2(D

ERGIC and golgi 2

pr (prosome, pain) subunit, beta type 7
coproporphyrinogen oxidase

Fc receptor, IgG, low affinity Ill

RIKEN cDNA 1700081L11 gene

m
twisted gastrulation homolog 1 (Drosophila)
glutamate-rich WD repeat containing 1

cDNA sequence BC018507

serine/threonine kinase 11

mitogen-activated protein kinase kinase kinase 7

transportin 2 (importin 3, karyopherin beta 2b)
ATP-binding cassette, sub-family B (MDR/TAP), member 7
leucine zipper transcription factor-like 1

CD19 antigen

phosphofructokinase, liver, B-type
RIKEN cDNA 5730455013 gene
DEP domain containing 5
expressed sequence Al846148

of outer mif ial 40 (yez
solute carrier family 4 (anion exchanger), member 2

213

0,001061
0,001053
0,002291
0,000309
0,000074
0,001363
0,005473
0,001017
0,001056
0,004080
0,001509
0,000043
0,000651
0,001652
0,000011
0,004917
0,000005
0,014561
0,000124
0,000038
0,000623
0,000017
0,005457
0,001206
0,000021
0,002360
0,001079
0,000012
0,008209
0,000001
0,000014
0,009311
0,006826
0,006239
0,000352
0,000184
0,000323
0,000003
0,000064
0,000190
0,002877
0,000719
0,000242
0,000532
0,001417
0,001509
0,000472
0,012991
0,000164
0,000021
0,000001
0,000162
0,000229
0,002062
0,012039
0,000002
0,001071
0,001261
0,013826
0,013337
0,000663
0,001646
0,000240
0,000014
0,000140
0,009750
0,000001
0,000050
0,001675
0,000751
0,000558
0,000069
0,000422
0,000044
0,000002
0,003080
0,000003
0,004314
0,000049
0,000078
0,000917
0,000219
0,000047
0,012327
0,000270
0,000055
0,000081
0,000290
0,000980
0,000007
0,000332
0,003648
0,000047
0,001867
0,000522
0,000027
0,004512
0,002726
0,000716
0,001577
0,000069
0,008561
0,000090
0,001505
0,000000
0,001438



Capitol 5

1445830_at
1456973_at
1456775_at
1417740_at
1427987 _at
1435965_at
1419330_a_at
1418763_at
1447240_at
1428881_at
1457834 _at
1419054 _a_at
1436039_at
1449976_a_at
1436660_at
1416750_at
1450015_x_at
1452989 _at
1434558 _at
1438762_at
1426574_a_at
1423358_at
1453993_a_at
1420917 _at
1423446_at
1436372_a_at
1433804_at
1437532_at
1425660_at
1458934 _at
1452500_at
1418565_at
1421889_a_at
1416032_at
1420930_s_at
1424056_at
1424982_a_at
1416589_at
1420684 _at
1450869_at
1457970_at
1460724_at
1447016_at
1430103_at
1429847_a_at
1419550_a_at
1438900_at
1419573_a_at
1417568 _at
1417295_at
1457304 _at
1425680_a_at
1415899 _at
1448604_at
1431752_a_at
1437476_at
1440305_at
1418982_at
1426293_at
1448398 s_at
1416172_at
1456880_at
1456103_at
1446735_at
1452826_s_at
1439639 _at
1430161_at
1441707_at
1426384_a_at
1457489_at
1442622 _at
1436917_s_at
1453589_a_at
1453380_a_at
1458508_at
1445438 _at
1423045_at
1431680_a_at
1425650_at
1416386_a_at
1444409 _at
1433932_x_at
1442163_at
1439342 _at
1452406_x_at
1441351_at
1441372_at
1430538_at
1425919_at
1422719 s_at
1424614 _at
1425805_a_at
1459144 _at
1417187_at
1442244 _at
1423229 _at
1418133_at
1439125_at
1447973_at
1443896_at
1439467 _at
1435695_a_at
1456388_at
1455591_at
1425326_at
1448569_at

Ctnnd1

Ints8
Cdc3711
Safb2
Cnot3
Gpa33
Nit2

Kic1

Yyl
Ptpn21
Cmah
Gpr35
Rrbp1

Sigmar1
Sgpp1
2900009J20Rik

Wdr47

Add3
Ece2
Bnip2
Prpf40a
Dapk3
Pdxdc1
Jak1
Rnf216
Btbd3
DS5Ertd505e

Serbp1
Aplp2
Tmem109
Ctnnalt
Usp48
2700078E11Rik
Sparc
Acox3
Fgf1
Actrla
Ap2a1
Tbe1d1
9030607L20Rik
4833418A01Rik
Stk39
Sacm1l
Lgals1
Ncald
Mta1
D13Ertd787e
Btrc
Junb
Uck2
Urm1
Rrm2b

Cebpa

Zfp790
Rpl22
Pes1

Pml
Itsn2
FbxI20

Dist
Psma3
Ywhae

D2Bwg1335e
6820431F20Rik
Xrcc6bp1
Matr3
Ddhd1
Ncbp2
Ptprk
Tle4
Mé6pr
Rph3al
C030046101Rik

Clpx
Erdr1

5930405F01Rik
2210013021Rik
Ndufa12
Nup50
Frag1
Usp12

Ube2k
Inadl

Inpp5e
Bcl3

Trip11
Tbc1d5

Ggcet
Atp11a
Zfp618

Acly

Mlec

catenin (cadherin associated protein), delta 1

integrator complex subunit 8

cell division cycle 37 homolog (S. cerevisiae)-like 1
scaffold attachment factor B2

CCR4-NOT transcription complex, subunit 3
glycoprotein A33 (transmembrane)

nitrilase family, member 2

kinesin light chain 1

YY1 transcription factor

protein tyrosil ptor type 21

cytidine N y lic acid hydroxylase

G protein-coupled receptor 35

ribosome binding protein 1

sigma pioid intr ptor 1
. L

RIKEN cDNA 2900009J20 gene
WD repeat domain 47

adducin 3 (gamma)

endothelin converting enzyme 2

BCL irus E1B int ting protein 2

PRP40 pre-mRNA processing factor 40 homolog A (yeast)
death-associated protein kinase 3

pyridoxal-dependent decarboxylase domain containing 1
Janus kinase 1

ring finger protein 216

BTB (POZ) domain containing 3

DNA segment, Chr 5, ERATO Doi 505, expressed

serpine1l mRNA binding protein 1
amyloid beta (A4) precursor-like protein 2
transmembrane protein 109
catenin (cadherin associated protein), alpha-like 1
ubiquitin specific peptidase 48
RIKEN cDNA 2700078E11 gene
acidic ine rich glycop!

acyl-Coenzyme A oxidase 3, pristanoyl
fibroblast growth factor 1
ARP1 acti lated protein 1 h log A, in alpha (yeas
adaptor protein complex AP-2, alpha 1 subunit
TBC1 domain family, member 1
RIKEN cDNA 9030607L20 gene
RIKEN cDNA 4833418A01 gene
serine/threonine kinase 39, STE20/SPS1 homolog (yeast)
SAC1 (supp! of actin i 1, like (S. cerev
lectin, galactose binding, soluble 1
neurocalcin delta
metastasis associated 1
DNA segment, Chr 13, ERATO Doi 787, expressed
bet: in repeat ining protein
Jun-B oncogene
uridine-cytidine kinase 2

iquitin related ifier 1 (s. isiae)
rib i d M2 B (TP53 i

CCAAT/enhancer binding protein (C/EBP), alpha
zinc finger protein 790
ribosomal protein L22
i 1, ining BRCT domain (zebrafish)

promyelocytic leukemia
intersectin 2
F-box and leucine-rich repeat protein 20

ihydroli ide S iny (E2 of 2-0
pr (prosome, pain) subunit, alpha type 3
ine 3 5

actiy

ly yg!

DNA segment, Chr 2, Brigham & Women's Genetics 1335 expre
RIKEN cDNA 6820431F20 gene

XRCC6 binding protein 1

matrin 3

DDHD domain containing 1

nuclear cap binding protein subunit 2

protein tyrosi

ptor type, K
ik of split 4, of Dr ila E(s|
6. ptor, cation
3A-like (wif c2 i
RIKEN cDNA C030046101 gene

caseinolytic peptidase X (E.coli)
erythroid differentiation regulator 1

RIKEN cDNA 5930405F01 gene

RIKEN cDNA 2210013021 gene

NADH y iqui 1 alpha 12
nucleoporin 50

FGF receptor activating protein 1

ubiquitin specific peptidase 12

ubiquitin-conjugating enzyme E2K (UBC1 homolog, yeast)
InaD-like (Drosophila)

inositol polyphosphate-5-phosphatase E

B-cell leukemia/lymphoma 3

thyroid hormone receptor interactor 11
TBC1 domain family, member 5

g ] y
ATPase, class VI, type 11A
zinc fingerprotein 618
ATP citrate lyase

malectin
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-1,6

-1,6

-1,6

1,6

-1,6

0,000297
0,006071
0,000013
0,000014
0,000025
0,000443
0,000202
0,001825
0,000594
0,000741
0,000111
0,000012
0,004274
0,001441
0,000069
0,000003
0,000157
0,000006
0,000427
0,001358
0,000523
0,000045
0,003541
0,003315
0,000111
0,000000
0,001153
0,000014
0,000098
0,000130
0,000413
0,000069
0,000002
0,000005
0,000221
0,000033
0,000015
0,003182
0,000980
0,004437
0,000068
0,000011
0,011490
0,000139
0,000131
0,000124
0,000024
0,004722
0,000054
0,000002
0,000663
0,001617
0,000475
0,000137
0,000000
0,000047
0,006857
0,000543
0,000058
0,000077
0,002955
0,000453
0,000070
0,000339
0,000029
0,000795
0,000007
0,001559
0,000002
0,000753
0,000348
0,014286
0,002311
0,000067
0,000577
0,000413
0,005012
0,000127
0,000057
0,000004
0,005737
0,000314
0,000232
0,004189
0,010460
0,000444
0,007282
0,000028
0,001849
0,000147
0,000005
0,000330
0,000573
0,000090
0,000061
0,000005
0,000163
0,000315
0,000046
0,000817
0,003673
0,000102
0,000083
0,004499
0,000080
0,000018



Capitol 5

1441769_at
1443535_at
1438345_at
1434196_at
1435353 _a_at
1434499_a_at
1415770_at
1448883_at
1417188_s_at
1426365_at
1428656_at
1423741_at
1456865_x_at
1444343 _at
1437182_at
1423584_at
1432262_at
1421148_a_at
1460304_a_at
1435242_at
1437184_at
1436779_at
1442731_at
1450407_a_at
1450677_at
1456706_at
1444458 _at
1426631_at
1444728_at
1451347_at
1447683_x_at
1430942_at
1417949_at
1458292_at
1431425_a_at
1452688_at
1441498 _at
1425944 _a_at
1424603_at
1460077_at
1428046_a_at
1426053_a_at
1431042_at
1435904_at
1452055_at
1449046_a_at
1442178 _at
1460486_at
1444858 _at
1457281_at
1428924_at
1440894_at
1458706_at
1436420_a_at
1432910_at
1443216_at
1430702_at
1456668_at
1434660_at
1417289_at
1457480_at
1446736_at
1449582_at
1438138_a_at
1459884 _at
1434979_at
1437129_at
1425114_at
1429061_at
1455334_at
1417848 _at
1428720_s_at
1449608_a_at
1432472_a_at
1453304_s_at
1448170_at
1442407_at
1456255_at
1456689_at
1433931_at
1439920_at
1417604_at
1433769_at
1447099_at
1432352_at
1415972_at
1419132_at
1451480_at
1430514_a_at
1424033_at
1423479_at
1437916_at
1443773_at
1441829_s_at
1442235_at
1420682_at
1419191_at
1444224 _at
1442445 _at
1450678_at
1425964 _x_at
1455657_at
1437492_at
1441823 _at
1422491_a_at
1436509_at

Rabgap1

Dnaja4
Sfi1
Ldhb
Wdré
Lgmn
Ube2k
2810403A07Rik
Rnasen
Rbm10
Rrs1
A130064L14Rik
Dido1
Polr2b
Fam63a
Tial1
Ubtf
Pds5b
Guf1
Cybb
Pds5a
Anp32a
Chek1
4833441D16Rik

Pus7

Ino80e
Mettl1
8430437003Rik
livd
Psma1
Rprd2
Prpf39

Rad5113
Sumf1
Tte3
Zfx
Xpr1
Paqr8
Eif2c3
Ctdsp1
Josd2

Rabgap1

Dnajc21
Mocs3
Tmtc3

Ipo4
Btbd7

5830427D03Rik

Alkbh1
Plekha2

Cdx1
Pex6
Cox7c
4933403F05Rik
E330018D03Rik
Rbbp6
1810063B05Rik
D330038006Rik
Zfp704
2010309G21Rik

Mccc2
Ly6e
Siah2

Al314180
Rnf10
C030046101Rik

Camk1
Als2cl

Ccny
Marcks
Tir2
E2f4
Cd99
Sfrs7
Nol11

Yipm1

Akap10
Plagl2

Chrnb1
Hipk3

2610027H17Rik
Itgb2
Hspb1
Smg1
Mkx
Zmiz1
Bnip2
Miec

RAB GTPase activating protein 1

DnaJ (Hsp40) homol ily A, ber 4

Sfi1 h log, spindle y i (yeast)
lactate dehydrogenase B

WD repeat domain 6

legumain

ubiquitin-conjugating enzyme E2K (UBC1 homolog, yeast)
RIKEN cDNA 2810403A07 gene

ribonuclease lll, nuclear

RNA binding motif protein 10

RRS1 rib bi i I h log (S. cerevisiae)
RIKEN cDNA A130064L14 gene

death inducer-obliterator 1

polymerase (RNA) Il (DNA directed) polypeptide B

family with sequence similarity 63, member A

Tia1 cytotoxic gi I RNA binding protein-like 1
upstream binding transcription factor, RNA polymerase |
PDSS5, regul of ion mair h log B (S. cerev

GUF1 GTPase homolog (S. cerevisiae)
cytochrome b-245, beta polypeptide

PDSS5, lator of h log A (S. cerev
acidic (leucine-rich) nuclear phosphoprotein 32 family, membe
h int kinase 1 h I b

RIKEN cDNA 4833441D16 gene
pseudouridylate synthase 7 homolog (S. cerevisiae)

INO80 complex subunit E

methyltransferase like 1

RIKEN cDNA 8430437003 gene

interleukin enhancer binding factor 2

proteasome (prosome, macropain) subunit, alpha type 1
regulation of nuclear pre-mRNA domain containing 2
PRP39 pre-mRNA p ing factor 39 h log (yeast)

RAD51-like 3 (S. cerevisiae)

sulfatase modifying factor 1

tetratricopeptide repeat domain 3

zinc finger protein X-linked

xenotropic and polytropic retrovirus receptor 1

progestin and adipoQ receptor family member VIl

eukaryotic translation initiation factor 2C, 3

CTD (carboxy-terminal domain, RNA polymerase Il, polypeptid¢
Josephin domain containing 2

RAB GTPase activating protein 1

DnaJ (Hsp40) h I ily C, ber 21
molybdenum cofactor synthesis 3

trar and tetratricopeptide repeat ining 3
importin 4

BTB (POZ) domain containing 7
RIKEN cDNA 5830427D03 gene

alkB, alkylation repair homolog 1 (E. coli)
leckstri y domai ining, family A (phosphoino

caudal type homeo box 1
peroxisomal biogenesis factor 6
cytochrome c oxidase, subunit Vlic
RIKEN cDNA 4933403F05 gene
RIKEN cDNA E330018D03 gene
retinoblastoma binding protein 6
RIKEN cDNA 1810063B05 gene
RIKEN cDNA D330038006 gene
zinc finger protein 704

RIKEN cDNA 2010309G21 gene

methylcrotonoyl-Coenzyme A carboxylase 2 (beta)
lymphocyte antigen 6 complex, locus E
seven in absentia 2

expressed sequence Al314180

ring finger protein 10

RIKEN cDNA C030046101 gene
Ieium/ealmoduli

ALS2 C-terminal like

dependent protein kinase |

cyclinY
myristoylated alanine rich protein kinase C substrate
toll-like receptor 2
E2F transcription factor 4
CD99 antigen

icing factor, argini
nucleolar protein 11

YLP motif containing 1
A kinase (PRKA) anchor protein 10
pleiomorphic adenoma gene-like 2
holinergic receptor, nicotinic, beta polypeptide 1 I
homeodomain interacting protein kinase 3

RIKEN cDNA 2610027H17 gene

integrin beta 2

heat shock protein

SMG1 hi log, phosphatidylinositol 3-kinase-related kinase (!
mohawk homeobox

zinc finger, MIZ-type containing 1

BCL2/adenovirus E1B interacting protein 2

malectin
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1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6

0,000676
0,000641
0,000016
0,002299
0,000370
0,000298
0,001511
0,000034
0,001320
0,001233
0,000014
0,000059
0,003150
0,003213
0,001909
0,009277
0,000079
0,000095
0,000021
0,001820
0,005107
0,000232
0,004188
0,001097
0,009464
0,000346
0,002502
0,001195
0,008412
0,000042
0,000725
0,000774
0,001094
0,001097
0,000358
0,006016
0,002558
0,000028
0,013069
0,002865
0,002966
0,000149
0,007594
0,000064
0,000014
0,000006
0,000687
0,000638
0,000082
0,000036
0,000010
0,000030
0,001636
0,000992
0,000320
0,001614
0,000345
0,000370
0,009354
0,000003
0,000711
0,002671
0,000055
0,000029
0,006762
0,000145
0,000635
0,002342
0,000121
0,004763
0,001610
0,001547
0,000524
0,000141
0,000924
0,000132
0,000169
0,008396
0,000344
0,000143
0,000003
0,000003
0,000604
0,002973
0,000935
0,000076
0,002427
0,000011
0,000026
0,000804
0,000682
0,000810
0,000663
0,000009
0,008748
0,004715
0,000053
0,003078
0,000919
0,000404
0,000514
0,000372
0,000978
0,001297
0,002041
0,000017



Capitol 5

1416190_a_at
1438879 _at
1459009_at
1417213_a_at
1430774 _at
1453524_at
1439139_at
1418526_at
1428949 _at
1418860_a_at
1428698_at
1452463 _x_at
1417971_at
1440287_at
1417500_a_at
1441547 _at
1435426_s_at
1424776_a_at
1450916_at
1435271_at
1421895_at
1452036_a_at
1440671_at
1421819_a_at
1438674 _a_at
1452280_at
1445545_at
1442834 _at
1455472_at
1442911_at
1442338 _at
1423966_at
1451465 _at
1416019_at
1451518_at
1446548 _at
1435561_at
1429897_a_at
1426756 _at
1428506_at
1459856_at
1434436_at
1418230_a_at
1453852_at
1442971 _at
1416389 _a_at
1418901_at
1429207 _at
1431026_at
1431196_at
1421260_a_at
1431287_at
1460035_at
1450076_at
1452187_at
1452433 _at
1443880_at
1416536_at
1430135_at
1428129 _at
1452024 _a_at
1448103_s_at
1437449 _at
1457673_at
1438887 _a_at
1424290 _at
1449037 _at
1453247 _at
1448013_at
1439302_at
1438072_at
1455336_at
1448307 _at
1440847_at
1448230_at
1457802 _at
1449044 _at
1427040 _at
1448274 _at
1422718 _at
1437067 _at
1455496_at
1448667 _x_at
1436422_at
1444856 _at
1452426 _x_at
1429110_a_at
1442023 _at
1445267_at
1451154_a_at
1452916_at
1449861_at
1435037_at
1456648 _at
1422145_at
1452799_at
1421337 _at
1417948_s_at
1444744 _at
1428187 _at
1442078 _at
1425940_a_at
1415900_a_at
1439276_at
1423334 _at
1416158_at

Sec61atl

Rbm6
A430106A12Rik
Kif5b
D2Ertd640e
Fusip1
Xpot
Letmd1
Dpp8
Igk
Nrm

Tgm2

Pisd
Slc25a28
Stau2
Irf3
Eif2s3x
Tmpo
A130012E19Rik
Set
Sfrs8
Farp1
Tmem77

A630071D13Rik
Riok2

Cd99i2
Ubl7
Dr1

Zfp709

Erf
D16Ertd472e
Galnt2
Atic

Morc4
Lims1
Ddx50
Baz2b
Rebtb2
Cebpb
5730408K05Rik
Nat12
Atp2c1
Srm
Pcm1
Phb2
4933411K20Rik
Rbm5

Zbtb39
Mum1
Dnase2a
Lman1
Ldb1
Nono
Rsad1
6820431F20Rik
Gmcl1
Osgin2
Crem
Zfp618
Usp24
Uba6

Thap2
Psmg1
Mtss1
Usp10
B930012P20Rik
Eeflel
Mdfic
C1qgbp
Ap3s2
Phtf2
Pfas
Tob2
BC026590

Nsun4
A530030E21Rik

Cugbp2
Wbp7
Nek4
Perld1

Mgat3
Fagy
ENSMUSG00000053512

Cd47

Ssbp3
Kit
Adar
Ergic1
Nr2f2

Sec61 alpha 1 subunit (S. cerevisiae)

RNA binding motif protein 6

RIKEN cDNA A430106A12 gene

kinesin family member 5B

DNA segment, Chr 2, ERATO Doi 640, expressed
FUS interacting protein (serine-arginine rich) 1
exportin, tRNA (nuclear export receptor for tRNAs)
LETM1 domain containing 1
dipeptidylpeptidase 8

i lobulin kappa chain
nurim (nuclear envelope membrane protein)

transglutaminase 2, C polypeptide

phosphatidylserine decarboxylase
solute carrier family 25, member 28
staufen (RNA binding protein) homolog 2 (Drosophila)
interferon regulatory factor 3
eukaryotic translation initiation factor 2, subunit 3, structural g
thymopoietin
RIKEN cDNA A130012E19 gene
SET translocation
licing factor, arginine/serine-rich 8
FERM, RhoGEF (Arhgef) and pleckstrin domain protein 1 (chor
transmembrane protein 77

RIKEN cDNA A630071D13 gene
RIO kinase 2 (yeast)

CD99 antigen-like 2

ubiquitin-like 7 (bone marrow stromal cell-derived)
down-regulator of transcription 1

zinc finger protein 709

Ets2 repressor factor

DNA segment, Chr 16, ERATO Doi 472, expressed
UDP-N-acetyl-alpha-D i ypeptide N ylg
5.aminoimi 4-carb rib leotide for

microrchidia 4

LIM and cell antigen-like d ins 1

DEAD (Asp-Glu-Ala-Asp) box polypeptide 50

bromodomain adjacent to zinc finger domain, 2B
lator of ch d ion (RCC1) and BTB (POZ

CCAAT/enhancer binding protein (C/EBP), beta

RIKEN cDNA 5730408K05 gene

N-acetyltransferase 12

ATPase, Cat+-sequestering

spermidine synthase

pericentriolar material 1

prohibitin 2

RIKEN cDNA 4933411K20 gene

RNA binding motif protein 5

zinc finger and BTB domain containing 39
| d antigen ( d) 1

deoxyribonuclease Il alpha

lectin, mannose-binding, 1

LIM domain binding 1

non-POU-d: i ining, inding protein
radical S: ionine domain ining 1
RIKEN cDNA 6820431F20 gene
germ cell-less h log 1 (Drosophila)

i stress i growth inhibitor family 2
CAMP r ive el dul

zinc fingerprotein 618
ubiquitin specific peptidase 24
ubiquitin-like modifier activating enzyme 6

THAP d i ini poptosi: i protein 2
proteasome (prosome, macropain) assembly chaperone 1
metastasis suppressor 1

ubiquitin specific peptidase 10

RIKEN cDNA B930012P20 gene

eukaryotic translation elongation factor 1 epsilon 1

MyoD family inhibitor domain containing

it 1, qst binding protein
p lated protein plex 3, sigma 2 subunit
putative homeodomain transcription factor 2
I ibosylformylglycinamidine synthase (FGAR amidotra

transducer of ERBB2, 2
cDNA sequence BC026590

NOL1/NOP2/Sun domain family, member 4
RIKEN cDNA A530030E21 gene

CUG triplet repeat, RNA binding protein 2
WW domain binding protein 7
NIMA (never in mitosis gene a)-related expressed kinase 4

per1-like domain containing 1

id ylg iny 3
FGGY carbohydrate kinase domain containing
predicted gene, ENSML 3512

interleukin enhancer binding factor 2
CDA47 antigen (Rh-related antigen, integrin-associated signal tr

single-stranded DNA binding protein 3

kit oncogene

adenosine deaminase, RNA-specific

endoplasmic reticulum-golgi intermediate compartment (ERGI(
nuclear receptor ily 2, group F,
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1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,6
1,7
4,7
1,7
4,7
4,7
1,7
4,7

0,000001
0,001736
0,001212
0,000001
0,000049
0,001314
0,000107
0,000291
0,000021
0,000007
0,000001
0,008891
0,000070
0,000211
0,001019
0,008346
0,004280
0,000045
0,000004
0,002310
0,000067
0,003940
0,001119
0,006512
0,000122
0,000698
0,000037
0,002241
0,002588
0,000389
0,000364
0,000003
0,000012
0,000157
0,000061
0,000903
0,000001
0,003804
0,000010
0,000054
0,003912
0,003481
0,000188
0,000630
0,000586
0,000143
0,008045
0,003856
0,000034
0,000022
0,004647
0,005889
0,000018
0,000185
0,000363
0,000121
0,000003
0,000021
0,004152
0,000003
0,000059
0,001794
0,000210
0,002976
0,000146
0,000019
0,000214
0,005570
0,000150
0,000322
0,000934
0,001068
0,000476
0,001205
0,000478
0,000492
0,005174
0,003302
0,000608
0,000007
0,007632
0,000077
0,000190
0,000047
0,002741
0,007162
0,000818
0,013231
0,000258
0,007877
0,000014
0,000002
0,001369
0,007836
0,007613
0,000360
0,000013
0,003070
0,000034
0,000338
0,000050
0,000165
0,000522
0,001449
0,000022
0,000004



Capitol 5

1415761_at
1436177 _at
1452402_at
1426888_at
1428466_at
1442126_at
1424055_at
1453736_s_at
1446703_at
1440268_at
1415956_a_at
1418274 _at
1435328 _at
1422954_at
1422167_at
1455095_at
1443546_at
1449939 _s_at
1422492_at
1447156_at
1442580 _at
1434054 _at
1432901_at
1435319_at
1459187 _at
1441404_at
1457510_at
1415773_at
1441415_at
1418128 _at
1426850_a_at
1443551_at
1438326_at
1450400_at
1426988_at
1419295_at
1439209_at
1423522_at
1428301 _at
1425087_at
1452764_at
1434067 _at
1418915_at
1424622_at
1440892_at
1445966_at
1421955_a_at
1444001_at
1425373 _a_at
1420894 _at
1441274 _at
1422680_at
1438941_x_at
1425227_a_at
1420887_a_at
1415682_at
1435136_at
1423084 _at
1442216_at
1429961_at
1437965_at
1429344_at
1457479 _at
1437756_at
1423726_at
1427983 _at
1424423 at
1431960_at
1443365_at
1415872_at
1428414 _at
1417619_at
1451026_at
1428354 _at
1460555_at
1441960 _x_at
1438076_at
1445963_at
1438683_at
1448348_at
1459961_a_at
1442006_at
1418980_a_at
1419477 _at
1451849 a_at
1415957_a_at
1427884_at
1437359_at
1437789_at
1452508 _x_at
1423048_a_at
1418527_a_at
1428158_at
1459143 _at
1439933_at
1450246_at
1459196_at
1445919_at
1439148 _a_at
1455092_at
1430971_a_at
1430089_at
1416014 _at
1438800_at
1448123_s_at
1426897 _at

Mrpl52
Plekha2

Ehmt2
Chd3

Ncoa5
B230219D22Rik

Trim41
Pctk1
Nutf2
Cyhr1
Zfp60

Semaba
Hist2h2be

Dik1
Cpox

A530020G20Rik
Sirt7
Etl4
Ip6k2

Ncl

Adcy6
Map2k6
Atp2a2

Trmt6

Tgs1

Klhdc5
Creb3I1

Tcf12

Npm3

ENSMUSG00000068790
2310003F 16Rik

Socs6

Al662270
Mmachc
Hsf1

Nedd4

Psmg2
Tgfbr1

Ctr9
Ampd2
Atp6vOa1t
Bel2l1
Xpo7
Whsc1
B3galt2

1700021C14Rik
Heatr1
9,13E+15

Gimap9
Vat1
Zfp280c
Lenep
Wwox
Htr4
Hnrnph1
Ccny
Gadd45gip1
Ftsj3
Foxk2
Fam65b
5730494M16Rik
Rpl30

Wasf2
Caprin1
Stat3

Cnp
Clec2d
Lmnb2

Rrp1
Col3at
Rnps1

Bircé

Ptms

Tollip
Fusip1
Akt1s1
Chchd3

B430316J06Rik
Fut2

AA409261
Pfkl
LOC100043601
Agr
5830469G 19Rik
Abcel
Nagk
Tgfbi
Rcc2

mitochondrial ribosomal protein L52
leckstrin h y domai

euchromatic histone lysine N-methyltransferase 2
chr in heli DNA binding protein 3

nuclear receptor coactivator 5
RIKEN cDNA B230219D22 gene

tripartite motif-containing 41
PCTAIRE-motif protein kinase 1
nuclear transport factor 2
cysteine and histidine rich 1
zinc finger protein 60

sema domain, seven thrombospondin repeats (type 1 and type

histone cluster 2, H2be

delta-like 1 homolog (Drosophila)
coproporphyrinogen oxidase

RIKEN cDNA A530020G20 gene

sirtuin 7 (silent mating type information regulation 2, homolog)

enhancer trap locus 4
inositol hexaphosphate kinase 2

nucleolin

adenylate cyclase 6

mitogen-activated protein kinase kinase 6

ATPase, Ca++ transporting, cardiac muscle, slow twitch 2
tRNA methy ase 6 | log (S. cerevisiae)

tril y ine synthase h log (S. isiae)
kelch domain containing 5

cAMP responsive element binding protein 3-like 1
transcription factor 12

nucleoplasmin 3

predicted gene, ENSML 790

RIKEN cDNA 2310003F16 gene

suppressor of cytokine signaling 6

expressed sequence Al662270

methylmalonic aciduria cbIC type, with homocystinuria
heat shock factor 1

, family A (phosphoino

neural precursor cell expi A y d g

proteasome (prosome, macropain) assembly chaperone 2
transforming growth factor, beta receptor |

Ctr9, Paf1/RNA polymerase Il pl h I
d ine phosph i 2 (isoform L)
ATPase, H+ transporting, lysosomal V0 subunit A1

BCL2-like 1

exportin 7
Wolf-Hirschhorn syndrome candidate 1 (human)
UDP-Gal:b Ac beta 1,3-gal: ase, polyp

RIKEN cDNA 1700021C14 gene
HEAT repeat containing 1
hypothetical 9130022E09

GTPase, IMAP family member 9

vesicle amine transport protein 1 homolog (T californica)
zinc finger protein 280C

lens epithelial protein

WW d i ing oxidor

5 hydroxytryptamine (serotonin) receptor 4

heterog nuclear rib leoprotein H1

cyclinY

growth arrest and DNA inducible, gamma int ti

FtsJ homolog 3 (E. coli)

forkhead box K2

family with sequence similarity 65, member B
RIKEN cDNA 5730494M16 gene

ribosomal protein L30

WAS protein family, member 2
cell cycle associated protein 1
signal transducer and activator of transcription 3

2',3"-cyclic leotide 3' phosphod

C-type lectin domain family 2, member d

lamin B2

rib | RNA p ing1h log (S. isiae)

collagen, type lll, alpha 1
ribonucleic acid binding protein S1
baculoviral IAP repeat ining 6
parathymosin
toll interacting protein
FUS interacting protein (serine-arginine rich) 1
AKT1 substrate 1 (proline-rich)
iled-coil-heli iled-coil-helix d i ining 3
RIKEN cDNA B430316J06 gene
fucosyltransferase 2

expressed sequence AA409261
phosphofructokinase, liver, B-type
hypothetical protein LOC100043601
aquarius
RIKEN cDNA 5830469G19 gene
ATP-binding cassette, sub-family E (OABP), member 1
N-acetylglucosamine kinase
transforming growth factor, beta induced
lator of chr i
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1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
A7
1,7
1,7
1,7
1,7
4,7
A7
1,7
1,7
4,7
1,7
1,7
1,7
1,7
1,7
A7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
A7
1,7
1,7
A7
1,7
A7
1,7
1,7
1,7
1,7
4,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
A7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
4,7
1,7
1,7
1,7
1,7
A7
1,7
1,7
1,7
A7
1,7
1,7
1,7
1,7
1,7
A7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7

0,000361
0,000003
0,001166
0,000284
0,000126
0,000568
0,000003
0,000064
0,000403
0,000079
0,000001
0,001755
0,000001
0,000873
0,000024
0,000017
0,002365
0,010905
0,000038
0,002139
0,000550
0,015511
0,000591
0,000004
0,003124
0,000697
0,000739
0,004947
0,000301
0,000062
0,000446
0,004350
0,003491
0,000408
0,000307
0,004428
0,000963
0,000952
0,001189
0,001249
0,001346
0,002259
0,000066
0,000009
0,012066
0,000375
0,000079
0,000862
0,000655
0,000027
0,000484
0,000013
0,002520
0,000210
0,000349
0,000007
0,009310
0,003250
0,000038
0,001116
0,000474
0,003841
0,003516
0,000628
0,000017
0,008125
0,000010
0,000012
0,000076
0,008223
0,010028
0,000158
0,004494
0,000019
0,002909
0,005162
0,003279
0,000007
0,000113
0,000028
0,000047
0,000001
0,000002
0,005793
0,000493
0,000001
0,015212
0,002052
0,001125
0,000115
0,001738
0,001000
0,000002
0,000021
0,003674
0,004580
0,001851
0,000207
0,001722
0,002534
0,000005
0,000043
0,002350
0,000159
0,002235
0,013166



Capitol 5

1418851_at
1440736 _at
1454823 _at
1444760_at
1438353 _at
1441141 _at
1439093_at
1424333 _at
1424874 _a_at
1458460_at
1439126_at
1430152_at
1417420_at
1447166_at
1447491 _at
1458056_at
1450082_s_at
1451687_a_at
1452247 _at
1452974 _at
1423909 _at
1435018_at
1446982_at
1418296_at
1453556_x_at
1433972_at
1441477 _at
1433621_at
1457588_at
1441624_at
1449155_at
1416355_at
1460642_at
1459897 _a_at
1439159_at
1426873_s_at
1432360_a_at
1419964 _s_at
1446345_at
1438065_at
1417988_at
1425544 _at
1426051_a_at
1446172_at
1435036_at
1441487 _at
1427439_s_at
1428636_at
1419460_at
1450124_a_at
1418280_at
1450873 _at
1423271_at
1426085_a_at
1429096_at
1446090_at
1422735_at
1438257 _at
1429900_at
1426550_at
1426958_at
1442139_at
1453077_a_at
1441117 _at
1423333_at
1446475_at
1456661_at
1429058_at
1427193 _at
1424620_at
1460633 _at
1419647_a_at
1430417_s_at
1417852_x_at
1436145_at
1460351_at
1430780_a_at
1421839_at
1438915_at
1440295_at
1439871_at
1428233 _at
1440543 _at
1458393 _at
1428404 _at
1429545_at
1456296_at
1430038 _at
1452498_at
1456040_at
1435134_at
1455945_at
1449011_at
1457806_at
1416915_at
1431430_s_at
1451109_a_at
1449653 _at
1422743 _at
1448815_at
1437219_at
1432978 _at
1426297 _at
1445933 _at
1440717 _at
1417927 _at

Trim39
Al131651
Wdr37
Ncor1

Amn1

Rg9mtd1
Ptbp1

1110007A13Rik
Eps15
Cend1

Sfrs12
Etvs
Hnf1b
Fxr1
Nol8
Tmem176a
5930434B04Rik

Fxyd5
Cd99
Camta1
Calu
Wdr41
C76213
Sorbs2
Polr3g
Rbmx
Traf4
Sbsn
Rere
Jup
Tmtc4
Hdgf

Rprd1a
Resp18

Plekha5
Cenpb

Aspg
Trim2
Prmt5
Steap2
Rpp14
Atp2a3
Kifé
Gtpbp4
Gjb2
Pxn
2810455D13Rik

Foxq1

5330406M23Rik
Sidt1
Rps9

Snapc3

Ergic1

Tmem107
Brd8
Nop16
Prpf19
ler3
Neurl4
Clcat

S100a11
Pmm1
Abcal

6720401G13Rik
1110057K04Rik

Cpsf6
Heatr5a
Srr
2410025L10Rik
Ube2i
5830418K08Rik
Gphn

Sf3b2
Aadacl1
Zfp58
Slc12a7
B830028B13Rik
Mshé
Trim59
Nedd4

Phka1
Ogg1
9030607L02Rik
Tcfe2a

AA407881
Ddx19a

tripartite motif-containing 39
expressed sequence Al131651
WD repeat domain 37

nuclear receptor co-repressor 1

antagonist of mitotic exit network 1 homolog (S. cerevisiae)

RNA ine-9-) methy ferase domain ining 1
polypyrimidine tract binding protein 1

RIKEN cDNA 1110007A13 gene
epidermal growth factor receptor pathway substrate 15
cyclin D1

factor, arginine/serine-rich 12
ets variant gene 5
HNF1 homeobox B
fragile X mental ion gene 1, g
nucleolar protein 8
transmembrane protein 176A
RIKEN cDNA 5930434B04 gene

FXYD domain-containing ion transport regulator 5
CD99 antigen

calmodulin binding transcription activator 1
calumenin

WD repeat domain 41

expressed sequence C76213

sorbin and SH3 domain containing 2

polymerase (RNA) lll (DNA directed) polypeptide G
RNA binding motif protein, X chromosome

TNF receptor associated factor 4

suprabasin

arginine glutamic acid dipeptide (RE) repeats
junction plakoglobin

trar and tetratricopeptide repeat ining 4

hepatoma-derived growth factor

regulation of nuclear pre-mRNA domain containing 1A
regulated endocrine-specific protein 18

leckstrin k y domain ining, family A
centromere protein B

paraginase | (s. isiae)
tripartite motif-containing 2

protein arginine N-methyltransferase 5

six ithelial antigen of p 2
ribonuclease P 14 subunit (human)

ATPase, Ca++ transporting, ubiquitous
Kruppel-like factor 6

GTP binding protein 4

gap junction protein, beta 2

paxillin

RIKEN cDNA 2810455D13 gene

forkhead box Q1

RIKEN cDNA 5330406M23 gene
SID1 tr family, 1
ribosomal protein S9

small nuclear RNA ivating polypeptide 3

golgi intermediate compartment (ERGI(

transmembrane protein 107
bromodomain containing 8
NOP16 nucleolar protein homolog (yeast)

PRP19/PS04 pre-mRNA pr ing factor 19 h log (S. cere

immediate early response 3
neuralized homolog 4 (Drosophila)
chloride channel calcium activated 1

$100 calcium binding protein A11 (calgizzarin)
phosphomannomutase 1

ATP-binding cassette, sub-family A (ABC1), member 1
RIKEN cDNA 6720401G13 gene

RIKEN cDNA 1110057K04 gene

cleavage and polyadenylation specific factor 6
HEAT repeat containing 5A

serine racemase

RIKEN cDNA 2410025L10 gene

ubiquiti jugating enzyme E2I
RIKEN cDNA 5830418K08 gene
gephyrin

splicing factor 3b, subunit 2
arylacetamide deacetylase-like 1
zinc finger protein 58

solute carrier family 12, member 7
RIKEN cDNA B830028B13 gene
mutS homolog 6 (E. coli)
tripartite motif-containing 59

neural precursor cell expl d, d ly d

phosphorylase kinase alpha 1
8-oxoguanine DNA-glycosylase 1

RIKEN cDNA 9030607L02 gene
transcription factor E2a

expressed sequence AA407881
DEAD (Asp-Glu-Ala-Asp) box polypeptide 19a
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-1,7

0,000439
0,000018
0,000004
0,001322
0,000356
0,001109
0,001304
0,000903
0,000003
0,000516
0,001467
0,000344
0,001049
0,007471
0,000108
0,006472
0,000807
0,000007
0,001184
0,006437
0,001463
0,000001
0,000029
0,000210
0,000026
0,002059
0,000018
0,000005
0,001053
0,010746
0,000203
0,000245
0,000018
0,000142
0,007589
0,000423
0,001587
0,000111
0,000394
0,001320
0,000506
0,000576
0,000004
0,001986
0,003065
0,000155
0,000072
0,000409
0,002587
0,000133
0,004401
0,006135
0,001044
0,000200
0,000106
0,000273
0,007640
0,000012
0,001830
0,000009
0,012268
0,001937
0,007419
0,002135
0,000001
0,000295
0,000075
0,000004
0,000346
0,000467
0,000073
0,006508
0,000018
0,000018
0,000264
0,006176
0,001289
0,007149
0,003665
0,000103
0,000572
0,000193
0,000063
0,000043
0,000006
0,001341
0,005295
0,000065
0,000130
0,000000
0,015496
0,000326
0,000043
0,002936
0,000625
0,000525
0,000149
0,000039
0,000134
0,000093
0,000443
0,000052
0,007518
0,000078
0,000016
0,000001



Capitol 5

1450927_at
1448592_at
1456952_at
1440954 _at
1435550 _at
1454699_at
1441195_at
1440905_at
1430045_at
1458079_at
1446071_at
1431102_at
1427079_at
1427680_a_at
1435078_at
1441718_at
1451249 _at
1443114 _at
1446472_at
1418181_at
1455627 _at
1456377_x_at
1440637_at
1446164_at
1418374 _at
1438165_x_at
1448277 _at
1435244 _at
1459537_at
1455606_at
1421298_a_at
1436034_at
1452175_at
1421271_at
1459973 _x_at
1424222 s_at
1416283_at
1451456_at
1419186_a_at
1419270_a_at
1434707_at
1423493 _a_at
1438816_at
1443526_at
1418991_at
1421033_a_at
1453212_at
1440028 _at
1429739 _a_at
1441185_at
1427353 _at
1416846_a_at
1460253 _at
1428873_a_at
1436539_at
1451574 _at
1457392_at
1425329 _a_at
1424082_at
1459358 _at
1421809_at
1443238_at
1428383 _a_at
1450012_x_at
1459344 _at
1444466_at
1439895_at
1451377_a_at
1420836_at
1438433_at
1416237_at
1421038_a_at
1419033_at
1421574 _at
1434209 _at
1447024 _at
1426403 _at
1440622_at
1442052_at
1422799 _at
1425206_a_at
1433266_at
1425483 _at
1434360_s_at
1448656_at
1450537_at
1459670_at
1453193_s_at
1441642_at
1423847_at
1440317 _at
1430075_at
1417786_a_at
1436518 _at
1438862_at
1416050_a_at
1448541 _at
1424866_at
1422088_at
1437797 _at
1415869 _a_at
1436320_at
1458159 _at
1423543 _at
1423952_a_at
1449116_a_at

Lztr1
Crtap

C430014K11Rik
Sesn1
6030487A22Rik
Hs2st1
Tsnax
Usp40
Steap2
Cep350
Mapre3
Nfib
Tanc2

Trmt1
Zmymé4
Ahctf1
Ptp4a3
Col8a1
Limd2

Tgs1
Fxyd3
Vat1
Pold2
Vav2

N4bp1
Hipk1
Cep68
1810026J23Rik
Sh3rf1
Dpp4
Rad23b
Gart
6430706D22Rik
St8sia4
Dut
Sbf1
Nfix
Ahctf1

Bak1
Tcergl
Zfp383

Patz1
Msi2
Clasp1
Pdzrn3
Cmtm?7
Msl1
Clmn
Bcl9

Cyb5r3
Tbc1d13

Dgcr2

2310021P13Rik
Ywhag
9630019E01Rik
Ncald
AU021025
Aaas
Slc25a30
Whamm
MpzI2
Kcnn4
Papola
Rap2a
Prmt6

Actr1b

Bat2
Ube3a
2810416A17Rik
LOC100044677
Ptprg
Cacnb3
Mid2

Kif12

Ncapd2
C130068B02Rik
Sf3b3
Rgs19
Usp46
AB630005104Rik
Scarb1
Klc1
Usp43
Mycl1
Atp2a2
Trim28

Swap70
Krt7
Dtymk

leucine-zipper-like transcriptional regulator, 1
cartilage associated protein

RIKEN cDNA C430014K11 gene

sestrin 1

RIKEN cDNA 6030487A22 gene

heparan sulfate 2-O-sulfotransferase 1
translin-associated factor X

ubiquitin specific peptidase 40

six ithelial antigen of p 2
centrosomal protein 350

microtubule-associated protein, RP/EB family, member 3
nuclear factor I/B

tetratricopeptide repeat, ankyrin repeat and coiled-coil contain

TRM1 tRNA y ase 1 homolog (S. isiae)
zinc finger, MYM-type 4

AT hook containing transcription factor 1

protein tyrosine phosphatase 4a3

collagen, type VIII, alpha 1

LIM domain containing 2

tri y ine synthase | (s. isiae)
FXYD domain-containing ion transport regulator 3
vesicle amine transport protein 1 homolog (T californica)
polymerase (DNA directed), delta 2, regulatory subunit
vav 2 oncogene

NEDD4 binding protein 1

homeodomain interacting protein kinase 1
centrosomal protein 68

RIKEN cDNA 1810026J23 gene

SH3 domain containing ring finger 1
dipeptidylpeptidase 4

RAD23b homolog (S. cerevisiae)
phosphoribosylglycinamide formyltransferase
RIKEN cDNA 6430706D22 gene

ST8 alpha-N tyl inide alpha-2,8-sialyltransfe 4
deoxyuridine triphosphatase

SET binding factor 1

nuclear factor I/X

AT hook containing transcription factor 1

BCL2-antagonist/killer 1
transcription elongation regulator 1 (CA150)
zinc finger protein 383

POZ (BTB) and AT hook containing zinc finger 1
ih log 2 (Drosophil
CLIP associating protein 1
PDZ domain containing RING finger 3
CKLF-like MARVEL transmembrane domain containing 7
male-specific lethal 1 homolog (Drosophila)
calmin
B-cell CLL/lymphoma 9

cytochrome b5 reductase 3
TBC1 domain family, member 13

DiGeorge syndrome critical region gene 2

RIKEN cDNA 2310021P13 gene
ine 3

y y Itryptophan 5-mor yg actiy
RIKEN cDNA 9630019E01 gene
neurocalcin delta

expressed sequence AU021025

achalasia, adrenocortical insufficiency, alacrimia

solute carrier family 25, member 30

WAS protein homolog associated with actin, golgi membranes
myelin protein zero-like 2

p Im inter Il conductance calcium-activated ¢
poly (A) polymerase alpha
RAS related protein 2a

protein arginine N-methyltransferase 6

ARP1 actin-related protein 1 homolog B, centractin beta (yeast

HLA-B associated transcript 2
ubiquitin protein ligase E3A
RIKEN cDNA 2810416A17 gene
similar to thymus high mobility group box protein TOX
protein tyrosine phosphatase, receptor type, G

Icil channel, voltage-d: d beta 3 sub
midline 2

kinesin family member 12

non-SMC condensin | complex, subunit D2
RIKEN cDNA C130068B02 gene
splicing factor 3b, subunit 3

regulator of G-protein signaling 19
ubiquitin specific peptidase 46

RIKEN cDNA A630005104 gene
scavenger receptor class B, member 1
kinesin light chain 1

ubiquitin specific peptidase 43

v-myc myelocy is viral 1, lung carci
ATPase, Ca++ transporting, cardiac muscle, slow twitch 2
tripartite motif-containing 28

SWA-70 protein
keratin 7
deoxythymidylate kinase
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1,7
1,7
1,7
1,7
1,7
1,7
1,7
4,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
4,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
A7
1,7
1,7
4,7
1,7
1,7
A7
1,7
1,7
1,7
4,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
A7
1,7
1,7
A7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
4,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7

0,000064
0,000021
0,000321
0,000204
0,000001
0,000530
0,000672
0,002719
0,000373
0,000039
0,001433
0,000047
0,002856
0,001155
0,005879
0,001455
0,000013
0,000923
0,000070
0,000980
0,009892
0,014421
0,000150
0,001164
0,001537
0,001023
0,000034
0,0125056
0,001081
0,000022
0,000677
0,002122
0,000007
0,000411
0,000383
0,000001
0,001354
0,000274
0,007986
0,007152
0,000001
0,000001
0,000768
0,000935
0,000075
0,000539
0,003130
0,010176
0,010323
0,000569
0,005378
0,000443
0,000210
0,000003
0,000145
0,000006
0,000160
0,000016
0,000005
0,000020
0,000052
0,000170
0,000000
0,000088
0,001207
0,000095
0,000098
0,000231
0,000534
0,000022
0,000003
0,000054
0,002305
0,000094
0,000003
0,001172
0,000001
0,000179
0,000733
0,000010
0,007761
0,014343
0,001173
0,000097
0,000014
0,001323
0,000571
0,008514
0,000272
0,001182
0,000933
0,001748
0,003598
0,000069
0,000571
0,000022
0,000057
0,000000
0,000254
0,000623
0,000077
0,000000
0,003186
0,000094
0,002401
0,010033



Capitol 5

1448101_s_at
1445598 _at
1423520_at
1426532_at
1452629 _at
1430043_at
1433647_s_at
1457466_at
1460164 _at
1443991_at
1428672_at
1439127 _at
1460237_at
1438001_x_at
1426296_at
1416853 _at
1445152_at
1457189 _at
1436791_at
1441020_at
1426513 _at
1448138_at
1427831_s_at
1446926_at
1455087 _at
1451987 _at
1417542_at
1449110_at
1452400_a_at
1442824 _at
1442959_at
1426385_x_at
1448788 _at
1416124_at
1425932_a_at
1452772_at
1429065_at
1424570_at
1440896_at
1452430_s_at
1436796_at
1431173 _at
1454311_at
1424203 _at
1458213 _at
1442843 _at
1433742_at
1430134_a_at
1446510_at
1428543 _at
1442111_at
1448126_at
1428854 _at
1418032_at
1418397_at
1446504 _at
1423488_at
1457173_at
1442464_at
1448630_a_at
1458156_at
1423750_a_at
1460579 _at
1416774_at
1425587 _a_at
1457468 _at
1434034 _at
1423832_at
1416140_a_at
1424407 s_at
1424665_at
1417062_at
1430808_at
1417686_at
1427049 _s_at
1428560_at
1455030_at
1434618 _at
1425273 _s_at
1434741_at
1448124_at
1422576_at
1428708_x_at
1420650_at
1443721_x_at
1430485_at
1460016_at
1439553 _s_at
1442358 _at
1459150_at
1430163_at
1435934 _at
1444520_at
1447109 _at
1421972_s_at
1439705_at
1447944 _at
1442603 _at
1441445_at
1435087_at
1454686_at
1448698_at
1448796_s_at
1426863 _at
1444973 _at
1458111_at

Trim27

Lmnb1
Zmynd11
Safb2
Ttc19
Rhobtb3
AA409368
Spin1
Dock1
Snrpf
Al314180
Trim8
Reep5
Rad52
Ncdn

Whntba

Rbm28
Ppp2r4
Zfp260
Pycard
D7Ertd715e
Arrb2
Rps6ka2
Rhob
Hoxal1as
8030497103Rik
Bircé
Ywhae
Cd200
Cend2
Cugbp1
Tnks2
1200009F 10Rik
Ddx46

Sfrs1
Matr3
Fam53b

Ncin

4933411D12Rik
Kank1
Yars2

Ppat
D430033H22Rik
Fam60a
Tmed8
Itfg2
Zfp275

Mmd

FbxI20
Sdhc
E230012J19Rik
Sf1
Dnpep
Wee1
Ptprj

Cerk
Prkag2
Dhx30

Cbx6

Gpatch8
Armc10
Tbc1ds
Lgals12

Smo

Xpo5

Ptprj
Crebzf

Emp2
Rreb1

Gusb
Atxn10

Ptms
Zfhx3
Sbno2
Trpc2

Tmem164

Nutf2

AA409587

Rab43
Ndufab1
Fryl

Hcfe1
Zkscan1

Per3
Zip362
6430706D22Rik
Cend1
Tbrg4
Rbmx

Fam20b

tripartite motif-containing 27

lamin B1

zinc finger, MYND domain containing 11
scaffold attachment factor B2
tetratricopeptide repeat domain 19
Rho-related BTB d i ini
expressed sequence AA409368

spindlin 1

dedicator of cytokinesis 1

small nuclear ribonucleoprotein polypeptide F
expressed sequence Al314180

tripartite motif protein 8

receptor accessory protein 5

RAD52 homolog (S. cerevisiae)
neurochondrin

wingless-related MMTV integration site 5A

RNA binding motif protein 28

protein phosphatase 2A, regulatory subunit B (PR 53)
zinc finger protein 260

PYD and CARD domain containing

DNA segment, Chr 7, ERATO Doi 715, expressed
arrestin, beta 2

ribosomal protein S6 kinase, polypeptide 2

ras homolog gene family, member B

HOXA11 anti RNA (non-protein coding)

RIKEN cDNA 8030497103 gene

baculoviral IAP repeat ining 6

yrosine 3 y yptophan 5-mor yg actiy
CD200 antigen

cyclin D2

CUG triplet repeat, RNA binding protein 1

tankyrase, TRF1-interacting ankyrin-related ADP-ribose polyme¢
RIKEN cDNA 1200009F10 gene

DEAD (Asp-Glu-Ala-Asp) box polypeptide 46

factor, arginine/serine-rich 1 (ASF/SF2)
matrin 3
family with sequence similarity 53, member B

nicalin homolog (zebrafish)

RIKEN cDNA 4933411D12 gene

KN motif and ankyrin repeat domains 1
tyrosyl-tRNA synthetase 2 (mitochondrial)
phosphoribosyl pyrophosph i ase
RIKEN cDNA D430033H22 gene

family with sequence similarity 60, member A
transmembrane emp24 domain containing 8
integrin alpha FG-GAP repeat containing 2

zinc finger protein 275

monocyte to macrophage differentiation-associated

F-box and leucine-rich repeat protein 20
il subunit C, i membri

dehydr
RIKEN cDNA E230012J19 gene
splicing factor 1

aspartyl aminopeptidase

WEE 1 homolog 1 (S. pombe)
protein tyrosine phosphatase, receptor type, J

ceramide kinase
protein kinase, AMP-activated, gamma 2 non-catalytic subunit
DEAH (Asp-Glu-Ala-His) box polypeptide 30
chromobox homolog 6
G patch domain containing 8
armadillo repeat containing 10
TBC1 domain family, member 5
lectin, galactose binding, soluble 12
hened homolog (Drosophila)
exportin 5
protein tyrosine phosphatase, receptor type, J
CREB/ATF bZIP transcription factor
epithelial membrane protein 2
ras responsive element binding protein 1
glucuronidase, beta
ataxin 10
parathymosin
zinc finger homeobox 3
strawberry notch homolog 2 (Drosophila)
transient receptor potential cation channel, subfamily C, memt
transmembrane protein 164
nuclear transport factor 2
expressed sequence AA409587

RAB43, member RAS oncogene family
NADH ydrogenase (ubiquil 1,
furry homolog-like (Drosophila)

host cell factor C1
zinc finger with KRAB and SCAN domains 1

period homolog 3 (Drosophila)

zinc finger protein 362

RIKEN cDNA 6430706D22 gene

cyclin D1

transforming growth factor beta regulated gene 4
RNA binding motif protein, X chromosome

family with sequence similarity 20, member B
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1,7
1,7
A7
1,7
1,7
1,7
A7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
A7
A7
1,7
1,7
A7
1,7
1,7
A7
1,7
4,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
1,7
4,7
A7
1,7
1,7
A7
1,7
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8

0,000000
0,003769
0,000144
0,000009
0,000006
0,000090
0,004853
0,009349
0,000006
0,000055
0,004049
0,003002
0,000002
0,000000
0,000040
0,000004
0,001997
0,003540
0,004496
0,006760
0,000349
0,000001
0,001617
0,000026
0,012384
0,000023
0,000226
0,000016
0,000540
0,001292
0,000926
0,000000
0,000036
0,001347
0,000005
0,000196
0,000538
0,000068
0,001443
0,000047
0,000039
0,001602
0,002262
0,000002
0,000040
0,000370
0,000023
0,000295
0,000197
0,008199
0,000009
0,002786
0,001523
0,000020
0,000184
0,000063
0,000643
0,002016
0,000040
0,000001
0,009952
0,000000
0,001726
0,000739
0,000558
0,000428
0,000005
0,000982
0,000004
0,010261
0,000116
0,001520
0,000006
0,000105
0,002885
0,000296
0,000244
0,001334
0,000817
0,000022
0,007636
0,001026
0,000000
0,001803
0,000067
0,008250
0,000029
0,001274
0,001122
0,002729
0,000088
0,002395
0,000002
0,002409
0,000007
0,000038
0,000271
0,000696
0,001139
0,000023
0,000001
0,000144
0,000009
0,007141
0,001317
0,000017



Capitol 5

1441411 _at
1450843_a_at
1441140_at
1458069_at
1438244 _at
1426956_a_at
1440965_at
1427251 _at
1423924 _s_at
1452251_at
1430700_a_at
1426555_at
1451364 _at
1434448_at
1447150_at
1422769_at
1440513_at
1417176 _at
1455854_a_at
1422064_a_at
1452057 _at
1438839_a_at
1417623 _at
1421018_at
1438437_a_at
1446719_at
1454120_a_at
1458299 _s_at
1459003_at
1423141_at
1442556_at
1416203_at
1426801_at
1453740_a_at
1416514_a_at
1439090_at
1448767_s_at
1457292_at
1442470 _at
1436366_at
1417975_at
1449271_a_at
1442811_at
1440416_at
1445900_at
1440660_at
1417030_at
1418499 _a_at
1439041_at
1429719_at
1440038_at
1420816_at
1416818_at
1459315_at
1416661_at
1458385_at
1436907_at
1424062_at
1439580_at
1455218 _at
1442107 _at
1424772_at
1456043 _at
1458708_at
1449041_a_at
1427152_at
1448056_at
1456553_at
1460032_at
1455101_at
1460549_a_at
1458414 _at
1455655_a_at
1424332_at
1457214 _at
1435343 _at
1460403_at
1430039_at
1450983 _at
1428430_at
1443258_at
1452708_a_at
1440465_at
1452482 _at
1419654 _at
1426692_at
1432344_a_at
1454636_at
1426849_at
1453319_at
1416792_at
1425461_at
1450781_at
1440139 _at
1447615_at
1443522_s_at
1460342_s_at
1445618_at
1448012_at
1427956 _at
1439802_at
1433776_at
1446892 _at
1441894 _s_at
1427844_a_at
1428732_at

Lims1
Serpinh1

Nfib
Trp53bp1
Pigl
Atp2a2
Tspan14
Nbea
Pla2g7
Scpep1
Polr3gl
Txlna
Mycbp2
Syncrip
80258
Csnk1e
Ssh1
Zbtb20
Actr1b
Ywhae
Slc12a2
1110018J18Rik
4933439C10Rik
Atad2b
Pcgf6
Nfkbie
Fhi1
Lipa

Agp1
sep-08
Ccenl2
Fscn1
Tbc1d23
Gjb1
Taf1d

Ppp1r15b
Kpna4
Hebp2
Rgmb

Tmem206
Kcne3
Slc39a10
Foxp4
B430007K19Rik
Ywhag
Parva

Eif3a
Hspadl
Nav1
Ube2d1
B930053N05Rik
6330503K22Rik
Finb
H2afj
Usp22

Trip6
Qser1
Huwe1

Phactr2
Cdc23
D2Ertd93e
Tardbp
Rab40c

Dock10
Psip1
Cdkal1
Akap8
Rgmb
Foxp1
Luc7l

Erbb3
Tle3
Ccdc97
Aplp2
Cbx5
Sec24b
Ccart
Ppm1g
Fbxw11
Hmga2

Phip
Mprip

C76336
Pcgf1
Stk35

Lhfp

Grasp
Cebpb
1700008J07Rik

LIM and cell anti like ins 1
serine (or cysteine) peptidase inhibitor, clade H, member 1

nuclear factor I/IB
transformation related protein 53 binding protein 1
phosphatidylinositol glycan anchor biosynthesis, class L
ATPase, Ca++ transporting, cardiac muscle, slow twitch 2
tetraspanin 14
neurobeachin
phospholipase A2, group VIl ivating factor ylhy
serine carboxypeptidase 1
polymerase (RNA) lll (DNA directed) polypeptide G like
taxilin alpha
MYC binding protein 2
synap ic RNA i ing protein
expressed sequence C80258
casein kinase 1, epsllon

linashot h g1 (D hil
zinc flnger and BTB domain contalnlng 20
ARP1 ac(ln related protein 1 homolog B, centractin beta (yeast
y y yptophan 5-monooxygenase acti\
solute carrier family 12, member 2
RIKEN cDNA 1110018J18 gene
RIKEN cDNA 4933439C10 gene
ATPase family, AAA domain containing 2B
polycomb group ring finger 6
nuclear factor of kappa light polypeptide gene enhancer in B-c:
four and a half LIM domains 1
lysosomal acid lipase A

aquaporin 1
septin 8
cyclin L2
fascin homolog 1, actin bundling protein (Strongylocentrotus
TBC1 domain family, member 23
gap junction protein, beta 1
TATA box binding protein (Tbp)

d factor, RNA polym:¢

protein p 1, I y (inhibitor) it 15b
karyopherln (|mport|n) alpha 4

RGM domain family, member B

transmembrane protein 206
potassium voltage-gated channel, Isk-related subfamily, gene :
solute carrier family 39 (zinc transporter), member 10
forkhead box P4
RIKEN cDNA B430007K19 gene
Itryptophan 5-mor yg acti\

parvm, alpha

eukaryotic translation initiation factor 3, subunit A

heat shock protein 4 like

neuron nawgator 1

ubiquiti y E2D 1, UBC4/5 homolog (yeast)
RIKEN cDNA B930053N05 gene

RIKEN cDNA 6330503K22 gene

filamin, beta

H2A histone family, member J

ubiquitin specific peptidase 22

thyroid hormone receptor interactor 6
glutamine and serine rich 1
HECT, UBA and WWE domain containing 1

and actin r I 2

CDC23 (cell division cycle 23, yeast, homolog)
DNA segment, Chr 2, ERATO Doi 93, expressed
TAR DNA binding protein

Rab40c, member RAS oncogene family

dedicator of cytokinesis 10

PC4 and SFRS1 |n!eract|ng protein 1

CDK5 I y i protein 1-like 1
A kinase (PRKA) anchor protein 8

RGM domain family, member B

forkhead box P1

Luc? homolog (S. cerevisiae)-like

v-erb-b2 erytt i ia viral h log 3 (av
transducin-like ent of split 3, h. log of Drosophila E(s|
coiled-coil domain containing 97

amyloid beta (A4) precursor-like protein 2

chre box | log 5 (Dr hila HP1a)

Sec24 related gene family, member B (S. cerevisiae)

cell ision cycle and apoptosis regulator 1

protein phosphatase 1G (formerly 2C), magnesium-dependent,
F-box and WD-40 domain protein 11

high mobility group AT-hook 2

pleckstrin homology domain interacting protein
myosin phosphatase Rho interacting protein

expressed sequence C76336
polycomb group ring finger 1
serine/threonine kinase 35

lipoma HMGIC fusion partner

GRP1 (general receptor for ph h ides 1) iated s¢
CCAAT/enhancer binding protein (C/EBP), beta
RIKEN cDNA 1700008J07 gene
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1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8
1,8

0,000340
0,000266
0,001100
0,000596
0,000130
0,002049
0,001863
0,000007
0,000052
0,001815
0,012075
0,000002
0,000002
0,000001
0,002113
0,001346
0,001075
0,002135
0,000101
0,000003
0,000004
0,000000
0,009263
0,000070
0,001174
0,000050
0,009071
0,000033
0,000324
0,006750
0,000503
0,001984
0,000002
0,001109
0,013679
0,000114
0,000008
0,014550
0,000096
0,000455
0,000001
0,015176
0,001520
0,000015
0,000075
0,003431
0,004206
0,012274
0,002271
0,000000
0,002023
0,000000
0,000126
0,000082
0,000022
0,000148
0,004198
0,000084
0,003301
0,004536
0,003276
0,000004
0,000064
0,000623
0,000495
0,000910
0,000048
0,002069
0,000112
0,000009
0,000011
0,000070
0,002629
0,001473
0,000312
0,013942
0,006355
0,000014
0,000091
0,000002
0,000013
0,005856
0,000039
0,003235
0,000004
0,000002
0,000214
0,000211
0,000356
0,006277
0,000001
0,000003
0,000065
0,003256
0,000864
0,001687
0,000120
0,003776
0,000018
0,000006
0,000006
0,004187
0,002123
0,000073
0,004515
0,000003



Capitol 5

1440586_at
1455084 _x_at
1437775_at
1427414 _at
1435460_at
1434922 at
1436508_at
1448780 _at
1454881_s_at
1458703_at
1455874_at
1416959_at
1435349_at
1417293 _at
1450382_at
1449554 _at
1449268 _at
1440490 _at
1427397_at
1443153_at
1444764 _at
1435905_at
1439344 _at
1435889_at
1417057_a_at
1446299_at
1435122_x_at
1428065_at
1438208_at
1422681_at
1417476_at
1447034_at
1426381_at
1460259_s_at
1444785_at
1435338 _at
1438888_at
1424048 _a_at
1452237 _at
1436524_at
1454106_a_at
1424556_at
1431530_a_at
1439572_at
1422474 _at
1425993 a_at
1457339_at
1419838_s_at
1426117_a_at
1419248_at
1442171_at
1460113_at
1439931_at
1428850_x_at
1439305_at
1451956_a_at
1433751 _at
1424375_s_at
1437283_at
1438916_x_at
1418727 _at
1439773_at
1423430 _at
1441482_at
1443115_at
1444231 _at
1454817 _at
1438802_at
1424760_a_at
1437667_a_at
1452905_at
1451104_a_at
1416295_a_at
1420505_a_at
1451115_at
1434031_at
1432372_a_at
1419185_a_at
1431031_at
1444150_at
1441145_at
1430920_at
1442538_at
1455269_a_at
1456758 _at
1428281_at
1458648 _at
1456659_at
1457047 _at
1424544 _at
1443755_at
1423831_at
1448881_at
1434296 _at
1447096_at
1442309_at
1423723_s_at
1451799_at
1458426_at
1438751_at
1448096_at
1455521_at
1448646_at
1424040_at
1446474 _at
1459701_x_at

B430203I124Rik
Shmt2
Dist
Prkar2a
Prkg2
Phf12
Mlec
Slc12a2
Upk3b

Tmem179b
Nr1d2
Nrp2
Hs6st1
Nf2
Tle3
Gfpt1

2810046L04Rik

A130022J21Rik
D3Ertd300e

Mark2
Ppid

Dnmt1
Slc44a2
Taok2
Ctr9
Fbxw5

Pprc1
Clca2

Cdk6
Gmcl1
Cyb5r1
Agfg1

4833438C02Rik
Cxxc1

Pycr1

Tspan5

Pde4b
Hsph1

Plk4
Slc19a2
Rgs2
Prpf40a
B930093H17Rik
Gsk3b
Cdo9

Sigmar1
Slc39a10
Gimap4
Tnpo2
6720401G13Rik
Nup155
Ly6e
Mybbp1a
Map2k6

Utp18
Foxp1
Smyd2
Bach2
Meg3
Snmp70
li2rg
Stxbp1
Pias3
Zip692
Spr
Mixipl
Arid4b
Epb4.1
Phf21a
Trmt11

Corola
9930017N22Rik
Trub1
AU042950
LOC552902

Nrbp2

Prkag2
Hp
BC049349

Tardbp
Ccdc25

Slc30a10
Ogfod1
KIf12
Wdr12
Mtap7d1

RIKEN cDNA B430203124 gene

serine hydroxy ferase 2 (mit ial)
dihydr ide S: inyltrar (E2 p
protein kinase, cAMP dependent regulatory, type Il alpha
protein kinase, cGMP-dependent, type Il

PHD finger protein 12

malectin

solute carrier family 12, member 2

uroplakin 3B

transmembrane protein 179B

nuclear receptor ily 1, group D, ber 2
neuropilin 2

heparan sulfate 6-O-sulfotransferase 1
neurofibromatosis 2
trar in-like of split 3, h:

i 6-ph

fr phosp t

RIKEN cDNA 2810046L04 gene

RIKEN cDNA A130022J21 gene
DNA segment, Chr 3, ERATO Doi 300, expressed

MAP/microtubule affinity-regulating kinase 2

peptidylproly D (cyclophilin D)
DNA methyltransferase (cytosine-5) 1
solute carrier family 44, member 2

TAO kinase 2

Ctr9, Paf1/RNA polymerase Il | I

F-box and WD-40 domain protein 5

of 2-03

of Drosophila E(s|
1

peroxisome proliferative acti ptor, gamma,
chloride channel calcium activated 2

cyclin-dependent kinase 6

germ cell-less h log 1 (Drosophila)
cytochrome b5 reductase 1

ArfGAP with FG repeats 1

RIKEN cDNA 4833438C02 gene

CXXC finger 1 (PHD domain)
pyrroline-5-carboxylate reductase 1
tetraspanin 5

phosphodiesterase 4B, cAMP specific
heat shock 105kDa/110kDa protein 1

polo-like kinase 4 (Drosophila)

solute carrier family 19 (thiamine transporter), member 2

regulator of G-protein signaling 2

PRP40 pre-mRNA p ing factor 40 A (yeast)

RIKEN cDNA B930093H17 gene
glycogen synthase kinase 3 beta
CD99 antigen

sigma pioid intr ptor 1

solute carrier family 39 (zinc transporter), member 10
GTPase, IMAP family member 4

transportin 2 (importin 3, karyopherin beta 2b)
RIKEN cDNA 6720401G13 gene

nucleoporin 155

lymphocyte antigen 6 complex, locus E

MYB binding protein (P160) 1a

mitogen-activated protein kinase kinase 6

UTP18, small subunit (SSU) p! ponent, h

forkhead box P1

SET and MYND domain containing 2

BTB and CNC homology 2

maternally expressed 3

small nuclear ribonucleoprotein 70 (U1)
interleukin 2 receptor, gamma chain
syntaxin binding protein 1

protein inhibitor of activated STAT 3

zinc finger protein 692

sepiapterin reductase

MLX interacting protein-like

AT rich interactive domain 4B (RBP1-like)
erythrocyte protein band 4.1

PHD finger protein 21A

tRNA methy ase 11 (S. cerevisiae)

coronin, actin binding protein 1A

RIKEN cDNA 9930017N22 gene

TruB pseudouridine (psi) synthase homolog 1 (E. coli)
expressed sequence AU042950

hypothetical LOC552902

nuclear receptor binding protein 2

protein kinase, AMP-activated, gamma 2 non-catalytic subunit

haptoglobin
cDNA sequence BC049349

TAR DNA binding protein
coiled-coil domain containing 25

solute carrier family 30, member 10

2 ate and iron-dependent oxyg d
Kruppel-like factor 12

WD repeat domain 12

microtubule-associated protein 7 domain containing 1
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-1,8

-1,9

0,000060
0,000303
0,000077
0,000015
0,013502
0,000026
0,000009
0,003922
0,005580
0,000194
0,002335
0,000328
0,000558
0,000002
0,000001
0,000018
0,000014
0,000001
0,000014
0,000031
0,000023
0,000025
0,000359
0,000222
0,000674
0,000745
0,009088
0,000125
0,000008
0,000015
0,000011
0,002261
0,001866
0,000009
0,000094
0,000631
0,000255
0,000032
0,002759
0,000007
0,000002
0,002415
0,000135
0,001152
0,000361
0,006020
0,001687
0,013632
0,000009
0,000197
0,000252
0,000005
0,000012
0,000007
0,000026
0,000007
0,010990
0,009208
0,000000
0,005139
0,009575
0,004133
0,000042
0,012957
0,001503
0,000892
0,004522
0,000580
0,000319
0,000086
0,001167
0,001109
0,005165
0,000097
0,000003
0,000115
0,000029
0,000007
0,000311
0,000135
0,002293
0,000019
0,000296
0,009756
0,000014
0,000051
0,000049
0,001805
0,000981
0,000183
0,000039
0,000013
0,005092
0,000012
0,001918
0,000034
0,004280
0,000296
0,000289
0,001175
0,000826
0,002764
0,002206
0,000015
0,000007
0,000019



Capitol 5

1443489_at
1431118_at
1434847 _at
1416184_s_at
1457746_at
1452154 _at
1448346_at
1457913 _at
1427708_a_at
1432108_at
1443167_at
1440799 _s_at
1416484 _at
1445867 _at
1415836_at
1433806_x_at
1424927 _at
1447929 _at
1427978 _at
1460096_at
1417655_a_at
1456328_at
1426533 _at
1457356_at
1444372_at
1440464_at
1443624_at
1418167_at
1423161_s_at
1442239 _at
1456514 _at
1436729_at
1447122_at
1436456_at
1456916_at
1444506_at
1423143_at
1430388_a_at
1425634_a_at
1416871_at
1448019_at
1437917 _at
1448221_at
1428207 _at
1435381 _at
1421958_at
1443554 _at
1442473 _at
1420881_at
1458309_at
1434118 _at
1433491_at
1418070_at
1457302_at
1442632_at
1450854 _at
1446001_at
1458618_at
1434908 _at
1417381 _at
1428772_at
1419032_at
1441558 _at
1416814 _at
1454665_at
1446861_at
1450704_at
1450839_at
1434191_at
1457072_at
1457369_at
1445340_at
1427322_at
1415798 _at
1419655_at
1421026_at
1427883_a_at
1457593_at
1442916_at
1416614 _at
1452690 _at
1449944 a_at
1452560_a_at
1453399 _at
1431993 _a_at
1448375_at
1448117_at
1449202_at
1425233 _at
1452336_at
1452377 _at
1450116_at
1418893_at
1442150_at
1450757 _at
1448617_at
1437500_at
1454254_s_at
1437188_at
1445201 _at
1420984 _at
1426501_a_at
1460205_at
1418202_a_at
1450986_at
1456170_x_at

6720427H10Rik
Cnnm4
Hmga1

lars
Cfl1
5730601F06Rik
Nf2
Pcgf6

Farp2

Tte3
AL023008
Aldh18a1

Calr

Glipr1

Ssh3

4732418CO07Rik

Ars2
Bank1
Nop56

Elavi1

Tcfap4
Spred1

Afap1
Psmd1
Slc38a9
Nsd1

Gtpbp4
Sulf2
Tnk1
Adam8
Taok3
D530037H12Rik
Bat1a
Bcl7a
2610110G12Rik
L1cam
Ssbp3

Acd

Mult
Epb4. 112
Cdyl

Pa2g4

Scaf1
C1ga
Xpot
Papola
D230044B12Rik
Tia1
Irf2bp2
Gns
Ihh
DOH4S8114
Tmem195
Bcl11a

Mycbp2
Brwd1
Ddr1
Tle3
Gna12
Col3at
2610202C22Rik

Eid1
Khsrp
Sec61a2
Nfya
Cent2
Rnf38
Tm9sf3
Kitl
Semadg
2210407C18Rik
Zfp395
Ml
D3Ertd300e
Pbx2

Cdh11
Cd53
Noc3l
1600029D21Rik
Gabbr1
Zfp53
Pctp
Tifa
Dcakd
Wiz
Nop58
Calr

RIKEN cDNA 6720427H10 gene
cyclin M4
high mobility group AT-hook 1

isoleucine-tRNA synthetase
cofilin 1, non-muscle

RIKEN cDNA 5730601F06 gene
neurofibromatosis 2
polycomb group ring finger 6

FERM, RhoGEF and pleckstrin domain protein 2
tetratricopeptide repeat domain 3
expressed sequence AL023008
aldehyde dehydrogenase 18 family, member A1
calreticulin
GLI patt is-related 1 (

i 3 (Dre
RIKEN cDNA 4732418C07 gene

arsenate resistance protein 2
B-cell scaffold protein with ankyrin repeats 1
NOP56 ribonucleoprotein homolog (yeast)

ELAV (embryonic lethal, abnormal vision, Drosophila)-like 1 (H

transcription factor AP4
sprouty protein with EVH-1 domain 1, related sequence

actin filament associated protein 1

proteasome (prosome, macropain) 26S subunit, non-ATPase, 1
solute carrier family 38, member 9

nuclear receptor-binding SET-domain protein 1

GTP binding protein 4
sulfatase 2

tyrosine kinase, non-receptor, 1
adisi in and llopepti
TAO kinase 3

RIKEN cDNA D530037H12 gene
HLA-B-associated transcript 1A
B-cell CLL/lymphoma 7A
RIKEN cDNA 2610110G12 gene
L1 cell adhesion molecule
single-stranded DNA binding protein 3

domain 8

adrenocortical dysplasia

mitochondrial ubiquitin ligase activator of NFKB 1
erythrocyte protein band 4.1-like 2
chr d in protein, Y chr like

proliferation-associated 2G4

SR-related CTD-associated factor 1
it 1,9 1ent, alpha polypepti
exportin, tRNA (nuclear export receptor for tRNAs)
poly (A) polymerase alpha
RIKEN cDNA D230044B12 gene
y ic granul iated RNA binding protein 1
interferon regulatory factor 2 binding protein 2
ine (N-acetyl)-6.
Indian hedgehog
DNA segment, human D4S114
transmembrane protein 195
B-cell CLL/lymphoma 11A (zinc finger protein)

MYC binding protein 2

bromodomain and WD repeat domain containing 1
discoidin domain receptor family, member 1
trar in-like of split 3, h: I
guanine nucleotide binding protein, alpha 12
collagen, type lll, alpha 1

RIKEN cDNA 2610202C22 gene

of Drosophila E(s|

EP300 interacting inhibitor of differentiation 1
KH-type splicing regulatory protein
Sec61, alpha subunit 2 (S. cerevisiae)
nuclear transcription factor-Y alpha
cyclin T2
ring finger protein 38
transmembrane 9 superfamily member 3
kit ligand
sema domain, immunoglobulin domain (lg), transmembrane dc¢
RIKEN cDNA 2210407C18 gene
zinc finger protein 395

yeloid/lymphoid or mixed-lineage leukemia 1
DNA segment, Chr 3, ERATO Doi 300, expressed
pre B-cell leukemia transcription factor 2

cadherin 11
CD53 antigen

iated 3 homolog (S. cerevisiae)
RIKEN cDNA 1600029D21 gene

gamma-aminobutyric acid (GABA-B) receptor, 1

zinc finger protein 53

phosphatidylcholine transfer protein

TRAF-interacting protein with forkhead-associated domain
dephospho-CoA kinase domain containing
widely-interspaced zinc finger motifs

NOP58 ribonucleoprotein homolog (yeast)

calreticulin
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1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9

0,000070
0,000009
0,000627
0,000003
0,000005
0,000848
0,000002
0,011078
0,000663
0,001312
0,000982
0,000384
0,000505
0,000084
0,000002
0,000004
0,012266
0,000000
0,000000
0,000042
0,000022
0,007419
0,004610
0,000244
0,000092
0,001259
0,000344
0,000001
0,000092
0,000125
0,000117
0,000979
0,000228
0,000630
0,000736
0,001276
0,001747
0,000006
0,000024
0,015271
0,000254
0,000418
0,000071
0,005081
0,000605
0,000799
0,003256
0,001107
0,000001
0,000012
0,000019
0,000923
0,000010
0,002339
0,001868
0,000402
0,003211
0,000144
0,000014
0,009906
0,001310
0,000144
0,000351
0,008406
0,000985
0,000035
0,000011
0,003908
0,004079
0,010050
0,000000
0,004028
0,000486
0,000017
0,000009
0,000201
0,010875
0,000018
0,000798
0,000005
0,000003
0,000067
0,000009
0,000011
0,000008
0,000002
0,000121
0,000001
0,010084
0,000002
0,000293
0,000131
0,000001
0,000058
0,001662
0,013069
0,000027
0,003318
0,000008
0,000905
0,000029
0,000568
0,000010
0,000001
0,008738
0,000000



Capitol 5

1438058_s_at
1426458 _at
1441684_at
1420834 _at
1422321_a_at
1427099_at
1458233 _at
1420924 _at
1422440_at
1455831_at
1456715_at
1422850_at
1430356_at
1439545_at
1420824 _at
1419276_at
1426963 _at
1444716_at
1455778 _at
1420479_a_at
1459442 _at
1459091_at
1435744 _at
1453311_at
1420619_a_at
1456526_at
1415983 _at
1435520_at
1451229_at
1448127 _at
1437000_at
1417015_at
1437078 _at
1454142_a_at
1429246_a_at
1449401_at
1426538_a_at
1440381_at
1421355_at
1423162_s_at
1453414 _at
1453988_a_at
1446598_at
1442761_at
1424794 _at
1421070_at
1431362_a_at
1449120_a_at
1430177_at
1454268_a_at
1445387 _at
1424281_at
1457793_a_at
1449029_at
1451034_at
1447402_at
1442484_at
1450914 _at
1441956_s_at
1453074 _at
1436902_x_at
1456904_at
1428869 _at
1443534_at
1434804 _at
1456223 _at
1429477 _at
1452226_at
1423757_x_at
1416572_at
1434166_at
1416362_a_at
1457848 _at
1423746_at
1457944 _at
1449005_at
1416998_at
1446621_at
1448748 _at
1424259 _at
1436427 _at
1415977 _at
1416365_at
1417175_at
1439537_at
1429332_at
1459433 _at
1450377_at
1424938_at
1435981_at
1430418_at
1458972_at
1421267_a_at
1439619 _at
1452139_at
1446692_at
1417219_s_at
1460116_s_at
1442418 _at
1434077 _at
1448842_at
1460210_at
1435162 _at
1454247_a_at
1446508_at
1419257 _at

Ptov1
Slmap
Tte3
Vamp2
Sf1
Maz
Fryl
Timp2
Cdk4
Fus

Pabpn1
2210402A03Rik

Semadd
Enpp1
Pacs2
Mettl2

Zfp192
Nap1i1

6720401G13Rik
2310008B10Rik
Aes
C130034124Rik
Lep1
Msi2
Hdac11
Rrm1
Dgkq
Rassf3
Vps52
Pwp1
Anxab
C1qc
Trp53
2410085M17Rik
Tgm3
Spred1
Ypel2
Ide

Rnf186
D3Ertd300e
Smoc2
Pcm1
Ube2b
Cyba
Senp6
Ubap2
Whsc1l1
Mknk2
Zp3612

DOYErtd306e
Ppp1r14b
Cux1
Dusp23
Tmsb10

Nolc1
Exoc6b

Ncaph2
Rcc2
Igfbp4
Mmp14
9330151L19Rik
Fkbp4

Txndc5

Slc16a3
Rrs1

Plek
Lmf1
Prpf4b
Isynal
Hsp90ab1
Csnk1e

4632427E13Rik
C130051F05Rik
Thbs1
Steap1
Nav2
Tmem57
9330112F22Rik
Cited2
Tef12
Slc35¢1

Tmsb10
Spred1
B930096F20Rik
Wdr37
Cdo1
Pkd1
Prkg2
Gpa33

Tceal

prostate tumor over expressed gene 1

sarcolemma associated protein

tetratricopeptide repeat domain 3
icll iated protein 2

splicing factor 1

MYC-associated zinc finger protein (purine-binding transcriptic
furry homolog-like (Drosophila)

tissue inhibitor of i

cyclin-dependent kinase 4

fusion, derived from t(12;16) malignant liposarcoma (human)

poly(A) binding protein, nuclear 1
RIKEN cDNA 2210402A03 gene

sema domain, immunoglobulin domain (lg), transmembrane dc
ide pyroph Ihosphodi

phosphofurin acidic cluster sorting protein 2

methyltransferase like 2

zinc finger protein 192

nucleosome assembly protein 1-like 1

RIKEN cDNA 6720401G13 gene
RIKEN cDNA 2310008B10 gene
amino-terminal enhancer of split
RIKEN cDNA C130034124 gene
lymphocyte cytosolic protein 1
M hi h log 2 (Dr hil
histone deacetylase 11
ribonucleotide reductase M1
diacylglycerol kinase, theta
Ras association (RalGDS/AF-6) domain family member 3
vacuolar protein sorting 52 (yeast)
PWP1 homolog (S. cerevisiae)
annexin A6
it 1,q C chain
transformation related protein 53
RIKEN cDNA 2410085M17 gene
trar inase 3, E p: i
sprouty protein with EVH-1 domain 1, related sequence
yippee-like 2 (Drosophila)
insulin degrading enzyme

ring finger protein 186

DNA segment, Chr 3, ERATO Doi 300, expressed
SPARC related modular calcium binding 2
pericentriolar material 1

ubiquitin-conjugating enzyme E2B, RAD6 homology (S. cerevis
cytochrome b-245, alpha polypeptide

SUMO/sentrin specific peptidase 6
ubiquitin-associated protein 2

Wolf-Hirschhorn syndrome candidate 1-like 1 (human)
MAP kinase-interacting serine/threonine kinase 2

zinc finger protein 36, C3H type-like 2

DNA segment, Chr 9, ERATO Doi 306, expressed

protein ph h 1, I y (inhibitor) it 14B
cut-like homeobox 1

dual specificity phosphatase 23

thymosin, beta 10

nucleolar and coiled-body phosphoprotein 1
exocyst complex component 6B

non-SMC condensin Il complex, subunit H2

lator of ch ion 2
insulin-like growth factor binding protein 4
matrix 1[I id. 14 (membr: il ted)
RIKEN cDNA 9330151L19 gene
FK506 binding protein 4

thioredoxin domain containing 5

solute carrier family 16 (monocarboxylic acid transporters), me
RRS1 rib bi i [ h log (S. cerevisiae)

pleckstrin

lipase maturation factor 1

PRP4 pre-mRNA processing factor 4 homolog B (yeast)
myo-inositol 1-phosphate synthase A1

heat shock protein 90 alpha (cytosolic), class B member 1
casein kinase 1, epsilon

RIKEN cDNA 4632427E13 gene

RIKEN cDNA C130051F05 gene

thrombospondin 1

six transmembrane epithelial antigen of the prostate 1

neuron navigator 2

transmembrane protein 57

RIKEN cDNA 9330112F22 gene

Cbp/p300-interacting transactivator, with Glu/Asp-rich carboxy
transcription factor 12

solute carrier family 35, member C1

thymosin, beta 10
sprouty protein with EVH-1 domain 1, related sequence
RIKEN cDNA B930096F20 gene
WD repeat domain 37
ysteine di 1, cy "
polycystic kidney di 1 homolog
protein kinase, cGMP-dependent, type Il
glycoprotein A33 (transmembrane)

transcription elongation factor A (Sll) 1
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1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
1,9
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0

0,000000
0,000007
0,003045
0,000003
0,000001
0,000001
0,001041
0,000909
0,008642
0,000554
0,003593
0,001545
0,000007
0,000020
0,000011
0,000011
0,000653
0,000724
0,001502
0,009219
0,000001
0,000955
0,003917
0,000679
0,000000
0,000126
0,000005
0,000005
0,000021
0,010715
0,000009
0,000015
0,000108
0,000047
0,012762
0,008703
0,000001
0,000408
0,000069
0,000001
0,000281
0,000005
0,000166
0,000273
0,000291
0,000299
0,008301
0,000002
0,000571
0,000417
0,000036
0,000000
0,000001
0,000000
0,000004
0,000011
0,000468
0,001316
0,000677
0,000259
0,000001
0,000145
0,000527
0,000078
0,000004
0,000095
0,000704
0,004644
0,013663
0,000266
0,000520
0,000051
0,000002
0,000001
0,000534
0,000306
0,000101
0,000093
0,012564
0,000011
0,002367
0,000027
0,000015
0,000770
0,000090
0,000006
0,000139
0,000056
0,004091
0,000167
0,000288
0,000036
0,000001
0,002775
0,000002
0,000013
0,000000
0,000065
0,000141
0,000003
0,012853
0,000000
0,010413
0,000001
0,000001
0,000074



Capitol 5

1443332_at
1460565_at
1440294_at
1434784 _s_at
1451199_at
1419522_at
1429870_at
1436919_at
1422972_s_at
1442056_at
1417658 _at
1420653 _at
1440615_at
1431096_at
1454090_at
1420833_at
1419168_at
1444042_at
1423325_at
1449080_at
1457188_at
1417814_at
1428557_a_at
1452427 _s_at
1438686_at
1431061_s_at
1458065_at
1455548 _at
1421224_a_at
1450747_at
1436871_at
1429088_at
1460218_at
1424198 _at
1448590_at
1439123 _at
1433586_at
1436318_at
1443846_x_at
1436232_a_at
1444445_at
1421811_at
1445827_at
1445178_at
1456063_at
1423087_a_at
1451331_at
1417253 _at
1448603_at
1424668_a_at
1423121_at
1443355_at
1422249_s_at
1428142_at
1423004_at
1440040_at
1441359_at
1441505_at
1427408_a_at
1441125_at
1436321_at
1434644_at
1457262_at
1417232_at
1444333 _at
1420699_at
1457812_at
1453234_at
1441475_at
1451884 _a_at
1422528 _a_at
1445341_at
1423357_at
1441272_at
1428069_at
1446182_at
1449845_a_at
1456955_at
1431235_at
1427048 _at
1440372_at
1438700_at
1415871_at
1420762_a_at
1422705_at
1424081_at
1442224_at
1446143 _at
1436515_at
1440123_at
1418824_at
1422854_at
1421118_a_at
1434554_at
1437798 _at
1452899_at
1443444 _at
1440254_at
1449551_at
1431830_at
1456547_at
1420946_at
1438069_a_at
1433485_x_at
1418835_at
1450089_a_at

Slc41a1

Tmem106¢c
Qtrtd1
Zmynd19
Tnik
Trp53i11
Kat2a

Tbrg4
Tgfb1
Dusp16
Ints8
Pdss1
Vamp2
Mapk6
Trip11
Pnn
Hdac2

Pla2g5
Ormdl1
Ptplad1
Eif4g1
Peli1

Digap4
Hnf1b
Keap1
Sfrs7
Lbh
Cd52
Dig5
Col6at

Rgmb
Tardbp

Gabpb1
C77648
Thbs1
Prkcbp1
Sh3rf1
Fam120c
Tommé
Ppp1r1ib
Frg1
Srpk2
Cux1
Ide

Zfa
Etvs
Vipr1

Zcchel1

Thrap3
Setd5
B3gnt7
Tbl1x
Smg1
Cldn2

Clec7a
Trp53bp1
1300002K09Rik

Lsm2
Zfp36I1

2610209A20Rik
Matr3
Cdca7

Ephb4

Matr3
Smo

Fnbp4
Tgfbi
Ybx2

Pmepat

Pcgf6

Bach2

Arf6
Shct
Gpr56
Trim37
6720422M22Rik
Rian

100041277
Myo1c
Zip329

Atrx
Rbm5
Gpr56
Phida1
Srprb

solute carrier family 41, member 1

transmembrane protein 106C

queuine tRNA-rib ferase domain ining 1
zinc finger, MYND domain containing 19

TRAF2 and NCK interacting kinase

transformation related protein 53 inducible protein 11
K(lysine) acetyltransferase 2A

transforming growth factor beta regulated gene 4

transforming growth factor, beta 1

dual specificity phosphatase 16

integrator complex subunit 8

prenyl (solanesyl) diph hate synth. it 1
icl iated protein 2

mitogen-activated protein kinase 6

thyroid hormone receptor interactor 11

pinin

histone deacetylase 2

phospholipase A2, group V

ORM1-like 1 (S. cerevisiae)

protein tyrosine phosphatase-like A domain containing 1
eukaryotic translation initiation factor 4, gamma 1
pellino 1

discs, large homolog-associated protein 4 (Drosophila)
HNF1 homeobox B
kelch-like ECH-associated protein 1
licing factor, arginine/serine-rich 7
limb-bud and heart
CD52 antigen
discs, large homolog 5 (Drosophila)
collagen, type VI, alpha 1

RGM domain family, member B
TAR DNA binding protein

GA repeat binding protein, beta 1

expressed sequence C77648

thrombospondin 1

protein kinase C binding protein 1

SH3 domain containing ring finger 1

family with sequence similarity 120, member C

transl. of outer hondrial b 6 log (yeas
protein ph 1, regul y (inhibitor) it 1B
FSHD region gene 1

serine/arginine-rich protein specific kinase 2

cut-like homeobox 1

insulin degrading enzyme

zinc finger protein, autosomal
ets variant gene 5
ive ir inal peptide ptor 1

zinc finger, CCHC domain containing 11

thyroid hormone receptor associated protein 3
SET domain containing 5

UDP-GIcNAc:b | beta-1,3-N y inyl feras¢
transducin (beta)-like 1 X-linked

SMG1 h | h idylinositol 3-ki lated kinase (!
claudin 2

C-type lectin domain family 7, member a
transformation related protein 53 binding protein 1
RIKEN cDNA 1300002K09 gene

LSM2 homolog, U6 small nuclear RNA associated (S. cerevisia:
zinc finger protein 36, C3H type-like 1

RIKEN cDNA 2610209A20 gene
matrin 3
cell division cycle associated 7

Eph receptor B4

matrin 3

d homolog (Drosophila)
formin binding protein 4

transforming growth factor, beta induced

Y box protein 2

prostate transmembrane protein, androgen induced 1
polycomb group ring finger 6

BTB and CNC homology 2

ADP-ribosylation factor 6

srch logy 2 di i ining transforming protein C1
G protein-coupled receptor 56

tripartite motif-containing 37

RIKEN cDNA 6720422M22 gene

RNA imprinted and accumulated in nucleus

predicted gene, 100041277
myosin IC
zinc finger protein 329

alpha thalassemia/mental retardation syndrome X-linked homo
RNA binding motif protein 5

G protein-coupled receptor 56

pleckstrin homology-like domain, family A, member 1

signal r ition particle ptor, B i
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2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
21
2,1
21
21
21
2,1
2,1
21
2,1
21
21
2,1
21
21
21
21
21
21
21
21
21
2,1
21
2,1
2,1
21
21
2,1
21
2,1
21
21
21
2,1
2,1
2,1
2,1
21
2,1
2,1
21
2,1
2,1
21
21
2,1
2,1
2,1
2,1

0,004935
0,000295
0,000071
0,000001
0,002877
0,000040
0,006291
0,000011
0,000001
0,001717
0,000001
0,000026
0,000020
0,000175
0,000000
0,000016
0,000000
0,000003
0,000193
0,002875
0,000012
0,000185
0,000437
0,000129
0,000001
0,000000
0,000239
0,000000
0,000000
0,000032
0,003940
0,000001
0,003816
0,000010
0,001071
0,000202
0,000005
0,000556
0,000015
0,000000
0,000086
0,006431
0,000206
0,002888
0,000102
0,000000
0,000001
0,000000
0,000001
0,000000
0,000001
0,000636
0,000612
0,010199
0,000153
0,003431
0,000012
0,000049
0,000000
0,000039
0,000292
0,000006
0,000000
0,000321
0,000100
0,002664
0,005441
0,000033
0,000131
0,000000
0,000000
0,000227
0,001263
0,000029
0,002715
0,000103
0,000000
0,000029
0,000000
0,000069
0,000021
0,000193
0,000038
0,000000
0,006721
0,000316
0,000022
0,000002
0,000072
0,000007
0,000007
0,000003
0,000000
0,001400
0,003899
0,000419
0,000012
0,001202
0,000000
0,000160
0,000049
0,000899
0,000356
0,000000
0,008178
0,000000



Capitol 5

1430837_a_at
1425711_a_at
1417632_at
1444890_at
1427739 _a_at
1418830_at
1452811_at
1431175_at
1436736_x_at
1428319_at
1420975_at
1443158 _at
1425276_at
1442336_at
1442316 _x_a
1420893_a_a
1460279_a_at
1428513 _at
1435477_s_a
1446618_at
1437431_at
1439948_at
1443509_at
1450743 _s_at
1434852_at
1442700_at
1456849_at
1438245_at
1420747 _at
1428909 _at
1439950_at
1438402_at
1427037 _at
1415922_s_at
1455878 _at
1448692_at
1448916_at
1439136_at
1456632_at
1415824 _at
1445866_at
1417326_a_at
1426596_a_at
1431206_at
1421354 _at
1436967 _at
1452021_a_at
1450379 _at
1425359 _at
1433587_at
1441373 _at
1460672_at
1435608_at
1459316_at
1448018_at
1445200_at
1453623_a_at
1416106_at
1425698_a_at
1436869 _at
1458358 _at
1441481_at
1434316 _at
1447408 _at
1422846_at
1442535_at
1428462_at
1440841_at
1438164_x_at
1446550_at
1444260_at
1451169_at
1440621 _at
1438559 _x_at
1458018_at
1439477 _at
1419480_at
1442992 _at
1455060_at
1427110_at
1427797_s_at
1437486_at
1416200_at
1418587 _at
1422559 _at
1456993 _at
1460302_at
1429192_at
1424667 _a_a
1428694_at
1444140_at
1421709_a_at
1421164_a_at
1440196_at
1442071_at
1417460_at
1420948 _s_al
1450834 _at
1417426 _at
1424117 _at
1442067 _at
1423129 _at
1421149_a_at
1422439 _a_a
1442903_at
1440773 _at

Mbd1
Akt1
Atpbv0a1

Trp53
Cd79a
Atic
1810019D21Rik
DOH4S114
Pdlim7
Bazlb

Fbrs

Trp53bp1
Tgfbr1
Gtf2i
Calcoco1
Fcgr2b
LOC432971
Cux1
BC046401

Syncrip
Pla2g2f
Pde4b

Nfib
Ppnr
A130040M12Rik
Dync1h1
Fam171a1
Eif4g1
Marcksl1
2700023E23Rik
Ubqin4
Mafg

Bcl11a
Scd2
Mast4
Anapc11
Smn1
5730601F06Rik
Prkg2
Ankrd11
Hes6
Msn
Mall
Rgmb

2410002F23Rik
Znrf3

Rad23a
Kti12
Crebzf
Shh
Pank2
Mfap3l
Chsy1

Rbp2
Ppp2r5e

Flot2
Gspt1

Nomo1
Slc44a2

5430406J06Rik
Sell
130004C03
G3bp1
Raver1

Gprcba
1133
Traf3
Ube2n
D2Ertd640e
Thbs1
Ski
Cux1
5033413D16Rik

Fmo5
Arhgef1

Abce1
Ifitm2
Atrx
Fut4
Srgn
BC056474

Shoc2
Atn1
Cdk4
4732423E21Rik

methyl-CpG binding domain protein 1
y viral proto-or 1
ATPase, H+ transporting, lysosomal V0 subunit A1

transformation related protein 53
CD79A antigen (immunoglobulin-associated alpha)
B PP, Iy et

r for

RIKEN cDNA 1810019D21 gene

DNA segment, human D4S114

PDZ and LIM domain 7

bromodomain adjacent to zinc finger domain, 1B

fibrosin

transformation related protein 53 binding protein 1
transforming growth factor, beta receptor |
general transcription factor Il |

calcium binding and coiled coil domain 1

Fc receptor, IgG, low affinity llb

hypothetical gene supported by AK038224

cut-like homeobox 1

cDNA sequence BC046401

synap RNA i ing protein

e i i i Y
phospholipase A2, group IIF
phosphodiesterase 4B, cAMP specific

nuclear factor I/IB

per-pentamer repeat gene

RIKEN cDNA A130040M12 gene

dynein cytoplasmic 1 heavy chain 1

family with sequence similarity 171, member A1

eukaryotic translation i tion factor 4, gamma 1
MARCKS-like 1

RIKEN cDNA 2700023E23 gene

ubiquilin 4

v-maf musculoaponeurotic fibrosarcoma oncogene family, pro

B-cell CLL/lymphoma 11A (zinc finger protein)

stearoyl-Coenzyme A desaturase 2

microtubule associated serine/threonine kinase family membe!
pr ing subunit 11

survival motor neuron 1

RIKEN cDNA 5730601F06 gene

protein kinase, cGMP-dependent, type Il

ankyrin repeat domain 11

hairy and enhancer of split 6 (Drosophila)

moesin

mal, T-cell differentiation protein-like

RGM domain family, member B

RIKEN cDNA 2410002F23 gene
zinc and ring finger 3

RAD23a homolog (S. cerevisiae)

KTI12 h log, chromatin iated (S. cerevisiae)
CREB/ATF bZIP transcription factor

sonic hedgehog

pantothenate kinase 2 (Hallervorden-Spatz syndrome)
microfibrillar-associated protein 3-like

chondroitin sulfate synthase 1

retinol binding protein 2, cellular

protein pk h 2, I y subunit B (B56), epsilon isol

flotillin 2
G1 to S phase transition 1

nodal modulator 1
solute carrier family 44, member 2

RIKEN cDNA 5430406J06 gene

selectin, lymphocyte

hypothetical LOC403343

Ras-GTPase-activating protein SH3-domain binding protein 1
rib leoprotein, PTB-bindi

G protein-coupled receptor, family C, group 5, member A
interleukin 33

TNF receptor-associated factor 3

ubiquiti i i yme E2N

DNA segment, Chr 2, ERATO Doi 640, expressed
thrombospondin 1

ski sarcoma viral oncogene homolog (avian)

cut-like homeobox 1

RIKEN cDNA 5033413D16 gene

flavin containing monooxygenase 5
Rho guanine nucleotide exchange factor (GEF) 1

ATP-bindi b-family E (OABP), ber 1
interferon induced transmembrane protein 2

alpha thalassemia/mental retardation syndrome X-linked homo
fucosyltransferase 4

serglycin

cDNA sequence BC056474

soc-2 (supp! of clear) h log (C. el )
atrophin 1

cyclin-dependent kinase 4

RIKEN cDNA 4732423E21 gene
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21
2,1
2,1
21
2,1
2,1
21
2,1
2,1
21
2,1
21
21
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,2
2,3
23
2,3
23
23
2,3
23
23
2,3
23
23
2,3
23
2,3
2,3
2,3
23
2,3
23
23
2,3
2,3
23
2,3
2,3
23
2,3
2,3
23
2,3
2,3
2,3
2,3
2,3
23
2,3
2,3
23
2,4
2,4

0,000000
0,000000
0,000001
0,000464
0,000001
0,004599
0,000000
0,000467
0,007208
0,002488
0,000001
0,000017
0,000000
0,000000
0,000155
0,000027
0,000027
0,000000
0,004341
0,000009
0,000057
0,000626
0,000058
0,000197
0,000005
0,001242
0,000025
0,000039
0,000198
0,000066
0,000006
0,000010
0,000000
0,008574
0,004043
0,000000
0,000145
0,000090
0,006576
0,000024
0,000004
0,000000
0,000000
0,000424
0,007489
0,000029
0,003228
0,000014
0,001021
0,000030
0,000512
0,000592
0,012041
0,000035
0,001874
0,000725
0,000000
0,000015
0,000002
0,001881
0,000007
0,014794
0,001377
0,000136
0,000001
0,000091
0,000002
0,000062
0,000035
0,000319
0,001108
0,000000
0,000039
0,000107
0,000025
0,000002
0,000182
0,000326
0,000008
0,000004
0,000005
0,000007
0,006724
0,000000
0,000000
0,000016
0,000810
0,000000
0,000000
0,001549
0,000180
0,003287
0,000009
0,000182
0,001526
0,000999
0,000397
0,000000
0,006102
0,000000
0,000176
0,000000
0,000000
0,007011
0,001925
0,000003



Capitol 5

1427903_at
1427008 _at
1436222_at
1450792_at
1417063 _at
1437733_at
1428777 _at
1423566_a_at
1448797 _at
1448160_at
1418591_at
1433756_at
1448766_at
1423760_at
1441615_at
1458676_at
1457383_at
1449956_at
1420394_s_at
1429169_at
1417821_at
1420643 _at
1415935_at
1447147 _at
1452911_at
1437400_at
1452841 _at
1421789_s_at
1432646_a_at
1454904_at
1422135_at
1429555_at
1443095_at
1448710_at
1424179 _at
1455904 _at
1442675_at
1436541_at
1418468 _at
1437052_s_at
1417470_at
1443027 _at
1417228 _at
1459942 _at
1448482 _at
1448749 _at
1445390_at
1455246_at
1437627 _at
1428010_at
1452235_at
1435655_at
1446130_at
1418524 _at
1435152_at
1416246_a_at
1459443 _at
1457781_at
1437325_x_at
1431385_a_at
1427747_a_at
1425716_s_at
1423754 _at
1441797_at
1452483 _a_at
1448029 _at
1455195_at
1434357 _a_at
1443837 _x_at
1455740_at
1421262_at
1419728 _at
1430332_a_at
1460650_at
1434376_at
1457084 _at
1419398_a_at
1418015_at
1452163 _at
1443341_at
1416568_a_at
1427979 _at
1436713_s_at
1418570 _at
1441480_at
1458161_at
1437405_a_at
1450903_at
1422853 _at
1426208_x_at
1439068_at
1439740_s_at
1417440 _at
1431214 _at
1427385_s_at
1445111_at
1423756_s_at
1419313_at
1449370_at
1417229 _at
1423060_at
1450188_s_at
1437443 _at
1460423 _x_at
1435664 _at
1416239 _at

Phpt1
Rnf43
Gasb
Tyrobp
C1gb
Eif4ebp2
Spred1
Hsph1
Elk3
Lept
Dnaja4
S100pbp
Gjb1
Cd44
Cbfa2t2
Nktr

Prkce
Lilrb4
Rbm3
D17H6S56E-5
Lfng
Smoc2

Spred1
Nedd4l
Pgm2I1
Arf3
2900097C17Rik
Mtm1
Zfp146
Cldnd1

Cxcr4
Plekhj1
Gas5

2310008HO9Rik
Anxa11
Slc2a3
Apobec3

Capn1

Slc39a8
Plek
Pawr

Smarcc1

Mex3d

Timm9

Man1b1
Rpl12

Pcm1
Leng8
Coro1a

Keng1ot1
Aldh18a1
Mbtps1
Len2
Bak1
Ifitm3

Cd44
Tbx3
Rps24
Kpnb1
Bcl2
Hnrnpa1
Lipg
Cxcl5
Gusb
Atp6v0a1t
Cd44
Nirp9b
Reep5
Pum2
Ets1

Acin1
4732418C07Rik
Meg3
Ncstn
7120451J01Rik
Kengtot1
Igfbp4
Rad23b
Shct
Plagl1
Erap1
Uck2
Arid1a
LOC67527
Actn1

Igfbp4
Cent1
Sox4
Capn1
Pa2g4
Lipg
EG620382
Igkv1-117
Zfp397
Ass1

phosphohistidine phosphatase 1

ring finger protein 43

growth arrest specific 5

TYRO protein tyrosine kinase binding protein

1,9 1ent, beta polypepti

eukaryotic translation initiation factor 4E binding protein 2
sprouty protein with EVH-1 domain 1, related sequence
heat shock 105kDa/110kDa protein 1

ELK3, member of ETS oncogene family

lymphocyte cytosolic protein 1

DnaJ (Hsp40) h | ily A, 4

$100P binding protein

gap junction protein, beta 1

CD44 antigen

core-binding factor, runt domain, alpha subunit 2, translocated

natural killer tumor recognition sequence

protein kinase C, epsilon
leuk i in-like ptor, ily B,

RNA binding motif protein 3
DNA segment, Chr 17, human D6S56E 5

LFNG O-fucosylpeptide 3-beta-N-acetylg
SPARC related modular calcium binding 2

sprouty protein with EVH-1 domain 1, related sequence

as

neural p cell expressed, ly d ]

phosphoglucomutase 2-like 1
ADP-ribosylation factor 3

RIKEN cDNA 2900097C17 gene
X-linked myotubular myopathy gene 1
zinc finger protein 146

claudin domain containing 1

chemokine (C-X-C motif) receptor 4
pleck logy domain taining, family J
growth arrest specific 5

RIKEN cDNA 2310008H09 gene
annexin A11

solute carrier family 2 (facili d gl porter), membe
apolipoprotein B mRNA editing talytic polypeptide
calpain 1

solute carrier family 39 (metal ion transporter), member 8
pleckstrin

PRKC, apoptosis, WT1, regulator

SWI/SNF related, matrix i actin r

mex3 homolog D (C. elegans)
transl| of inner hond
mannosidase, alpha, class 1B, member 1

ribosomal protein L12

pericentriolar material 1
leukocyte receptor cluster (LRC) member 8
coronin, actin binding protein 1A

KCNQ1 overlapping transcript 1

aldehyde dehydrogenase 18 family, member A1
membrane-bound transcription factor peptidase, site 1
lipocalin 2

BCL2-antagonist/killer 1

interferon induced transmembrane protein 3

CD44 antigen

T-box 3

ribosomal protein S24

karyopherin (importin) beta 1

B-cell leukemia/lymphoma 2

heterogeneous nuclear ribonucleoprotein A1
lipase, endothelial

chemokine (C-X-C motif) ligand 5
glucuronidase, beta

ATPase, H+ transporting, lysosomal VO subunit A1
CD44 antigen

NLR family, pyrin domain containing 9B
receptor accessory protein 5

pumilio 2 (Drosophila)

E26 avian ia or 1, 5" d

poptotic chromatin ion inducer 1
RIKEN cDNA 4732418C07 gene
maternally expressed 3
nicastrin
RIKEN cDNA 7120451J01 gene
KCNQ1 overlapping transcript 1
insulin-like growth factor ng protein 4
RAD23b homolog (S. cerevi
srch logy 2 di i
pleiomorphic adenoma gene-like 1

d i iculum aminopeptidase 1

uridine-cytidine kinase 2
AT rich interactive domain 1A (SWI-like)
murine leukemia retrovirus
actinin, alpha 1

insulin-like growth factor binding protein 4
cyclin T1

SRY-box containing gene 4

calpain 1

proliferation-associated 2G4

lipase, endothelial

predicted gene, EG620382

immunoglobulin kappa chain variable 1-117
zinc finger protein 397

arginir i y 1

227

ing transforming protein C1

ial 9 hi log (yeas

-2,5

-2,5

0,000009
0,009681
0,009639
0,000007
0,007557
0,000000
0,000000
0,000379
0,011654
0,000003
0,000196
0,000046
0,000001
0,007276
0,000085
0,000001
0,000000
0,000241
0,009649
0,015359
0,005630
0,000009
0,008087
0,003647
0,000002
0,000001
0,011822
0,000033
0,000022
0,001372
0,000165
0,000004
0,000059
0,000002
0,000000
0,008137
0,002387
0,000012
0,000001
0,004548
0,000168
0,000386
0,000001
0,000005
0,000037
0,000826
0,000000
0,000405
0,000235
0,000112
0,000000
0,000424
0,000266
0,000002
0,000004
0,000506
0,000430
0,000585
0,000006
0,000002
0,000740
0,000003
0,011114
0,000021
0,000409
0,002106
0,001936
0,000000
0,000362
0,000306
0,000006
0,005692
0,000122
0,000007
0,005388
0,000001
0,000000
0,000000
0,003713
0,000000
0,000000
0,000000
0,000003
0,000000
0,000000
0,000088
0,008826
0,000000
0,000000
0,010471
0,000000
0,000006
0,000000
0,000000
0,000000
0,000004
0,008142
0,000000
0,003259
0,000000
0,000000
0,000000
0,000000
0,000431
0,000011
0,000000



Capitol 5

1415854_at
1449184_at
1446595_at
1424254 _at
1452415_at
1416521_at

1431213_a_at
1459556_at
1419157_at

1437479_x_at
1444258 _at
1436780_at
1449552_at
1458617_at
1426936_at
1442626_at
1418078_at

Kitl
Pglyrp1
Itsn2
Ifitm1
Actn1
Sepw1
LOC67527

Sox4
Thx3

Ogt
Zfr
Prkcbp1
LOC215866

Psme3

kit ligand

peptidoglycan recognition protein 1
intersectin 2

interferon induced transmembrane protein 1
actinin, alpha 1

selenoprotein W, muscle 1
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RESUM

L’angiogenesi €s un procés que consisteix en el reclutament de cél-lules endotelials cap
a un estimul angiogénic. Les cél-lules subsegiientment proliferen i es diferencien per formar
capil-lars sanguinis. Es coneix molt poc sobre l'adaptacié metabolica que pateixen les ceél-lules
endotelials durant aquesta transformacio. En aquest treball es van estudiar els canvis metabolics
en cél-lules endotelials HUVEC (Human Umbilical Vascular Endothelial Cells) activades per
factors de creixement, [1,2-"°C,]-glucosa i un analisi de la distribucié isotopomérica de massa.
El metabolisme de la [1,2-°C,]-glucosa per part de les cél-lules HUVEC ens va permetre tragar
les principals vies metaboliques de la glucosa, incloent la sintesi de glicogen, el cicle de les
pentoses fosfat i la glicolisi. L’estimulacié endotelial amb VEGF (Vascular Endothelial Growth
Factor) o FGF (Fibroblast Growth Factor) va mostrar una adaptacié metabolica comu basada
en aquestes vies. Posteriorment, un inhibidor especific del receptor 2 del VEGF va demostrar la
importancia de metabolisme de glicogen i del cicle de les pentoses fosfat. A més, es va mostrar
que el glicogen era exhaurit en un medi amb glucosa baixa, pero, en canvi, era conservat sota
condicions d’hipoxia. Finalment, es va demostrar que la inhibicid directa dels enzims clau del
metabolisme de glicogen i de la ruta de les pentoses fosfat reduia la viabilitat i la migracio de les
cel-lules HUVEC. En aquest sentit, inhibidors d'aquests vies han estat descrits com agents
antitumorals. Per tant, els nostres resultats suggereixen que la inhibicié d’aquestes vies
metaboliques ofereix una nova i potent estratégia terapéutica que simultaniament inhibeix

proliferacio tumoral i angiogenesi.
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ABSTRACT

Angiogenesis is a fundamental process to normal and abnormal tissue growth and
repair, which consists of recruiting endothelial cells toward an angiogenic stimulus. The cells
subsequently proliferate and differentiate to form endothelial tubes and capillary-like structures.
Little is known about the metabolic adaptation of endothelial cells through such a
transformation. We studied the metabolic changes of endothelial cell activation by growth
factors using human umbilical vein endothelial cells (HUVEC), [1,2-"C,]-glucose and mass
isotopomer distribution analysis (MIDA). The metabolism of [1,2-"°C,]-glucose by HUVEC
allows us to trace many of the main glucose metabolic pathways, including glycogen synthesis,
the pentose cycle and the glycolytic pathways. So we established that these pathways were
crucial to endothelial cell proliferation under vascular endothelial growth factor (VEGF) and
fibroblast growth factor (FGF) stimulation. A specific VEGF receptor 2 (VEGFR-2) inhibitor
demonstrated the importance of glycogen metabolism and pentose cycle pathway. Furthermore,
we showed that glycogen was depleted in a low glucose medium, but conserved under hypoxic
conditions. Finally, we demonstrated that direct inhibition of key enzymes to glycogen
metabolism and pentose phosphate pathways reduced HUVEC cell viability and migration. In
this regard, inhibitors of these pathways have been shown to be effective antitumoral agents. To
sum up, our data suggest that the inhibition of metabolic pathways offers a novel and powerful
therapeutic approach, which simultaneously inhibits tumor cell proliferation and tumor-induced

angiogenesis.
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INTRODUCTION

One of the critical stages in tumor growth is neovascularization. The angiogenic
impulse is promoted by tumor expression of proangiogenic proteins, including vascular
endothelial growth factor (VEGF), fibroblast growth factor (FGF), interleukin-8 (IL-8), platelet-
derived growth factor (PDGF) and transforming growth factor beta (TGF-beta), among others.
The combined action of these factors on endothelial cells leads to the acquisition of a specific
phenotype, which allows endothelial cells to migrate towards an angiogenic stimulus, proliferate
and differentiate into capillary-like structures. Concretely, VEGF, which is highly upregulated
in most human cancers (Ferrara, 1999), has emerged in the last few years as the crucial rate-
limiting step in the regulation of normal and abnormal angiogenesis (Ferrara, 2002). Therefore,
VEGF and its receptor have been exploited in antiangiogenic therapies that are already
successfully applied in clinical settings (Brekken et al., 2000; Ferrara, 2005; Ferrara et al.,
2005). However, although patients treated with VEGF inhibitors may survive longer, there is
emerging evidence that VEGF may be replaced by other angiogenic pathways as the disease
progresses. Thus, a better understanding of the underlying metabolic changes that supports
tumor angiogenesis downstream of VEGF activation is necessary to design complementary
strategies that can overcome resistance to angiogenic therapies. In fact, in spite of the increasing
recognition that the metabolome represents the end point of many cellular events (Boros et al.,
2002; Kell et al., 2005), little is known about the metabolic changes underlying endothelial cell
activation during angiogenesis (Dagher et al., 1999; Ido et al., 2002; Gatenby et al., 2003; Mori
et al., 2003). A better knowledge of the specific adaptation of metabolic network fluxes
occurring downstream of the growth factor activation of endothelial cells could aid
identification of metabolic enzyme drug targets. Such targets might help to overcome the
developing resistance to VEGF-targeted therapies. Accurate substrate flow characterization of
the activated endothelial cells in the angiogenic process may permit the design of effective,

targeted antiangiogenic drugs acting downstream of the VEGF receptors.

Metabolic changes underlying tumor cell metabolism have been extensively studied in
recent decades (Dang ef al., 1999; Mazurek et al., 2003) and successful strategies for inhibiting
the pathways on which cancer cells are strongly dependent have been proposed. In particular,
inhibition of nucleic acid synthesis has been shown to be successful in chemotherapy (Purcell ef
al., 2003). Recently, it has been demonstrated in different tumor cell lines that pentose
phosphate pathway (PPP) inhibition results in an effective decrease in tumor cell proliferation
(Boros et al., 1997; Rais et al., 1999; Comin-Anduix et al., 2001; Boren et al., 2002; Cascante
et al., 2002). Moreover, it has been proposed that inhibition of normally enhanced tumor cell

glycolysis can be a novel strategy for anticancer treatment (Pelicano et al., 2006) or for

233



Capitol 6

overcoming the drug resistance associated with mitochondrial respiratory defects and hypoxia

(Xu et al., 2005; Pelicano et al., 2006).

Stable isotope-based dynamic metabolic profiling using gas chromatography/mass
spectrometry (GC/MS) is a powerful new tool of great use in drug development (Boros et al.,
2002). In particular, the use of glucose labelled at the first two carbon positions with the stable
isotope "*C has been shown to be effective in revealing detailed substrate flow and distribution
patterns in the complex metabolic network of different tumoral and non-tumoral cells. Recent
examples of the strength of this approach include the elucidation of the metabolic mechanism
underlying butyrate-induced cell differentiation (Boren et al., 2003), and the characterization of
distinctive metabolic profiles that correlate with different point mutations in K-ras oncogene,
which confer different degrees of aggressiveness in vivo, proving how the most aggressive
mutations had an increased glycolytic rate (Vizan et al., 2005). In the present study, we used
human umbilical vein endothelial cells (HUVEC) as an angiogenic model. We adopted a
metabolic isotope distribution analysis (MIDA) approach with [1,2-°C,]-glucose tracer
labelling to reveal the mechanisms of endothelial cells’ metabolic network in response to the
activation produced by the angiogenic stimulus of different growth factors. The metabolism of
[1,2-°C,]-glucose by HUVEC allows us to trace many of the main glucose metabolic pathways,
including glycogen synthesis, the pentose cycle pathways and the glycolytic pathways. To
examine the downstream effect of VEGF, we used a well-known VEGFR-2 (VEGF receptor 2)
inhibitor, 5-diarylurea-oxy-benzimidazole, which has also shown effects on Tie-2 receptors
(Miyazaki et al., 2007). This inhibitor allowed us to analyze the flux changes downstream of a
specific inhibition of the angiogenic stimulus. The characterization of the effects of VEGFR-2
inhibitors at metabolic level contributes to the design of new therapeutic strategies for
overcoming drug resistance. Such strategies are based on targeting the appropriate metabolic

pathways, which mimic the effect of direct receptor inhibition on the metabolic network.

MATERIALS AND METHODS

Cell culture conditions. Human umbilical vein endothelial cells (HUVEC)
(AdvanCell) were cultured on gelatin at 37°C in a humidified atmosphere of 5% CO, and 95%
air in endothelial cell basal medium (EBM) (Clonetics), supplemented with EGM SingleQuots
(Clonetics) and 10% FCS (Biological Industries). In these standard conditions, a 7.4-fold

change with respect to the initial cell number was observed at 72 hours.

Specifically activated cell growth assay for the MIDA analysis. Cells grown to 80-
90% confluence were removed from the flask using 0.025% trypsin/EDTA (Gibco) at room
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temperature. Cells were seeded at a density of 4x10° onto gelatine-precoated 75¢cm” Petri dishes
(Falcon) in EGM (Smmol/L glucose), supplemented with EGM SingleQuots and 10% FCS for
24h. The incubation medium was then removed and the plates washed twice with HBSS
(Clonetics). Specifically activated cell growth media was then added to the cell culture. This
media contained EBM supplemented with 10 ng/ml vascular endothelial growth factor (VEGF)
(R&D systems) or 0.3 ng/ml basic fibroblast growth factor (bFGF) plus 2% FCS supplemented
with 3 pg/ml heparin, 1pg/ml hydrocortisone and 10 mmol/L of [1,2-"C,]-glucose (50%
isotope enrichment, Isotec). The inhibitor of VEGFR-2 5-diarylurea-oxy-benzimidazole was
used at a final concentration of 85 nM. Cell cultures were incubated for 72 hours. After the
incubations, cells were centrifuged (1350 rpm for 5 minutes) to obtain the incubation medium
and cell pellets. At the end of the experiment, the final cell numbers were measured with a
haemocytometer. To determine glycogen content, cells were immediately frozen in liquid

nitrogen before being processed.

Glucose and lactate concentration. The glucose and lactate concentrations in the
culture medium were determined as previously described (Gutmann et al., 1974) using a Cobas
Mira Plus chemistry analyzer (HORIBA ABX) at the beginning and the end of the incubation

time, to calculate glucose consumption and lactate production.

Lactate isotopomeric analysis. Lactate from the cell culture medium was extracted by
ethyl acetate after acidification with HCl. Lactate was derivatized to its propylamide-
heptafluorobutyric form and the m/z 328 (carbons 1-3 of lactate, chemical ionization) was

monitored as described (Lee ef al., 1998).

RNA ribose isotopomeric analysis. RNA ribose was isolated by acid hydrolysis of
cellular RNA after Trizol (Invitrogen) purification of cell extracts. Ribose isolated from RNA
was derivatized to its aldonitrile acetate form, using hydroxyl-amine in pyridine and acetic
anhydride. The ion cluster around the m/z 256 (carbons 1-5 of ribose, chemical ionization) was
monitored to find the molar enrichment and positional distribution of "*C labels in ribose (Lee et

al., 1998).

Glycogen content determination and isotopomeric analysis. The glycogen content in
frozen cell monolayers obtained from HUVEC was extracted as described previously (Boros et
al., 2001), by direct digestion of sonicated extracts with amyloglucosidase (Sigma). The
glycogen was then purified using a tandem set of Dowex-1X8/ Dowex-50WX8 (Sigma) ion-
exchange columns. For the isotopomeric analysis, the glycogen was converted to its glucose
aldonitrile pentaacetate derivative, as described previously (Szafranek et al., 1974) and the ion

cluster around m/z 328 was monitored. Measurement of the glycogen content was carried out

235



Capitol 6

using the isotopomer [U-"C-D;]-glucose as the recovery standard and internal standard
quantification procedures. The ion cluster for the [U-">C-D-]-glucose of the glucose aldonitrile
pentaacetate derivative was monitored from m/z 339 to m/z 341. Glucose from glycogen was

corrected by million of cells.

Gas chromatography/mass spectrometry. Mass spectral data were obtained on an
HP5973 mass selective detector connected to an HP6890 gas chromatograph. The settings were
as follows: GC inlet 230 °C, transfer line 280 °C, MS source 230 °C, MS quad 150 °C. An HP-5
capillary column (30 m length, 250 mm diameter and 0.25 mm film thickness) was used to

analyse glucose, ribose and lactate.

Hypoxic or hypoglycaemic conditions. To determine glycogen content under hypoxic
or hypoglycaemic conditions, HUVEC cells were seeded at a density of 1x10° onto 75cm” Petri
dishes (Falcon) in EGM (5 mmol/L glucose) supplemented with EGM SingleQuots and 10%
FCS for 24h. The incubation medium was then removed and specifically activated cell growth
media added in normoxic (37°C in a humidified atmosphere of 5% CO, and 95% air), hypoxic
(37°C in a humidified atmosphere of 5% CO,, 1% O,) or hypoglycaemic conditions (EGM 10
mmol/L glucose as a positive control, DMEM (Sigma) 10 mmol/L glucose supplemented with
EGM SingleQuots and 10% FCS as a negative control and DMEM without glucose
supplemented with EGM SingleQuots and 10% FCS). Cells were counted after 24 hours. The
medium was stored for subsequent analyses of glucose consumption and lactate production, as
described above. In parallel, cell monolayers were immediately frozen in liquid nitrogen for
glycogen determinations. Glycogen was extracted and quantified as described previously (Lerin
et al., 2004), with 30% (w/v) KOH and Whatman 31ET paper to precipitate the glycogen.
Glucose released from glycogen was measured enzymatically in a Cobas Mira Plus chemistry

analyzer (HORIBA ABX) and then corrected by protein content.

Cell viability assay. This assay was performed using a variation of the method
described by Mosmann (Mosmann, 1983), as specified in Matito (Matito et al., 2003). For this
assay, 3 x 10> HUVEC cells/well were cultured on 96 well plates. Inhibitors CP-320626, G5
and O1 were added from 10 to 100 uM for 48 hours. Relative cell viability was measured by
absorbance on an ELISA plate reader (Tecan Sunrise MR20-301, TECAN) at 550 nm.

Inhibitor CP-320626, kindly provided by Pfizer, is an indole-2-carboxamide that binds
at the dimmer interface site of glycogen phosphorylase, which was recently identified as a new
allosteric site by X-ray crystallographic analysis (Ekstrom et al., 2002). G5 and O1 were kindly

supplied by Jaime Rubio from the University of Barcelona. Molecular modeling has been used
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in the development of these novel compounds inhibitors of glucose-6-phosphate dehydrogenase

and transketolase, respectively.

Migration assay. Migration assays were performed as described previously (Keely,
2001), with the following modifications: 24-well cell culture plates (Falcon) were used with
light-opaque PET membrane filter inserts with 8 mm-pores (Transwell HTS FluoroBlokTM
Multiwell Insert Systems from Becton Dickinson). The upper and lower surfaces of the
Transwell membranes were coated for 2 hours at 37°C with 15 pg/ml type I Collagen. HUVEC
cells (5 x 10* cells) suspended in 100 pul of EBM, and in absence of serum or other supplements,
were seeded after coating onto the upper side of each Transwell chamber and placed 4 hours at
37°C. Then, 500 pl of the inhibitors at IC50 (i.e. concentration at which the cell viability is 50%
of the control calculated from figure 4A: 40 uM of CP-320626, 30 uM of G5 and 25 pM of Ol)
and at 10xIC50 in EBM with 10% FCS and supplements were added to the lower compartment
of the 24-well plates to test their inhibitory effect. After 4 hours at 37°C, cells that had migrated
to the lower side of the transwell were incubated with 5 mM Calcein-AM (Calbiochem) for 25-
30 minutes at 37°C. Migrated cells were counted under a light microscope at a magnification of

10X.

RESULTS

VEGF and FGF trigger a common characteristic metabolic changes in HUVEC
cells. Lactate in the cell culture medium, the secreted product of glycolysis, was used to
determine the contribution of glycolysis and the oxidative pentose phosphate pathway (PPP) to
the central glucose metabolism. The unlabeled species (m0) represents the corrected lactate
mass isotopomer distribution without the '>C label; m1 represents the distribution with one "*C
label; and m2 with two "°C labels. The species m2 originates from glucose that is converted to
lactate directly by glycolysis. In contrast, m1 originates from glucose metabolized by direct
oxidation via the oxidative steps of the pentose phosphate pathway, which is then recycled to
glycolysis via the nonoxidative pentose cycle. Thus, we can calculate the PC parameter, which
gives us an idea of pentose cycle use (as a percentage) with respect to glycolysis (Lee ef al.,
1998). FGF activation provoked greater proliferation than VEGF activation (Figure 1).
Therefore, the concentration of lactate secreted into the medium was higher in FGF-activated
HUVEC cells (data not shown). Consequently, we observed a slight increase in *C-enriched
lactate after FGF activation, with respect to VEGF (Table 1A, upper panel), measured as
Ymn=ml1+2xm2, a parameter that represents the average number of °C atoms per molecule.

However, the flux balance (PC parameter) was not significantly altered, indicating a similar
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metabolic lactate pattern after both FGF and VEGF activation. Moreover, unlabelled lactate
(m0) accumulated in similar amounts. This confirmed that the utilization of other carbon
sources via degradation of the amino acids glutamine (glutaminolysis) and serine (serinolysis) is

also maintained in HUVEC cells independently of the two growth factor activation pathways.

Due to the characteristics of the pentose phosphate pathway, label incorporation into
ribose occurred with the isotopomers ml and m2 but also m3 and m4 species. ml is formed
when [1,2-°C,]-glucose is decarboxylated by the oxidative branch of the pentose phosphate
pathway. m2 is synthesized by the reversible nonoxidative branch of the cycle. The combination
of these two branches generates m3 and m4 species. The total label incorporation or “C
enrichment is measured as 2 mn=ml+2xm2+3xm3+4xm4. To assess the contribution of each
pentose phosphate pathway branch, the oxidative versus nonoxidative ratio was used, measured
as ox/nonox=(ml+m3)/(m2+m3+2xm4), since ml and m3 need the oxidative branch to be
formed, and m2, m3 and m4 species require the nonoxidative branch (twice in m4). In Table 1B
(upper panel), a representative isotopomeric distribution of a single experiment is displayed.
Significant, similar traffic of glucose through the pentose phosphate pathway was observed after
either FGF or VEGF activation. As we noticed for lactate, the higher proliferation rate caused
by FGF activation (Figure 1) caused a slight increase in *C enrichment (¥mn), with respect to
VEGF activated cells. However, the flux balance through the two branches of the pentose cycle
(ox/nonox ratio) was very similar and did not present consistent differences in the replicates

performed.

High, similar glycogen concentrations were found in HUVEC cells under all the culture
conditions. "°C labelling was found in glycogen reservoirs. The analysis of glucose isotopomer
distribution obtained from glycogen displayed only m0 and m2 species, indicating that the
glycogen carbon source is glucose from the culture medium. A representative *C enrichment of
glycogen after FGF or VEGF activation, measured as > mn=2xm2, is depicted in Figure 2A
(black bars). Since initial glycogen reservoirs were not labelled, °C incorporation into glycogen
from glucose increases with time and is dependent on the proliferation rate, as the cells have to
replenish their glycogen content. Thus, as observed for lactate and ribose, there was a higher
concentration of labelled glucose in glycogen after FGF activation than after VEGF activation,

due to its higher proliferation rate (Figure 1).
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Figure 1. Normalized cell counts with respect to the initial cell number. FGF activation induced higher
proliferation rates than VEGF activation. The inhibitor (I: 5-diarylurea-oxy-benzimidazole) caused a
decrease in both VEGF and FGF treated cells. However, this was relatively more pronounced when
VEGF was used to activate HUVEC cells. Data are presented as mean + standard deviation of three

independent experiments.

Inhibition of VEGFR-2 decreases HUVEC cell proliferation via specific pathways
activated by VEGF. 5-Diarylurea-oxy-benzimidazole is a well-known VEGFR-2 (vascular
endothelial growth factor receptor 2) inhibitor. It is often used to investigate the link between
receptor activation and signalling pathways. The use of 5-diarylurea-oxy-benzimidazole allows
us to study whether the characteristic, activated HUVEC metabolic pattern described above is
the downstream effect of receptor activation signalling pathways. The inhibitor caused
approximately 30% of proliferation inhibition when HUVEC cells were activated with VEGF
and, unexpectedly, 20% of proliferation inhibition when cells were activated with FGF (Figure
1). Interestingly, inhibitor treatment did not affect the metabolic network when HUVEC
activation was mediated by FGF, meanwhile VEGF-activated cells suffered changes in ribose
and glycogen metabolism. Thus, meanwhile the RNA ribose isotopomeric distribution was not
affected by the inhibitor in the three experiments performed when FGF was the activator (Table
1B, lower panel - in the single experiment depicted in Table 1B, there was a slight increase in
ribose C enrichment when 5-diarylurea-oxy-benzimidazole was added to FGF-activated
HUVEC cells, but this increase was not statistically significant in the replicates), RNA ribose
showed a significant and consistent decrease in °C enrichment (¥mn) when 5-diarylurea-oxy-
benzimidazole was added to VEGF activated cells (Table 1B, lower panel). Similar

isotopomeric distribution patterns were found in all the experiments performed. Whereas the m2
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proportion did not present significant changes, m1 decreased after the treatment with 5-
diarylurea-oxy-benzimidazole, which caused a small but significant decrease in ox/nonox ratio

of PPP.

Table 1. Isotopomeric distribution

A. Lactate isotopomeric distribution

HUVEC specific activation

mo ml PC (%)
veees o GRIN TGN GGies T TriTe i
VEGFR-2 inhibitor treatment
m0 ml m2 >mn PC (%)
N o T B C ) o T i |
B. Ribose isotopomeric distribution
HUVEC specific activation
ml m2 m3 m4 >.mn 0X/NONoX

VEGF 01887 £0.0014 01262+ 0.0012 0.0332+ 0.0004 0.0108=0.0007 0.6208 = 0.0061 1.1151  0.0203
FGF  0.2015+00021 0.1354+00004 0.0303+0.001 0.0163+0.0008 0.6314%00132 11697+ 0.0056

VEGFR-2 inhibitor treatment
ml m2 m3 m4 >mn 0X/NoNox

Isotopomeric distribution in lactate and RNA ribose after growth factor-activated and 5-diarylurea-oxy
benzimidazole-treated HUVEC cells. A, representative isotopomeric distribution and "*C enrichment
(Xmn) in lactate. No significant differences were found in lactate after activation with VEGF or FGF
(upper panel). The introduction of the inhibitor (I: 5-diarylurea-oxy-benzimidazole) (lower panel) did not
cause any relevant changes. B, representative isotopomeric distribution, °C enrichment (¥mn) and the
oxidative/nonoxidative ratio in RNA ribose. HUVEC cells activated by either VEGF or FGF activation
use the pentose phosphate pathway in a similar way (upper panel). Inhibitor I treatment (lower panel)
caused a significant decrease in the total incorporation from glucose to ribose (Xmn) in VEGF activation.
This decrease was mainly determined by the inhibition of the oxidative branch of the pentose phosphate
pathway. Significance was tested using a nonparametric Mann-Whitney W test to compare the medians of
each independent experiment, considering 99% as a confident level. Significant differences (**) were

consistent in the three independent experiments.

Similarly, although the inhibitor caused proliferation decrease in VEGF and FGF-
activated cells (Figure 2A), glycogen synthesis and turnover was also only affected by 5-
diarylurea-oxy-benzimidazole in VEGF activated cells. The "C enrichment of glycogen

decreased significantly and consistently when the inhibitor was added. To deeper study of this
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marked decrease in label incorporation into glycogen when 5-diarylurea-oxy-benzimidazole was
added to VEGF-activated HUVEC cells, the glycogen content was measured by GC/MS
procedures, using an internal standard. Figure 2B shows that the glycogen content of VEGF-
activated cells increased when the cells were treated with 5-diarylurea-oxy-benzimidazole,

indicating that glycogen degradation was inhibited.

glycogen 3C enrichment
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0.15 4 -
T
0.1 4
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0 . . ‘
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glycogen content
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% 400 *
3
% 300
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Figure 2. °C enrichment of glycogen reservoirs and glycogen content in growth factor-activated and 5-
diarylurea-oxy-benzimidazole- treated HUVEC cells. A, glycogen "“C enrichment, calculated as
>mn=2xm2, shows similar glycogen-glucose turnover after activation with both VEGF and FGF (black
bars). The inhibitor (I: 5-diarylurea-oxy-benzimidazole) produced a significant decrease in glycogen
turnover from glucose after VEGF-specific HUVEC activation (grey bars). After the FGF activation, the
inhibitor did not significantly affect the total >C incorporation into glycogen. Significance was tested
using a nonparametric Mann-Whitney W test to compare the medians of each independent experiment,
considering 99% as a confident level. Significant differences (**) were consistent in the three
independent experiments. B, glycogen content expressed in pg of glucose released from glycogen with
respect to 10° cells. The inhibitor I promoted a significant accumulation of glycogen reservoirs.
Significance (*) was tested using a nonparametric Mann-Whitney W test to compare the medians of seven

samples from two independent experiments, considering 95% as a confident level.
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Curiously, the VEGFR-2 inhibitor treatment did not affect lactate label distribution.
Moreover, neither C enrichment nor flux balance (PC parameter) presented significant
differences after either VEGF- or FGF-activation, indicating that the metabolic pattern detected

in lactate was not dependent on specific endothelial activation (Table 1A, lower panel).

Glycogen reservoirs are mobilized under hypoglycaemic conditions, but not under
hypoxic conditions. Activated endothelial cells induced by tumors are recruited towards
hypoxic and hypoglycaemic environments. To better understand the role of HUVEC glycogen
reservoirs in physiological conditions, cells were cultured in a glucose-free medium. For this
specific culture condition, 10 mM glucose Dulbecco’s Modified Eagle Medium (DMEM) was
used as a control versus glucose-free DMEM. After 24 hours of incubation, glycogen was
extracted, measured and corrected by protein content. Figure 3A shows that there was a total
absence of glycogen content in HUVEC cells when glucose was absent from the culture
medium. This dramatic decrease of glycogen content in glucose-free medium has been
previously reported in other human endothelial cells (Artwohl et al., 2007). Lactate production
was also measured after 24 hours. Its concentration decreased sharply in hypoglycaemic
conditions (data not shown), indicating that glycogen reservoirs are not large enough to support

glycolysis for 24 hours.

Effects of hypoxia on HUVEC glycogen usage was also assessed. Corroboration of
hypoxia impact in HUVEC metabolism was assessed by determining glucose and lactate from
the culture medium, and the glycolytic rate was calculated as the rate of lactate production
versus glucose consumption. As expected, after 24 hours under hypoxic conditions (1% O,), the
glycolytic rate increased by 20%. This was also confirmed by a 37% increase in intracellular
concentration of fructose-1,6-bisphosphate, measured as described previously (Vizan et al.,
2007) (data not shown). Glycogen content, however, was not metabolized in HUVEC cells
under hypoxic condition, as observed in hypoglycaemia, but an increase in glycogen reservoirs

were observed (Figure 3B).
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Figure 3. Glycogen content, expressed as mg glucose released from glycogen with respect to mg of
protein content, in HUVEC cells under hypoglycaemic or hypoxic culture conditions after 24 hours. A,
hypoglycaemic conditions: the substitution of endothelial growth medium (EGM) containing 10 mM of
initial glucose by Dulbecco’s Modified Eagle’s Medium (DMEM), 10 mM of initial glucose slightly
affected the glycogen content in HUVEC cells. However, when glucose-free DMEM was used, HUVEC
cells lost all of their glycogen reservoirs. B, hypoxic conditions (24 hours at low O, concentration) did not
provoke the use of glycogen reservoirs, but caused a significant increase in cellular glycogen content.
Significance (**) was tested using a nonparametric Mann-Whitney W test to compare the medians of five

samples from two independent experiments, considering 99% as a confident level.

Pentose phosphate pathway and glycogen metabolism are good antiangiogenic
targets. Previously reported results suggested that glycogen metabolism and the pentose
phosphate pathway (PPP) may be good targets for metabolic interventions (Lee et al., 2004;
Ramos-Montoya et al., 2006). Therefore, HUVEC cells were treated with CP-320626, an
inhibitor of the key enzyme in glycogen degradation, glycogen phosphorylase (Oikonomakos et
al., 2000), as well as with G5 and O1, inhibitors of glucose-6-phosphate dehydrogenase and
transketolase, the key enzymes of the oxidative and nonoxidative branches of PPP respectively

(Boren et al., 2002). After 48 hours, dose-escalating treatment with CP-320626 and both G5 and
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O1 caused dose-dependent inhibition of cell viability (Figure 4A), confirming the importance of

these two metabolic pathways in HUVEC cells.

Moreover, the inhibitors of glycogen metabolism and pentose phosphate pathway also impair
the capacity of HUVEC to migrate (fig 4B). After just 4 hours of incubation, the addition of CP-
320626 caused a decrease of migration of 12% and 84% at its respective IC50 and 10xIC50
concentration. Similar dose-response inhibition of PPP was observed, with a decrease of 40%
and 66% for Ol and of 12% and 19% for G5 at their respective IC50 and 10xIC50
concentration. Consistent with proliferation assays, the inhibitor of the non oxidative branch of
PPP O1 decreased the migration capacity in a larger extend that G5, inhibitor of the oxidative
branch of PPP. It could be explained by the metabolic characteristic of PPP: the non oxidative
branch of PPP is a reversible pathway with the capacity of buffering pentose with hexose
phosphates, so the inhibition of the oxidative branch could be eventually compensated by the
non oxidative, provoking that increasing concentrations of G5 did not cause an massive increase

in migration inhibition, as well as is observed in viability assays.
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Figure 4. (A) Cell viability of HUVECs after treatment with glycogen phosphorylase inhibitor CP-

320626, glucose-6-phosphate dehydrogenase inhibitor G5 and transketolase inhibitor O1. After 48 hours,

dose-escalating treatment with the three compounds caused dose-dependent inhibition of cell

proliferation. Data are presented as mean + standard deviation of three independent experiments

performed. (B) Migration capacity of HUVECs after the treatment with CP-320626, G5 and O1. Data are

normalized with respect control (media without drug).

DISCUSSION

Cancer is an extremely complex and heterogeneous disease that exhibits a high level of

robustness against a range of therapeutic efforts (Kitano, 2004). Looking for new targets to

arrest cancer progression and invasion is one of the main current research challenges. With the
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development of systems biology, it has became more evident that a system level understanding
of cancer cells and vascular endothelial cells that provide tumor vascularization could contribute
to developing new drugs and therapies. Moreover, the recognition that the phenotype and
function of mammalian cells largely depends on metabolic adaptation has greatly stimulated
research initiatives in the field of metabolomics and fluxomics (Cascante et al., 2002; de la

Fuente et al., 2002).

Although the central role of VEGF in the activation of angiogenesis has been clearly
established, prior to the present study little was known about the metabolic network modulation
required to support the angiogenic process. Results reported in this paper, using the [1,2-°C,]-
glucose stable isotope as a carbon source and a tracer-based metabolomics approach, reveal a
characteristic metabolic flux pattern downstream of endothelial cells activation, regardless of
whether HUVEC cells are activated by VEGF or FGF. Thus, this common metabolic adaptation
may be required to support endothelial cell function in the angiogenic process and includes a
high flux of glucose through the pentose phosphate pathway and an active glycogen
metabolism. Lactate isotopomeric distribution is not significantly different when either VEGF
or FGF are used to activate HUVEC cells (Table 1A). RNA ribose *C enrichment is slightly
higher after FGF activation than after VEGF activation of HUVEC cells, probably due to a
higher proliferation rate (Figure 1). However, fluxes through oxidative and nonoxidative
branches of the pentose cycle are not significantly altered, as the oxidative/nonoxidative ratio
was similar in all the experiments (Table 1B, upper panel). Glycogen “C enrichment was
around 10% higher after FGF activation than after VEGF activation (Figure 2A). This also
correlates with a higher proliferation rate. This, and the fact that high, similar glycogen
concentrations were found in VEGF- or FGF-activated HUVEC cells indicates that glycogen
deposits are important for HUVEC cell proliferation.

This strong dependence of activated HUVEC cell metabolism on glycogen and the
pentose phosphate pathway (PPP) could be essential to supporting the angiogenic process.
Consequently, glycogen and the PPP could be targets within the angiogenic cell metabolic
network for potential novel therapies. In order to check whether this common metabolic pattern
is a consequence of the angiogenic HUVEC cell activation that may be essential for the
angiogenic process, we analysed the effects of a well-known VEGFR-2 (vascular endothelial
growth factor receptor 2) inhibitor, 5-diarylurea-oxy-benzimidazole, on HUVEC cells’
metabolic network. This inhibitor acts on the intracellular part of the VEGFR-2 and impedes
phosphorylation through its tyrosine kinase activity, causing a decrease in the VEGF-activated

phosphorylation cascade and the HUVEC proliferation rate (Figure 1).
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The lactate isotopomeric distribution did not change significantly when the inhibitor
was added to either VEGF-activated or FGF-activated HUVEC cells (Table 1A), suggesting that
glycolytic flux does not depend on signal transduction from the VEGF receptor. However, the
results show that treatment with the inhibitor in VEGF-activated cells cause a decrease in PPP
flux, as there was a significant decrease in "°C ribose enrichment (¥mn) (Table 1B). This
decrease was mainly determined by the inhibition of the oxidative branch of the pentose
phosphate pathway. Worthy of note, MIDA experiments were performed at 72 hours, when
metabolic enrichment of “C from [1,2-°C,]-glucose is almost saturated. Therefore, the
differences in proliferation rate caused by VEGF or FGF activation hardly led to a relevant
difference in "*C ribose enrichment. The specificity of this metabolic response is corroborated
by the fact that the inhibitor treatment, which caused a 30% and 20% decrease in proliferation
when HUVEC cells were activated with VEGF and FGF respectively, only significantly
decreased RNA ribose enrichment when VEGF was used as angiogenic activator. This leads us
to conclude that the inhibitor acts specifically on its target receptor VEGFR-2, which causes a

specific metabolic effect on PPP.

Interestingly, it has been demonstrated that activation of the pentose cycle is
downregulated during the differentiation process (Boren ef al., 2003), whereas its activation is a
common characteristic of tumor cells (Boros et al., 1998). These results reinforce the emergence
of the PPP as a promising therapeutic target, since actions on this pathway could inhibit tumor
proliferation and impede angiogenic progression. Thus, metabolic inhibition of both the
oxidative and nonoxidative branch of this pathway has been described as a good antitumoral
strategy (Boros et al., 1997; Rais et al., 1999; Comin-Anduix et al., 2001; Boren et al., 2002;
Cascante et al., 2002). Moreover, it has been recently demonstrated that disruption of the
unbalance between oxidative and nonoxidative branches of pentose-phosphate metabolism
using a multiple hit drug strategy results in colon cancer adenocarcinoma cell death (Ramos-
Montoya et al., 2006). Additionally, several studies have demonstrated that downregulation of
these pathways decreases the migration capacity of bovine aortic endothelial cells (Ascher et al.,

2001; Leopold et al., 2003).

The results also show that 5-diarylurea-oxy-benzimidazole inhibitor impairs "C
enrichment of glycogen reservoirs when the inhibitor is added to VEGF-activated cells, but not
when it is added to FGF-activated cells (Figure 2A, grey bars), which led us to hypothesize a
reducing glycogen mobilization specifically provoked by the inhibitor. This is confirmed by the

accumulation of glycogen reservoirs when the inhibitor is present (Figure 2B).
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The physiological impact of huge glycogen reservoirs on HUVEC cells could be
explained by the needs of endothelial cells during the formation of new vessels, after their
recruitment by solid tumors, in which there is a hypoglycaemic and hypoxic environment.
Accordingly, by forcing physiological hypoglycaemic conditions, we observed how HUVEC
glycogen reservoirs are totally catabolized (Figure 3A). Hypoxia does not lead to the use of
glycogen reservoirs. On the contrary, it does cause an increase in the cellular glycogen content
(Figure 3B). In hypoxic conditions, the glycolytic rate increases provoking an increase of the
intracellular concentration of sugar phosphate glycolytic intermediates. Therefore, we
hypostatize that the observed increase in glycogen content under hypoxic conditions could be
explained by the metabolic equilibrium between glycolytic intermediates and glycogen
reservoirs. Interestingly, glycogen metabolism has also been described as an antitumoral target
in MIA pancreatic cells (Lee ef al., 2004), again providing a common, attackable metabolic

characteristic in tumors and in the endothelial cells activated by them.

In summary, we have described high activity of pentose phosphate metabolism, large
glycogen deposits and high glycogen turnover as a common adaptive metabolic pattern
associated with angiogenic activation, regardless of the activation pathway. This proves the
robustness of the angiogenic process (Figure 5SA). Specific inhibition of the angiogenic stimulus
using 5-diarylurea-oxy-benzimidazole resulted in a decrease in the pentose phosphate pathway
and glycogen metabolism, which confirms that the activation of these two pathways is one of
the mechanisms resulting in angiogenic activation downstream of growth factor stimulation
(Figure 5B). Thus, these results offer new insight into the vulnerability of the angiogenic cell
metabolic network and indicate potential new antiangiogenic targets. To prove this hypothesis,
we corroborated the importance of the aforementioned metabolic characteristics by inhibiting
key enzymes to glycogen metabolism and PPP (Figure 4) and corroborating that they inhibition
affect both viability and migration capacity of HUVEC cells. Further work is needed to provide
molecular evidence that directly links the observed metabolic changes to growth factor
signalling pathways and validates the new targets. Nevertheless, in this paper we have
demonstrated that metabolic studies can reliably provide a systemic view of a biological
process, such as angiogenesis activation by growth factors, as well as the potential use of such
processes for antiproliferative and antimigration interventions. It is of crucial importance to note
that the endothelial metabolic targets proposed here also promising anticancer targets (Rais et
al., 1999; Lee et al., 2004; Ramos-Montoya et al., 2006). Thus, metabolic interventions that
could affect at the same time solid tumors and vessels formation should be seriously considered

in integrate actions against carcinogenic process.
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Figure 5. HUVEC cells’ metabolic network adaptation in response to the activation produced by the
angiogenic stimulus of different growth factors (VEGF and FGF) and after specific inhibition of the
angiogenic stimulus using a VEGFR-2 inhibitor. A, the induction of angiogenic stimulus by growth factor
metabolically activated HUVEC cells, producing a similar pattern of glucose usage. B, the inhibition of
the VEGF receptor caused a decrease in the proliferation rate, which was accompanied by a decrease in
the pentose phosphate pathway activity and glycogen metabolism. Actions on these metabolic points also
impaired the angiogenic process. Abbreviations: G6P, glucose-6-phosphate; F6P, fructose-6-phosphate;
GAP, glyceraldehyde-3-phosphate; GP, glycogen phosphorylase; G6PDH, glucose-6-phosphate
dehydrogenase; TKT, transketolase.
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Annex 1

RESUM

L’escor¢a d’Hamamelis virginiana (avellaner de bruixa) és una font rica en tanins
condensats 1 hidrolitzables, els quals s’ha descrit que exerceixen una accid protectora envers el
cancer de colon. El present estudi caracteritza diferent tanins de 1’avellaner de bruixa com agents
citotoxics selectius contra el cancer de colon. Per cobrir la diversitat estructural dels tanins presents
a ’escorca d’H. virginiana, els tanins hidrolitzables, hamamelitanin i pentagaloilglucosa, juntament
amb la fraccio rica en proantocianidines o tanins condensats (F800H4), es van seleccionar per a
l'estudi. El tractament amb aquests compostos va reduir la viabilitat i va induir apoptosi, necrosi i
arrest en la fase S del cicle cel-lular en cél-lules HT29, amb I’hamamelitanin sent el més eficag. Per
eliminar I’efecte artefactual degut a la formacié6 de H,O, en el medis de cultiu, I’efecte
antiproliferatiu es va determinar en preséncia i abséncia de catalasa. La preséncia de catalasa només
va canviar significativament 1'Cs, de la fraccio F800H4. A més, a concentracions que inhibeixen un
50% el creixement de les cél-lules HT29, I’hamamelitanin no va tenir cap efecte nociu en colonocits
normals NCM460 mentre que la pentagaloilglucosa va inhibir ambdos tipus cel-lulars. Utilitzant
I’assaig del TNPTM es va identificar una posicié fenolica altament reactiva present en

I’hamamelitanin que pot explicar la seva eficacia inhibint el creixement del cancer de colon.
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ABSTRACT: Hamamelis virginiana (witch hazel) bark is a
rich source of condensed and hydrolyzable tannins reported to
exert a protective action against colon cancer. The present
study characterizes different witch hazel tannins as selective
cytotoxic agents against colon cancer. To cover the structural
diversity of the tannins that occur in H. virginiana bark, the
hydrolyzable tannins, hamamelitannin and pentagalloylglucose,
together with a proanthocyanidin-rich fraction (F800H4) were
selected for the study. Treatment with these compounds
reduced tumor viability and induced apoptosis, necrosis, and S-
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phase arrest in the cell cycle of HT29 cells, with hamamelitannin being the most efficient. Owing to polyphenol-mediated H,0,
formation in the incubation media, the antiproliferative effect was determined in the presence and absence of catalase to rule out
any such interference. The presence of catalase significantly changed the ICy, only for FSO0H4. Furthermore, at concentrations
that inhibit the growth of HT29 cells by 50%, hamamelitannin had no harmful effects on NCM460 normal colonocytes, whereas
pentagalloylglucose inhibited both cancerous and normal cell growth. Using the TNPTM assay, we identified a highly reactive
phenolic position in hamamelitannin, which may explain its efficacy at inhibiting colon cancer growth.

everal epidemiological studies have indicated that tannins

may exert a protective effect against colon cancer, one of
the most prevalent neoplastic diseases in the developed
world."> Witch hazel (Hamamelis virginiana) bark is a rich
source of both proanthocyanidins, or condensed tannins, and
hydrolyzable tannins (Figure 1) such as hamamelitannin and
pentagalloylglucose,” whose capacity to regulate cell prolifer-
ation, cell cycle, and apoptosis has attracted much attention.*
An inverse relation has been reported between proanthocya-
nidins and colorectal cancer.” An in vitro study demonstrated
that a grape seed proanthocyanidin extract significantly inhibits
cell viability and increases apoptosis in Caco-2 colon cancer
cells, but does not alter the viability of the normal colon
NCM460 cell line. Other results show that proanthocyanidins
from different sources are cytotoxic to human colorectal
cells.”® In addition, several in vitro and in vivo studies have
shown that hydrolyzable tannins from witch hazel bark exhibit
multiple biological activities, which may have potential in the
prevention and treatment of cancer. In vivo preclinical studies
of pentagalloylglucose, one of the major hydrolyzable tannins in
witch hazel, demonstrated inhibition of prostate cancer,' !
lung cancer,'? and sarcoma'® cells. In vitro inhibition of the
growth and invasiveness of breast cancer, leukemia, melanoma,
and liver cancer cells has also been reported."*™"” The other
major hydrolyzable tannin in witch hazel, hamamelitannin,
inhibits TNF-mediated endothelial cell death and DNA

. . © XXXX American Chemical Society and
W ACS Publications  American Society of Pharmacognc?sly

fragmentation in EAhy926 endothelial cells.'® Since TNFa/
TNEFR1 signaling may act as a tumor promoter for colon
carcinogenesis,” the anti-TNF activity of hamamelitannin may
indicate a protective effect against colon cancer. Furthermore,
hamamelitannin has been described to inhibit S-lipoxygenase
(5-LOX),* and given that 5-LOX is an inflammatory enzyme
involved in malignant transformation,™ this inhibition could
prevent cancer growth.

Moreover, various studies have analyzed the cytotoxicity and
scavenging capacity of H. virginiana phenolic compounds. It has
been reported that different witch hazel polyphenolic fractions
are highly active as free radical scavengers against 2,2-
azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 1,1-
diphenyl-2-picrylhydrazyl (DPPH), and tris(2,4,6-trichloro-3,5-
dinitrophenyl)methyl (HNTTM). They also reduce tris-
(2,3,5,6-tetrachloro-4-nitrophenyl)methyl (TNPTM) radical
to some extent, which indicates that they contain highly
reactive hydroxy groups. In this way, witch hazel fractions
protect red blood cells from free radical-induced hemolysis and
also inhibit the proliferation of the SK-Mel 28 melanoma tumor
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cell line.”” Some of these fractions also inhibited cell

proliferation, arrested the cell cycle at the S phase, and induced
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Figure 1. Structures of hydrolyzable and condensed tannins in Hamamelis virginiana bark.

apoptosis in HT29 human colon cancer cells.”® The witch hazel
mixtures studied so far include those from highly heteroge-
neous mixtures containing both hydrolyzable and condensed
tannins of low molecular weight, as well as flavan-3-ol
monomers;*>** however, the activity of oligomeric structures
from witch hazel bark has not been evaluated. Furthermore,
Masaki et al. reported that hamamelitannin from H. virginiana
possesses protective activity from cell damage induced by
superoxide anion radicals in murine dermal fibroblasts.****

To advance our understanding of the compounds responsible
for the activity of H. virginiana bark, we evaluated the behavior
of pure hamamelitannin and pentagalloylglucose (hydrolyzable
tannins of different size) and a highly purified proanthocyani-
din-rich fraction (F800H4). First, we examined the viability,
apoptosis, and cell cycle of the human colorectal adenocarci-
noma HT29 cell line after treatment with these compounds. To
identify products that inhibit cancer cell growth without
harming normal cells, the antiproliferative capacity of
Hamamelis compounds was also measured against the
NCM460 cell line (human colonocytes). As several studies
have reported that polyphenols can be oxidized under standard
cell culture conditions, leading to the production of significant
amounts of ROS such as H,0,, and that this can modulate cell
functions,”® we supplemented the cell culture medium with
catalase, which decomposes polyphenol-generated ROS, thus
ruling out this possibility.””

B RESULTS AND DISCUSSION

Pentagalloylglucose and fraction F800H4 were extracted from
the bark of witch hazel, whereas the hydrolyzable tannin
hamamelitannin was obtained commercially. Both hydrolyzable
tannins presented a purity of 98% or more, as confirmed by
HPLC. Once fraction F800H4 was obtained, its polyphenolic

composition was characterized to ensure that it possessed a
high percentage of condensed tannins. Table 1 summarizes the

Table 1. Polyphenolic Composition of F800H4"

Composition of the Condensed Tannins (CTn) 83.9%

mDP % G % P
2.6 35.0 32.0
% GC % EGC % C % EC % EGCG % ECG
12.4 0.4 29.1 23.0 19.1 15.9
Composition of the Hydrolyzable Tannins (HTn) 16.1%
% GA % HT % PGG
10.0 90.0 0.0

“mDP, mean degree of polymerization; % G, percentage of
galloylation; % P, percentage in pyrogallol; GC, gallocatechin; EGC,
epigllocatechin; C, catechin; EC, epicatechin; EGCG, epigallocatechin
gallate; ECG, epicatechin gallatel; GA, gallic acid; HT, hamameli-
tannin; PGG, pentagalloylglucose.

results of the HPLC analysis after thioacidolysis in the presence
of cysteamine (condensed tannins) and direct HPLC analysis
(gallic acid, pentagalloylglucose, and hamamelitannin). FS00H4
was found to be composed of mostly condensed tannins
(83.9% of the total tannins), both monomers and proantho-
cyanidins [(epi)catechin oligomers and polymers]. It also
contained 16.1% hydrolyzable tannins, mainly hamamelitannin.
Pentagalloylglucose was not detected in fraction F800H4. The
condensed tannins had a mean degree of polymerization
(mDP) of 2.6, 35% galloylation and 32% pyrogallol. The total
galloylation of the fraction was 45.5%.

Tannins regulate different cell functions through different
actions that may or may not involve redox reactions.”® Since
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Table 2. Hydrogen Donation and Electron Transfer Capacity

DPPH HNTTM TNPTM
ECq” ARP? H/e* ECy" ARP? e ECq* ARP? e
PGG 23.8 420 19.8 54.8 182 8.6 2403.9 04 02
HT 27.8 362 8.8 712 14.0 34 1162 22 1.0
F800H4 39.8 25.1 27.1 66.7 15.0 16.2 1761.6 0.6 0.7

“ECs, pg of polyphenol/umol of radical. YARP, (I/ECy,) X 10% “Number of hydrogen atoms donated or electrons transferred to the stable radical

per molecule of polyphenol, calculated as the inverse of 2 X molar ECy,.

polyphenols may act as antioxidants and prooxidants, we
studied the redox activity of H. virginiana compounds and
evaluated their free radical scavenging properties using different
stable radicals such as DPPH, HNTTM, and TNPTM. DPPH
reacts with polyphenols by mechanisms that may include both
hydrogen donation and electron transfer,”> while HNTTM and
TNPTM are sensitive only to electron transfer.>* The reactions
with DPPH and HNTTM gave information on the total
capacity to scavenge radicals by hydrogen donation or
concerted electron proton transfer (DPPH) and by electron
transfer (HNTTM). The reaction with TNPTM revealed the
presence of highly redox reactive positions. Table 2 summarizes
the activities of pentagalloylglucose, hamamelitannin, and the
proanthocyanidin fraction F800H4 against the stable free
radicals. Overall, pentagalloylglucose, hamamelitannin, and the
proanthocyanidin-rich fraction F800H4 showed a similar total
scavenging capacity, as their number of phenolic hydroxy
groups per unit of mass was similar. Interestingly, differences
were detected with TNPTM. While the scavenging capacity of
the polyphenols against TNPTM is low because only some of
the hydroxy groups are able to donate electrons to this radical,
the possible effects of these hydroxy groups may be biologically
relevant because they are the most reactive positions. One of
the phenolic hydroxy groups in hamamelitannin was reactive
enough to transfer its electron to TNPTM, while pentagalloyl-
glucose was much less responsive (Table 2, last column).
Hamamelitannin and pentagalloylglucose are structurally
similar. In the case of hamamelitannin though, there is a
hydroxy moiety geminal to one of the gallate esters, and this
might explain the differences detected in the reactivity against
the TNPTM radical. The extra hydroxy group might participate
in a hydrogen bond with the carbonyl group from the gallate
moiety to form a six-membered ring. This could introduce a
conformational restriction with loss of planarity and subsequent
loss of conjugation within the gallate moiety. The extended
conjugation of the carbonyl and aromatic groups is the reason
that gallates are less reactive than pyrogallols.> The results with
TNPTM indicate that hamamelitannin is particularly reactive
and may even participate in the formation of ROS through
electron transfer to oxygen to form the superoxide radical.
Pentagalloyl(glucose has been shown to inhibit different
malignancies."”'""*> Potential mechanisms for its anticancer
activity include antiangiogenesis, antiproliferation, S-phase and
Gl-phase cell cycle arrest, induction of apoptosis, and anti-
inflammatory and antioxidative effects . Putative molecular
targets include pS3, Stat3, Cox-2, VEGFR1, AP-1, SP-1, Nrf-2,
and MMP-9. This study reports for the first time the role of
pentagalloylglucose in colon cancer. We studied here the
viability, the cell cycle, and the apoptosis process in human
colorectal adenocarcinoma HT29 cells. In these bioassays,
different positive controls were used. Epigallocatechin gallate
(EGCG), a major catechin in green tea described to have
antitumor activity,>>>> was used as a standard in the cell

viability assays; the cell cycle inhibitor hydroxyurea (HU) was
used as a standard in the cell cycle experiments® and
staurosporine (ST) was utilized as a positive control in the
apoptosis assays.>> Treatment with pentagalloylglucose reduced
the viability of HT29 cells with an ICs, value of 28 + 8.8 ug/
mL (Figure 2a) and induced 11% apoptosis compared to
control cells, 5% necrosis (Figure 3), and S-phase arrest in the
cell cycle with 8% increase in the population of cells in the S
phase and a concomitant decrease in the percentage of cells in
the G1 and G2 phases (Figure 4). Because pentagalloylglucose
inhibits DNA replicative synthesis with greater efficacy than a
known DNA polymerase-alpha inhibitor, aphidocolin,36 this
may explain the arrest in the S phase. The antitumor effects of
hamamelitannin have not been examined, except for its
antigenotoxic action in HepG2 human hepatoma cells reported
by Dauer et al,”” as well as its anti-TNF'® and anti-LOX
activities.”® The cellular mechanism that this hydrolyzable
tannin induces may be related to the inhibition of the tumor
necrosis factor itself and its receptor, which affect apoptosis,
necrosis, and cell cycle processes. As a result, after treatment
with hamamelitannin, we observed a reduction in the viability
of HT29 cells with an ICy, of 20 + 4.5 ug/mL (Figure 2a) and
induction of 26% apoptosis, 14% necrosis (Figure 3), and S-
phase arrest in the cell cycle with a 16% increase in the
population of cells in this phase (Figure 4). With regard to
condensed tannins, proanthocyanidins from various sources
have been reported to inhibit colon cancer cells.*®** Treatment
of the human colon adenocarcinoma HT29 cell line with the
proanthocyanidin-rich fraction F800H4 extracted from witch
hazel bark was less effective at inhibiting cell viability (ICs, = 38
+ 44 pg/mL; Figure 2a) and inducing apoptosis (9%) and
necrosis (6%) (Figure 3) than the same treatment with
hydrolyzable tannins. F800H4 had little effect on the normal
cell cycle distribution apart from a slight increase in the S and
G2 phases (Figure 4).

Overall, the hydrolyzable tannins were more effective than
the condensed tannins. Interestingly, hamamelitannin, which
includes a highly reactive position, as demonstrated by its
reaction with TNPTM (Table 2), showed the strongest
inhibition of cell viability, induction of apoptosis and necrosis,
and cell cycle arrest in the S phase in HT29 colon cancer cells
(Figures 2a, 3, 4). The effect of this reactive position in
hamamelitannin may even be prooxidant. The prooxidant effect
of some polyphenols has been discussed extensively, and it has
been suggested that moderate generation of ROS may produce
an antioxidant effect by fostering the endogenous defenses.**"
Therefore, in our assays, hamamelitannin may exert its activity,
at least in part, by providing mild prooxidant challenges
through electron transfer reactions leading to moderate
formation of ROS.

On the other hand, since it has been reported that an
increase in endogenous ROS levels is required for the transition
from the GI to the S phase of the cell cycle,* the cell cycle
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Figure 2. (a) Effect on HT29 cell viability of different concentrations
of Hamamelis virginiana compounds in DMEM. (b) Effect on HT29
cell viability of witch hazel compounds in DMEM supplemented with
catalase (100 U/mL). (c) Effect of Hamamelis products on NCM460
colonocyte growth. In all cases epigallocatechin gallate is used as a
standard. Values are represented as mean of percentage of cell viability
with respect to control cells + standard error of three independent
experiments.

arrest in the S phase induced by witch hazel compounds may be
explained to some extent by its ROS scavenging capacity.

In the search for compounds or fractions that inhibit cancer
cell growth without harming normal cells, the antiproliferative
capacity of pentagalloylglucose, hamamelitannin, and the
proanthocyanidin-rich fraction F800H4 was determined in
NCM460 human colonocytes. NCM460 are nontumorigenic
cells derived from normal colon mucosa that has not been
infected or transfected with any genetic information.*> This is
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Figure 3. Early apoptotic cells: annexin V+/PI—. Late apoptotic/
necrotic cells: annexin V+/PI+ and annexin V—/PI+. Staurosporine is
utilized as a positive control. Values are expressed as mean =+ standard
deviation of three separate experiments. **p < 0.001, significant
difference with respect to the corresponding value in untreated cells
(cv).
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Figure 4. Normalized percentages of cells in different cell stages. Cell
phases analyzed: Gl, S, and G2. The cell cycle inhibitor hydroxyurea
was used as a standard. Mean + standard deviation of three separate
experiments. *p < 0.05; **p < 0.001, significant difference with respect
to control cells (Ct).

the first comparison of the effects of witch hazel compounds on
the growth of nontransformed colonocytes and cancerous
colon cells. Our results show that the concentrations of
hamamelitannin and F800H4 capable of inducing the death of
HT29 cells (Figure 2a) had no harmful effects on normal colon
cells (ICy, higher than 100 ug/mL for hamamelitannin and
F800H4) (Figure 2c), whereas pentagalloylglucose inhibited
both cancerous and normal cell growth (Figure 2a, c).
Pentagalloylglucose inhibited NCM460 cell viability with an
ICs, of 23 pg/mL + 2.4 (Figure 2a, c).

It has been reported that polyphenol-mediated ROS
formation in cell culture medium can lead to the artifactual
modulation of cytotoxicity attributed to polyphenol exposure.
Accordingly, Chai et al. reported that H,0,-mediated
cytotoxicity, resulting from incubation of PCI12 cells with
green tea or red wine, was completely prevented by the
addition of bovine liver catalase to the culture medium.* All
Hamamelis compounds tested together with the positive
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control used (EGCG)*** generated H,0, in a concentration-
dependent manner in DMEM (Figure Sa). Hamamelitannin
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Figure S. (a) H,0, concentration in cell culture medium (DMEM +
10% FCS + 0.1% streptomycin/penicillin) with pentagalloyl glucose,
hamamelitannin, and the proanthocyanidin-rich fraction F800H4 in
medium. (b) H,0, concentration produced in DMEM culture
medium with catalase (100 U/mL) after incubation with witch hazel
compounds. Epigallocatechin gallate is used as a positive control.
Mean + standard deviation of two independent experiments. **p <
0.001 and *p < 0.05, significant difference with respect to the
corresponding value in untreated cells (Ct).

showed the highest H,0, production, at 100 pg/mL. As
expected, supplementing the cell culture medium with 100 U/
mL catalase resulted in almost complete decomposition of
polyphenol-generated H,O, in all cases (Figure Sb). The next
step was to study the antiproliferative capacity of H. virginiana
polyphenolics by co-incubating with catalase. This enzyme had
little effect on HT29 cells incubated with hydrolyzable tannins
(ICs, in DMEM = 28 ug/mL + 8.8 (Figure 2a)/ICy, in
DMEM with catalase = 34 pug/mL + 1.2 (Figure 2b) for
pentagalloylglucose and ICyy in DMEM = 20 pug/mL + 4.5
(Figure 2a)/ICs, in DMEM with catalase =13 pg/mL + 4.6
(Figure 2b) for hamamelitannin), whereas FS00H4 cytotoxicity
was shown to be partially attributable to H,O,-mediated
modulation (ICg, in DMEM = 38 ug/mL + 4.4 (Figure 2a)/
ICy, in DMEM with catalase = 95 pg/mL + 8.7 (Figure 2b)).
This effect is probably triggered by the highly reactive
pyrogallol moieties in the condensed tannins. Interestingly,
the results obtained for the positive control, EGCG, a flavan-3-
ol with a pyrogallol B-ring, are in accordance with this
hypothesis. Consequently, the difference between the ICj,

value of F800H4 determined in HT29 cells incubated with
catalase (Figure 2b) and the value established in NCM460 cells
(Figure 2c) is not as high as when we compared the results
obtained for HT29 without catalase (Figure 2a), which were
artifactual, with NCM460 (Figure 2c). This demonstrates that,
as with pentagalloylglucose, F800H4 is not completely specific
against cancer cells. Interestingly, the cytotoxic activity of
hamamelitannin was not modified by the addition of catalase to
the medium.

In summary, we conclude that pentagalloylglucose and the
proanthocyanidin-rich fraction F800H4 do not show specificity
for cancerous cells, whereas hamamelitannin is a promising
chemotherapeutic agent, which might be used for the treatment
of colon cancer without compromising the viability of normal
colon cells. Hamamelitannin appears to contain a highly
reactive phenolic position that can be detected by the stable
radical TNPTM, which may explain its efficacy at inhibiting
colon cancer cell growth. These findings may lead to a better
understanding of the structure—bioactivity relationship of
tannins, which should be of assistance for formulations of
chemopreventive and chemotherapeutic agents.

B EXPERIMENTAL SECTION

General Experimental Procedures. UV measurements were
made on a Cary 50-Bio UV spectrophotometer (Varian, Palo Alto, CA,
USA). Semipreparative chromatography was conducted on a Waters
system (Milford, MA, USA) using an X-Terra Cyg (19 X 250 mm, 10
um) column. HPLC was carried out on a Hitachi (San Jose, CA, USA)
system equipped with a quaternary pump, autosampler, and diode
array detector and an analytical Kromasil C;3 (Teknokroma,
Barcelona, Spain) column. All chemicals were purchased from
Sigma-Aldrich Co. (St Louis, MO, USA), unless otherwise specified.
For extraction, we used deionized water, bulk EtOH (Momplet y
Esteban, Barcelona, Spain), bulk acetone (Quimivita, Sant Adrid del
Besos, Spain), and bulk hexane (alkanes mixture) (Quimivita). For
purification, deionized water, analytical grade MeOH (Panreac,
Montcada i Reixac, Spain), analytical grade acetone (Carlo Erba,
Milano, Italy), and preparative grade CH;CN (E. Merck, Darmstadt,
Germany) were used for semipreparative and preparative chromatog-
raphy; milli-Q water and HPLC grade CH;CN (E. Merck) were used
for analytical RP-HPLC. Analytical grade MeOH (Panreac) was used
for thioacidolysis and free radical scavenging assays, and analytical
grade CH;Cl (Panreac) was used for the electron transfer assays. TFA
(Fluorochem, Derbyshire, UK) biotech grade was distilled in-house.
HCI (37%) and HOAc were from E. Merck. Et;N (E. Merck) was of
buffer grade. Deuterated solvents for NMR were from SDS (Peypin,
France). DPPH (95%) was from Aldrich (Gillingham-Dorset, UK),
and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox)
(97%) was from Aldrich (Milwaukee, WI, USA). HNTTM and
TNPTM radicals were synthesized as described elsewhere.>**
Antibiotics (10000 U/mL penicillin, 10000 pg/mL streptomycin)
were obtained from Gibco-BRL (Eggenstein, Germany), fetal calf
serum (FCS) was from Invitrogen (Paisley, UK), and trypsin EDTA
solution C (0.05% trypsin—0.02% EDTA) was from Biological
Industries (Kibbutz Beit Haemet, Israel). The annexin V/FITC kit
was obtained from Bender System (Vienna, Austria). M3Base medium
was purchased from INCELL (San Antonio, TX, USA).

Extraction, Fractionation, and Characterization of F800H4.
Polyphenols were obtained from witch hazel bark by extraction with
acetone—water (7:3) and fractionation with EtOAc,** which produced
fraction OWH (polyphenols soluble in EtOAc and H,0) and fraction
AH (polyphenols only soluble in H,O). To generate fraction F800H4,
AH (800 mg) was dissolved in 50% MeOH and fractionated on a
Sephadex LH-20 column (50 X 2.5 cm i.d.) using a gradient of MeOH
in HyO and a final step of washing with acetone, as previously
reported.*® Five subfractions (800H1 to 800HS5) were collected, and
their absorbance was measured at 280 and 400 nm; yield, 8% from
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fraction AH; 0.05% from witch hazel bark. Table 1 shows the chemical
composition of fraction F800H4, which was estimated as previously
described.”> The content of condensed tannins was estimated by
thioacidolytic depolymerization in the presence of cysteamine and
HPLC analysis of the cleaved units. The hydrolyzable tannins were
determined directly from the fraction by HPLC and standards.

Purification of Pentagalloylglucose. Pentagalloylglucose was
purified from fraction OWH by semipreparative chromatography on a
Waters system (Milford, MA, USA) using an X-Terra C;g (19 X 250
mm, 10 ym) column. A total amount of 2 g of OWH was processed in
successive chromatographic runs with loads of 200 mg, 4 mL each, and
elution by a binary system [solvent A, 0.1% aqueous TFA; solvent B,
0.08% TFA in H,O—CH,CN (1:4)] under the following conditions:
10 min at 16% B and two gradients, 16—36% B over 40 min, and 36—
55% B over S min, at a flow rate of 10 mL/min with detection at 235
nm. The purity of the pentagalloylglucose was ascertained by HPLC
on a Hitachi (San Jose, CA, USA) system equipped with a quaternary
pump, autosampler, and diode array detector and an analytical
Kromasil C;5 (Teknokroma, Barcelona, Spain) column under the same
elution conditions at a flow rate of 1 mL/min. Pentagalloylglucose was
lyophilized, and its identity was confirmed by chromatography coupled
to high-resolution mass spectrometry and NMR; purity, 95% by
HPLC; yield, 3.8% from fraction OWH, 0.03% from witch hazel bark.

DPPH Assay. The antiradical capacity of the golyphenols was
evaluated by the DPPH stable radical method.”” Fresh MeOH
solutions (2 mL) at concentrations ranging from 2 to 30 uM were
added to a freshly prepared radical solution (2 mL, 120 uM) in
deoxygenated MeOH. The mixture was incubated for 30 min at room
temperature in the dark, and the UV absorbance at 517 nm was
measured. The results were plotted as the percentage of absorbance
disappearance [(1 — A/A,) X 100] against the amount of sample
divided by the initial concentration of DPPH. Each data point was the
result of three independent determinations. A dose—response curve
was obtained for every sample. The results are expressed as the
efficient concentration, ECs, given as the amount of polyphenols that
consumes half the amount of free radical divided by the initial amount
of DPPH in micromoles. The results are also expressed as antiradical
power (ARP), which is the inverse of ECs,. UV measurements were
made on a Cary 50-Bio UV spectrophotometer (Varian, Palo Alto, CA,
USA).

Electron Transfer Capacity against the Stable Free Radicals
HNTTM and TNPTM. Fresh solutions of the polyphenols (2 mL) at
concentrations ranging from 2 to 62 uM were added to a freshly
prepared solution of HNTTM (2 mL, 120 M) in deoxygenated
CHCL—MeOH (2:1). The mixture was incubated for 7 h at room
temperature in the dark, and the UV absorbance was measured at 384
nm. The results are plotted as the percentage of absorbance
disappearance [(1 — A/Ay) X 100] against the amount of sample
divided by the initial amount of the radical in micromoles, as described
for DPPH. Each data point was the result of three independent
determinations. A dose—response curve was obtained for every
sample. The results are expressed as the efficient concentration,
ECsp, and as ARP. The working conditions with TNPTM were
essentially those described for HNTTM> with some differences. The
concentration range was 10—120 M, the incubation time was 48 h,
and the absorbance was measured at 378 nm. The results are plotted
as described for HNTTM.

Cell Culture. Human colorectal adenocarcinoma HT29 cells
(obtained from the American Type Culture Collection, HTB-38)
were grown as a monolayer culture in Dulbecco’s modified Eagle’s
medium (DMEM) in the presence of 10% heat-inactivated fetal calf
serum and 0.1% streptomycin/penicillin in standard culture
conditions. NCM460 cells, obtained by a Material Transfer Agreement
with INCELL, are from an epithelial cell line derived from the normal
colon mucosa of a 68-year-old Hispanic male.* They were grown as a
monolayer culture in M3Base medium (which contains growth
supplements and antibiotics) supplemented with 10% heat-inactivated
fetal calf serum and 2.5 mM D-glucose (final concentration S mM
glucose). The cells were cultured at 37 °C in a 95% air, 5% CO,
humidified environment.

Determination of Cell Viability. The assay was performed using
a variation of the MTT assay described by Mosmann.*® The assay is
based upon the principle of reduction of MTT into blue formazan
pigments by viable mitochondria in healthy cells. The cells were
seeded at densities of 3 X 10° cells/well (HT29 cells) and 1 x 10*
cells/well (NCM460 cells) in 96-well flat-bottom plates. After 24 h of
incubation at 37 °C, the polyphenolic samples were added to the cells
at different concentrations in fresh medium. Some experiments were
performed in the presence of catalase (100 U/mL, from bovine liver)
to examine the potential influence on extracellular H,O,. The use of an
antioxidant enzyme in the cell medium allows us to rule out the effects
of exogenous H,0, generated during the incubation with polyphenols.
The addition of this enzyme does not affect the cellular markers, since
it does not enter the cells and is removed after incubation. In all cases
the antitumor agent EGCG was used as standard. The culture was
incubated for 72 h. Next the medium was removed, and 50 uL of
MTT (1 mg/mL in PBS) with SO uL of fresh medium was added to
each well and incubated for 1 h. The MTT reduced to blue formazan,
and the precipitate was dissolved in 100 uL of DMSO; absorbance
values were measured on an ELISA plate reader (550 nM) (Tecan
Sunrise MR20-301, Tecan, Salzburg, Austria). Absorbance was taken
as proportional to the number of living cells. The concentrations that
caused 50% cell growth inhibition (ICg,) were estimated from the
dose—viability curves.

Cell Cycle Analysis by FACS. The cell cycle was analyzed by
measuring the cellular DNA content using the fluorescent nucleic acid
dye propidium iodide (PI) to identify the proportion of cells in each
stage of the cell cycle. The assay was carried out using flow cytometry
with a fluorescence-activated cell sorter (FACS). HT29 cells were
plated in six-well flat-bottom plates at a density of 87 X 10° cells/well.
After 24 h of incubation at 37 °C, the polyphenolic fractions were
added to the cells at their respective ICy, values. We used the G1/S
cell cycle inhibitor HU at 1 mM as standard. The cultures were
incubated for 72 h in the absence or presence of the polyphenolic
fractions. The cells were trypsinized, pelleted by centrifugation (1500
rpm for S min), and stained in Tris-buffered saline containing SO ug/
mL PI, 10 ug/mL RNase free of DNase, and 0.1% Igepal CA-630.
They were incubated in the dark for 1 h at 4 °C. Cell cycle analysis was
performed by FACS (Epics XL flow cytometer, Coulter Corp.,
Hialeah, FL, USA) at 488 nm.>'

Apoptosis Analysis by FACS. Double staining with annexin V-
FITC and PI measured by FACS was used to determine the
percentage of apoptotic cells. Annexin+/PI— cells were considered
early apoptotic cells. Annexin+/PI+ and annexin—/PI+ cells were
classed together as late apoptotic/necrotic cells, since this method
does not differentiate necrotic cells from cells in late stages of
apoptosis, which are also permeable to PI. The cells were seeded,
treated, and collected as described in the previous section. ST (1 M)
was utilized as a control of apoptosis induction. After centrifugation
(1500 rpm for S min), they were washed in binding buffer (10 mM
Hepes, pH 7.4, 140 mM NaCl, 2.5 mM CaCl,) and resuspended in the
same buffer. Annexin V-FITC was added using the annexin V-FITC
kit. Afterward, the cells were incubated for 30 min at room
temperature in the dark. Next, PI was added 1 min before the
FACS analysis at 20 pug/mL. Fluorescence was measured at 495 nm
(annexin V-FITC) and 488 nm (PI).

Determination of H,0, (FOX Assay). H,0, in the cell culture
medium was determined using the ferrous oxidation xylenol orange
(FOX) assay.*> After oxidation of Fe(Il) to Fe(Ill) by H,0,, the
resulting xylenol orange—Fe(III) complex was quantified spectropho-
tometrically (560 nm). The cells were incubated for 72 h with a range
of concentrations of witch hazel compounds in culture medium
(DMEM or M3Base) either alone or in the presence of catalase (100
U/mL, from bovine liver) under cell culture conditions (96-well flat-
bottom plate, in the absence of cells). EGCG was used as a positive
control in this assay given that it has already been reported that this
product generates high levels of ROS in cell culture media. Next, 100
UL of medium was transferred to a new 96-well flat-bottom plate. FOX
reagent (900 L) was added to each aliquot: 100 uM xylenol orange,
250 puM ferrous ammonium sulfate, 25 mM H,SO, and 4 mM BHT in
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90% (v/v) MeOH. After 30 min, absorbance at 560 nm was measured
in a microplate reader (Tecan Sunrise MR20-301, Tecan). Peroxides
were quantified by comparing the absorbance to a standard curve
(H,0, concentrations: 0—150 uM).

Data Presentation and Statistical Analysis. Data are given as
the means #+ SD (standard deviation). For each assay, the parametric
unpaired two-tailed independent sample t test was used for statistical
comparison with the untreated control cells, and differences were
considered to be significant when p < 0.05 and p < 0.001.
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Annex 2

RESUM

L’angiogenesi €s un procés que consisteix en el reclutament de cél-lules endotelials cap
a un estimul angiogénic. Les cél-lules subsegiientment proliferen i es diferencien per formar
capil-lars sanguinis. Es coneix molt poc sobre l'adaptacié metabolica que pateixen les cél-lules
endotelials durant aquesta transformacio. En aquest treball es van estudiar els canvis metabolics
en cél-lules endotelials HUVEC (Human Umbilical Vascular Endothelial Cells) activades per
factors de creixement, [1,2-"°C,]-glucosa i un analisi de la distribucio isotopomérica de massa.
El metabolisme de la [1,2-°C,]-glucosa per part de les cél-lules HUVEC ens va permetre tragar
les principals vies metaboliques de la glucosa, incloent la sintesi de glicogen, el cicle de les
pentoses fosfat i la glicolisi. L’estimulacié endotelial amb VEGF (Vascular Endothelial Growth
Factor) o FGF (Fibroblast Growth Factor) va mostrar una adaptacié metabolica comu basada
en aquestes vies. Posteriorment, un inhibidor especific del receptor 2 del VEGF va demostrar la
importancia de metabolisme de glicogen i del cicle de les pentoses fosfat. A més, es va mostrar
que el glicogen era exhaurit en un medi amb glucosa baixa, pero, en canvi, era conservat sota
condicions d’hipoxia. Finalment, es va demostrar que la inhibicid directa dels enzims clau del
metabolisme de glicogen i de la ruta de les pentoses fosfat reduia la viabilitat i la migracio de les
cel-lules HUVEC. En aquest sentit, inhibidors d'aquests vies han estat descrits com agents
antitumorals. Per tant, els nostres resultats suggereixen que la inhibicié d’aquestes vies
metaboliques ofereix una nova i potent estratégia terapéutica que simultaniament inhibeix

proliferacio tumoral i angiogenesi.
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Angiogenesis is a fundamental process to normal and abnormal
tissue growth and repair, which consists of recruiting endothelial
cells toward an angiogenic stimulus. The cells subsequently pro-
liferate and differentiate to form endothelial tubes and capillary-
like structures. Little is known about the metabolic adaptation of
endothelial cells through such a transformation. We studied the
metabolic changes of endothelial cell activation by growth factors
using human umbilical vein endothelial cells (HUVEC:),
[1,2-13C,]-glucose and mass isotopomer distribution analysis.
The metabolism of [1,2-13C;]-glucose by HUVEC allows us to
trace many of the main glucose metabolic pathways, including
glycogen synthesis, the pentose cycle and the glycolytic pathways.
So we established that these pathways were crucial to endothelial
cell proliferation under vascular endothelial growth factor
(VEGF) and fibroblast growth factor (FGF) stimulation. A specific
VEGF receptor-2 inhibitor demonstrated the importance of gly-
cogen metabolism and pentose cycle pathway. Furthermore, we
showed that glycogen was depleted in a low glucose medium, but
conserved under hypoxic conditions. Finally, we demonstrated
that direct inhibition of key enzymes to glycogen metabolism
and pentose phosphate pathways reduced HUVEC viability and
migration. In this regard, inhibitors of these pathways have been
shown to be effective antitumoral agents. To sum up, our data
suggest that the inhibition of metabolic pathways offers a novel
and powerful therapeutic approach, which simultaneously inhibits
tumor cell proliferation and tumor-induced angiogenesis.

Introduction

One of the critical stages in tumor growth is neovascularization. The
angiogenic impulse is promoted by tumor expression of proangiogenic
proteins, including vascular endothelial growth factor (VEGF), fibro-
blast growth factor (FGF), interleukin-8, platelet-derived growth fac-
tor and transforming growth factor-beta, among others. The combined
action of these factors on endothelial cells leads to the acquisition of

Abbreviations: DMEM, Dulbecco’s modified Eagle’s medium; EBM, endo-
thelial cell basal medium; EGM, endothelial cell growth medium; FCS, fetal
calf serum; FGF, fibroblast growth factor; HUVEC, human umbilical vein
endothelial cell; PPP, pentose phosphate pathway; VEGF, vascular endothelial
growth factor; VEGFR-2, vascular endothelial growth factor receptor-2.

a specific phenotype, which allows endothelial cells to migrate toward
an angiogenic stimulus, proliferate and differentiate into capillary-
like structures. Concretely, VEGF, which is highly upregulated in
most human cancers (1), has emerged in the last few years as the
crucial rate-limiting step in the regulation of normal and abnormal
angiogenesis (2). Therefore, VEGF and its receptor have been ex-
ploited in antiangiogenic therapies that are already successfully ap-
plied in clinical settings (3-5). However, although patients treated
with VEGF inhibitors may survive longer, there is emerging evidence
that VEGF may be replaced by other angiogenic pathways as the
disease progresses (5,6). Thus, a better understanding of the underly-
ing metabolic changes that supports tumor angiogenesis downstream
of VEGF activation is necessary to design complementary strategies
that can overcome resistance to angiogenic therapies. In fact, in spite
of the increasing recognition that the metabolome represents the end
point of many cellular events (7-9), little is known about the meta-
bolic changes underlying endothelial cell activation during angiogen-
esis (10-13). A better knowledge of the specific adaptation of
metabolic network fluxes occurring downstream of the growth factor
activation of endothelial cells could aid identification of metabolic
enzyme drug targets. Such targets might help to overcome the de-
veloping resistance to VEGF-targeted therapies. Accurate substrate
flow characterization of the activated endothelial cells in the angio-
genic process may permit the design of effective, targeted antiangio-
genic drugs acting downstream of the VEGF receptors.

Metabolic changes underlying tumor cell metabolism have been
extensively studied in recent decades (14—16) and successful strate-
gies for inhibiting the pathways on which cancer cells are strongly
dependent have been proposed. In particular, inhibition of nucleic
acid synthesis has been shown to be successful in chemotherapy
(17). Recently, it has been demonstrated in different tumor cell lines
that pentose phosphate pathway (PPP) inhibition results in an effec-
tive decrease in tumor cell proliferation (18-22). Moreover, it has
been proposed that inhibition of normally enhanced tumor cell gly-
colysis can be a novel strategy for anticancer treatment (23,24) or for
overcoming the drug resistance associated with mitochondrial respi-
ratory defects and hypoxia (23,25).

Stable isotope-based dynamic metabolic profiling using gas chro-
matography/mass spectrometry is a powerful new tool of great use in
drug development (8). In particular, the use of glucose labeled at the
first two carbon positions with the stable isotope '3C has been shown
to be effective in revealing detailed substrate flow and distribution
patterns in the complex metabolic network of different tumoral and
non-tumoral cells. Recent examples of the strength of this approach
include the elucidation of the metabolic mechanism underlying buty-
rate-induced cell differentiation (26) and the characterization of dis-
tinctive metabolic profiles that correlate with different point mutations
in K-ras oncogene, which confer different degrees of aggressiveness
in vivo, proving how the most aggressive mutations had an increased
glycolytic rate (27). In the present study, we used human umbilical
vein endothelial cells (HUVECS) as an angiogenic model. We adopted
a mass isotope distribution analysis approach with [1,2-13C,]-glucose
tracer labeling to reveal the mechanisms of endothelial cells’ meta-
bolic network in response to the activation produced by the angio-
genic stimulus of different growth factors. The metabolism of
[1,2-13C,]-glucose by HUVEC allows us to trace many of the main
glucose metabolic pathways, including glycogen synthesis, the pen-
tose cycle pathways and the glycolytic pathways. To examine the
downstream effect of VEGF, we used a well-known vascular endo-
thelial growth factor receptor-2 (VEGFR-2) inhibitor, 5-diarylurea-
oxy-benzimidazole, which has also shown effects on Tie-2 receptors
(28). This inhibitor allowed us to analyze the flux changes down-
stream of a specific inhibition of the angiogenic stimulus. The

© The Author 2009. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions @oxfordjournals.org 946



characterization of the effects of VEGFR-2 inhibitors at metabolic
level contributes to the design of new therapeutic strategies for over-
coming drug resistance. Such strategies are based on targeting the
appropriate metabolic pathways, which mimic the effect of direct
receptor inhibition on the metabolic network.

Materials and methods

Cell culture conditions

HUVECs (AdvanCell, Barcelona, Spain) were cultured on gelatin at 37°C
in a humidified atmosphere of 5% CO, and 95% air in endothelial cell basal
medium (EBM) (Clonetics, San Diego, CA) and supplemented with endothe-
lial cell growth medium (EGM) SingleQuots (Clonetics) and 10% fetal calf
serum (FCS) (Biological Industries, Kibbutz Beit Ha’Emek, Israel). In these
standard conditions, a 7.4-fold change with respect to the initial cell number
was observed at 72 h.

Specifically activated cell growth assay for the mass isotopomer distribution
analysis analysis

Cells grown to 80-90% confluence were removed from the flask using 0.025%
trypsin/ethylenediaminetetraacetic acid (Gibco, Invitrogen, Carlsbad, CA) at
room temperature. Cells were seeded at a density of 4 x 10° onto gelatine-
precoated 75 cm? petri dishes (Falcon, BD biosciences, Franklin Lakes, NJ) in
EGM (5 mmol/l glucose) and supplemented with EGM SingleQuots and 10%
FCS for 24 h. The incubation medium was then removed and the plates were
washed twice with Hanks’ balanced salt solution (Clonetics). Specifically
activated cell growth media was then added to the cell culture. This
media contained EBM supplemented with 10 ng/ml VEGF (R&D systems,
Minneapolis, MN) or 0.3 ng/ml basic FGF plus 2% FCS supplemented with
3 pg/ml heparin, 1 pg/ml hydrocortisone and 10 mmol/l of [1,2-13C,]-glucose
(50% isotope enrichment, Isotec, Sigma-Aldrich, St. Louis, MO). The inhibitor
of VEGFR-2, 5-diarylurea-oxy-benzimidazole, was used at a final concentra-
tion of 85 nM. Cell cultures were incubated for 72 h. After the incubations,
cells were centrifuged (1350 r.p.m. for 5 min) to obtain the incubation medium
and cell pellets. At the end of the experiment, the final cell numbers were
measured with a hemocytometer. To determine glycogen content, cells were
immediately frozen in liquid nitrogen before being processed.

Glucose and lactate concentration

The glucose and lactate concentrations in the culture medium were determined
as described previously (29,30) using a Cobas Mira Plus chemistry analyzer
(HORIBA ABX, Montpellier, France) at the beginning and at the end of the
incubation time, to calculate glucose consumption and lactate production.

Lactate isotopomeric analysis

Lactate from the cell culture medium was extracted by ethyl acetate
after acidification with HCl. Lactate was derivatized to its propylamide-
heptafluorobutyric form and the m/z 328 (carbons 1-3 of lactate, chemical
ionization) was monitored as described (31).

RNA ribose isotopomeric analysis

RNA ribose was isolated by acid hydrolysis of cellular RNA after Trizol
(Invitrogen, Carlsbad, CA) purification of cell extracts. Ribose isolated from
RNA was derivatized to its aldonitrile acetate form using hydroxylamine in
pyridine and acetic anhydride. The ion cluster around the m/z 256 (carbons 1-5
of ribose, chemical ionization) was monitored to find the molar enrichment and
positional distribution of !3C labels in ribose (31).

Glycogen content determination and isotopomeric analysis

The glycogen content in frozen cell monolayers obtained from HUVEC was
extracted as described previously (32), by direct digestion of sonicated extracts
with amyloglucosidase (Sigma-Aldrich, St. Louis, MO). The glycogen was
then purified using a tandem set of Dowex-1X8/ Dowex-50WX8 (Sigma)
ion exchange columns. For the isotopomeric analysis, the glycogen was con-
verted to its glucose aldonitrile pentaacetate derivative as described previously
(33) and the ion cluster around m/z 328 was monitored. Measurement of the
glycogen content was carried out using the isotopomer [U-'3C-D5]-glucose as
the recovery standard and internal standard quantification procedures. The ion
cluster for the [U-'3C-D]-glucose of the glucose aldonitrile pentaacetate de-
rivative was monitored from m/z 339 to m/z 341. Glucose from glycogen was
corrected by million of cells.

Gas chromatography/mass spectrometry

Mass spectral data were obtained on an HP5973 mass selective detector con-
nected to an HP6890 gas chromatograph. The settings were as follows: gas
chromatography inlet 230°C; transfer line 280°C; mass spectrometry source
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230°C and mass spectrometry quad 150°C. An HP-5 capillary column (30 m
length, 250 mm diameter and 0.25 mm film thickness) was used to analyze
glucose, ribose and lactate.

Hypoxic or hypoglycaemic conditions

To determine glycogen content under hypoxic or hypoglycaemic conditions,
HUVECs were seeded at a density of 1 x 10° onto 75 cm? petri dishes
(Falcon) in EGM (5 mmol/l glucose) supplemented with EGM SingleQuots
and 10% FCS for 24 h. The incubation medium was then removed and spe-
cifically activated cell growth media added in normoxic (37°C in a humidified
atmosphere of 5% CO, and 95% air), hypoxic (37°C in a humidified atmo-
sphere of 5% CO,, 1% O,) or hypoglycaemic conditions [EGM 10 mmol/l
glucose as a positive control, Dulbecco’s modified Eagle’s medium (DMEM;
Sigma) 10 mmol/l glucose supplemented with EGM SingleQuots and 10%
FCS as a negative control and DMEM without glucose supplemented with
EGM SingleQuots and 10% FCS]. Cells were counted after 24 h. The medium
was stored for subsequent analyses of glucose consumption and lactate pro-
duction, as described above. In parallel, cell monolayers were immediately
frozen in liquid nitrogen for glycogen determinations. Glycogen was extracted
and quantified as described previously (34), with 30% (wt/vol) KOH and
Whatman 31ET paper to precipitate the glycogen. Glucose released from
glycogen was measured enzymatically in a Cobas Mira Plus chemistry ana-
lyzer (HORIBA ABX) and then corrected by protein content.

Cell viability assay

This assay was performed using a variation of the method described by Mos-
mann (35), as specified in Matito et al. (36). For this assay, 3 x 10> HUVEC
cells/well were cultured on 96-well plates. Inhibitors CP-320626, G5 and Ol
were added from 10 to 100 uM for 48 h. Relative cell viability was measured
by absorbance on an enzyme-linked immunosorbent assay plate reader (Tecan
Sunrise MR20-301, TECAN, Minnedorf, Switzerland) at 550 nm.

Inhibitor CP-320626, kindly provided by Pfizer (New York City, NY) is an
indole-2-carboxamide that binds at the dimmer interface site of glycogen
phosphorylase, which was recently identified as a new allosteric site by
X-ray crystallographic analysis (37,38). G5 and O1 were kindly supplied by
Jaime Rubio from the University of Barcelona. Molecular modeling has been
used in the development of these novel compound inhibitors of glucose-6-
phosphate dehydrogenase and transketolase, respectively.

Migration assay

Migration assays were performed as described previously (39), with the
following modifications: 24-well cell culture plates (Falcon) were used with
light-opaque polyethylene terephthalate membrane filter inserts with 8§ mm
pores (Transwell HTS FluoroBlokTM Multiwell Insert Systems from Becton
Dickinson, Franklin Lakes, NJ). The upper and lower surfaces of the Transwell
membranes were coated for 2 h at 37°C with 15 pg/ml type I Collagen.
HUVECs were (5 x 10* cells) suspended in 100 pl of EBM, and in absence
of serum or other supplements, were seeded after coating onto the upper side of
each Transwell chamber and placed 4 h at 37°C. Then, 500 pl of the inhibitors
at IC50 (i.e. concentration at which the cell viability is 50% of the control
calculated from Figure 4A: 40 uM of CP-320626, 30 uM of G5 and 25 uM of
O1) and at 10 x IC50 in EBM with 10% FCS and supplements were added to
the lower compartment of the 24-well plates to test their inhibitory effect. After
4 h at 37°C, cells that had migrated to the lower side of the transwell were
incubated with 5 mM Calcein-AM (Calbiochem, MERCK, Whitehouse
Station, NJ) for 25-30 min at 37°C. Migrated cells were counted under a light
microscope at a magnification of x10.

Results

VEGF and FGF trigger a common characteristic metabolic changes
in HUVECs

Lactate in the cell culture medium, the secreted product of glycolysis,
was used to determine the contribution of glycolysis and the oxidative
PPP to the central glucose metabolism. The unlabeled species (m0)
represents the corrected lactate mass isotopomer distribution without
the 13C label; m1 represents the distribution with one '3C label and m2
with two '3C labels. The species m2 originates from glucose that is
converted to lactate directly by glycolysis. In contrast, m1 originates
from glucose metabolized by direct oxidation via the oxidative steps
of the PPP, which is then recycled to glycolysis via the non-oxidative
pentose cycle. Thus, we can calculate the PC parameter, which gives
us an idea of pentose cycle use (as a percentage) with respect to
glycolysis (31). FGF activation provoked greater proliferation than
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VEGEF activation (Figure 1). Therefore, the concentration of lactate
secreted into the medium was higher in FGF-activated HUVECS (data
not shown). Consequently, we observed a slight increase in '3C-en-
riched lactate after FGF activation, with respect to VEGF (Table 1A,
upper panel), measured as ) mn = ml + 2 X m2, a parameter that
represents the average number of '3C atoms per molecule. However,
the flux balance (PC parameter) was not significantly altered, indicat-
ing a similar metabolic lactate pattern after both FGF and VEGF
activation. Moreover, unlabeled lactate (m0) accumulated in similar
amounts. This confirmed that the utilization of other carbon sources
via degradation of the amino acids glutamine (glutaminolysis) and
serine (serinolysis) is also maintained in HUVECs independently of
the two growth factor activation pathways.

Due to the characteristics of the PPP, label incorporation into ribose
occurred with the isotopomers m1 and m2 but also m3 and m4 species
can be found. m1 is formed when [1,2-13C,]-glucose is decarboxylated
by the oxidative branch of the PPP. m2 is synthesized by the reversible
non-oxidative branch of the cycle. The combination of these two
branches generates m3 and m4 species. The total label incorporation
or 13C enrichment is measured as ) mn = ml + 2 x m2 + 3 x m3
+ 4 x md. To assess the contribution of each PPP branch, the oxida-
tive versus non-oxidative ratio was used, measured as ox:non-ox = (ml

normalized proliferation
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300 1

250 A
200 A
150 A
100 A
i
0 T T T T

initial VEGF VEGF+I FGF FGF+I
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Fig. 1. Normalized cell counts with respect to the initial cell number. FGF
activation induced higher proliferation rates than VEGF activation. The
inhibitor (I: 5-diarylurea-oxy-benzimidazole) caused a decrease in both
VEGF- and FGF-treated cells. However, this was relatively more pronounced
when VEGF was used to activate HUVECs. Data are presented as mean + SD
of three independent experiments, 221 x 113 mm (600 x 600 DPI).

+ m3)/(m2 + m3 + 2 x m4), since ml and m3 need the oxidative
branch to be formed, and m2, m3 and m4 species require the non-
oxidative branch (twice in m4). In Table IB (upper panel), a represen-
tative isotopomeric distribution of a single experiment is displayed.
Significantly, similar traffic of glucose through the PPP was observed
after either FGF or VEGF activation. As we noticed for lactate, the
higher proliferation rate caused by FGF activation (Figure 1) caused
a slight increase in '3C enrichment (3> mn), with respect to VEGF-
activated cells. However, the flux balance through the two branches of
the pentose cycle (ox:non-ox ratio) was very similar and did not
present consistent differences in the replicates performed.

High, similar glycogen concentrations were found in HUVECs under
all the culture conditions. '3C labeling was found in glycogen reser-
voirs. The analysis of glucose isotopomer distribution obtained from
glycogen displayed only mO and m?2 species, indicating that the glyco-
gen carbon source is glucose from the culture medium. A representative
13C enrichment of glycogen after FGF or VEGF activation, measured as
> mn = 2 x m2, is depicted in Figure 2A (black bars). Since initial
glycogen reservoirs were not labeled, '3C incorporation into glycogen
from glucose increases with time and is dependent on the proliferation
rate, as the cells have to replenish their glycogen content. Thus, as
observed for lactate and ribose, there was a higher concentration of
labeled glucose in glycogen after FGF activation than after VEGF
activation, due to its higher proliferation rate (Figure 1).

Inhibition of VEGFR-2 decreases HUVEC proliferation via specific
pathways activated by VEGF

5-Diarylurea-oxy-benzimidazole is a well-known VEGFR-2 inhibitor.
It is often used to investigate the link between receptor activation and
signaling pathways. The use of 5-diarylurea-oxy-benzimidazole al-
lows us to study whether the characteristic, activated HUVEC meta-
bolic pattern described above is the downstream effect of receptor
activation-signaling pathways. The inhibitor caused ~30% of prolif-
eration inhibition when HUVECs were activated with VEGF and,
unexpectedly, 20% of proliferation inhibition when cells were acti-
vated with FGF (Figure 1). Interestingly, inhibitor treatment did not
affect the metabolic network when HUVEC activation was mediated
by FGF; meanwhile, VEGF-activated cells suffered changes in ribose
and glycogen metabolism. Thus, meanwhile, the RNA ribose isoto-
pomeric distribution was not affected by the inhibitor in the three
experiments performed when FGF was the activator (Table IB, lower

Table I. Isotopomeric distribution

A. Lactate isotopomeric distribution

mO ml m2 Xmn PC (%)
HUVEC specific activation
VEGF 0.8157 + 0.006 0.0164 + 0.001 0.1668 + 0.0032 0.3532 + 0.0073 3.17 + 0.14
FGF 0.803 + 0.007 0.0185 + 0.0034 0.1772 + 0.0039 0.3766 + 0.0103 3.36 £ 0.53
VEGFR-2 inhibitor treatment
VEGF+I 0.8202 + 0.006 0.0156 + 0.0014 0.1629 + 0.0044 0.3451 £ 0.011 3.09 + 0.20
FGF+I 0.8024 + 0.0019 0.0174 = 0.0008 0.179 + 0.00126 0.379 = 0.0027 3.13 £0.12
B. Ribose isotopomeric distribution
ml m?2 m3 m4 Zmn 0X:NON-0x

HUVEC specific activation
VEGF
FGF

VEGFR-2 inhibitor treatment
VEGF+I
FGF+I1

0.1887 + 0.0014
0.2015 = 0.0021

0.1664 + 0.0007
0.1993 + 0.0016

0.1262 + 0.0012
0.1354 + 0.0004

0.1253 + 0.002
0.1466 = 0.0018

0.0332 + 0.0004
0.0303 + 0.001

0.0297 + 0.0005
0.0306 = 0.0005

0.0198 =+ 0.0007
0.0163 * 0.0008

0.0207 + 0.0005
0.0180 = 0.0004

0.6208 + 0.0061
0.6314 £ 0.0132

0.5879 + 0.0125**

0.6594 + 0.0088

1.1151 = 0.0203
1.1697 + 0.0056

0.9986 + 0.0119**
1.0784 + 0.0062

Isotopomeric distribution in lactate and RNA ribose after growth factor-activated and 5-diarylurea-oxy benzimidazole-treated HUVECs. (A) Representative
isotopomeric distribution and '*C enrichment (}_mn) in lactate. No significant differences were found in lactate after activation with VEGF or FGF (upper panel).
The introduction of the inhibitor (I: 5-diarylurea-oxy-benzimidazole) (lower panel) did not cause any relevant changes. (B) Representative isotopomeric
distribution, '3C enrichment (3>_mn) and the oxidative:non-oxidative ratio in RNA ribose. HUVECs activated by either VEGF or FGF activation use the PPP in
a similar way (upper panel). Inhibitor I treatment (lower panel) caused a significant decrease in the total incorporation from glucose to ribose (3> _mn) in VEGF
activation. This decrease was mainly determined by the inhibition of the oxidative branch of the PPP. Significance was tested using a non-parametric Mann—
Whitney W-test to compare the medians of each independent experiment, considering 99% as a confident level. Significant differences (**) were consistent in the

three independent experiments.
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Fig. 2. '3C enrichment of glycogen reservoirs and glycogen content in
growth factor-activated and 5-diarylurea-oxy-benzimidazole-treated
HUVECsS. (A) Glycogen 13C enrichment, calculated as mn = 2 x m2,
shows similar glycogen—glucose turnover after activation with both VEGF
and FGF (black bars). The inhibitor (I: 5-diarylurea-oxy-benzimidazole)
produced a significant decrease in glycogen turnover from glucose after
VEGF-specific HUVEC activation (gray bars). After the FGF activation, the
inhibitor did not significantly affect the total '3C incorporation into glycogen.
Significance was tested using a non-parametric Mann—Whitney W-test to
compare the medians of each independent experiment, considering 99% as
a confident level. Significant differences (**) were consistent in the three
independent experiments. (B) Glycogen content expressed in mg of glucose
with respect to 10° cells. The inhibitor I promoted a significant accumulation
of glycogen reservoirs. Significance (*) was tested using a non-parametric
Mann-Whitney W-test to compare the medians of seven samples from

two independent experiments, considering 95% as a confident level,

146 x 168 mm (600 x 600 DPI).

panel—in the single experiment depicted in Table IB, there was
a slight increase in ribose !'3C enrichment when 5-diarylurea-oxy-
benzimidazole was added to FGF-activated HUVECs, but this in-
crease was not statistically significant in the replicates), RNA ribose
showed a significant and consistent decrease in '>C enrichment
(3_mn) when 5-diarylurea-oxy-benzimidazole was added to VEGF-
activated cells (Table IB, lower panel). Similar isotopomeric distribu-
tion patterns were found in all the experiments performed. Whereas
the m2 proportion did not present significant changes, m1 decreased
after the treatment with 5-diarylurea-oxy-benzimidazole, which
caused a small but significant decrease in ox:non-ox ratio of PPP.

Similarly, although the inhibitor caused proliferation decrease in
VEGF- and FGF-activated cells (Figure 1), glycogen synthesis and
turnover was also only affected by 5-diarylurea-oxy-benzimidazole in
VEGF-activated cells. The '3C enrichment of glycogen decreased
significantly and consistently when the inhibitor was added. To deeper
study of this marked decrease in label incorporation into glycogen
when 5-diarylurea-oxy-benzimidazole was added to VEGF-activated
HUVECS, the glycogen content was measured by gas chromatogra-
phy/mass spectrometry procedures using an internal standard. Figure
2B shows that the glycogen content of VEGF-activated cells increased
when the cells were treated with 5-diarylurea-oxy-benzimidazole, in-
dicating that glycogen degradation was inhibited.

Curiously, the VEGFR-2 inhibitor treatment did not affect lactate
label distribution. Moreover, neither '3C enrichment nor flux balance
(PC parameter) presented significant differences after either VEGF or
FGF activation, indicating that the metabolic pattern detected in lac-
tate was not dependent on specific endothelial activation (Table IA,
lower panel).

Metabolic modulation underlying angiogenesis
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Fig. 3. Glycogen content, expressed as mg glucose released from glycogen
with respect to mg of protein content, in HUVECs under hypoglycaemic or
hypoxic culture conditions after 24 h. (A) hypoglycaemic conditions: the
substitution of endothelial growth medium containing 10 mM of initial
glucose by DMEM, 10 mM of initial glucose slightly affected the glycogen
content in HUVECs. However, when glucose-free DMEM was used,
HUVEGC:s lost all of their glycogen reservoirs. (B) Hypoxic conditions (24 h
at low O2 concentration) did not provoke the use of glycogen reservoirs, but
caused a significant increase in cellular glycogen content. Significance (**)
was tested using a non-parametric Mann—Whitney W-test to compare the
medians of five samples from two independent experiments, considering
99% as a confident level, 132 x 170 mm (600 x 600 DPI).

Glycogen reservoirs are mobilized under hypoglycaemic conditions,
but not under hypoxic conditions

Activated endothelial cells induced by tumors are recruited toward
hypoxic and hypoglycaemic environments. To better understand the
role of HUVEC glycogen reservoirs in physiological conditions,
cells were cultured in a glucose-free medium. For this specific
culture condition, 10 mM glucose DMEM was used as a control
versus glucose-free DMEM. After 24 h of incubation, glycogen
was extracted, measured and corrected by protein content. Figure
3A shows that there was a total absence of glycogen content in
HUVECs when glucose was absent from the culture medium. This
dramatic decrease of glycogen content in glucose-free medium has
been previously reported in other human endothelial cells (40).
Lactate production was also measured after 24 h. Its concentration
decreased sharply in hypoglycaemic conditions (data not shown),
indicating that glycogen reservoirs are not large enough to support
glycolysis for 24 h.

Effects of hypoxia on HUVEC glycogen usage were also assessed.
Corroboration of hypoxia impact in HUVEC metabolism was assessed
by determining glucose and lactate from the culture medium, and the
glycolytic rate was calculated as the rate of lactate production versus
glucose consumption. As expected, after 24 h under hypoxic condi-
tions (1% O,), the glycolytic rate increased by 20%. This was also
confirmed by a 37% increase in intracellular concentration of fruc-
tose-1,6-bisphosphate and measured as described previously (41)
(data not shown). Glycogen content, however, was not metabolized
in HUVECSs under hypoxic condition, as observed in hypoglycaemia,
but an increase in glycogen reservoirs was observed (Figure 3B).

PPP and glycogen metabolism are good antiangiogenic targets

Previously reported results suggested that glycogen metabolism and
the PPP may be good targets for metabolic interventions (42—44).
Therefore, HUVECs were treated with CP-320626, an inhibitor of
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Fig. 4. (A) Cell viability of HUVECS after treatment with glycogen
phosphorylase inhibitor CP-320626, glucose-6-phosphate dehydrogenase
inhibitor G5 and transketolase inhibitor O1. After 48 h, dose-escalating
treatment with the three compounds caused dose-dependent inhibition of cell
proliferation. Data are presented as mean + SD of three independent
experiments performed. (B) Migration capacity of HUVECsS after the
treatment with CP-320626, G5 and O1. Data are normalized with respect
control (media without drug), 142 x 206 mm (600 x 600 DPI).

the key enzyme in glycogen degradation, glycogen phosphorylase
(45), as well as with G5 and Ol, inhibitors of glucose-6-phosphate
dehydrogenase and transketolase, the key enzymes of the oxidative
and non-oxidative branches of PPP (18), respectively. After 48 h,
dose-escalating treatment with CP-320626 and both G5 and Ol
caused dose-dependent inhibition of cell viability (Figure 4A),
confirming the importance of these two metabolic pathways in
HUVECs.

Moreover, the inhibitors of glycogen metabolism and PPP also
impair the capacity of HUVEC to migrate (Figure 4B). After just 4 h
of incubation, the addition of CP-320626 caused a decrease of
migration of 12 and 84% at its respective IC50 and 10 x IC50
concentration. Similar dose-response inhibition of PPP was ob-
served, with a decrease of 40 and 66% for O1 and of 12 and 19%
for G5 at their respective IC50 and 10 x IC50 concentration. Con-
sistent with proliferation assays, the inhibitor of the non-oxidative
branch of PPP Ol decreased the migration capacity in a larger
extend that G5 inhibitor of the oxidative branch of PPP. It could
be explained by the metabolic characteristic of PPP: the non-oxida-
tive branch of PPP is a reversible pathway with the capacity of
buffering pentose with hexose phosphates, so the inhibition of the
oxidative branch could be eventually compensated by the non-
oxidative, provoking that increasing concentrations of G5 did not
cause an massive increase in migration inhibition, as well as is
observed in viability assays.

Discussion

Cancer is an extremely complex and heterogenous disease that
exhibits a high level of robustness against a range of therapeutic
efforts (46). Looking for new targets to arrest cancer progression
and invasion is one of the main current research challenges. With
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the development of systems biology, it has became more evident that
a system level understanding of cancer cells and vascular endothelial
cells that provide tumor vascularization could contribute to develop-
ing new drugs and therapies. Moreover, the recognition that the phe-
notype and function of mammalian cells largely depends on metabolic
adaptation has greatly stimulated research initiatives in the field of
metabolomics and fluxomics (20,47).

Although the central role of VEGF in the activation of angiogenesis
has been clearly established, prior to the present study little was
known about the metabolic network modulation required to support
the angiogenic process. Results reported in this paper, using the
[1,2-13C,]-glucose stable isotope as a carbon source and a tracer-
based metabolomics approach, reveal a characteristic metabolic flux
pattern downstream of endothelial cells activation, regardless of
whether HUVECs are activated by VEGF or FGF. Thus, this common
metabolic adaptation may be required to support endothelial cell
function in the angiogenic process and includes a high flux of glucose
through the PPP and an active glycogen metabolism. Lactate isotopo-
meric distribution is not significantly different when either VEGF or
FGF is used to activate HUVECs (Table IA). RNA ribose '3C enrich-
ment is slightly higher after FGF activation than after VEGF activation
of HUVECs, probably due to a higher proliferation rate (Figure 1).
However, fluxes through oxidative and non-oxidative branches of
the pentose cycle are not significantly altered, as the oxidative:non-
oxidative ratio was similar in all the experiments (Table IB, upper
panel). Glycogen 13C enrichment was ~10% higher after FGF acti-
vation than after VEGF activation (Figure 2A). This also correlates
with a higher proliferation rate. This, and the fact that high, similar
glycogen concentrations were found in VEGF- or FGF-activated HU-
VECs indicates that glycogen deposits are important for HUVEC
proliferation.

This strong dependence of activated HUVEC metabolism on gly-
cogen and the PPP could be essential to supporting the angiogenic
process. Consequently, glycogen and the PPP could be targets within
the angiogenic cell metabolic network for potential novel therapies. In
order to check whether this common metabolic pattern is a conse-
quence of the angiogenic HUVEC activation that may be essential for
the angiogenic process, we analyzed the effects of a well-known
VEGFR-2 inhibitor, 5-diarylurea-oxy-benzimidazole, on HUVECs’
metabolic network. This inhibitor acts on the intracellular part of
the VEGFR-2 and impedes phosphorylation through its tyrosine
kinase activity, causing a decrease in the VEGF-activated phosphor-
ylation cascade and the HUVEC proliferation rate (Figure 1).

The lactate isotopomeric distribution did not change significantly
when the inhibitor was added to either VEGF-activated or FGF-acti-
vated HUVECs (Table IA), suggesting that glycolytic flux does not
depend on signal transduction from the VEGF receptor. However, the
results show that treatment with the inhibitor in VEGF-activated cells
cause a decrease in PPP flux, as there was a significant decrease in 13C
ribose enrichment (> mn) (Table IB). This decrease was mainly de-
termined by the inhibition of the oxidative branch of the PPP. Worthy
of note, mass isotopomer distribution analysis experiments were per-
formed at 72 h, when metabolic enrichment of '3C from [1,2-13C,]-
glucose is almost saturated. Therefore, the differences in proliferation
rate caused by VEGF or FGF activation hardly led to a relevant dif-
ference in '3C ribose enrichment. The specificity of this metabolic
response is corroborated by the fact that the inhibitor treatment, which
caused a 30 and 20% decrease in proliferation when HUVEC cells
were activated with VEGF and FGF, respectively, only significantly
decreased RNA ribose enrichment when VEGF was used as angio-
genic activator. This leads us to conclude that the inhibitor acts spe-
cifically on its target receptor VEGFR-2, which causes a specific
metabolic effect on PPP.

Interestingly, it has been demonstrated that activation of the pentose
cycle is downregulated during the differentiation process (26),
whereas its activation is a common characteristic of tumor cells
(48). These results reinforce the emergence of the PPP as a promising
therapeutic target, since actions on this pathway could inhibit tumor
proliferation and impede angiogenic progression. Thus, metabolic
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inhibition of both the oxidative and non-oxidative branches of this
pathway has been described as a good antitumoral strategy (18-22).
Moreover, it has been recently demonstrated that disruption of the
balance between oxidative and non-oxidative branches of pentose
phosphate metabolism using a multiple hit drug strategy results in
colon cancer adenocarcinoma cell death (43). Additionally, several
studies have demonstrated that downregulation of these pathways
decreases the migration capacity of bovine aortic endothelial cells
(49,50).

The results also show that 5-diarylurea-oxy-benzimidazole inhibi-
tor impairs '3C enrichment of glycogen reservoirs when the inhibitor
is added to VEGF-activated cells, but not when it is added to FGF-
activated cells (Figure 2A, gray bars), which led us to hypothesize
a reducing glycogen mobilization specifically provoked by the inhib-
itor. This is confirmed by the accumulation of glycogen reservoirs
when the inhibitor is present (Figure 2B).

The physiological impact of huge glycogen reservoirs on HU-
VECs could be explained by the needs of endothelial cells during
the formation of new vessels, after their recruitment by solid tumors,
in which there is a hypoglycaemic and hypoxic environment. Ac-
cordingly, by forcing physiological hypoglycaemic conditions, we
observed how HUVEC glycogen reservoirs are totally catabolized
(Figure 3A). Hypoxia does not lead to the use of glycogen reser-
voirs. On the contrary, it does cause an increase in the cellular
glycogen content (Figure 3B). In hypoxic conditions, the glycolytic
rate increases provoking an increase of the intracellular concentra-
tion of sugar phosphate glycolytic intermediates. Therefore, we hy-
pothesize that the observed increase in glycogen content under
hypoxic conditions could be explained by the metabolic equilibrium
between glycolytic intermediates and glycogen reservoirs. Interest-
ingly, glycogen metabolism has also been described as an antitu-
moral target in MIA pancreatic cells (42), again providing
a common, attackable metabolic characteristic in tumors and in
the endothelial cells activated by them.

In summary, we have described high activity of pentose phosphate
metabolism, large glycogen deposits and high glycogen turnover as
a common adaptive metabolic pattern associated with angiogenic
activation, regardless of the activation pathway. This proves the

robustness of the angiogenic process (Figure 5A). Specific inhibition
of the angiogenic stimulus using 5-diarylurea-oxy-benzimidazole
resulted in a decrease in the PPP and glycogen metabolism, which
confirms that the activation of these two pathways is one of the
mechanisms resulting in angiogenic activation downstream of
growth factor stimulation (Figure 5B). Thus, these results offer
new insight into the vulnerability of the angiogenic cell metabolic
network and indicate potential new antiangiogenic targets. To prove
this hypothesis, we corroborated the importance of the aforemen-
tioned metabolic characteristics by inhibiting key enzymes to gly-
cogen metabolism and PPP (Figure 4) and corroborating that the
inhibition affect both viability and migration capacity of HUVECs.
Further work is needed to provide molecular evidence that directly
links the observed metabolic changes to growth factor-signaling
pathways and validates the new targets. Nevertheless, in this paper,
we have demonstrated that metabolic studies can reliably provide
a systemic view of a biological process, such as angiogenesis acti-
vation by growth factors, as well as the potential use of such pro-
cesses for antiproliferative and anti-migration interventions. It is of
crucial importance to note that the endothelial metabolic targets
proposed here also promising anticancer targets (22,42,43). Thus,
metabolic interventions that could affect at the same time solid
tumors and vessels formation should be seriously considered in in-
tegrating actions against carcinogenic process.
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Annex 3

RESUM

La radiacié ultraviolada (UV) porta a la generacido de d’espécies reactives d’oxigen
(ROS - Reactive Oxygen Species). Aquestes molecules alteren diferents funcions cel-lulars clau i
poden resultar en la mort cel-lular. Diversos estudis han descrit que els antioxidants naturals
poden protegir la pell contra aquests efectes nocius de la radiacio UV. En aquest treball es va
avaluar la capacitat in vitro de diverses fraccions polifenoliques de raim, les quals diferien en el
grau de polimeritzacid i el percentatge de gal.loitzacid, per protegir els queratinocits humans
HaCaT contra el dany oxidatiu produit per la radiacié UV. Aquestes fraccions van inhibir els
nivells basals i els ROS intracel-lulars generats per la radiaci6 UVB i UVA en aquesta linia
cel-lular. Consegiientment, les mateixes fraccions van inhibir 1’activacié de les proteines p38 i
JNK1/2 induida per la radiacio UVB i UVA. L'efecte protector més elevat va correspondre a les
fraccions riques en oligdmers i esters de gal-lat. Aquests resultats haurien de ser considerats en
la farmacologia clinica per la utilitzacié d’extractes polifenodlics com nous agents fotoprotectors

per a la pell.
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ABSTRACT: UV radiation leads to the generation of reactive oxygen species (ROS). These molecules exert a variety of harmful
effects by altering key cellular functions and may result in cell death. Several studies have demonstrated that human skin can be
protected against UV radiation by using plant-derived antioxidants. Here we evaluated the in vitro capacity of several antioxidant
polyphenolic fractions from grape, which differ in their degree of polymerization and percentage of galloylation, to protect HaCaT
human keratinocytes against UV-induced oxidative damage. These fractions inhibited both basal and UVB- or UVA-induced
intracellular ROS generation in this cell line. Consequently, the same fractions inhibited p38 and JNK1/2 activation induced by UVB
or UVA radiation. The highest protective effect was for fractions rich in procyanidin oligomers and gallate esters. These encouraging
in vitro results support further research and should be taken into consideration into the clinical pharmacology of plant-derived

polyphenolic extracts as novel agents for skin photoprotection.

KEYWORDS: grape, polyphenols, antioxidant, UV radiation, reactive oxygen species (ROS), mitogen-activated protein (MAP)

kinases (MAPKs)

B INTRODUCTION

UV radiation from sunlight is the main environmental cause of
skin damage.! Excessive exposure to UV radiation has several
adverse effects on human health, such as skin carcinogenesis,
immunosuppression, solar erythema and premature skin aging.”
Many harmful effects of short-wavelength UVB (290—320 nm) and
long-wavelength UVA (320—400 nm) are associated with the
generation of reactive oxygen species (ROS), for instance super-
oxide radical (O," ) and hydrogen peroxide (H,O,). An integrated
defense system comprising nonenzymatic and enzymatic antiox-
idants, including catalase, glutathione, and superoxide dismutase, is
thus crucial in protecting the skin from oxidative stress.> Severe
depletion of endogenous skin antioxidants during oxidative stress
caused by prolonged exposure to UV radiation results in insufficient
protection and hence extensive cellular damage and eventual cell
death by apoptosis.”® Excessive levels of ROS not only damage cells
directly by oxidizing macromolecules such as DNA and lipids but
also indirectly by triggering stress-sensitive signaling pathways such
as that of c-Jun N-terminal kinase (JNK)/stress-activated protein
kinase (SAPK) and p38 mitogen-activated protein kinase
(MAPK).® The activation of these intracellular cascades increases
expression of various proteins related to the induction of apoptosis.”
Moreover, activation of JNK and p38 pathways has been described
in keratinocytes in response to exposure to UVB® and UVA.>"°

The current approach to protecting human skin against solar
UV-induced oxidative damage relies heavily on the avoidance of
excessive exposure to sunlight and the use of sunscreens. Topical
and oral supplementation of phytochemicals may complement
these strategies.""'> Several studies have recently demonstrated
the efficacy of naturally occurring botanical antioxidants, such

W ACS Pub”cations © 2011 American Chemical Society
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as green tea polyphenols,® rosmarinic acid,'* resveratrol,"

genistein,'® and grape seed proanthocyanidins, against the
adverse effects of UV radiation on skin. In particular, dietary
grape seed proanthocyanidins have been reported to inhibit
photocarcinogenesis in SKH-1 hairless mice,'” to show anti-
inflammatory activity in mouse skin,'® and to reduce UV-induced
oxidative stress by inhibiting MAPKs and NF-«B signaling in
human epidermal keratinocytes and in mice."” However, several
questions remain as to the relevance of the polyphenolic struc-
ture of grape extracts and their photoprotective capacity. In this
study, we tested the polyphenolic fractions from a grape by-
product. These contained monomers and oligomers of catechins
with some galloylation and mainly polymerized procyanidins.*’
Lizarraga and colleagues described that the mean degree of poly-
merization and the percentage of galloylation of grape polyphe-
nolic fractions affect their antiproliferative potential and their
scavenging capacity in colon cancer cells.”' Moreover, the most
widely studied natural catechin, epigallocatechin-3 gallate, is a
potent antioxidant and skin photoprotector.'” These and other
results suggest that the degree of polymerization and the
percentage of galloylation in natural extracts are crucial chemical
characteristics for biological activity.”** These parameters may
be useful indicators to evaluate the potential of natural plant
extracts to protect skin against UV-induced damage.

Here we studied the relationship between key structural
characteristics of grape procyanidins, such as the mean degree
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of polymerization and percentage of galloylation, and the capa-
city of these compounds to protect skin against photodamage.
To examine whether these polyphenols, which are potent free
radical scavengers,”**° exert a protective effect against UV-
induced oxidative stress in human keratinocytes, we used im-
mortalized, but not tumorigenic, HaCaT cells from human adult
skin keratinocytes.”® This cell line provides a suitable experi-
mental model to assess the response of epidermal components of
the skin to UV-induced oxidative stress.

Thus, we examined the potential protective effects of grape-
derived phenolic fractions against ROS formation and against the
activation of JNK1/2 and p38 MAPKs induced by UVB and UVA
radiation. At concentrations between S and 20 ug/mL, these
fractions had a protective effect against UV-induced ROS gen-
eration and MAPK activation. Moreover, we demonstrate that
the degree of polymerization and percentage of galloylation are
crucial to the protective effect of these fractions.

B MATERIALS AND METHODS

Natural Products. The polyphenolic fractions were obtained from
pressing destemmed Parellada grapes (Vitis vinifera) as described
before.”” Fractions contained flavanols (catechins) that differed in the
mean degree of polymerization (mDP) and percentage of galloylation
(% G). Total fraction OW, which was soluble in ethyl acetate and in
water, was obtained by solvent fractionation, and it contained gallic acid
(GA), (+)-catechin (Cat), (—)-epicatechin (EC), glycosylated flavo-
nols and procyanidin oligomers (the latter with mDP 1.7 and % G 15%).
The other fractions were derived from OW by column chromatography
using either reverse-phase, absorption/exclusion, or a combination of
both techniques. These derived fractions contained mainly flavanols and
were as follows: IV (formed by flavanol oligomers with mDP = 2.7, %
G =25); XI (formed by flavanol oligomers with mDP = 3.7, % G = 31); and
V (formed only by nongalloylated flavanol monomers). To analyze their
effects, the fractions were dissolved in sterilized PBS at concentrations of
S mg/mL and subjected to nitrogen gas immediately prior to use.

Materials and Chemicals. The UV source was a BIO-SUN
system illuminator (Vilbert Lourmat; Torcy, France) consisting of two
UV lamps that delivered uniform UVA (365 nm) and UVB (312 nm)
radiation at a distance of about 10 cm.

All chemicals were purchased from Sigma (St. Louis, MO, USA)
unless otherwise specified.

Cell Culture. The HaCaT cell line comprising spontaneously
transformed but nonmalignant human skin keratinocytes was used.*®
Cells were cultured at 37 °C in Dulbecco’s modified Eagle medium
(DMEM) containing 25 mM glucose (Cambrex Bioscience; Verviers,
Belgium) and supplemented with 10% heat-inactivated fetal calf serum
(FCS) (PAA Laboratories GmbH; Pasching, Austria), L-glutamine
2 mM, Hepes 10 mM and 0.2% antibiotic (Gibco-BRL; Eggenstein,
Germany). 22,600 cells/ cm” were grown for 24 h to 80—90% con-
fluence and fed with standard medium (without serum) for 48 h to
induce quiescence and basal levels of phospho-p38 and JNK 1/2.

Treatment with Polyphenols and UV Radiation. Quiescent
keratinocytes, cultured as described above, were pretreated with various
concentrations of polyphenolic fractions (5, 10, and 20 g/mL for the total
fraction OW and S ug/mL for the derived fractions IV, V and XI) for 6 h.
After washing with PBS, plates without cover were placed in the BIO-SUN
system and cells in PBS were UVB-irradiated at 312 nm and doses of 0.03 or
0.05 J/cm? (less than 1 min of radiation) or UVA-irradiated at 365 nm and
doses of 10, 20, or 30 _]/cm2 (radiation times were 30 min, 1 or 2 h
respectively). The conditions used for UVA and UVB radiation were
adapted from previous publications.”*** After UV exposure, cells were fed
with fresh serum-free medium and postincubated for 24 h for viability assays

or for 30 min for the analysis of MAPK activation and ROS release.
Furthermore, control nonirradiated cells were treated in the same way.

Detection of Intracellular ROS. Intracellular ROS in UVB- or
UVA-irradiated cells pretreated or not with the polyphenolic fractions
was analyzed by flow cytometry using dihydrorhodamine 123 (DHR) as
a specific fluorescent dye probe, since the intracellular release of ROS
irreversibly oxidizes DHR, which is then converted to the red fluorescent
compound rhodamine 123.3°7% Thus, 83,000 cells were cultured in 12-
well microtiter plates in standard culture medium. After 24 h this
medium was replaced by another without serum, and cells were
incubated for 48 h prior to the 6 h treatment with the corresponding
polyphenolic fraction. Cells were loaded with S #M DHR for 30 min and
washed in PBS before being exposed to UVB or UVA radiation at 0.05 or
20 J/cm2, respectively. After 30 min of postincubation, cells were
washed in PBS, trypsinized and collected by centrifugation at 500g.
Pellets were then washed in PBS before fixing cells with 400 uL of 0.5%
formaldehyde in PBS. Finally, cells were placed on ice and analyzed by
measuring the fluorescence intensity of 10,000 cells at 488 nm in an
Epics XL flow cytometer. The results were expressed as a percentage of
mean fluorescence intensity of nonirradiated DHR-stained cells, con-
sidering them as 100%.

Western Blot Analysis of MAPK Activity. Cells cultured in
22.1 cm’” plates were pretreated with or without the corresponding
polyphenolic fraction, and irradiated as described in the previous section.
After UV radiation, cells were postincubated at 37 °C and 5% CO2 for a
range of times (30 min, 1 and 2 h) for the activation time course assay or
collected at 30 min for the protection assays. Thus, cells were washed in
PBS and extracted with 300 #L of lysis buffer containing 81.5 mM Tris
pH 6.8, 2% (w/v) SDS and protease inhibitors (10 #g/mL leupeptin,
aprotinin and PMSF and 1 #g/mL ortovanadate). After sonicating the
cells, we quantified the protein content using the Lowry assay.>* Equal
amounts of protein (25 ¢g) in loading buffer containing S0 mM Tris pH
6.8,2% (w/v) SDS, 10 mM DTT, 10% (v/v) glycerol and 0.2% (w/v)
bromophenol blue were boiled for S min, separated by SDS—PAGE (4%
stacking and 10% resolving) and transferred to PVDF membrane (Bio-
Rad Laboratories, CA, USA). After blocking in TBS-Tween (0.1%) and
5% (w/v) of BSA for 1 h at room temperature, blots were incubated
overnight at 4 °C with the corresponding primary antibody in TBS-T
with 5% (w/v) BSA at 1:1000 dilutions. For phosphorylated MAPK
analysis, we used polyclonal antiphospho-p38 and monoclonal antipho-
spho-JNK antibodies (Cell Signaling, Beverly, MA, USA). For total
MAPK analysis, polyclonal anti-p38 and anti-JNK antibodies were used
(Cell Signaling). Afterward, the blots were washed in TBS-T three times
for 5 min each, and incubated with HRP-conjugated goat anti-rabbit
(Amersham Biosciences AB, Uppsala, Sweden) or HRP-conjugated
rabbit anti-mouse (DAKO, Copenhagen, Denmark) for polyclonal
and monoclonal primary antibodies respectively. Secondary antibodies
were prepared in TBS-T and 2% (w/v) dry milk at 1:3000 dilutions and
incubated for 1 h at room temperature. After incubation with secondary
antibody, blots were again washed three times for 5 min in TBS-T,
followed by one washing step in TBS. They were then visualized on film
by enhanced chemiluminescence with an ECL kit (Biological Industries,
Kibbutz Beit Haemek, Israel).

B RESULTS

UV-Induced and Basal ROS Generation Is Inhibited by the
Polyphenolic Fractions. The polyphenolic fractions lowered
baseline ROS levels in a significant manner in non-UV-irradiated
cells (Figure 1A). In addition, this reduction was dose-dependent
as observed for the total fraction OW and was lower for the
fraction V at S ug/mL with respect to IV and XI at the same
concentration (about 20% vs 40— 50% reduction for IV and XI)
(Figure 1A). Moreover, the decrease in ROS levels observed for
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Figure 1. Inhibition of basal and UV-induced ROS production by polyphenolic fractions. (A) To determine intracellular ROS generation, HaCaT
keratinocytes treated with total or derived polyphenolic fractions (OW, IV, V and XI) at the indicated concentrations for 6 h were incubated with DHR,
followed by 30 min of postincubation, and analyzed by flow cytometry as indicated in Materials and Methods. (B) UV-induced ROS production in
nontreated HaCaT cells after exposure to 20 J/cm” UVA or 0.05 J/cm” UVB. (C) Cells were pretreated with total or derived polyphenolic fractions
(OW, IV, V and XI) at the indicated concentrations for 6 h previous to UVA or UVB irradiation, and ROS production was determined as stated above.
Results are representative of three independent experiments (mean = SEM). * p < 0.0S, ** p < 0.001 versus control.

S pg/mL of fractions IV and XI was achieved only by 10—
20 ug/mL of the total fraction OW (Figure 1A). UV-irradiated
HaCaT cells showed an increase in intracellular ROS after UV
radiation. This increase was about 6-fold higher after UVA
exposure and less than 2-fold higher after UVB radiation
compared to the baseline levels of ROS. (Figure 1B) Pretreat-
ment of cells with the polyphenolic fractions reduced ROS levels
in a significant manner after UVB and UVA radiation, regardless
of the concentration tested, except fraction V, which failed to
exert a protective effect at S ug/mL (the concentration studied
for the derived fractions) (Figure 1C). Moreover, ROS generated
after UVA and UVB exposure decreased in the total fraction OW
in a dose-dependent manner. A reduction in ROS of about
50—60% was achieved with 10—20 ug/mL of this fraction. A
similar decrease (50—60%) was induced by only S ug/mL of the
fractions IV and XI (Figure 1C). In addition, when cells were
exposed to UVB radiation, all the fractions, except V, reduced the
generation of ROS to lower values than the control nonirradiated
cells (Figure 1C, right section). Since the increase in ROS
production was much higher after UVA radiation, the extent of
the decrease exerted by fractions OW, IV and XI for this source of
radiation was not as large as for UVB radiation (Figure 1C).
Time Course of p38 and JNK1/2 Activation after UVA or
UVB Irradiation. Activation of the MAPKs p38 and JNK1/2 was
analyzed at a range of time points after exposure to 20 J/cm”
UVA or 0.05 J/ cm” UVB. A 30 min incubation of cells after
exposure to the two kinds of UV radiation was sufficient to
activate p38 and JNK1/2 (Figure 2). Moreover, this activation
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was more accentuated after UVA radiation (Figure 2). The
phospho levels of the two MAPKs (phospho-p38 and phos-
pho-JNK1/2) decreased with longer postirradiation incubation
times, the reduction being greater after UVA radiation
(Figure 2).

Inhibition of UV-Induced p38 and JNK1/2 Activation by
the Polyphenolic Fractions. Having determined that the opti-
mum postirradiation incubation time with the fractions was
30 min, we studied the capacity of the total polyphenolic fraction
OW and the derived fractions V, IV and XI to prevent the
activation of p38 and JNK1/2. For OW, we tested 5, 10, and
20 ug/mL while S 1g/mL was used for all the other fractions.

A 6 h pretreatment with the fractions protected cells against
p38 and JNK1/2 activation. When cells were irradiated with
UVA, this effect was clearer for the highest concentration of OW
(20 ug/mL) and S ug/mL for fractions V, IV and XI (Figure 34,
right). Similar results were obtained for UVB radiation, except for
fraction V at 5 ug/mL, which did not inhibit p38 activation
(Figure 3A, left). In addition, the amount of total MAPKs was
identical for nonirradiated cells and cells irradiated with UVB and
UVA (Figure 3A). Given this observation, the decrease observed
in protein phosphorylation levels was specific.

The active forms of MAPKs (phospho-p38 and -JNK1/2)
(Figure 3B) were quantified by referring the density of phospho-
p38 or -JNK1/2 to that of the corresponding 0t-actin bands and
considering the density of UV-radiated nontreated cell bands as
100% activation. The OW fraction demonstrated a dose-depen-
dent protective effect against p38 activation. This effect was

dx.doi.org/10.1021/jf103692a |J. Agric. Food Chem. 2011, 59, 4489-4495



Journal of Agricultural and Food Chemistry

uvB UVA
Ct 30 1ith  2h Ct 300 1h 2h
P-p38 — — — —— +— 38 KDa
: . W b — «—54 KDa
P-INK1/2 -~
2" - ! — -— - = «— 46 KDa

CrACHN | o —— — —— — —| 4— 45 KDa

p38 <— 38 KDa

4— 64 KDa

II

JINK1/2 P

U ACHN | o e e S a—— e e S | <— 45 KDa

Figure 2. Time course of p38 and JNK1/2 phosphorylation induced by
UV radiation. HaCaT cells were cultured for 48 h in the absence of
serum followed by exposure to 20 J/ cm”® UVA or 0.05]/ cm” UVB. Cells
were collected at a range of times, as indicated. The levels of phos-
phorylated and total p38 and JNK1/2 were determined by Western blot
analysis using phospho- and total-specific antibodies. Actin expression
was used as loading control.

higher for UVB radiation, where all the concentrations tested
decreased activation in a significant manner (Figure 3B,
upper section). Moreover, the protective effect of fractions V,
IV and XI was quite similar for UVB- and UVA-irradiated cells.
Fractions IV and XI showed the greatest protection, presenting
about a 50—60% reduction in p38 activation at 5 ug/mL, while
the same concentration of fraction V resulted in only a 25%
decrease (Figure 3B, upper section). Furthermore, the S0—60%
decrease in UVB-induced p38 activation achieved by 5 1g/mL of
IV and XI was obtained only at a concentration 2-fold higher of
OW (Figure 3B, upper section). When cells were UVA-irra-
diated, the highest concentration of OW (20 #g/mL) did not
reduce p38 activation to the same extent as IV and XI at S g/mL
(Figure 3B, upper section). As observed for p38, protection
against UV-induced JNK1/2 activation by the fractions was
generally higher for UVB-irradiated cells and was dose-depen-
dent, as observed for OW (Figure 3B, lower section). However,
in contrast to the findings for p38 activation, the protective effect
of OW and V, IV and XI did not differ greatly, showing a 20—40%
decrease in JNK1/2 activation at 5 ug/mL for all the fractions
and about a 60% reduction only for the highest concentration of
OW (20 ug/mL) (Figure 3B).

l DISCUSSION

UV radiation-induced oxidative stress in skin cells caused by
the generation of intracellular ROS results in cell damage and
ultimately in apoptosis. Several studies using in vitro and in vivo
systems have demonstrated that grape proanthocyanidins pre-
vent UV-induced skin damage.'® However, much less is known
about the relationship between the structure of polyphenols and
their photoprotective capacity. Here we tested the protective

effect of several grape-derived Eolyphenolic fractions, previously
characterized in our group,”’ against UV-induced oxidative
damage. Particular attention was paid to the differences in
polymerization and galloylation, measured as mean degree of
polymerization and percentage of galloylation. Thus, we used
fractions (IV and XI) composed of large oligomers (mDP 2.7 and
3.7, respectively) and a high percentage of galloylation (% G 25
and 31, respectively), a fraction (V) that contained only mono-
mers without gallate groups, and a fraction with moderate
characteristics from which the other fractions were generated
(OW, mDP 1.7 and % G 15%). We demonstrate a statistically
significant increase in intracellular ROS in keratinocytes HaCaT
exposed to either UVA or UVB radiation, although this increase
was much more marked after UVA exposure. Our results show
that the polyphenolic fractions acted through a free radical
scavenging dependent pathway to inhibit UV-induced oxidative
stress. Thus, a 6 h pretreatment of cells with these fractions
resulted in a decrease in UVA- or UVB-induced ROS generation,
except for the monomeric nongalloylated fraction V, which failed
to exert a protective effect. Similar results were obtained for
nonirradiated cells pretreated with the fractions. This observa-
tion indicates the powerful radical scavenger capacity of these
grape polyphenolic fractions, which also decreased the baseline
levels of intracellular ROS. We propose that the level of photo-
protection is related to the procyanidin size and galloylation from
inactive nongalloylated monomers (fraction V) to the most
efficient oligomers (mDP 3.7) with 31% galloylation (fraction
XI) (Figures 1A and 1C). Fractions IV and OW, having inter-
mediate galloylation and polymerization levels, showed a mod-
erate capacity to decrease intracellular ROS. We detected a clear
relationship between radical scavenging activity and the preven-
tion of ROS formation. Therefore, exogenous supplementation
of grape fractions may reverse the oxidative imbalance produced
by UV-radiation through the scavenging and quenching of ROS.
The concentrations of polyphenolic fractions used (S, 10, and
20 ug/mL for the total fraction OW and 5 ug/mL for the derived
fractions IV, V and XI) are more efficient at protecting HaCaT
cells than other natural products. For instance, 30 tg/mL of ared
orange extract protects human keratinocytes from UVB-induced
damage®* and 15 ug/mL of quercetin has been proved to protect
these cells from UVA-induced oxidative stress.>®> Moreover,
the concentrations assayed can be easily reached in vivo. Since 1
to 5% of topically applied catechin samples penetrate the
epidermis,” preparations containing 1% of catechins would
deliver the active concentrations used here. Nonetheless, the
observation that the monomers did not protect keratinocytes
from radiation may indicate that they do not penetrate the
cellular membrane as efficiently as the oligomers. This notion
is consistent with previous experiments that stressed the rele-
vance of procyanidin size for surface effects.””

JNK and p38 are activated by oxidative stress, thus suggesting
that ROS serve as second messengers.”® These intracellular
cascades trigger many transcription factors, such as the activator
protein-1 (AP-1), the signal transducers and activators of tran-
scription-1 (STAT-1) and the tumor protein pS3, which regulate
the expression of genes implicated in cell differentiation, survival
and apoptosis.*>*® Here we demonstrate that UVA and UVB
radiation induced p38 and JNK1/2 activation in HaCaT and that
this activation was higher after UVA exposure (Figure 2),
correlating with their capacity to induce ROS generation
(Figure 1B). As the total amount of MAPKs did not decrease
during the postirradiation incubation times, we propose that the
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Figure 3. Effect of the polyphenolic fractions on UV-induced p38 and JNK1/2 activation. Serum-deprived HaCaT cells were pretreated with total or
derived polyphenolic fractions (OW, IV, V and XI) at the indicated concentrations for 6 h before exposure to 20 J/cm* UVA or 0.05 J/cm® UVB. (A) To
detect phosphorylated and total p38 and JNK1/2, Western blot analysis using phospho- and total-specific antibodies was performed, using actin
expression as loading control. (B) The levels of phosphorylated and total p38 and JNK1/2 were quantified by densitometric scanning and percentage of
activation was calculated by referring the density of phospho-p38 or -JNK1/2 to density of the corresponding actin bands and considering the density of
UV-radiated nontreated cell bands as 100% activation.

reduction in the phosphorylation levels is specific (Figure 2). Once
the stress-activated MAPKs act by triggering several transcription

4493

factors, which regulate the repair mechanisms and cell death, they
are deactivated by a range of mechanisms. For instance, the
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wild-type pS3-induced phosphatase (Wip1) is induced by pS3 in
response to stress, which results in the dephosphorylation of
proteins such as p38. Interestingly, Wip1 is activated via the JNK-
c-Jun and p38-p53 signaling pathways.*' A 6 h pretreatment of cells
with the grape fractions caused a decrease in the active forms of
p38 and JNK1/2 (Figure 3). The same concentration (5 #g/mL) of
oligomeric grape procyanidins rich in gallate groups (fractions IV
and XI) reduced the activation of these MAPKs more efficiently
than the monomeric nongalloylated fraction V and the OW fraction,
which had moderate polymerization and galloylation (Figure 3). In
addition, dose-dependent inhibition was observed for the total
fraction OW (Figure 3). The decrease in UV-induced ROS
produced by the polyphenolic fractions inhibited p38 and JNK1/
2 activation, which may in turn inhibit the activation of nuclear
transcription factors downstream of these pathways, thus attenuat-
ing the transcription of proteins involved in proapoptotic responses
and, thus, protecting skin from UV-induced cell damage and
death.” It is important to emphasize that our data indicate that
the grape fractions did not directly inhibit the stress-activated
MAPKs, but the oxidative cell levels. Otherwise, lack of JNK and
p38 activation in the presence of high ROS would prevent the
activation of repair mechanisms or apoptosis and would be harmful
for the organism.

In summary, our results provide evidence that galloylated
procyanidin oligomers are more effective protective agents than
nongalloylated monomers against oxidative damage induced by
UVA and UVB radiation on human keratinocytes and epidermis.
The total scavenging potential provided by the number of
phenoxyl groups is directly related to the photoprotective
capacity of grape polyphenols. In addition, small, flexible and
amphiphilic procyanidin oligomers (mDP around 3) may con-
tribute to the overall action of their hydroxyl moieties by
facilitating interactions with biological membranes. Thus, our
findings highlight the relevance of specific structural character-
istics, such as polymerization and galloylation, for the photo-
protective effects exerted by grape-derived polyphenols. These
results support further research and should be taken into con-
sideration into the clinical pharmacology of photoprotective
plant-derived agents.
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Annex 4

RESUM

Els polifenols derivats de plantes poden actuar com neutralitzadors o bé com generadors
de radicals lliures depenent de la seva naturalesa i concentracio. Aquest efecte dual, mediat per
reaccions de transferéncia d’electrons, pot contribuir a la seva influéncia en la viabilitat
cel-lular. Aquest estudi va utilitzar dos radicals estables (tris(2,3,5,6 tetracloro-4-nitrofenil)metil
(TNPTM) i tris(2,4,6-tricloro-3,5-dinitrofenil)metil (HNTTM)) sensibles tinicament a reaccions
de reduccio per transferéncia d'electrons, per monitoritzar les propietats redox dels polifenols
(punicalagin i catequines) que contenen hidroxils fenolics amb diferent capacitats de reduccio.
L'is d’aquests dos radicals va revelar que subestructures del punicalagin que consisteixen en
esters de gal-lat units per unions carboni-carboni (C—C) s6n més reactives que gal-lats senzills i
menys reactives que el grup pirogal-lol de les catequines del té verd. Els hidroxils més reactius,
detectats per TNPTM, son presents en els compostos que afecten de manera més important la
viabilitat de cél-lules HT29 de cancer de colon. EIl TNPTM reacciona amb gal-lats units per
enllagos C—C i amb el pirogallol i proporciona una metode eficag per detectar polifenols

naturals potencialment beneficiosos.
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ABSTRACT: Plant polyphenols may be free radical scavengers or generators, depending on their nature and concentration.
This dual effect, mediated by electron transfer reactions, may contribute to their influence on cell viability. This study used two
stable radicals (tris(2,3,5,6-tetrachloro-4-nitrophenyl)methyl (TNPTM) and tris(2,4,6-trichloro-3,5-dinitrophenyl)methyl
(HNTTM)) sensitive only to electron transfer reduction reactions to monitor the redox properties of polyphenols (punicalagin
and catechins) that contain phenolic hydroxyls with different reducing capacities. The use of the two radicals reveals that
punicalagin’s substructures consisting of gallate esters linked together by carbon—carbon (C—C) bonds are more reactive than
simple gallates and less reactive than the pyrogallol moiety of green tea catechins. The most reactive hydroxyls, detected by
TNPTM, are present in the compounds that affect HT-29 cell viability the most. TNPTM reacts with C—C-linked gallates and
pyrogallol and provides a convenient way to detect potentially beneficial polyphenols from natural sources.

KEYWORDS: punicalagin, catechins, pyrogallol, TNPTM chemosensor, cell viability

B INTRODUCTION

The question of whether natural polyphenols provide benefits
in terms of human health is a controversial one among scientists.
Ever since Harman published his paper on free radicals and aging,'
it has been assumed that polyphenols prevent disease and delay
aging because they scavenge toxic free radicals, which progressively
damage biomolecules in live tissues mainly by oxidation.” Because
they scavenge potentially oxidizing free radicals, polyphenols are
referred to as antioxidants. Nevertheless, although it is true that
polyphenols scavenge radicals in solution, their intracellular effec-
tiveness is less obvious, and many authors consider them to be
virtually inactive in vivo after oral intake.> The reason is that the
live organism prevents polyphenols from greatly altering the
redox homeostasis by rapidly metabolizing and excreting them,
as well as by activating regulatory enzymatic systems. Polyphenols
are conjugated into glucuronides, methyl esters, and sulfates mainly
in the intestine and liver.”> Most of these conjugates are no longer
free radical scavengers, and the very small amounts of remaining
intact polyphenolic moieties are very unlikely to modify the redox
homeostasis significantly.” The skin and intestinal tract may be
exceptions to this because local concentrations of intact phenolics
may be present in significant amounts in these tissues.® Moreover,
not only may polyphenols be effective free radical scavengers, they
may actually generate free radicals depending on the nature and
concentration of the specific polyphenols.® This so-called pro-
oxidant activity may be behind the moderate toxicity of green
tea extracts at very high concentrations’ and the reason why

i i © 2012 American Chemical Society
7 ACS Publications
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polyphenols are rapidly transformed and excreted after ingestion.
Interestingly, at concentrations that are not so high, this mild pro-
oxidant activity may result in an overall antioxidant effect via a
mechanism known as hormesis, which can be defined as a low-
dose stimulation of defense systems with a subsequent beneficial
effect® In the case of foodstuffs in which the redox regulation
systems progressively lose their efficiency during the shelf life of
the product (e.g, fish rich in PUFA), polyphenols have proven to
effectively prevent lipid oxidation.” Whatever the case, if poly-
phenols exert an influence over the redox status of any system,
whether it is antioxidant, toxic pro-oxidant, or hormetic pro-
oxidant, it is somehow related to the reactivity of the constitutive
hydroxyl groups in the polyphenols, the functional groups that first
react with oxidants.

Different chemical mechanisms may be involved in the free
radical-scavenging and/or free radical-generating effects of
polyphenols. To better characterize the scavenging activity of
polyphenols, several assays focused on different possible
mechanisms of their overall action should be considered.'® The
mechanisms that have been proposed are hydrogen atom transfer
(HAT), proton-coupled electron transfer (PCET), and sequential
proton loss electron transfer (SPLET), with the generation of a
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Figure 1. Structures of punicalagin (1), related compounds (2 and 3), green tea catechins (4—7), and simple phenols (8 and 9).

more stable phenoxyl radical."'™** Electron transfer to oxygen
generates the superoxide radical O,"”, which is enzymatically
converted into hydrogen peroxide'" and ultimately into the
deleterious hydroxyl radical in the presence of transition metal
cations (e.g, Fe?*).'® Moreover, the superoxide radical seems to
mediate apoptosis.”’18 Electron transfer appears to be most
relevant in the redox cascades involving polyphenols, whether they
scavenge or generate reactive radicals. To evaluate the electron
transfer capacity of polyphenols, we developed stable radicals of
the (2,4,6-trichlorophenyl)methyl (TTM) and perchlorotriphe-
nylmethyl (PTM) series, which react exclusively by electron
transfer."*'”*° We and others have used these radicals to evaluate
the electron transfer capacity of natural and synthetic phenolic
scavengers.”">> As the activity of the stable radicals of the TTM
and PTM series essentially depends on the electron-withdrawing
or electron-donating character of the meta- and/or para- sub-
stituents introduced into the phenyl rings, radicals with different
redox potentials can be designed. The advantage of devising assays
using this combination of radicals is that they can discriminate
between oxidizing agents by their oxidizing ability, in contrast to
the ferric ion reduction method that also operates exclusively by
electron transfer processes but measures only the reducing ability
based upon the redox potential of the ferric ion. Moreover, the
outcome of the ferric ion method is also influenced by binding of
the polyphenol to the ion.

Polyphenols may contain more than one reactive polyphenolic
substructure. Punicalagin (1) (Figure 1), the most abundant poly-
phenol in pomegranate (Punica granatum L)>2isa hydrolyzable
tannin of the ellagitannin kind because it contains an ellagic acid
substructure (3). Punicalagin (1) releases ellagic acid (3) in the
small intestine via spontaneous lactonization with later conversion
into urolithin A by the gut microbiota.* Punicalagin (1) also
contains in its structure gallate (three geminal phenolic hydroxyls
and a carboxylate function) esters linked by carbon—carbon
(C—C) bonds either to themselves (hexahydroxy-2,2-diphenyl,
HHDP moiety) or to the ellagic acid substructure. This ensemble
of substructures and their metabolites contributes to the bio-
activity of the whole molecule. The C—C bond structures consti-
tutive of ellagitannins appear to be important for their activity.
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Pedunculagin, another hydrolyzable tannin that contains the HHDP
moiety, shows higher cytotoxic activity than pentagalloylglucose, a
hydrolyzable tannin that contains only simple gallate esters in
its structure.*® Catechins (flavanols of the flavan-3-ol type) are
another family of polyphenols that display different polyphenolic
substructures and are relevant to dietary considerations. Green tea
is a common source of catechins, mainly, in order of abundance,
(—)-epigallocatechin gallate (EGCG) (7), (—)-epigallocatechin
(EGC) (5), (—)-epicatechin (EC) (4), and (—)-epicatechin
gallate (ECG) (6) (Figure 1).*° Tea flavanols scavenge reactive
oxygen and nitrogen species, interfere with pro-oxidant processes,
or inhibit pro-oxidant enzymes.”” Polyphenols appear to exert
their biological activity through different mechanisms involving
redox reactions and protein—ligand interactions. Because the
present paper focuses on the redox reactivity of different phenolic
moieties and its possible relationship to cell viability in vitro, we
selected pomegranate punicalagin (1) and green tea flavanols 4—7
for our study; together they contain a broad range of polyphenolic
substructures. Here, we examine the electron transfer capacity
(reducing power) of punicalagin (1), and its metabolite ellagic acid
(3), its related substructure 2, and green tea flavanols 4—7 bearing
the catechol, pyrogallol, and gallate moieties, and we evaluate the
effect of all these molecules on the viability of colon carcinoma
HT-29 cells.

B MATERIALS AND METHODS

Tris(2,3,5,6-tetrachloro-4-nitrophenyl)methyl (TNPTM) and tris-
(2,4,6-trichloro-3,5-dinitrophenyl)methyl (HNTTM) were synthe-
sized in our laboratory as described previously.'”?° 1,1-Diphenyl-2-
picrylhydrazyl (DPPH) was purchased from Sigma-Aldrich (St. Louis,
MO). Punicalagin (1) (>98% (HPLC)) was obtained from Biopurify
(Sichuan, China), ellagic acid (3) and the catechins 4—7 were from
from Sigma-Aldrich, and dimethyl-hexahydroxydiphenyl dicarboxylate
(DHHDP, 2) was synthesized in our laboratory following procedures
described elsewhere®® (see the Supporting Information).
Radical-Scavenging Capacity. The scavenging capacity was
determined from mixtures (1:1, v/v) of fresh solutions of stable
radicals (TNPTM, HNTTM, DPPH; 120 M) and fresh solutions of
polyphenols 1-9 in CHCl;/MeOH (2:1) at different concentrations
(1-120 uM) at room temperature. All of the solutions were prepared
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and deoxygenated in the darkness. The reactions were monitored
by electron paramagnetic resonance (EPR) on an EMX-Plus 10/12
(Bruker BioSpin, Rheinstetten, Germany) after 48 h (TNPTM), 7 h
(HNTTM), and 30 min (DPPH). Operating conditions were as
follows: center field, 3615 G; scan range, 250 G; microwave power,
5.2 mW; microwave frequency, 9.86 GHz; modulation frequency,
100 kHz; receiver gain, 6 X 10% and time constant, 4.1 s. The scav-
enging capacity of polyphenols is given as ECg, which corre-
sponds to the amount (micrograms or micromoles) of polyphenol able
to consume half the amount of free radical divided by micromoles of
initial radical. The results in micrograms per micromole convey the
idea of the scavenging capacity of a given amount of polyphenol, and
the results in micromoles per micromole provide information about
the number of equivalents per molecule. To facilitate the comparison
between structures, the results were also expressed as antiradical
capacity (ARC), which is the inverse of ECg, in micrograms per
micromole and hydrogen atoms donated or electrons transferred per
molecule of polyphenol (H/e), which is the inverse of 2 X ECy, in
micromoles per micromole.

Kinetic Measurements. The rate constants of the reactions
between TNPTM and polyphenols 2 and 8 were estimated by EPR.
Freshly prepared solutions of TNPTM in CH;Cl/MeOH (2:1) (240 uM)
and the polyphenol (48 4#M in the same solvent) were mixed (1:1, v/v,
molar ratio 5:1), and the decay of the TNTPM band was followed at
room temperature. Operating conditions were as follows: center field,
3450 G; scan range, 250 G; microwave power, 1.0 mW; microwave
frequency, 9.86 GHz; modulation frequency, 100 kHz; receiver gain,
8.9 X 10% and time constant, 40.96 s. The rate constants and the total
number of electrons transferred per polyphenol (n,) were estimated
with a simple and general kinetic model reported by Dangles et al.”’
defined by eq 1. The values for the rate constant, k were calculated
from the integrated eq 2.

—d[TNPTM]/dt = k X n[(poly)phenol][TNPTM]

= k[ (poly)phenol ][ TNPTM] (1)
1 - If/Ix klc
n = - t
1 —1If/ly Io/If = 1 (2

In egs 1 and 2, n represents the number of reduced moles of TNPTM
per mole of polyphenol; I is the initial intensity of the TNPTM signal
in the EPR spectra; I; is the final visible intensity; and ¢ is the initial
concentration of polyphenol. The #, values of the stoichiometry of the
polyphenol were calculated using eq 3; € is the molar absorptivity
characteristic of the stable free radical.

Ip — It
ex C

" (3)

Cyclic Voltammetry. Cyclic voltammetries were carried out in a
standard thermostated cylindrical, one-compartment, three-electrode
cell. A platinum (Pt) disk of 0.093 cm” area was used as the working
electrode and a Pt wire as the counter electrode. The reference elec-
trode was a saturated calomel electrode (SCE), submerged in a salt
bridge of the same electrolyte, which was separated from the test
solution by a Vycor membrane. Solutions of polyphenols (~107> M)
in DMF containing tetrabutylammonium perchlorate (0.1 M) as the
background electrolyte were studied. The volume of all test solutions
was 50 mL. Electrochemical measurements were performed under an
argon atmosphere at 25 °C using an Eco Chemie Autolab PGSTA-
T100 potentiostat-galvanostat (Autolab, Utrecht, The Netherlands)
controlled by a computer with Nova 1.5 software (Autolab). Cyclic
voltammograms of all the solutions were recorded at scan rates ranging
from 20 to 200 mV s\,

Cell Culture and Viability Assay. HT-29 human colon ade-
nocarcinoma cells were obtained from the American Type Culture
Collection. HT-29 cells were cultured in Dulbeco Modified Eagle’s
Medium (DMEM with 4500 mg L™" glucose, L-glutamine, and sodium
bicarbonate, without sodium pyruvate; Sigma-Aldrich), supplemented
with 10% fetal bovine serum (PAA Laboratories, Pasching, Austria)
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and antibiotics, 100 U mL™" penicillin and 100 mg L™ streptomycin
(Invitrogen, Paisley, U.K.), at 37 °C in a humidified atmosphere of
CO, (5%). The effect of treatment with different polyphenols upon
proliferation of HT-29 colon cancer cells was measured by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
(Sigma-Aldrich) assay, which is based on the ability of live cells to
cleave the tetrazolium ring, thus producing formazan, which absorbs at
570 nm. HT-29 cells (3000 cells/well) were grown on a 96-well plate
for 24 h and then incubated with the different polyphenols at dif-
ferent concentrations (10—300 yM) in dimethyl sulfoxide (DMSO)
(Sigma-Aldrich), except ellagic acid (3), which was dissolved in
N-methylpyrrolidone because of its poor solubility in DMSO. After 72 h,
100 uL of MTT solution (0.5 mg mL™") was added to each well. After
1 h of incubation, the formazan salt was resuspended in 100 uL of
DMSO. Cell viability was measured by absorbance at 550 nm on an
ELISA plate reader (Tecan Sunrise MR20-301, TECAN, Austria). The
experiments were also run in the presence of catalase (Sigma-Aldrich),
100 U mL™" in DMEM.?® The results were expressed as ICs,

B RESULTS

Radical-Scavenging Capacity of Polyphenols Mea-
sured by TNPTM, HNTTM, and DPPH. The scavenging
capacity of punicalagin (1) and related compounds 2 and 3,
flavanols 4—7, pyrogallol (8), and methylgallate (9) was measured
by making them react with the stable radicals TNPTM, HNTTM,
and DPPH in a mixture that includes a polar hydroxylated solvent
(CHCL;/MeOH (2:1) (v/v)) and monitoring the decrease of the
EPR radical signal. TNPTM and HNTTM are reduced exclusively
by accepting electrons, in contrast to DPPH, which reacts by HAT
and/or ET depending on the solvent. Table 1 summarizes the
results of the scavenging capacity of 1—9 against the three radicals.

Punicalagin (1), ECG (6), and EGCG (7) were the most
active polyphenols against HNTTM and DPPH. The number
of electrons transferred to HNTTM roughly corresponded to
the number of putative reactive positions (geminal hydroxyls)
of the flavanols except for ECG (6), which consumed a larger
amount of radical. Surprisingly, DHHDP (2) transferred 4.3
electrons instead of 6, and punicalagin (1) transferred 14.2 elec-
trons instead of 16. The scavenging capacities of the poly-
phenols against TNPTM radical were lower than those
obtained with HNTTM and DPPH because TNPTM reacts
only with the most reactive hydroxyls. One molecule each of
EGC (5), EGCG (7), and pyrogallol (8) reacted with 3 molecules
of TNPTM (roughly 1 electron transferred from each of the
three geminal hydroxyls); 1 molecule of punicalagin (1) and its
substructure DHHDP (2) reacted with 3.3 and 2 molecules of
TNPTM, respectively (roughly 1 electron transferred from each
C—C linked gallate). In contrast, ellagic acid (3), EC (4), ECG
(6), and methylgallate (9) did not react at all with TNPTM.
Figure 2 shows graphically the selective reactivity of characteristic
phenolic moieties with TNPTM, monitored by the decrease of the
TNPTM radical EPR signal upon reaction with DHHDP (2),
pyrogallol (8), and methylgallate (9).

Kinetic Measurements. To further characterize the
scavenging activity of the hexahydroxydiphenyl moiety within
punicalagin (1) and pyrogallol (8), which are the only simple
structures that react with TNTPM, we made kinetic measure-
ments of the reactions of DHHDP (2) and pyrogallol (8) with
TNPTM. The course of the reaction was monitored using EPR
by recording the decay of the TNPTM signal as a result of the
addition of the polyphenol in CHCl;/MeOH (2:1) at a molar
ratio TNPTM/polyphenol of 5:1. To calculate the stoichio-
metric factor, the reaction was monitored to completion over a

period of 48 h.
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Table 1. Scavenging Capacity of Ellagitannins and Flavanols against Stable Radicals®

ECy,

radical polyphenol pg pmol ™!
TNPTM ellagitannins
1 503 (2.6)
2 51.2 (0.0)
3 _d
flavanols
4 -
s 552 (6.5)
6 -
7 83.3 (5.9)
simple phenols
8 21.7 (1.6)
9 -
HNTTM ellagitannins
1 38.1 (3.9)
2 422 (5.0)
3 304 (L1)
flavanols
4 54.0 (4.0)
S 50.2 (2.2)
6 24.0 (2.6)
7 383 (32)
simple phenols
8 19.7 (1.2)
9 30.2 (2.5)
DPPH ellagitannins
1 20.0 (1.6)
2 312 (1.6)
3 22.1 (0.2)
flavanols
4 368 (1.6)
S 31.5 (1.8)
6 289 (3.1)
7 314 (6.1)
simple phenols
8 12,6 (12)
9 31.7 (32)

pmol ymol™" ARP? e/H®
0.15 (0.01) 6.5 (0.3) 3.3 (02)
0.26 (0.00) 3.9 (0.1) 1.9 (0.0)
0.18 (0.02) 5.6 (0.6) 2.8 (0.3)
0.18 (0.01) 5.5 (0.3) 2.7 (0.1)
0.17 (0.01) 5.8 (04) 29 (02)
0.04 (0.00) 284 (2.7) 14.2 (1.4)
0.12 (0.02) 8.7 (1.1) 4.3 (0.5)
0.10 (0.00) 9.9 (0.3) 5.0 (0.1)
0.19 (0.02) 5.3 (0.5) 2.7 (02)
0.16 (0.01) 6.2 (0.0) 3.1 (0.1)
0.05 (0.01) 18.5 (2.0) 9.3 (1.0)
0.08 (0.01) 119 (0.9) 59 (04)
0.16 (0.01) 64 (04) 32 (02)
0.15 (0.01) 6.5 (0.5) 32 (03)
0.02 (0.00) 55.0 (3.3) 27.5 (1.7)
0.08 (0.00) 122 (04) 6.1 (0.2)
0.07 (0.00) 13.7 (0.3) 6.8 (0.1)
0.13 (0.01) 7.9 (0.3) 39 (02)
0.11 (0.00) 9.1 (0.3) 4.6 (0.1)
0.07 (0.01) 15.4 (1.6) 7.8 (0.8)
0.06 (0.02) 17.3 (34) 8.7 (1.7)
0.10 (0.01) 10.0 (0.8) 5.0 (0.4)
0.17 (0.02) 5.8 (0.6) 2.9 (0.3)

“Values are means (standard deviation), n = 3. b Antiradical power (1/ECg, (ug umol™)). “Moles of reduced radical per mole of polyphenol
(1/(2 X ECy)) corresponding to the number of electrons or hydrogen atoms transferred per molecule of polyphenol. “ECy, (ug pmol ™) > 132).

The rate constants and stoichiometric factors for these
reactions are given in Table 2. The reaction with pyrogallol (8)
was faster than that with DHHDP (2), and the stoichiometric
factors were consistent with those estimated from the con-
centration/activity curve and shown in Table 1, roughly corre-
sponding to 2 and 3 electrons from DHHDP (2) and pyrogallol
(8), respectively. As commented before, methylgallate (9) did
not reduce the TNPTM.

Anodic Onset Potentials. To explain why most of the
phenolic hydroxyls reacted with HNTTM and only some of
them with TNPTM, the anodic onset potentials for the oxida-
tion of DHHDP (2), ellagic acid (3), pyrogallol (8), and methyl-
gallate (9) were measured by cyclic voltammetry in DMF
solutions. The comparative results obtained at 100 mV s are
summarized in Table 3. The lower the anodic onset potential,
the more reactive the phenolic hydroxyl is. Results in Table 3
show that the compounds reactive against TNPTM (2 and 8)
possess the lowest anodic onset potentials.
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Cell Viability of HT-29 Colon Adenocarcinoma Cells.
The influence of polyphenols 1—9 on the viability of HT-29
colon cells was measured in regular DMEM and also in the
presence of catalase®® to account for artifactual results due to
the formation of H,O, from the superoxide radical generated in
the medium by electron transfer to oxygen.® The results are
presented in Table 4.

The active compounds were those that contained pyrogallol,
hexahydroxydiphenyl, or gallate moieties (ellagitannins 1 and 2;
flavanols § and 7; and simple pyrogallol 8). Polyphenols bear-
ing only two geminal hydroxyls (compounds 3 and 4) were
inactive. The effect on cell viability recorded for pyrogallol and
structures containing pyrogallol (compounds 5 and 7) was, at
least in part, artifactual because catalase diminished or elimina-
ted the activity. In contrast, catalase did not influence the activity
of ellagitannins 1 and 3, as well as the related compound 2, which
means that this activity was not due to extracellular hydrogen
peroxide.!
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TNPTM +DHHDP (2)

e

TNPTM + Pyrogallol (8)

o

TNPTM + Methylgallate (9)

o

4

1 2 3

Figure 2. EPR spectra of TNPTM, initial concentration ~120 uM,
upon reaction with DHHDP (2), pyrogallol (8), and methylgallate (9)
at different initial concentrations: 0 uM (1), 5.7 uM (2), 18.1 uM (3),
and 55.1 uM (4) for 48 h. Lande’s factor for the TNPTM, g = 2.0026.

Table 2. Rate Constants and Stoichiometric Factors for the
Reaction of TNPTM with DHHBD (2), Pyrogallol (8), and
Methylgallate (9) in CHCl;/MeOH (2:1)

polyphenol  TNPTM/polyphenol molar ratio” K s n°
2 49-49 0115 (0.010) 19
8 46-4.6 0338 (0.070) 3.6
9 4.3—-4.0 - -

“Range of ratios for a number of experiments between 2 and S. Initial
concentrations around 120 and 24 M (molar ratio, 5:1) for TNPTM
and polyphenol, respectively. “Values are means (standard deviation),
n = 2—5. “Moles of reduced radical per mole of polyphenol
corresponding to the number of electrons transferred per molecule
of polyphenol.

Bl DISCUSSION

The biological relevance of polyphenols is still a matter of
debate, even after decades of intense research. Particularly, the
significant structural features behind polyphenol activities have
not been satisfactorily established, probably because they interact
with live systems in complex ways at different levels including
redox reactions and protein—ligand interactions. Polyphenols may
modify redox homeostasis by scavenging reactive radicals, by
generating reactive radicals, or by a combination of the two. The
electron transfer capacity of different phenolic hydroxyl groups
determines the kind of effect elicited, if any. Pyrogallol (8) (three
geminal hydroxyls) and polyphenols such as EGC (5) and EGCG
(7) (gallocatechins), which contain this substructure, may be both
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Table 3. Anodic Onset Potential (AOP) of Polyphenolic
Moieties

polyphenol AOP? (V vs SCE)
DHHDP (2) 0.50
ellagic acid (3) 0.64
pyrogallol (8) 0.45
methylgallate (9) 0.65

4107 M in DMF solutions with 0.1 M Bu,NCIO, on Pt at 100 mV s™*
and 25 °C.

Table 4. Viability of HT-29 Cells in the Presence of
Polyphenols

| (O
pg mL™! in pug mL™" in DMEM with
polyphenol DMEM catalase

ellagitannins and related
compounds

1 21.5 (3.5) 14.4 (0.4)

2 32.5 (3.9) 34.1 (0.5)

3 >100 >100
flavanols

4 >100 >100

S 24.1 (2.7) >100

6 53.7 (12.0) 589 (8.0)

7 17.5 (3.2) 47.9 (8.0)
simple phenols

8 5.6 (0.5) 714 (7.5)

9 24.6 (83) 316 (1.8)

“Cells were treated with the compounds for 72 h, and viability was
monitored with MTT. Values are means (standard deviation), n = 2—3

scavengers and generators of free radicals and are among the most
biologically active polyphenols. The gallate moiety (pyrogallol with
an esterified carboxylate function) is another important structural
feature. It has been widely reported that polyphenols that contain
pyrogallols and/or gallates lower cell viability either by disrupting
the cell cycle and triggering apoptosis or by other effects that
involve redox reactions and/or protein—ligand interactions.>>~>*
We focus our attention here on the redox reactions of polyphenols
by using chemosensors that are able to discriminate between
different phenolic hydroxyls according to their redox potentials.
The results are compared with the influence on cell viability in
vitro. Polyphenols 1—9 reacted with HNTTM, whereas only some
of them (1, 2, S, 7, 8) were able to reduce the TNPTM radical.
This was expected for the structures containing pyrogallol
(5, 7, 8)*° and not for the ellagitanin punicalagin (1) because
ellagic acid (3) was inactive against TNPTM. As expected, TNPTM
did not react with catechols (two geminal hydroxyls) (4) or gallates
(6, 9). Punicalagin (1) contains an ellagic acid conjugated
substructure and other substructures composed of gallate moieties
linked by C—C bonds to each other (hexahydroxydiphenyl) or to
an ellagic acid moiety. The stable radical TNPTM is reactive against
these C—C-linked gallates as proven by the redox behavior of
synthetic DHHDP (2). This dimeric gallate transferred two
electrons to TNPTM, whereas methylgallate (9) was unreactive
(Tables 1 and 2, last columns). The C—C bond appears to have
activated two hydroxyl positions. Inspection of the structure of
punicalagin (1) and the number of electrons (3.3) transferred to
TNPTM (Table 1, last column) leads us to hypothesize that the
C—C bond between the gallate moiety and the ellagic acid moiety
produces the same hydroxyl activation that we detected for the
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hexahydroxydiphenyl substructure. The formation of hydrogen
bonds between hydroxyls ortho to the C—C bond may be behind
the reactivity of these diphenyl structures.® This result was cor-
roborated by measuring the anionic onset potential (AOP) of the
gallate conjugates 2, 3, and 9 and pyrogallol 8. The reactivity of
polyphenols given by the AOP followed the order 8 >2 >3 =9
(Table 3). These results are also in agreement with the kinetic
measurements (Table 2).

The outcome of the cell viability assay cannot be related to
the redox behavior of the polyphenolic structures in a straight-
forward way because polyphenols influence cell functions by
more than one mechanism. Whatever the case, our results
(Table 3) corroborate that pyrogallols and gallates are ac-
tive against colon adenocarcinoma cells and suggest that the
hydroxydiphenyl substructure of punicalagin may play a role
involving a particularly reactive redox position. As some of
the effects ascribed to pyrogallols in vitro may be due to the
artifactual generation of H,O, in the culture medium,*'® we ran
the in vitro experiments in the presence of catalase. This
resulted in a significant decrease in the activity of the poly-
phenols that contained pyrogallols in their structure. This does
not alter the fact that pyrogallols are the most reactive species,
because they must be able to generate the superoxide radical as
the first step in the formation of H,O,; it just shows that the
experimental setup does not adequately mimic the situation in
vivo, where the extracellular oxygen concentration is much
lower.> Punicalagin (1) affected cell viability as effectively as
gallocatechins. In this case, the effect was not artifactual because
it was not affected by the addition of catalase to the medium,
which suggests that punicalagin (1) did not generate the
superoxide radical extracellularly, at least not to a sufficient
extent to affect cell viability.

By combining the outcome of HNTTM and TNPTM assays,
we may generate a picture of both the total electron transfer
capacity of polyphenols and the presence of highly reactive
hydroxyls. TNPTM detects the most redox reactive phenolics
(e.g, pyrogallols and C—C-linked gallates) and may anticipate
their influence on cell viability. Independent of whether these
highly reactive positions directly scavenge radicals or trigger
antioxidant defense responses, TNPTM is a useful chemical
probe that easily detects the presence of some of the most
biologically significant phenolic structures. This will be useful
when the antioxidant potential of extracts and functional foods
as well as new synthetic polyphenolic molecules is examined.

In conclusion, we show here that substructures of punicalagin
that contain gallate moieties, linked either to each other
(hexahydroxydiphenyl moieties) or to the ellagic acid moiety by
C—C bonds, present phenolic hydroxyls that are more redox
reactive than those in simple gallates and that these structures
can be detected by the stable radical TNPTM. The most
reactive polyphenolic structures are also those that have the
greatest effect on cell viability in vitro. The chemosensor
TNPTM may be a useful tool for detecting other potentially
beneficial highly reactive polyphenols from natural sources.
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B ABBREVIATIONS USED

DMEM, Dulbecco Modified Eagle’s Medium; EGCG,
epigallocatechin gallate; EGC, epigallocatechin; EC, epicate-
chin; ECG, epicatechin gallate; DHHDP, dimethylhexahydroxy-
diphenyl dicarboxylate; HHDP, hexahydroxy-2,2"-diphenyl;
HNTTM, tris(2,4,6-trichloro-3,5-dinitrophenyl)methyl;
TNPTM, tris(2,3,5,6-tetrachloro-4-nitrophenyl)methyl;
DPPH, 1,1-diphenyl-2-picrylhydrazyl.
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