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ABREVIATURES

ADN acid desoxiribonucleic

ARN acid ribonucleic

BMT transplantament de medul-la 0ssia (de 1’anglés Bone Marrow Transplantation)
CBE epoxid-p-conduritol (de 1’angleés Conduritol-pB-Epoxide)

ERT terapia de substitucié enzimatica (de ’angles Enzyme Replacement Therapy)
ER reticle endoplasmatic (de 1’anglés Endoplasmic Reticulum)

GA aparell de Golgi (de I’angleés Golgi Apparatus)

GBA gen que codifica la glucocerebosidasa

GBA glucoceerebrosidasa

GBAP pseudogen de GBA

GCS gen que codifica la glucosilceramida sintasa en humans

GD malaltia de Gaucher (de I’anglés Gaucher Disease)

GSL glicoesfingolipid

IFG isofagomina

LSD malaltia d’acumul lisosomic (de I’anglés Lysosomal Storage Disease)
M6P manosa-6-fosfat

MG6PR receptor de la manosa-6-fosfat

NB-DNJ N-butildeoxinojirimicina

NN-DNJ N-(n-nonil)-deoxinojirimicina

PSAP prosaposina, precursor de la proteina activadora d’esfingolipids

PSAP gen que codifica la prosaposina

Rec recombinant

RER reticle endoplasmatic rugés (de I’angles Rough Endoplasmic Reticulum)
RNAI interferéncia d’RNA

SAP saposina, proteina activadora d’esfingolipids (de ’angles Sphingolipid Activator
Protein)

shRNA short hairpin RNA
siRNA small interfering RNA

SRT terapia de reduccio de substrat (de 1’angles Substrate Reduction Therapy)
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INTRODUCCIO

1.1 El lisosoma

Els primers estudis de la c¢l.lula, durant el segle XVII, van ser possibles gracies a I'aparici6 a finals
del segle XVI dels primers microscopis. La cél.lula, unitat fonamental de tota matéria viva, segueix
una organitzacid de les seves estructures i en base a aquesta podem dividir-la en dos grans grups:

procariota i eucariota.

A diferéncia de les cel'lules procariotes, les eucariotes presenten un citoplasma molt
compartimentat, amb organuls separats o interconnectats, limitats per membranes biologiques que

son de la mateixa naturalesa essencial que la membrana plasmatica (Figura I.1).

Complex Vesicula
de Golgi pinocitica

Mitocondri
Centriol

Reticle

Mucléol endoplasmitic

Membrana

Ribosom;
nuciear 2T

. Nucli
Lisosoma

Cromatina Figura I.1. Cél'lula eucariota en qu¢ veiem els diferents organuls.

Vactol

Extret de http://naturals2n.blogspot.com/2010/05/la-cellula-animal-i-

Membrana

Citoplasma citoplasmatica

la-vegetal.html.

Els lisosomes son organuls subcel-lulars heterogenis que contenen hidrolases especifiques, les quals
permeten el processament o la degradacio de proteines, acids nucleics, carbohidrats i lipids (figura
1.2). Van ser descoberts pel metge i quimic belga Christian de Duve al 1949, perd no va ser fins al
1955 que se’ls va donar aquest nom (De Duve et al., 1955). La descripcid de I’estructura i funcid
dels lisosomes, juntament amb la dels peroxisomes, li va donar el premi Nobel al 1974, amb Albert

Claude i George E. Palade.

Membrana
plasmatica

Bicapa .
lipidica Enzims Priteines
hidrolitics glicosilades

Figura 1.2. Esquema d'un  lisosoma.  Adaptat de

http://micro.magnet.fsu.edu/cells/lysosomes/lysosomes.html.
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Els lisosomes es van identificar con un nou grup de particules citoplasmatiques, que es
caracteritzaven perqué contenien enzims hidrolitics i el seu pH acid i ja es creia que podien estar

involucrats en processos de digestio intracel-lular (De Duve, 1963).

Les seves funcions van ser identificades rapidament gracies al treball de De Duve, entre d’altres, 1
es poden resumir en el fet d’estar implicats en la digestié de material extracel-lular, provinent de
I’endocitosi o la fagocitosi, i del material intracel-lular provinent de 1’autofagia. Per tant segons el

seu origen, s’han classificat en dos tipus:

= Els lisosomes primaris son aquells acabats de formar a partir de 1’aparell de Golgi. Tenen
forma rodona o ovalada i el seu contingut és homogeni. No han intervingut en cap procés

digestiu.

= Els lisosomes secundaris es formen quan un lisosoma primari es fusiona amb altres
particules com, per exemple, les que provenen de I'exterior de la cél-lula, en un procés de
digestio. S’han proposat quatre models de la seva biogeénesi: maduracid, transport vesicular,

“kiss-and-run” i fussio-fissio (Mullins and Bonifacino, 2001).

L’origen dels enzims lisosomics el trobem al reticle endoplasmatic rugés (RER), des d’on passen al
lumen del reticle endoplasmatic (ER) i se’ls excindeix el péptid-senyal. Abans de passar al
compartiment intermig cis de 1’aparell de Golgi (GA) on seran fosforilats, son reconeguts per
GlcNAc-P-T. Posteriorment arriben al trams-Golgi, on una fosfodiester glicosidasa fa la seva
funcié. Més enlla d’aquest punt, el transport esta mediat pel receptor de la manosa-6-fosfat (M6PR)
des dels endosomes primerencs fins als tardans, on s’alliberen els enzims. Petites quantitats dels

enzims lisosomics poden escapar del M6PR 1

ser excretats al citosol. Posteriorment poden

Translation and

N-glycosylation entrar al lisosoma, mitjancant la uni6 al M6PR

de la membrana i la conseqiient endocitosi.
Lysosomal

enzymes
MPRs —*

Other —+&
Glycoproteins

uedf|n

uonejfioydsoyd

“Uncovering”

Figura 1.3. Via de senyalitzacid que segueixen les
o / o glicoproteines 1 els enzims lisosomics, que son

reconeguts i fosoforilats. De Essentials of glycobiology
Plasma  (yarki and Kornfeld, 2009).

membrane
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No tots els enzims lisosomics es dirigeixen al seu desti mitjangant el M6PR. Una de les excepcions
¢s la glucocerebrosidasa, enzim deficient en la malaltia de Gaucher, que és reconeguda per una
proteina de membrana lisosomica, LIMP-2 (Reczek et al., 2007). En la figura 1.4 podem veure un

esquema simplificat dels dos mecanismes.

si‘cu rbrosidase

MGEP glycan
modification Lysosomal
hydrolase
PHOSPHO- g
TRANSFERASE

MEP
receptor

“ Late Late
endosome endosome

( ) \Lysosoma Lysosome

/ S,

— —

Figura 1.4. Esquema de ’arribada dels enzims al lisosoma. En la part esquerre de la figura podem veure de manera
simplificada com arriben les hidrolases lisosomiquess mitjangant el receptor de manosa-6-fosfat i en la de la dreta com

ho fa la glucocerebrosidasa. Adaptat de Reczek et al. (2007).
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1.2 Les malalties d’acumul lisosomic

Tot i que la primera malaltia d’acimul lisosomic (LSD) descrita va ser la malaltia de Tay-Sachs al
1881, els lisosomes van ser descoberts per Christian de Duve set decades més tard. Henri-Géry
Hers, gracies a la identificacié de 1’organul per part de De Duve 1 als seus propis estudis sobre els
defectes en el metabolisme, va generalitzar el concepte de malaltia d’acimul lisosomic i1 va
proposar-lo com a explicacié de diversos defectes congenits d’acimul de mucopolisacarids i lipids

entre altres (Hers, 1965).

La primera connexi6 entre el deficit d’un enzim (a-glucosidasa) i una LSD (malaltia de Pompe), pel

mateix Hers al 1963, va cimentar els fonaments per a una serie de descobriments sobre els enzims i

els seus substrats (Hers, 1963).

La majoria de les LSD estan causades pel deficit d’un enzim, que no pot hidrolitzar
macromolécules, amb la conseqiient acumulacié d’aquestes. En algun cas el defecte pot estar en

proteines de membrana, proteines activadores o altres proteines relacionades.

S’han descrit més de quaranta tipus diferents de LSD (Neufeld, 1991) i la majoria es caracteritzen
per ser multisisttmiques i degeneratives, tot i que en diferents graus. El sistema reticuloendotelial
esta implicat en la patogenia i son palesos els efectes hematologics com I’hepatoesplenomegalia i la

citopenia (revisat a Vellodi, 2005).

Les LSD es classifiquen segons el substrat acumulat i/o I’enzim deficient (veure revisi6 a Futerman

1 Van Meer, 2004). En la taula I.1 les podem veure classificades:

Taula I.1. Classificacid de les malalties d’acumul lisosomic [modificat de Futerman i Van Meer (2004)].

Malaltia Proteina deficient Material acumulat majoritari
Esfingolipidosis
Fabry a-Galactosidasa A Globotriasilceramida
Lipogranulomatosi de Farber Ceramidasa Ceramida
B-Glucosidasa Glucosilceramida
Gaucher Saposina C (activador) Glucosilceramida
Leucodistrofia cel-lular globoide (Krabbe) Galactocerebrosid-f-Galactosidasa Galactosilceramida
Leucodistrofia metacromatica Arisulf atasa A . Gl?colip?ds sulfatats .
Saposina B (activador) Glicolipids sulfatats i GM1
Niemann-Pick AiB Esfingomielinasa Esfingomielina
Deficiéncia de ’activador d’esfingolipids Proteina activadora d’esfingolipids (SAP) Glicolipids
Gangliosidosi GM1 B-Galactosidasa Gangliosid GM1
Gangliosidosi GM2 (Tay-Sachs) B-Hexosaminadasa A Gangliosid GM2
Gangliosidosi GM2 (Sandhoff) B-Hexosaminadasa A i B Gangliosid GM2
Gangliosidosi GM2 (deficiencia d’activador Proteina activadora de GM2 Gangliosid GM2

de GM2)
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Mucopolisacaridosis
MPS I (Hurler, Scheie)

MPS II (Hunter)

MPS IIIA (Sanfilippo tipus A)
MPS 1B (Sanfilippo tipus B)
MPS HIC (Sanfilippo tipus C)
MPS 1IID (Sanfilippo tipus D)

MPS IVA(Morquio-A)
MPS IVB (Morquio-B)
MPS VI (Maroteaux-Lamy)

MPS VII (Sly)
MPS IX

Oligosacaridosis i glicoproteinosis
Aspartilglucosaminuria

Fucosidosi
a-Manosidosi
-Manosidosi
Pompe

Sialidosi

Schindler
Lipidosis
Wolman i malaltia d’actimul de colesterol

Malalties causades per defectes en
proteines de membrana

Cistinosi
Malaltia de Danon

Malaltia de Salla i malaltia infantil
d’acumul d’acid sialic

Mucolipidosi (ML) IV
Niemann-Pick C (NPC)
Ceroide Lipofuscinosi neuronal

NCLI
NCL2
NCL3 (Batten)

Altres

Galactosialidosi
ML IIi ML III
Deficiencia multiple de sulfatases

Picnodisosotosi

a-Iduronidasa
Iduronat-2-sulfatasa
Hepara-N-sulfatasa (sulfamidasa)

N-Acetil-a-glucosaminidasa

Acetil-Co A a-glucosamida N-acetiltransferasa

N-acetilglucosamina-6-sulfatasa
N-acetilgalactosamina-6-sulfat-sulfatasa
B-Galactosidasa

Arilsulfatasa B
B-Glucuronidasa

Hialuronidasa

Aspartilglucosaminidasa
a-Fucosidasa
a-Manosidasa
-Manosidasa
a-Glucosidasa

Sialidasa

a-N-Acetilgalactosaminidasa

Lipasa acida

Cistinosina

LAMP2
Sialina

Mucolipina-1

NPC11i2

Palmitoilproteinatioesterasa
Tripeptidilpeptidasa I

Transportador d’arginina

Catepsina A

UPD-N-acetilglucosamina: enzim lisosomic N-

acetilglucosaminil-1-fosoftransferasa
SUMF1

Catepsina K

Dermata sulfat i Hepara sulfat
Dermata sulfat i Hepara sulfat
Hepara sulfat

Hepara sulfat

Hepara sulfat

Hepara sulfat

Querata sulfat i condroiti-6-sulfat
Querata sulfat

Dermata sulfat

Hepara sulfat, dermata sulfat i
condroiti-4 i -6-sulfats

Hialurona

Aspartilglucosamina

Fucosids i glicolipids

Oligosacarids que contenen manosa
Man(p1—4)GIcNAc

Glicogen

Sialiloligosacarids I sialilglicopéptids

Glico-conjugats que contenen o-N-
Acetilgalactosaminil

Esters de colesterol i triglicerids

Cistina

Restes citoplasmatiques i glicogen
Acid sialic
Lipids i mucopolisacarids acids

Colesterol i esfingolipids

Tioésters lipidats

Subunitat C de I’ATP sintasa
mitocondrial
Subunitat C de I’ATP sintasa
mitocondrial

Sialiloligosacarids
Oligosacarids, mucopolisacarids i lipids

Sulfatids

Proteines de 1’ds, incloent fibres de
col-lagen

Les malalties d’acamul lisosomic sén poc freqiients, pero dintre d’aquestes les majoritaries son les

esfingolipidosis; la més prevalent de les quals és la malaltia de Gaucher (GD, OMIM 230800,

230900 1 231000).
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1.2.1 Les esfingolipidosis

Les malalties associades a la degradacid dels esfigolipids (esfingolipidosis) son errors congenits del
metabolisme, en qué la proteina que intervé en la degradacié d’un gliocoesfingolipid de tres o
menys residus de carbohidrats és deficient (Watts, 2003).

Cada reaccid esta realitzada per una exoglicosidasa especifica i, en la majoria dels casos, necessita
d’una proteina activadora d’esfingolipids (saposina o SAP), que permet presentar el substrat a

I’enzim per la seva degradacio (figura 1.5).
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Figura 1.5. Catabolisme dels glicoesfingolipids i malalties d’acimul associades. Adaptat de

http://themedicalbiochemistrypage.org/sphingolipids.html.

Exceptuant la malaltia de Fabry, amb una heréncia lligada al cromosoma X, les esfigolipidosis

tenen una heréncia autosomica recessiva.
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1.2.2 Els esfingolipids

Els esfingolipids son lipids complexos derivats de 1'aminoalcohol esfingosina (1,3-
dihidroxi-2-amino-4-octadece), la qual esta unida a un acid gras de cadena llarga mitjangant
un enlla¢ amida, formant aixi la ceramida.

Van ser nomenats per J.L.W. Thudichum al 1884 donada la seva naturalesa misteriosa
pensant en I'esfinx de la mitologia grega (Thudichum, 1884). Els esfingolipids son presents
en totes les membranes eucariotes (Maceyka et al., 2005), perd també es troben en alguns
bacteris (Hannun and Obeid, 2008). Els esfingolipids constitueixen un 30% del total de
lipids de la membrana plasmatica, perd la recerca actual ha establert que alguns
esfingolipds, incloent la ceramida, I’esfingosina i les seves formes fosforilades (ceramida-1-
fosfat 1 esfingosina-1-fosfat, respectivament), sén bioactius 1 poden controlar funcions
biologiques vitals (Hannun and Obeid, 2008). Els estudis sobre el metabolisme i la funcid
dels esfingolipids han demostrat que els seus metabolits sén capagos de regular les vies de

transduccio de senyal.

0]
Sphingosine Sphingosine-1- Ceramide Ceramide-1- Sphingomyelin Glucosylceramide
phosphate phosphate and
glycolipids

Figura 1.6. Estructura dels esfingolipids. La base esfingoide utilitzada d’exemple (blau) és I’esfingosina. L’acid gras
emprat d’exemple (vermell) és I’acid palmitic. En negre hi ha un glicoesfingolipid, la glucosilceramida. Extret de
Futerman i Hannun (2004).
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La sintesi de novo dels esfingolipids comenca amb la formaci6 de la 3-ceto-
dihidrosesfingosina, mitjancant I’enzim serina palmitoiltransferasa (Merrill, 1983), a partir
del palmitoil-CoA 1 la serina. Posteriorment, la 3-ceto-dihidroesfingosina es redueix per a
formar la dihidroesfiingosina. La dihidroesfiingosina esta acilada per la dihidroceramida
sintasa 1 es forma form dihidroceramida (Pewzner-Jung et al., 2006) que €s desaturada per a

formar la ceramida (Causeret et al., 2000).

Kinase
Complex sphingolipids Sphingosine = #» Sphingosine-1-phosphate
; h Phosphatase - ) )
E s N
Glucosylceramide
Ci id: Ci ide synthase S1P Lyase
Glucosylceramide
synthase
2-trans hexadecenal
Dihydroceramide ———p  Ceramide +
Desaturase 0 ] phosphoethanolamine
— A G P Ny
lT synthase N ‘
Sphinganine 4 Kinase
T Reductase Phosphatase
3-Ketosphinganine SM synthase SMase
Serine Ceramide-1-phosphate
palmitoyltransferase :
v

Serine + Palmitoyl CoA Sphingomyelin il » 1.-"

Figura 1.7. Formaci6 dels esfingolipids en cel-lules de mamifer, extret de Gangoiti et al. (2010).

La ceramida té diferents destins:

- Fosforilacio: mitjancant la ceramida quinasa.

- Glicosilacié: mitjangant la glucosilceramida sintasa o la galactosilceramida sintasa.

- Pot ser convertida en esfingomielina afegint fosforilcolina amb I’esfingomielina
sintasa.

- Pot ser catabolitzada per a formar I’esfingosina, mitjancant una ceramidasa.

L’esfingosina pot ser fosforilada.

Els esfingolipids es divideixen en dos grans grups: els fosfoesfingolipids (esfingomielines) i

els glucoesfingolipids (gangliosids, cerebrosids).
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Les esfingomielines contenen un grup fosfat, unit al grupo hidroxil 1 de la ceramida, que
s’esterifica amb la colina (fosfocolina) o I’etanolamina (fosfoetanolamina) per formar el
grup polar de la molecula. Les esfingomielinas es troben en les membranes plasmatiques de
las cel-lules animals, en la vaina de mielina que recobreix i ailla els axons de les neurones.
Els glucoesfingolipids o glucolipids tenen units al grup hidroxil 1 de la ceramida, mitjangant
un enllag glucosidic, un monosacarid o un oligosacarid que normalment es projecten cap a
la cara externa de la membrana plasmatica. Els monosacarids més habitulas son D-glucosa,
D-galactosa 1 N-acetilgalactosamina.
Podem distingir tres tipus de glucolipids:
- Gangliosids: son els esfingolipids més complexos, ja que contenen caps polars molt
grans, formats per unitats d’oligosacarids carregats negativament.
- Cerebrosids: tenen un unic sucre unit per un enllag B-glucosidic al grup hidroxil de la
ceramida.
- Globosids: tenen units oligosacarids neutres units a la ceramida.
A més del paper estructural en les membranes plasmatiques, als esfingolipids se’ls ha
reconegut un nombre creixent de bioactivitats. Han estat implicats en major o menor grau,
en l'apoptosi, la senescencia cel.lular, la diferenciacid, la migracid, l'angiogénesi, la
proliferacio, la infeccid, l'inflamacié i1 'autofagia (Carpinteiro et al., 2008; Gangoiti et al.,

2010; Hannun and Obeid, 2008; Ogretmen and Hannun, 2004; Pettus et al., 2004).
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1.3 La malaltia de Gaucher

S’empra el terme malaltia de Gaucher (GD) per a designar un grup de trastorns del metabolisme
dels glucocerebrosids, ocasionats pel deficit de l'enzim B-glucocerebrosidasa, que catalitza la
formacio de ceramida i glucosa a partir dels glucocerebrosids. L'excés de glucocerebrosids
s'acumula en les cel-lules reticuloendotelials de la melsa, del fetge o dels ganglis limfatics, 1 alteren

sovint l'estructura dels ossos, els pulmons i, en major o menor grau, el sistema nervios central.

1.3.1 Historia de la malaltia

Aquesta malaltia va ser descrita per primera vegada I’any 1882 pel metge frances Phillippe Charles
Ernest Gaucher (1854-1918), en la seva tesi doctoral, que portava per titol “De ['épithélioma
primitif de la rdate; hypertrophie de la rdte sans leucémie” (Paris, Doin). Gaucher hi descrivia el cas
clinic d’una pacient de 32 anys amb hepatomegalia i esplenomegalia i suggeria que la causa era un
tumor a la melsa amb infiltraci6 del parénquima, per part d’una cél-lules amb nucli gran. No va ser
fins al 1905, que Brill va emprar el terme malaltia de Gaucher.

Al 1924, el metge alemany H. Lieb va aillar un compost lipidic de la melsa dels pacients amb
aquesta malaltia 1, una decada després, el metge francés A. Aghion va identificar-ho com a un
component de les membranes cel-lulars de eritrocits 1 dels leucocits.

Paral-lelament als treballs de Henri-Géry Hers de 1965, sobre els defectes en el metabolisme (Hers,
1965), Roscoe O. Brady i els seus collaboradors van demostrar que 1’acumulacio de
glucocerebrosids és conseqiiencia del deficit de I’enzim glucocerebrosidasa. Tres anys més tard,
Weinreb va descriure la localitzacid lisosomica de I’acimul de glucocerebrosid (Weinreb et al.,
1968).

El co-activador de la glucocerebrosidasa va ser identificat al 1971 per O’Brien, perd no va rebre el
seu nom (saposina C) fins al 1988 (O'Brien et al., 1988).

No hi havia un tractament especific per a la malaltia de Gaucher, fins que va sorgir la terapia de
reemplacament enzimatic (ERT) arrel del descobriment de Brady. Alguns dels simptomes de la
malaltia, com DI’anémia i1 la trombocitopénia, poden ser palliats amb tractament quirdrgic
(esplenectomia). A I’apartat 1.3.9 es descriuen les terapies existents per a la malaltia.

Des del punt de vista social, és una malaltia que ha donat lloc a I’existéncia de nombroses
associacions d’afectats, de familiars 1 de cientifics preocupats per la mateixa arreu del mon. A
Espanya, per exemple, hi ha la Fundacion espaiiola para el estudio y terapéutica de la enfermedad

de Gaucher (http://www.feeteg.org).
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1.3.2 Prevalenca i consell genetic

La malaltia de Gaucher esta considerada una malaltia minoritaria o orfena (<5 casos/10.000
habitants) degut a la seva baixa prevalenga en la poblacid mundial [aproximadament 1/60.000
habitants (Meikle et al., 1999)]. Els estudis més acurats de la freqiiéncia de la malaltia son de la
poblacid jueva asquenazita (1/400-850 habitants) (Beutler et al., 1993; Grabowski, 1993). Els jueus
asquenazites son els descendents de les comunitats jueves que durant 1’edat mitjana se situaven en
la zona germanica, de I’Alsacia fins a Rhineland i que més tard van emigrar cap a 1’est d’Europa i
hi van formar noves comunitats.

Tant en la literatura medica com en la de genctica de poblacions, existeixen multiples referéncies a
aquest grup ¢tnic degut a la gran quantitat d’estudis genetics de diferents malalties que han estat
realitzats. Les raons per haver dut a terme aquests estudis son diverses, entre elles la taxa més
elevada de malalties genctiques degut a I’endogamia entre els membres d’aquest grup.
Habitualment el rastreig molecular que es realitza en aquest grup €tnic cobreix, com a minim, la
malaltia de Tay-Sachs, la malaltia de Canavan 1 la fibrosi quistica, segons recomana The American
College of Obstetricians and Gynecologists (ACOG) (Klugman and Gross, 2010). Quan el rastreig
¢s més exhaustiu, s’incou la malaltia de Gaucher, entre les segilients malalties:

- La sindrome de Bloom, amb heréncia autosomica recessiva, es caracteritza per la manca de
I’helicasa d’ADN RecQ, implicada en la reparacié de I’ADN. El gen BLM es troba situat al
15g26.1. Una unica mutacid és la responsable de la malaltia en el 98% de jueus asquenazites
afectats.

- La malaltia de Canavan, d’heréncia autosOmica recessiva, esta causada pel deficit en
I’enzim aspartoacilasa, que trenca I’acid N-acetil aspartic. El gen 4SPA esta localitzat al
cromosoma 17pl13-pter. Quatre mutacions son les identificades en el 98% dels individus
afectats.

- La disautonomia familiar, d’heréncia autosomica recessiva, es produeix quan el gen
IKBKAP, situat al cromosoma 9q31, esta mutat. El 99% dels individus malalts son
portadors de dues mutacions conegudes.

- L’anémia de Fanconi (grup C), amb heréncia autosomica recessiva, esta causada per les
mutacions trobades al gen FANCC, situat al cromosoma 9 (9q22.3). Dues mutacions son les
responsables del 99% dels individus afectats.

- La mucolipidosi tipus IV, d’heréncia autosomica recessiva, causat per les mutacios al gen
MCOLNI situat al cromosoma 19 (19p13.3). Dues mutacions al gen MCOLNI soén les

responsables del 95% dels individus afectats.
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- La malaltia de Niemann-Pick tipus A i B (NPA i NPB) esta caracteritzada per 1’acumul
d’esfingomielina 1 colesterol, entre d’altres lipids. Habitualment es busca la presencia de 4
mutacions conegudes (3 per a NPA i 1 per a NPB) al gen SMPD1, situat al cromosoma 11
(11p15.4), responsables del 95% dels individus afectats.

- La malaltia de Tay-Sachs, d’heréncia autosomica recessiva, es caracteritza per la deficiencia
de I’enzim Hex-A. El gen HEXA esta situat al cromosoma 15 (15923-g24) 1 3 mutacions son
les responsables del 99% dels individus afectats. Aquesta malaltia també té una elevada
freqliencia en la poblacid canadenca francesa i als cajuns.

- Malaltia d’acumul del glicogen tipus 1.

En la malaltia de Gaucher les mutacions més freqiients en la poblacid jueva sén la N370S,
c.84dupG, IVS2+1G>A, L444P.
La consulta a un servei de consell genétic és molt recomanable quan els dos progenitors pertanyen a

aquest grup etnic, degut a I’heréncia recessiva caracteristica i a I’elevada prevalenga (Abel, 2001).

1.3.3 Etiologia

La malaltia de Gaucher esta causada, en la majoria dels casos, per un deficit de I'enzim
glucocerebrosidasa (GBA), que catalitza la formaci6 de D-glucosa i ceramida a partir del
glucocerebrosid, tal i com veiem representat en la figura 1.8. Aquest deficit causa ’acumul de

glucocerebrosid o glucosilceramida.

H OH HO
H GBA Ha y

-0 H_o | N R

HOHO o S HO v cH” T
" \on CH, " GCS HO - OH l o

OH OH~— R

H H CIH/ \rﬂ & o ﬁ”\c/

| . ° i
OH—c—\ &' GLUCOSA CERAMIDA

GLUCOSILCERAMIDA " &

Figura 1.8. En aquest esquema veiem el funcionament normal de I’enzim GBA (metabolitzacié de la glucosilceramida,

que dona lloc a ceramida i D-glucosa). Modificat de www.proteopedia.org.

Cal mencionar que, tot i que en un percentatge molt baix, les alteracions en el gen de la prosaposina

també son causa d’aquesta malaltia.
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1.3.4 Clinica

La malaltia de Gaucher té una clinica molt heterogénia i poden diferenciar-se tres varietats
cliniques, depenent de la presencia/abseéncia de neuronopatia i de 1’edat d’inici de la malaltia: tipus
1 o malaltia de Gaucher no neuronopatica cronica (forma adulta, OMIM #230800), tipus 2 o
malaltia de Gaucher neuronopatica aguda (forma infantil o cerebral o maligna, OMIM #230900) i

tipus 3 o malaltia de Gaucher neuronopatica subaguda (forma juvenil, OMIM #231000) (Taula 1.2).

Taula 1.2. Classificacid de la malaltia de Gaucher en funcid de la preséncia/abséncia de neuronopatia i de 1’edat d’inici.

Tipus 1 Tipus 2 Tipus 3

(no neuronopatica) (neuronopatica aguda) (neuronopatica subaguda)
Pacients afectes Nens, adults Nens Nens i adolescents
Edat d’inici Totes les edats 4-5 Mesos Edat preescolar
Organs afectes Melsa, fetge i os Melsa, fetge, cervell Melsa, fetge, os i cervell
Simptomes neurologics Absents +++ De +a +++
Evolucid Lenta, variable Rapida Intermitja, variable
Esperancga de vida 6 a 80 anys Mort abans dels 2 anys 20 a 30 anys

. Panétnica, amb predileccio étnica per als ) .
Grup &tnic ) . . Panétnica Panétnica
jueus d’origen Ashkenazi

1/60000 -1/200000
Freqiiéncia Menys 1/100000 Menys 1/50000
1/500 (Jueus Ashkenazi)

Cadascuna d'aquestes tres formes no es pot diferenciar bioquimicament de les altres i1 té
caracteristiques comunes: hepatomegalia i/o esplenomegalia degut al diposit de glucocerebrosids,
presencia de cel-lules de Gaucher (cel-lules reticuloendotelials amb un diametre entre 20 1 100 um)

en el moll de 'os 1 augment de les fosfatases acides seriques.

1.3.4.1 Tipus 1
Aproximadament el 90% dels casos de la malaltia son tipus 1, és a dir, és el més freqiient 1, a més a
més, el que té una clinica menys severa. Les caracteristiques més importants de la malaltia de tipus
1 o malaltia de Gaucher no neuronopatica cronica (forma adulta) son:

- L’absencia de simptomes neurologics, ja que el sistema nervids central (medul-la i

encefal) no esta afectat.
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Aparicid dels simptomes a qualsevol edat, des del naixement fins a la vellesa, tot i que la
mitjana d’edat al diagnostic se situa als 30 anys. Fins i tot s’han descrit casos
asimptomatics.

Supervivéncia relativament prolongada.

Malformacions esquelétiques, on s’inclou 1’osteopenia, el dolor ossi 1 les fractures
ossies, degut a I’hiperactivitat dels osteoclasts.

Anémia ferropénica i cansament.

Trombocitopénia.

Leucopenia, associada amb les dues anteriors a I’hiperesplenisme.

Pingueculae o punts grocs a la conjuntiva de 1’ull.

Retard en la pubertat.

Epistaxi.

Cal mencionar que en I’actualitat, s’ha trobat alguns pacients que manifesten simptomes

extrapiramidals, semblants al parkinsonisme durant 1’edat adulta. S han publicat diversos articles en

el que es demostra que la preséncia de mutacions en el gen GBA pot ser un determinant genétic per

a la malaltia de Parkinson (Bultron et al., 2010; Lesage et al., 2011; Rosenbloom et al., 2011).

1.3.4.2 Tipus 2

La malaltia tipus 2 és poc freqiient i molt més greu que els altres dos tipus. Els malalts de tipus 2 o

amb malaltia de Gaucher neuronopatica aguda (forma infantil o cerebral o maligna) manifesten els

simptomes abans dels sis mesos d'edat 1 tenen una evolucio fatal cap als 2 anys de vida. Els infants

presenten dany cerebral que empitjora rapidament. A part dels signes i simptomes mencionats pels

malalts de tipus 1, poden presentar alguns dels segiients:

Deteriorament cognitiu, incloent el retard mental o la deméncia als sis mesos de vida.
Infeccions pulmonars i infiltracié parenquimatosa de les cel-lules de Gaucher.
Rigidesa, poca flexibilitat.

Accident vascular cerebral.

1.3.4.3 Tipus 3

Els pacients de tipus 3 o malalts de Gaucher neuronopatics subaguts (forma juvenil) manifesten la

clinica més tard que en el tipus 2 (primera década de la vida) i la mort no s'esdevé fins a
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I'adolescéncia o més tard, fins i tot vers la tercera década de la vida. Els simptomes poden ser els

segiients:

- Epistaxi.

- Ataxia, marxa anormal.

- Apraxia oculomotora, incapacitat per a executar actes motors voluntaris apresos, malgrat
que existeixi la capacitat fisica i la voluntat de fer-ho.

- Retard psicomotor i/o demeéncia.

- Alteracions Ossies 1 viscerals.

- L’afectacié pulmonar que causa fibrosi intersticial o 1’ocupacid dels alveéols sén poc
freqlients. Com a conseqiiéncia s’origina la consolidacié pulmonar progressiva 1 la
hipertensié pulmonar.

- Complicacions hematologiques, durant la joventut.

Un subgrup ben caracteritzat d’aquests pacients de tipus 3 son els del tipus “Norbottnian”,

localitzats al nord de Suécia (Dahl et al., 1990).

1.3.5 Bioquimica
En la degradacié de la glucosilceramida (figura 1.9), alterada en la malaltia de Gaucher, hi

intervenen dues proteines: la glucocrebrosidasa, una hidrolasa, i la saposina C, 1’activador.

O=-Z-0-XT

|i| H20H
AN '°m9<g|f”
AN =0 ' on
Glucosylceramide
(Glucocerebroside)

Glucocerebrosidase
A Saposin C
o

Ceramide

Glucose
( ol CHZ0H
=-4—§~CHs HO 02:
Cc=0
/\/\/\/\/\/\/\/\/\/\/Y OH
L OH

Figura 1.9. Reaccio6 de degradacid de la glucosilceramida catalitzada per la glucocerebrosidasa, modificada de Sidransky

(2004).

17



INTRODUCCIO

1.3.5.1 El Substrat: la glucosilceramida

La glucosilceramida és dels glicoesfingolipids més abundants a les cel-lules, on serveix de precursor
per a la formaci6 d'aproximadament 200 glicoesfingolipids coneguts. Es forma per la glicosilacié de
la ceramida a I’aparell de Golgi a través de 1’enzim glucosilceramida sintasa (GCS) o per
l'anihiliacié del complex glicoesfingolipids (GSLs) a través de l'accid d'enzims hidrolitics
especifics. Al seu torn, certes B-glucosidases hidrolitzen aquests lipids per regenerar ceramida
(Hakomori, 2000; Ichikawa and Hirabayashi, 1998).

A més del seu paper com a part de la construccid de la membrana biologica, els glicoesfingolipids
mereixen ser estudiats per la seva suposada relacié amb el creixement i la diferenciacié cel-lular i la

formacié de tumors (Hannun and Obeid, 2008).

1.3.5.2 L’enzim: la glucocerebrosidasa

La glucocerebrosidasa (D-glucosil acilesfingosina glicohidrolasa, EC 3.2.1.45), també coneguda
com a B-glucosidasa acida o glucosilceramidasa (GBA; EC 3.2.1.45), és un enzim lisosomic de 497
aminoacids i 55kDa que catabolitza el glicolipid glucosilceramida en ceramida i glucosa (Beutler,
1992).

La proteina té quatre llocs de glicosilacio: N19, N59, N146 1 N270 (p.Asn58, p.Asn98, p.Asnl85 i
p-Asn309 respectivament) (Berg-Fussman et al., 1993; Martin et al., 1989) 1 els residus catalitics es
troben a E235 1 E340 (p.Glu274 1 p.Glu379, respectivament, segons la nomenclatura recomanada
per la Human Genome Variation Society) (Dvir et al., 2003; Fabrega et al., 2000; Miao et al., 1994).
El pes molecular de la forma glicosilada és 65 kDa.

La seva estructura (figura I.10) t€¢ 3 dominis:

- Domini I: on hi trobem 4 lamines beta (rosa).

- Domini II: on hi trobem 2 lamines beta (verd).

- Domini III: domini catalitic on hi trobem 8 helix alfa 1 8 lamines beta (blau).

76 Domain Il
=y Y S ‘
4 Strand coming up \/Z \
v Strand going down //"’ ~ //‘
Q Helix going down / T é [ /
& ./ \\\/_, Y4

@ Halix coming up

Figura 1.10. Estructura bidimensional de la glucocerebrosidasa, modificada de Dvir et al. (2003).
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1.3.5.3 L’activador: la saposina C

Les proteines activadores d’esfingolipids (SAPs) son glicoproteines enzimaticament inactives. La
seva funcid és actuar com a cofactors essencials en la degradacid dels glicoesfingolipids amb
cadena curta d’oligosacarids, permetent la interaccid entre els enzims solubles 1 els seus substrats,
que estan units a la membrana.

Les saposines (A, B, C i D) es generen a partir d’un Unic precursor, la prosaposina, que ¢&s
processat. La prosaposina €s una glicoproteina de 70 kDa.

La saposina C €s una proteina de 81 aminoacids que s’uneix a la glucocerebrosidasa, formant un
complex. La seva estructura tridimensional, establerta al 2003, consta de 5 helix alfa 1 la podem

veure a la figura I.11 (de Alba et al., 2003).

Figua I.11. Diagrama de la saposina C humana. Els atoms de sulfur dels ponts dissulfur
estan en groc. Helix I en vermell, hélix I en blau fosc, helix III en magenta, helix IV

en blau clar i helix V en verd. Extret de de Alba (2003).

1.3.5.4 La reaccio
La glucocerebrosidasa i la saposina C s’uneixen formant un complex (Berent and Radin, 1981). La
saposina C, en adquirir propietats hidrofobiques a pH acid, té alta afinitat per a la membrana i

facilita la degradacié de la glucosilceramida per la glucocerebrosidasa (Vaccaro et al., 1999).

intralysosomal
Vesicle

Lysosome
— lysosomal

N\ Membrane

Figura 1.12. Model per a la degradacié del glucocerebrosid unit a la membrana, mitjangant la glucocerebrosidasa i la

saposina C. Obtingut de Wilkening et al. (1998).
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1.3.6 Genetica

Groen, al 1948, va ser el primer que va suggerir una heréncia autosomica recessiva de la malaltia.
El gen de la glucocerebrosidasa (GBA; OMIM *606463) va ser localitzat a 1q21-31 (Barneveld et
al., 1983) 1 posteriorment va ser clonat i seqiienciat (Ginns et al., 1984; Horowitz et al., 1989; Sorge
et al., 1985a).

Existeix un pseudogen (GBAP) a 16 kb de distancia respecte a ’extrem 3’ del gen GBA. Les seves
estructures son molt similars (11 exons i 10 introns) i van ser caracteritzats el 1988 (Horowitz et al.,

1989; Reiner et al., 1988).

5.4 kb sequenced

< >

5.7 Kb amplified

11 —

a [ 1[ds]e[7]8]9]10] 11]

b [ LE3H sle[7[s[oto] 1]

Tl w -

(112[3]4]s|s[7[s] 9 Jnd 11]

Figura 1.13. Estructura del gen (GBA) i del pseudogen (GBAP), adaptat de Martinez-Arias (2001a). Veiem els exons en
capses amb niimeros a I’interior. Les seqiiéncies 4/u estan representades com a capses negres. Les zones amplificades i
seqiienciades estan indicades a la part superior. Els transcrits per a les dues regions estan representades amb capses més
petites sota cada regid: (a) psGBA transcrit descript per Sorge et al. (1990); (b) psGBA transcrit descrit per Imai et al.
(1993).

Malgrat la diferéncia en llargada de les respectives seqiiencies (7,5 kb del GBA respecte 5,7 kb del
GBAP), comparteixen el 96% en identitat nucleotidica (Horowitz et al., 1989).

En el gen GBA codifica un cDNA d’aproximadament 2,5 kb (Reiner et al., 1987; Sorge et al.,
1985a; Tsuji et al., 1986). Sorge, a I’any 1987, va demostrar que el cDNA contenia dos ATG (Sorge
et al., 1987). No s’ha establert encara la funcié que poden tenir aquests dos ATG, perod sembla que
els peptids senyals generats per cada ATG tenen una hidrofobicitat diferent i els dos ATG donen un
enzim actiu.

A més dels canvis puntuals, les diferéncies més importants entre el gen i el pseudogen son dues

(Horowitz et al., 1989):
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1

Dues delecions en els exons 4 1 9 del pseudogen, de Sbp i 55 bp respectivament. A nivell
de diagnostic molecular, la delecid de 55 parells de bases en I’ex6 9 del pseudogen és de
gran utilitat.

La presencia de 3 seqiiencies A/u en els introns 2 (313pb), 4 (626pb) 1 6 (320pb) del gen,

respectivament.

2 3 4 5 6 7 8 9 10 1

H=H=H-A1=1=

. Regié codificant GBA UTR exons 1111 E———— Regié absent al pseudogén

Figura I.14. Diferéncies entre el gen i el pseudogen, adaptat de Hruska et al. (2008).

Tot i la gran homologia entre el gen i el pseudogen, el fet que existeixin aquestes diferéncies

impedeix la traduccid, pero no la transcripcié del pseudogen (Sorge et al., 1990).

Pel que fa a altres espécies d’animals, el gen GBA ha estat trobat en ratoli, porc o cavall, pero el

GBAP només ha estat identificat en primats i és probable que aparegués a partir d’una duplicacid

del gen GBA fa 40 milions d’anys (Wafaei and Choy, 2005).

Al voltant dels gens GBA 1 GBAP es troben molts altres gens, amb funcions tant conegudes com no:

COTEI i PROPINI, situats a 5° del gen GBA.

CLK?2, gen que codifica per a una serina-treonina quinasa (Winfield et al., 1997), situat a
5’ del gen GBA, perd més a prop del telomer del cromosoma 1.

El pseudogen de la metaxina (MTXP), i el gen de la metaxina (MTP), situats a 3’ del gen
GBA. La metaxina esta implicada en el transport de proteines mitocondrials (Armstrong
et al., 1997). Ambdos estan situats en sentit oposat a GBA.

THBS3, situat a 3* del gen GBA.

MUCI, situat a 3’ del gen GBA, més a prop del centromer del cromosoma 1.

PKLR, situat a 5° del gen GBA a 70kb, codifica per la piruvat quinasa. Els polimorfimes

que es troben en la regio que els separa estan en desequilibri de lligament.

CLK2 PROPINT COTE1 GBA psGBA THBS3 mMuc1
TEL ——.—_—m—t%—' /._— CEN

pSMTX MTX

Figura I.15. Regid genomica flanquejant del gen GBA i el pseudogén, modificada de Winfield et al. (1997).
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Tal i com descriuen Winfield i els seus col-laboradors (Winfield et al., 1997), sembla ser que hi ha
hagut una duplicaci6 en el bloc genomic format pels gens GBA i MTX, sense conseqiiencies per als

gens propers.

1.3.6.1 Polimorfismes

Dins la regi6o genomica del gen GBA s’han trobat diversos polimorfismes, que es troben en
desequilibri de lligament entre ells (Beutler et al., 1992; Tylki-Szymanska et al., 2006; Zimran et
al., 1990).

Utilitzant I’enzim de restriccid Pvull, es va posar de manifest un polimorfisme de longitud de
fragments de restriccid; els allels que generaven un fragment de restriccid de 1,1kb es van
anomenar Pvl.1" i als que els mancava aquest fragment se’ls va anomenar Pv1.1™ (Sorge et al.,
1985b). Amb el temps, aquest polimorfisme va ser identificat com una substitucié en I'intro6 6
(g.4813G>A) (Zimran et al., 1990) i tamb¢ s’ha trobat 8 polimorfismes en regions introniques i 3 en
la regié no traduida. Totes d’aquestes variacions estan en desequilibri de lligament i1 constitueixen
dos haplotips majoritaris (Beutler et al., 1992).

Els haplotips Pvl.1" i Pvl.1" tenen diferents freqiiéncies en la poblacié caucasica (70 i 30%,
respectivament), amb proporcions invertides en les poblacions asiatica i africana (Cormand et al.,
1997a; Glenn et al., 1994; Masuno et al., 1989; Mateu et al., 2002; Sorge et al., 1985b).

Les variacions del GBAP inclouen 17 substitucions nucleotidiques, 1 delecid de tres nucleotids i
una zona poliadenilada (Martinez-Arias et al., 2001a; Martinez-Arias et al., 2001b). Aquests
polimorfismes en el GBAP son importants per a diferenciar el GBAP del GBA (Martinez-Arias et

al., 2001a) 1 poder dissenyar primers especifics de gen.

1.3.6.2 Mutacions

Han estat descrites més de 300 mutacions en el gen GBA (www.hgmd.org):

- 271 mutacions de canvi d’aminoacid.

- 18 mutacions que aturen la pauta de lectura prematurament.

- 36 petites insercions o delecions amb o sense canvi de pauta de lectura.

- 16 canvis en el llocs de splicing.

- 16 recombinacions entre el gen i el pseudogen: al-lels Rec o al-lels complexos, que
comporten dues o més mutacions en cis, que s’acostumen a produir a la regié 3’ del gen.

- 1 mutacio reguladora.

- 27 petites 1 4 grans delecions.

- 13 petites i 1 gran insercio.
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- 4 petis indels.

Les dues primeres mutacions descrites van ser la ¢.1448T>C (L444P) i la c.1226A>G (N370S) a
finals dels anys 80 (Tsuji and Suzuki, 1987; Tsuji et al., 1988). Aquests dos al-lels son els més
prevalents en la majoria de poblacions de pacients estudiades. En el cas de la poblacio espanyola,
també aquestes dues son les mutacions més prevalents a més a més de la D409H (Cormand et al.,
1998):

- El canvi A>G a la posicié 1226 del cDNA, que produeix la substitucio Asn>Ser a
I’aminoacid 370 (N370S), representa el 43,4% del total de mutacions. La seva elevada
freqtiencia també va permetre estudiar el seu origen (Diaz et al., 1999; Diaz et al., 2000;
Rodriguez-Mari et al., 2001). Després d’establir un haplotip comu en les poblacions
jueva ino jueva, es va determinar que 1’origen és comu.

- El canvi T>C al nucleotid 1448 del cDNA, que produeix la substitucié Leu>Pro a
I’aminoacid 444 de la proteina (L444P), representa el 22,7%.

- El canvi G>C a la posicié 1342 del cDNA, que produeix la substitucio Asp>His a
I’aminoacid 409 de la proteina (D409H), representa el 4,7%.

L’¢tnia contribueix significativament a la distribucié de mutacions. En el 90% dels pacients de tipus
1 d’ascendéncia jueva asquenazita les mutacions més prevalents son: N370S (c.1226A>QG), L444P
(c.1448T>C), c.84dupG, IVS2+1G>A (c.115+1G>A), R463C (c.1504C>T) i R496H (c.1604G>A)
(Beutler et al., 1993; Grabowski, 1997; Koprivica et al., 2000). Concretament la mutacié N370S
esta present en el 70% dels pacients i la ¢.84dupG en un 10%. Pel que fa als pacients no jueus
asquenazites, el rastreig de les 6 mutacions anteriors només permet identificar el 25-50% de les
mutacions.

Els al-lels complexos, es formen a partir de la recombinacio entre regions homologues del gen i del
pseudogen. Només es troben en heterozigosi i els pocs casos descrits en homozigosi han estat letals
(Reissner et al., 1998; Sidransky et al., 1996; Strasberg et al., 1994; Tayebi et al., 1997). Els al-lels
complexos més freqilients son els RecNcil 1 el RecTL que combinen els canvis que podem observar
en la figura I.16.

Cal tenir en compte que en identificar mutacions com la D409H i la L444P, derivades del

pseudogen, s’ha de comprovar que no formin part d’un al-lel recombinant (Tayebi et al., 2003).
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A.Intron 2
recombination
(Recint-2)
B.Intron 3
recombination
(RecA)
C.Recombinations

of exons 56
(Compiex C ot al)

I [

|
c475C>T cB667T>C ¢ e81T>G c688T>G ¢, 703T>
(R120W) (W1S4R) Sisers VIo1ay (oiopy Cianchy
GBAFP variants: ¢ 667T ¢.680_681delinsGG
(Wiaq) N 188F)
D. Intron 6 - Exon 7 recombination
(Recl)

©.754T>A
‘13

E. Recombinations
beginning in Imron 8-exon®
(Recass, RecTL ot al)

F. Re combinations
beginning in intron 9 - exon 10

(ReciNcil et al.)
€.1448T>C ¢.1483G>C c.1497G>C
(LaaaP)  (AasEP) (Vas0)

GBAP variant  ¢.1483G
G. Recombinations hﬁm\ing in (A456)
intron 10 - exon 11 3'UTR c'92GA c*102T>C

GBA sxons, U'TFl aons sequence absent GBAFP sequence potential crossover
.oodngmgon 1 and 11 = from GBAP — pract B region

Figura 1.16. Al-lels recombinats, extret de Hruska et al. (2008).

Cal mencionar que la nomenclatura que s’ha fet servir en aquest treball en parlar de les mutacions
¢s la classica, és a dir, no la recomanada per la Human Genome Variation Society (HGVS,
http://www.hgvs.org), perd emprada habitualment per la majoria d’autors a I’hora de referir-se a les

mutacions del gen GBA.

Les mutacions del gen GBA havien estat classicament descrites basant-se en la posicié del primer
aminoacid de ’enzim madur, essent la p.Ala40 el primer residu. La normativa recomanda per la

HGVS diu que cal nombrar els aminoacids des de la primera metionina, és a dir, 39 residus abans.

1.3.6.3 Saposina

En uns pocs casos, 7 coneguts fins la data d’avui (Vaccaro et al., 2010), s’ha descrit que la malaltia
esta causada per deficiéncies en la proteina activadora de la glucocerebrosidasa, la saposina C,
codificada pel gen de la prosaposina (PSAP), que es troba a 10g21-q22 (Bar-Am et al., 1996;
Cormand et al., 1997a).

El gen PSAP es transcriu en un transcrit que codifica un polipéptid de 524 aminoacids (Furst et al.,

1988; Nakano et al., 1989; Rorman and Grabowski, 1989), amb 4 dominis homolegs corresponents
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a les saposines A, B, C i D. Les quatre proteines tenen 15 aminoacids conservats, entre els quals

trobem 6 residus de cisteina i una senyal de N-glicosilacid.

El gen té 15 exons 1 es troba for¢a conservat en diferents especies. Es creu que el gen PSAP prové

de dues duplicacions en tandem d’un gen ancestral que codificava per un sol domini SAP (Hazkani-

Covo et al., 2002).

~35 KB

AN
4 / >
M g & I's
SAPOSINA A SAPOSINAB SAPOSINAC SAPOSINAD

Figura 1.17.Estructura del gen de la PSAP, modificada de Qi X et al. (2006).

Les mutacions en aquest gen, degut a que codifica per a quatre proteines, poden causar diferents
malalties. En el cas que les mutacions afectin a tota la prosaposina, ens trobem davant d’una

esfingolipidosi complexa.

Les mutacions que afecten la saposina C (exons 10 i 11), causaran la malaltia de Gaucher, com la
C315S (Amsallem et al., 2005), la C382G (Rafi et al., 1993), o la C382F (Schnabel et al., 1991). En
alguns casos la malaltia de Gaucher pot estar causada per mutacions heterozigosi composta, en la
que un al-lel porta una mutacié en el domini saposina C i I’altre al-lel mutat esta el domini saposina

D (Diaz-Font et al., 2005).

1.3.6.4 Correlacio genotip-fenotip

Tot 1 que s’ha avancgat molt en el coneixement de les mutacions causants d’aquesta malaltia, no
existeix una solida relacié genotip-fenotip. Per altra banda, cal mencionar que la gran majoria de
mutacions identificades no acostumen a trobar-se en homozigosi i sén privades, per tant la gravetat

de cada mutacio és dificil de predir.

Segons el casos en que es pot establir una relacié genotip-fenotip, les mutacions trobades es poden

classificar en:
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- Mutacions lleus: aquelles trobades en abséncia d’afectacio del sistema nervids central
(tipus 1). La mutaci6 per excel-leéncia €s la N370S. El fenotip és lleu quan es presenta en
homozigosi 1 també en heterozigosi amb una de greu o nulla (Zimran et al., 1989).
Altres mutacions lleus sén la 1402T o la V375L (Cormand et al., 1997b).

- Mutacions greus: aquelles associades amb un fenotip neuronopatic. La mutacié més
caracteristica €s la L444P, que en homozigosi pot manifestar-se com a tipus 2 o tipus 3.
Com ja hem mencionat anteriorment, la poblacidé norrbottniana es caracteritza per ser
portadora d’aquesta mutaci6 (Dahl et al., 1990).

- Mutacions nul-les: aquelles que impedeixen que es formi I’enzim. Les més comu en la
poblacié mundial i molt prevalent en poblacio jueva asquenazita és la ¢.84dupG 1, en el
cas de la poblacid espanyola, la RecNcil. No han estat trobades en homozigosi ni tampoc

en heterozigosi composta amb una altra nul-la, pel que es dedueix que serien letals.

Cal destacar que un mateix genotip pot associar-se a diferents fenotips (Sibille et al., 1993) i les
raons poden ser diverses: factors ambientals o factors genctics. En aquest segon cas, tant I’expressio
de la saposina C o altres hidrolases (Goker-Alpan et al., 2005), com els polimorfismes
modificadors, per exemple el E326K (Chabas et al., 2005; Montfort et al., 2004), poden ser

importants.

1.3.7 Patogénia

L'excés de glucocerebrosids s'acumula en les cel-lules reticuloendotelials de la melsa, del fetge /0
dels ganglis limfatics i altera sovint l'estructura dels ossos, els pulmons i, en major o menor grau, el
sistema nervios central. Les cel-lules, anomenades de Gaucher, esdevenen escumoses degut a que
els lipids ocupen la majoria de 1’espai, augmentant la mida i1 desplacant el nucli a la periféria

(Figura I.18).

Figura 1.18. En aquestes imatges podem
observar a I’esquerra un macrofag normal
i a la dreta una cél-lula de Gaucher, que

evidencia un actimul de glucocerebrosid

en tot el Vcitoplasma. Extret de

www.cecm.usp.br.

Macrofag normal Cél-lula de Gaucher

Com a conseqii¢ncia dels efectes mencionats, es dona una alteracié en els diferents organs, aparells

1 sistemes segiients:
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-El sistema hematopoctic: cal destacar la trombocitopenia aillada o acompanyada de
leucopénia i anémia microcitica moderades.
—El fetge: hi ha alteracions en l'arquitectura lobular i1 s’hi detecta fibrosi, que pot provocar
hipertensio portal i ascites.
—El sistema limfatic: s’evidencien les limfoadenopaties periferiques, com 1’afectacidé del
tim, de les plaques de Peyer intestinals i de les amigdales faringies.
—EI sistema esqueleétic: 'estructura dels ossos queda malmesa per les cel-lules de Gaucher,
efecte que pot causar fractures patologiques o bé episodis de dolor.
—L’aparell respiratori: I’estructura dels pulmons es veu alterada i les seves conseqiiencies
destacables, entre d’altres, son la pneumonitis i el destret respiratori.
Les alteracions al SNC poden ser explicades per ’acimul de material i altres canvis bioquimics que
indueixen 1’alliberament de factors inflamatoris, com citocines i quimocines, i inicien la cascada de

canvis patologics (Cox, 2001; Futerman and van Meer, 2004).

1.3.8 Diagnostic
El diagnostic de la malaltia es basa en dades de diferents tipus:

- Cliniques: la combinacié dels segiients signes i simptomes ens fa sospitar de 1’existéncia de la

malaltia de Gaucher.

— Compromis visceral: la esplenomegalia, la hepatomegalia i/0 la ictericia.

— Compromis hematologic: pell i/o mucoses palides, petéquies, equimosi, epistaxi recurrents,
gingivorragia i/o infeccions freqiients.

— Compromis ossi: dolor en articulacions o superficies d’ossos llargs, deformacions oOssies,

fractures patologiques i/0 osteoporosi en pacients joves.

Cal fer un diagnostic diferencial de la malaltia de Gaucher respecte a d’altres malalties amb
manifestacions cliniques semblants. Per exemple, en la malaltia de Niemann-Pick tipus B també
trobem hepatoesplenomegalia o pancitopeénia. Per altra banda, les leucémies o les anémies

hemolitiques han de ser descartades en infants (Martins et al., 2009).

- Anatomopatologiques: la preséncia de c¢l-lules de Gaucher al moll de 1’6s, la melsa o el fetge.

Excepcionalment podrien trobar-se a la sang.

La cel-lula de Gaucher €s un histiocit de 20 a 80 um de diametre, amb el nucli picnotic, excentric,

unic o multiple, el citoplasma del qual té un aspecte diferent segons la quantitat i 1’estat
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fisicoquimic del glucocerebrosid emmagatzemat. En la majoria dels casos adquireix un aspecte de

paper de pergami o de seda arrugada.

Si s’observa al microscopi electronic de transmissié es poden apreciar clarament estructures

tubulars molt tipiques 1 nombroses microvellositats.

Es poc habitual que en trobem en sang periférica, perd si que hi trobarem monocits amb fosfatasa

acida tartrat-resistent.

- Bioquimiques: La disminucié en ’activitat glucocerebrosidasa. Aquesta pot ser detectada tant a
leucocits, fibroblasts provinents de cultiu, cel-lules de 'amni o cel-lules de les vellositats
corioniques. Es la que ens aporta un diagnostic de certesa.

- Genetiques: deteccid de mutacions en el gen GBA. Habitualment es busquen les mutacions més

prevalents en la poblacié estudiada.

1.3.9 La terapia actual

L’objectiu principal del tractament d’aquesta malaltia és disminuir la quantitat de substrat acumulat
en les cel-lules del pacient i per fer-ho existeixen diferents estratégies. Per altra banda, la
simptomatologia caracteristica de la malaltia necessita ser pal-liada. D’aix0 se’n deriven dos tipus

de tractaments: el simptomatic i I’especific.

1.3.9.1 Tractament simptomatic

El tractament simptomatic esta dirigit a alleujar els simptomes de la malaltia, pero no tracta la causa

especifica del trastorn. Destaquem:

- L’esplenectomia parcial o total, si hi ha una trombocitopénia severa persistent (Fleshner
etal., 1991).

- Transfusid de productes sanguinis, en cas d’anémia severa.

- Analgesics per al dolor ossi.

- Cirurgia ortopedica per a reemplagar articulacions (Goldblatt et al., 1988).

El trasplantament de medul-la 0ssia (Rindgen et al., 1995) ha estat limitat per la seva morbiditat i

mortalitat, en apar¢ixer tractaments especifics (Santoro, 2002; Sirrs et al., 2002).
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1.3.9.2 Tractament especific
a) Terapia enzimatica

A I’any 1964 ja es va hipotetitzar la teoria que les malalties d’acimul lisosomic es podrien tractar

utilitzant enzim actiu, per part de De Duve.

Préviament al desenvolupament dels tractaments actuals, ja s’havien realitzat experiments amb
fibroblasts de pacients amb diverses malalties d’acumul lisosomic: la malaltia de Sandhoff (Cantz
and Kresse, 1974), la malaltia de Sanfilippo tipus B (O'Brien et al., 1973) i la leucodistrofia

metacromatica (Porter et al., 1971).

Respecte a la malaltia de Gaucher, es van realitzar diversos intents de tractament durant les décades
dels anys 70 i 80, tant utilitzant glucocerebrosidasa de placenta sense modificar (Brady et al., 1974),
com sintetitzant enzim recombinant i exposant els residus de manosa per a que fossin reconeguts
pels macrofags (Furbish et al., 1981). Perd no va ser fins al 1991 que es va aprovar I’administracio

intravenosa de 1’enzim o terapia de substituci6 enzimatica (ERT).

En primer lloc es va emprar la Ceredase” (Genzyme Corporation), que es basava en la infusid
d’alglucerasa, purificada a partir de I’enzim que provenia de la placenta humana. Posteriorment

s’exposaven els residus de manosa per a que fossin reconeguts pels macrofags.

Actualment, el farmac emprat en la malaltia de Gaucher és ’enzim obtingut mitjangant técniques
recombinants (imiglucerasa, Cerezyme® de Genzyme Corporation) (Barton et al., 1990) i s’ha
utilitzat exitosament durant més de 20 anys per a pal-liar els simptomes viscerals 1 hematologics
dels pacients de tipus 1. Actualment és el tractament estandard establert i aprovat per a millorar les
manifestacions de la malaltia de Gaucher (Charrow et al., 2007; Damiano et al., 1998; Masek et al.,

1999; Schmitz et al., 2007; Weinreb et al., 2007; Weinreb et al., 2002; Wenstrup et al., 2007).

Aquest tractament es recomana als pacients de tipus 1, independentment de [’edat.
Desgraciadament, aquest farmac és incapag de creuar la barrera hematoencefalica i qualsevol efecte
sobre els simptomes neurologics, si existeix, €¢s molt limitat. Cal destacar que €s un tractament

cronic car 1 que necessita ser infusionat amb elevada freqiiencia (un cop cada dues setmanes).

Alguns autors també el recomanen als pacients de tipus 3 també, ja que també millora la qualitat de
vida, aixi com els simptomes hematologics i el volum visceral (Erikson, 1986; Erikson et al., 2006;

Ono et al., 2001).

Tot 1 que el Cerezyme segueix essent el tractament estandard per a la malaltia de Gaucher, dos

productes biosimilars, que també empren el sistema receptor de membrana per a manosa dels
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macrofags, s’estan introduint. El primer d’aquests és 1’a-velaglucerasa (VRIPV®, Shire Human
Genetic Therapies), produida a partir de linies cel-lulars de fibrosarcoma. El segon és 1’ a-

taliglucerasa (Protalix), produida en cel-lules de plantes [revisat a Cox (2010)].

b) Terapia de reducci6 de sustrat

Una altra estrategia de tractament ha estat la terapia de reduccid de substrat (SRT), que utilitza
inhibidors de la glucosilceramida sintasa (Dwek et al., 2002) com la N-butildeoxinojirimicina (NB-
DNJ), conegut com a Miglustat o Zavesca® (via oral). La glucosilceramida sintasa és I’enzim
responsable de la sintesi del substrat acumulat en la malaltia de Gaucher. En els malalts de tipus 1

amb poca o moderada afectacid, s’utilitza com a segona linia de tractament.

El petit tamany de la NB-DNJ feia pensar en aquesta molécula com una bona candidata a ser
utilitzada en casos amb afectacié neurologica, pero 1’assaig clinic no va demostrar cap millora per

als simptomes neurologics (Schiffmann et al., 2008).

El producte Genz-112638 o tartrat eliglustat va sorgir amb la mateixa idea d’inhibir enzims
implicats en la sintesi de glicoesfingolipids. S’han dut a terme els estudis preclinics en un model
muri de la malaltia de Gaucher (Marshall et al., 2010). Tamb¢ s han realitzat assaigs clinics (fase II,

veure taula 1.3).

¢) Terapia genica

La terapia genica, dissenyada per a que corregis permanentment el defecte de les malalties
monogeniques mitjangant la transferéncia del gen normal, no ha donat els resultats esperats en la
malaltia de Gaucher (Barranger and Novelli, 2001). Els primers assaigs clinics que utilitzaven
vectors del tipus lentivirus per a transferir el gen de la glucocerebrosidasa a macrofags van tenir
baixa eficieéncia de transduccio6 i cap benefici clinic, tot i que anteriorment s havia descrit un metode

que transformava progenitors hematopoctics (Migita et al., 1995).

Mg¢s tard, s’han desenvolupat models murins (Enquist et al., 2006) que han estat emprats per a
evaluar la terapia amb lentivirus en una fase preclinica (Enquist et al., 2009). Un altre exemple és la
utilitzacio de virus adenoassociats (AAV) (McEachern et al., 2006), on el vector indueix, de manera
sostinguda, que el fetge secreti I’enzim, essent suficient per a prevenir ’acumulacié de

glucosilceramida, tant al fetge, com a la melsa i als pulmons.
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d) Altres alternatives

Altres métodes que s’han assajat com a possible estratégia terapéutica per a la malaltia de Gaucher,

son els quimeraplasts 1 I’ARN d’interferéncia (RNA1).

Els quimeraplasts es basen en les técniques de reparacido genica dirigida i sén molecules
quimeriques d’ARN-ADN capaces de corregir un gen mutat en c¢l-lules en cultiu, ja que permeten
el canvi d’un nucleotid mutat per un altre. S’ha proposat que el mecanisme d’accio es basa en la
capacitat que podrien tenir els quimeraplasts per induir la recombinacié homologa amb I’ADN que

es vol corregir (Gamper et al., 2000).

En la malaltia de Gaucher, el nostre grup va utilitzar aquesta técnica, pero els resultats no van ser

positius a I’hora de corregir mutacions (Diaz-Font et al., 2003).

Aquest metode ha estat posat en dubte per la comunitat cientifica (Taubes, 2002), degut a que la
majoria d’articles van ser publicats per un sol grup o per grups que col-laboraven amb aquest.
Posteriorment, van aparcixer altres articles amb resultats negatius en utilitzar quimeraplasts

(Manzano et al., 2003; Ruiter et al., 2003; Tagalakis et al., 2005).

La tecnica d’RNAI es basa en que un ARN de doble cadena (dsRNA) pot reprimir I’expressio d’un
gen homoleg. El dsRNA es processa en fragments de 21-28 nucleodtids, que s’anomenen siRNAs.
Un cop generats els siRNA poden recon¢ixer la seqiiencia nucleotidica del gen objecte d’interes 1
aixi es produeix el silenciament del gen. La inhibici6 de la transcripcié o de la traduccié del gen
diana esta causada per la unié dels siRNA a ribonucleopreteines formant un complex anomenat

RISC (RNA-induced silecing complex) que permet degradar I’ARNm (Hammond et al., 2000).

Pel que fa a ’RNAIi com a terapia de diferents malalties, ha estat utilitzada en cultius cel-lulars
(Miller et al., 2003), en models animals (Harper et al., 2005) i, fins i tot, s’ha arribat a assaigs
clinics (Check, 2005; Whelan, 2005). Aquesta técnica, s’utilitza per a inhibir 1’expressié de
diferents gens, tant exdogens com endogens. En la malaltia de Gaucher, el nostre grup (Diaz-Font et
al., 2006) ha aconseguit inhibir el gen de la glucosilceramida sintasa (GCS) huma, no tan sols amb
dos siRNA diferents, sind6 que també amb shRNA. Els shRNA son siRNA transcrits a partir de la

seqiiencia introduida en un plasmid.

En la taula 1.3 estan recopilats els assaigs clinics que es fan en I’actualitat i els que s’han dut a terme

previament (www.clinicalstrials.org).
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Taula 1.3. Assaigs clinics realitzats en pacients amb malaltia de Gaucher.

Producte Tipus Fase Farmaceutica Estat Duracid Referencia
Alglucerase: Ceredase® Tipus I - Genzyme Corp. Complet - (Barton et al., 1990)
Imiglucerase Cerezyme® Tipus I - Genzyme Corp. Complet - (Grabowski et al.,
1995; Zimran et al.,
1995b)
OGT 918 (Miglustat, Tipus I-IIT /1L Oxford Glycosciences Complet 2002-2007 (Cox et al., 2000)
Zavesca, Vevesca)
111 Actelion Actiu 2006-2010
AT2101: Tartrat Tipus I Observacional Amicus Therapeutics Complet 2007-2008 -
d’isofagomina (IFG) :
Plicera™ 1 Complet 2009
I Complet 2007-2009
I Complet 2007-2010
I Actiu 2008-2010
Lysodase Tipus I/IIT 41 - Complet 1993-2001 (Martin et al., 1989)
Alfa velaglucerasa Tipus I T/11 Shire Human Genetic Complet 2007-2009 (Aerts et al., 2010;
Therapies, Inc. Zimran et al., 2010)
111 Complet 2007-2009
1T Complet 2008-2009
v Actiu 2005-2013
it Actiu 2008-2014
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Tartrat eliglustat (Genz-
112638)

Alfa Taliglucerasa o
Glucocerebrosidasa
recombinant expressada
en cel-luels de planta
(prGCD)

1SU302

Gen de la
glucocerebrosidasa
humana transferida a
ce¢l-lules mare sanguinies

¢DNA huma de la
glucocerebrosidasa

Tipus I

Pacients pediatrics

Tipus I

Tipus I

il
111 (ENCORE)
11l (ENGAGE)
111 (EDGE)

1

I

11

i

v

11

Genzyme Corp.

Protalix

ISU Abxis Co., Ltd.

Actiu

Reclutant pacients
Reclutant pacients
Reclutant pacients
Complet

Complet
Reclutant pacients
Reclutant pacients
Reclutant pacients
Expansio

No obert encara

Complet

Complet

2006-2011
2009-2012
2009-2014
2010-2015
2005-2006
2006-2009
2008-2010
2008-2011
2010

2009-2011
2011

1999-2005

1988-2002

(Lukina et al., 2010)

(Aviezer et al., 2009)
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1.3.10 Prognosi i biomarcardors

Tots els pacients diagnosticats de la malaltia de Gaucher han de ser monitoritzats des d’un punt de
vista tant clinic com molecular, abans de 1’administracié del tractament i durant aquest.

Cal tenir en compte, que el pronostic de la malaltia de Gaucher és molt variable. En la malaltia de
tipus 2, els pacients generalment moren als pocs mesos de vida. En canvi, hi ha pacients tipus 1 en
que el diagnostic es realitza durant la senectut.

Per a determinar la progressid de la malaltia o la seva resposta als tractaments en nens i adults,
s’utilitza 1’analisi de biomarcadors, com la quitotriosidasa. Els nivells elevats de quitotriosidasa son
reflex d’un excés d’emmagatzemament de lipids (Hollak et al., 1994). Aquests nivells acostumen a

disminuir i segueixen estables després del tractament amb imiglucerasa.
Altres biomarcadors suggerits son:

- Quimocina CCL18/PARC: els nivells plasmatics poden servir com un marcardor en
pacients amb malaltia de Gaucher i la monitoritzacié dels nivells pot servir per a
determinar 1’eficacia terapeutica (Boot et al., 2004), especialment en pacients amb una
activitat quitotriosidasa deficient (Cox et al., 2008).

- MIP-lao i MIP-1B: I’elevacié dels nivells plasmatics es correlaciona amb les
manifestacions esquelétiques de la malaltia 1 la disminucié es produeix quan el
tractament ¢s efectiu (van Breemen et al., 2007).

- TNF-a: es detecten elevats nivells plasmatics en els casos més severs d’afectacio

neuronopatica (Michelakakis et al., 1996).
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1.4 Estudis cel-lulars: expressio d’al-lels mutats in vitro
L’objectiu principal dels estudis d’expressio d’al-lels mutats in vitro és comprovar que un canvi
nucleotidic trobat en un pacient té¢ un efecte sobre 1’activitat de 1’enzim.
La manca d’una bona correlacid genotip-fenotip complica el tractament dels pacients. Els estudis
d’expressid poden contribuir a establir correlacions genotip-fenotip. En el cas concret de la malaltia
de Gaucher, s’han realitzat diferents estudis d’expressio in vitro, tant de la proteina salvatge, com
de diferents mutants en baculovirus (Amaral et al., 2000; Choy et al., 1996; Grace et al., 1990;
Grace et al., 1994; Grace et al., 1999; Kim et al., 1996), virus vaccinia (Hodanova et al., 2003;
Pasmanik-Chor et al., 1997), cel-lules NIH 3T3 (Ohashi et al., 1991), cel-lules COS (Alfonso et al.,
2004; Grabowski et al., 1989; Torralba et al., 2001); gracies als valors d’activitat obtinguda per a
cada proteina mutant i a les troballes anatomopatologiques es pot aprofundir en la fisiopatologia de
la malaltia de Gaucher.
El sistema d’expressid que utilitza baculovirus és un metode molt eficient per a produir enzim
recombinant. Concretament, el sistema Bac-to-Bac utilitzat pel nostre grup anteriorment permet una
rapida seleccio dels baculovirus recombinants i 1’al-lel salvatge sobreexpressat t€¢ una activitat entre
7 1 10 vegades major que en fibroblasts (Montfort et al., 2004). Per altra banda, no es pot explicar la
baixa activitat residual de la mutacié N370S, associada a un fenotip lleu.
Pasmanik-Chor 1 colaboradors al 1997, van emprar el sistema d’expressio hibrid
T7/encefalomiocarditis (EMC)/virus vaccinia que té les avantatges segiients:

—Transcripcio eficient i traduccio del gen objecte d’estudi.

—Disminuci6 de la sintesi de la proteina endogena de 1’hoste, evitant fer el seguiment de la

proteina sobreexpressada amb anticossos.

El mateix sistema modificat va ser emprat per Hodanova (Hodanova et al., 2003) utilitzant
fibroblasts i linies cel-lulars BSC40. Les diferéncies en els resultats obtinguts no semblen ser
degudes al metode utilitzat, ja que un ampli rang de resultats han estat obtingut utilitzant el mateix
metode [revisat a Montfort et al. (2004)].
El sistema d’expressio mitjangant cel-lules COS havia estat emprat anteriorment per diversos autors
(Alfonso et al., 2004; Grabowski et al., 1989; Torralba et al., 2001). No tan sols és un sistema
d’expressid heterologa en cel-lules de mamifer per a expressar de forma rapida i senzilla, siné que
també permet obtenir gran quantitat de ARN (Laub and Rutter, 1983) 1 reprodueix fidelment el

procés de transcripcid que es duu a terme in vivo (Mellon et al., 1981).
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1.5 Models animals

El primer model animal natural descrit per a la malaltia de Gaucher va ser cani (Van De Water et
al., 1979). Tretze anys més tard, va arribar el model muri (Tybulewicz et al., 1992) mitjangant la
tecnica de disrupcid dirigida. S’obtenia un ratoli knock-out, mitjangant cél-lules mare embrionaries
modificades per un al-lel nul. Els ratolins homozigots per a la mutacio tenien un percentatge molt
baix d’activitat glucocerebrosidasa (4%) i morien a les 24 hores d’haver nascut, tot i que es restablia
la glucocerebrosidasa als lisosomes de les cel-lules del sistema reticuloendotelial.

Al 1998 van arribar els models murins per a mutacions puntuals, utilitzant la mutagénesi dirigida
(Liu et al., 1998). Els ratolins eren portadors de les mutacions L444P i RecNcil que es corresponien
amb el tipus 3 1 2. Tot i que els ratolins homozigots per a la mutacid6 L444P tenien alts nivells
d’activitat glucocerebrosidasa, no superaven les 48 hores de vida degut als defectes de la
permeabilitat de la barrera epideérmica.

Més endavant es van generar models per altres mutacions: N370S, V394L, D409H 1 D409L (Xu et
al., 2003). Tot 1 que es pensava que el ratoli portador de la mutacié N370S tindria una fenotip lleu,
aquest tenia una elevada taxa de mortalitat neonatal.

Al 2007, Enquist i col-laboradors van generar un ratoli transgénic amb una baixa expressio del gen
en la pell, evitant la letalitat precog¢ (figura 1.19). Els ratolins mostraven un fenotip similar a la
forma neuronopatica severa de la malaltia de Gaucher, és a dir, rapida disfuncié motora,
convulsions 1 hiperextensié del coll associada amb neurodegeneracié greu i mort neuronal per

apoptosi.

Figura 1.19. Model muri de la malaltia de Gaucher, extret de Enquist et

al. (2007).

Un segon model amb deficiencia de GBA a cel-lules progenitores tant de neurones com de cel-lules
de la glia, va demostrar una patologia neuronal similar, perd un retard en I’inici i una lenta
progressio de la malaltia. Aquestes troballes indiquen que la deficiéncia de la GBA en les cel-lules

de la microglia amb origen hematopoctic pot influenciar en la progressio de la malaltia, perd no és
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el més determinant en la patogeénia del SNC. Per altra banda les c¢l-lules de la microglia amb origen
hematopocétic no poden rescatar el fenotip neurodegeneratiu.

Pel que fa al gen PSAP, es van generar models animals per a la deficiéncia total de les saposines
(Fujita et al., 1996; Matsuda et al., 2001). Posteriorment, es van generar ratolins mutants per al
PSAP (Sun et al., 2003) i per a PSAP 1 GBA (Sun et al., 2005). Aquests ratolins es caracteritzen per
ser nuls per al gen PSAP i homozigots per a les mutacions D409H o V394L del gen GBA.
Fenotipicament son similars als dels mutants per al gen GBA, perd també presenten alteracions en el
sistema nervios central.

Un nou model de ratoli va ser generat creuant ratolins homozigots per a la mutacié V394L i ratolins
nuls per a la saposina C (Sun et al., 2010). La deficiéncia en la saposina C va portar a majors
disminucions en la glucocerebrosidasa i augments en els nivells de glucosilceramida i
glucosilesfingosina. Les caracteristiques dels ratolins eren similars al tipus 3 i el fenotip era

intermig.
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1.6 Les xaperones farmacologiques

Fins ara, només dues terapies farmacologiques especifiques han estat aprovades i aplicades amb
exit per els pacients de tipus 1: la ERT 1 la SRT. Una nova linia d’investigacié basada en petites
molecules (xaperones farmacologiques) s’ha obert per a poder oferir un tractament complementari

als pacients que no es poden beneficiar de la ERT o de la SRT.

Les xaperones farmacologiques son compostos no proteics de baix pes molecular que mimetitzen
I’efecte de les xaperones cel-lulars (Ringe and Petsko, 2009), ja que estabilitzen les proteines mal
plegades contra la desnaturalitzacid térmica 1 la degradacid per proteolisi. Aixi ho veiem en la

figura 1.20.

g Ribosome
v ) §
mRNA r
Endoplasmic reticulum membrane
Lumen m Molecular chaperonss
Protein:
-
(a) Correct folding ‘ (b} Mistolding and mis-assembly

sy ‘\/\)\/
/ ' \ gMutant  ps0
protein i
\ii typ

' \

Golgi apparatus Degadation Golgl apparatus

gj

a‘DﬂE)

TRENDS in Pharmacological Scwnces

Figura 1.20. Esquema del funcionament de les xaperones cel-lulars i de les xaperones farmacologiques, extret de Fan et
al. (2003).

Les xaperones farmacologiques son un subtipus de xaperones quimiques que es caracteritzen per la

seva especificitat.

S’uneixen al centre catalitic a traves de diferents interaccions favorables (electrostatiques, van der
Waals i1 ponts d’hidrogen), millorant el replegament o 1’estabilitat de la proteina mutada (Sawkar et
al., 2002) 1 aixi permeten que aquesta arribi a 1’aparell de Golgi i1 continui la seva maduracio,

evitant la degradacio per part del sistema del proteasoma, tal i com s’evidencia en la figura anterior.
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Cal destacar el comportament paradoxal que tenen sobre I’enzim alterat, ja que a elevades
concentracions actuen com a inhibidor competitiu de I’enzim i a concentracions inferiors al llindar

d’inhibici6 actuen incrementant 1’activitat enzimatica del mateix enzim (Sawkar et al., 2002).

S’ha testat 1is de xaperones farmacologiques en malalties genétiques originades per mutacions que
donen lloc a proteines alterades, perd amb una certa activitat residual, com ¢és el cas de la fibrosi
quistica (AF508) (Brown et al., 1996) i el de la deficiéncia d’a-antitripsina (p.E342K) (Fan, 2003).
També s’ha descrit una millora farmacologica demostrada per a algunes malalties d’origen
lisosomic utilitzant cultius cel-lulars in vitro 1 models animals, com és el cas de les malalties que es
detallen a continuaci6:

- Fabry (Asano et al., 2000; Fan et al., 1999; Frustaci et al., 2001).

- Gangliosidosi GM1 (Matsuda et al., 2003).

- Gangliosidosi GM2: Tay Sachs (Tropak et al., 2004).

En el cas concret de la malaltia de Gaucher s’han assajat I’efecte de 1’iminosucre N-(n-nonil)-
deoxinojirimicina (NN-DNJ) 1 altres analegs amb cadena alquilica de diferent llargada 1 s’ha
evidenciat, a elevades concentracions, la inhibici6 de diferents enzims, entre ells la

glucocerebrosidasa (Sawkar et al., 2002).

Sawkar 1 col. (2002) descriuen la funcidé que realitza la NN-DNJ, sobre les proteines produies per
’al-lel salvatge i pel portador de la mutacid N370S: I’enzim estabilitzat a pH neutre pot passar del
reticle endoplasmatic, on es produeix la glicosilacid, fins a I’aparell de Golgi; d’aquesta manera es
permet el transport de la proteina fins al lisosoma, on realitza la seva funcid. En darrer terme aquest
efecte té com a conseqiiéncia I’increment de 1’activitat en 1’al-lel salvatge 1 en 1’al-lel portador de la

mutacio N370S. Aquest efecte no es produeix en el portador de la L444P (Sawkar et al., 2002).

Per altra banda, un altre iminosucre (N-butildeoxinojirimicina (NB-DNJ)), aprovat al 2003 com a
tractament terapéutic i conegut comercialment amb el nom de Miglustat (Zavesca®), utilitzat per a
inhibir DP’enzim glucosilceramida sintasa (GCS) responsable de la formacidé del substrat
(glucosilceramida) que s’acumula en la malaltia de Gaucher, té capacitat d’actuar com a xaperona a

baixa concentracié sobre la GBA; el seu mecanisme d’acci6 es representa a la figura 1.21.
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Glucosilceramida o
glucocerebrosid
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Figura I.21. El mecanisme d’acci6 de la NB-DNIJ esta representat aqui: a concentracions terapeutiques inhibeix la GCS,
evitant I’acumulacio dels glucocerebrosids als macrofags; a concentracions subinhibidores per a la GCS, actua sobre la

GBA com a xaperona quimica.

A partir dels iminoscures NN-DNJ 1 NB-DNJ, diversos autors han sintetitzat derivats que tenen
activitat sobre la mutaci6 N370S (Chang et al., 2006; Steet et al., 2006) 1 també sobre altres
mutacions que causen la malaltia de Gaucher (Lin et al., 2004; Sawkar et al., 2005; Yu et al., 2007).
Per altra banda, altres inhibidors de la GBA no derivats dels glucids (Zheng et al., 2007) 1 la
isofagomina (Lieberman et al., 2007) també han estat testats sobre I’enzim mutat N370S en c¢l-lules
de pacients. En el cas de la isofagomina (tartrat d’isofagomina, AT2101), s’ha arribat a dur a terme
un assaig clinic fase II. Posteriorment, [’assaig clinic fase III s’ha aturat

(http://ir.amicustherapeutics.com/Release-Detail.cfm?ReleaseID=413437).

A més a més, un grup d’analegs de la quinazolina ha estat testat en fibroblasts de pacients (Marugan
et al., 2011) amb resultats positius, evidenciats per canvis en I’acimul cel-lular de glucocerebrosid,
mitjancant la immunofluorescéncia.

Cal mencionar que els nous compostos que s’han desenvolupat no sén derivats d’iminosucres, poc
selectius i estabilitzadors de 1’estat intermig enzim-substrat, sind que una gran varietat de possibles
xaperones farmacologiques tenen capacitat inhibidora perd han de ser reversibles, per tal que el
substrat doni pas al producte.

En la taula 1.4 es presenta un resum dels compostos testats fins ara i els efectes que produeixen

sobre diferents GBAs mutades.
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Taula .4. Xaperones farmacologiques testades i els seus efectes.

COMPOST CEL-LULES MUTACIONS ACTIVITAT DIES TIPUS CONCENTRACIO AUTOR
(COMPOST) (RANG)
NN-DNIJ (A), Fibroblasts WT Augment amb A 1-9 Intactes 5uM (Sawkar et al., 2002)
NB-DNIJ (B), N370S/N370S Augment amb A Lisades (0-100 uM)
N-octil-DNJ (C), L444P/L444P Disminucié amb A
N-7-oxadecil-DNJ (D),
N-dodecil-DNJ (E)
NB-DNJ COS-7 WT, VI5M, 123T, Augment 6 Lisades 10 uM (Alfonso et al., 2005)
estables S364R i N370S
L444P i S465del Sense efecte
P266L i L336P Disminucié
IFG (A), Fibroblasts N370S/N370S Augment amb A 5 Lisades 50 uM (Chang et al., 2006)
N-dodecil deoxinojirimicin (B), (1-50 uM)
calistegines A3, B1, B2 i Cl1 (C),
1,5-dideoxi-1,5-iminoxilitol (D)
IFG Fibroblasts WT Augment 5 Lisades 30 uM (Steet et al., 2006)
N370S/N370S Augment 3-5 30-100 uM
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NOV (A),
DGJ (B),
NOEV (C)

D-glucosilceramida (A),

8 derivats de la glucosa (B),
11 analegs del C-glicosid (C),
7 analegs de la DNJ (D),

6 altres (E)

3 analegs de la IFG (A),
2 analegs del 2,5-anhidro-2,5-imino-
D-glucitol (B)

NN-DNJ (A),

NB-DNIJ (B),

analegs d’aminoquinolines (C),
analegs de sulfonamides (D),

analegs de triazines (E)

IFG

Derivats de 1,5-Dideoxi-1,5-imino-

D-xilitol (DIX)

Fibroblasts

Fibroblasts

Fibroblasts

Fibroblasts

F2131/F2131 1
F2131/L444P
N370S/84GG,
L444P/RecNeil i
L444P/L444P

WT
N370S/N370S
G202R/G202R
L444P/L444P

N370S/N370S
G202R/G202R
L444P/L444P

WT
N370S/N370S

N370S/N370S

N370S/N370S

Augment amb A 4
Sense efectes amb A (4-9)
Augmentamb D i E 5

Augment amb D i E
Augment amb D i E

Sense efectes amb A-E

Augment amb A i B 5
Augment amb A i B

Sense efectes amb A i B

Augment amb A i C 2-3
Augment amb A, C-E

Augment 5

Augment 4

Lisades

Intactes

Intactes

Intactes

Lisades

Lisades

30 uM
(20-100uM)

10 nM-100 uM

0-150 uM

13,3 uM - 40uM

0-300 uM

10 nm

(Lin et al., 2004)

(Sawkar et al., 2005)

(Yu et al., 2007b)

(Zheng et al., 2007)1

(Lieberman et al.,
2007)
(Compain et al., 2006)
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2-O-hexyl-DIX (+)

oJ-lactams N-substituis

IFG

Alfa-1-C-octil-1-deoxinojirimicina

Diltiazem (A),
Verapamil (B),
IFG (C)

Ambroxol

Analegs de quinazolina

Fibroblasts

Limfoblasts

Limfoblasts

Fibroblasts

Fibroblasts

Fibroblasts

Fibroblasts

Limfoblasts

Fibroblasts

N370S/N370S

N370S/N370S

N370S/N370S
LA444P/L444P

N370S/N370S
LA444P/L444P

N370S/N370S
L444P/LA444P
F2311/L444P

N370S/N370S
L444P/L444P
F2311/L444P
WT

N370S

WT
N370S/N370S

Augment

Augment

Augment

Augment

Augment

Sense efectes

Augment amb A, B, C, A+C)
Augment amb A, C, A+C
Augment amb A, C, A+C

Disminuci6 dels nivells de

glucocerebrosid

Augment de la GBA

localitzada al lisosoma

7

10-15

Lisades

Lisades

Lisades

Lisades

Lisades

Lisades

Immunofluorescenci

a

10 nm

50 uM

0-60 uM

0-50 uM

5-30 uM

20 uM

1nm-25 uM

(Oulaidi etal., 2011)

(Wang et al., 2009)

(Khanna et al., 2010)

(Yu et al., 2006)

(Rigat and Mahuran,
2009)

(Maegawa et al., 2009)

(Marugan et al., 2011)

WT: Allel salvatge, IFG: Isofagomina, NOV: N-octil-beta-valienamina, DGJ: 1-deoxi-galactonojirimicina, NOEV: N-octil-h-epivalienamina
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OBJECTIUS

Enmarcat en el grup d’estudi de malalties lisosomiques del Departament de Genetica
de la Facultat de Biologia de la Universitat de Barcelona, I’objectiu general del treball
era desenvolupar una possible estratégia terapéutica per a la malaltia de Gaucher

basada en 1’us de xaperones farmacologiques.

Els objectius concrets plantejats van ser:
1.L’expressio in vitro, mitjangant cel-lules COS-7, de diversos al-lels mutats del
gen GBA 1 la caracteritzaci6 de les proteines GBA mutades.
2.Assajar I’efecte dels iminosucres (NN-DNJ i NB-DNJ), aminociclitols i1 dels
seus derivats com a possibles xaperones farmacologiques sobre les proteines
mutades, tant en cél-lules COS-7 transfectades amb cDNAs mutats com en

fibroblasts de pacients.

47






3. RESULTATS






RESULTATS

3.1 Informe dels directors de tesi

Aquest ¢s I’informe dels directors de tesi sobre la contribucid de la doctorand a les

publicacions d’aquesta tesi doctoral.

Titol de la Tesi: “Aproximacio terapeutica per a la malaltia de Gaucher basada en
xaperones”
Autor: Gessami Sanchez Oll¢

Directors: Dr. Daniel Grinberg Vaisman i Dra. Lluisa Vilageliu Arqués

ARTICLE 1

Titol: Homozygosity for the double D409H+H2550Q allele in type II Gaucher disease
Autors: Helen Michelakakis, Marina Moraitou, Evagelia Dimitriou, Raiil Santamaria,
Gessami Sanchez, Laura Gort, Amparo Chabas, Daniel Grinberg, Maria Dassopoulou,
Spyros Fotopoulos, Lluisa Vilageliu.

Publicacié: Journal of Inherited and Metabolic Diseases (2006) 29:591

Online citation: JIMD Short Report #011 (2006) Online.

indexs de qualitat: IF 2009=3,598

Aportacio de la doctorand a Darticle: Participacié en ’analisi de mutacions 1 en

I’edici6 final.

ARTICLE 2

Titol: Haplotype Analysis Suggests a Single Balkan Origin for the Gaucher Disease
[D409H;H2550Q] Double Mutant Allele

Autors: Raiill Santamaria, Helen Michelakakis, Marina Moraitou, Evangelia
Dimitriou, Silvia Dominissini, Serena Grossi, Gessami Sanchez-Ollé, Amparo
Chabas, Maria Gabriela Pittis, Mirella Filocamo, Lluisa Vilageliu, Daniel Grinberg
Publicacio: HUMAN MUTATION Mutation in Brief #1010, 29:E58-E67, 2008
indexs de qualitat: IF 2009=6,887

Aportaci6 de la doctorand a I’article: Clonaci6 i mutageénesi dirigida. Transfeccid
en cel-lules COS-7. Mesura de I’activitat de cel-lules COS-7. Participacio en 1’edicid

final.
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ARTICLE 3

Titol: Promising results of the chaperone effect caused by imino sugars and
aminocyclitol derivatives on mutant glucocerebrosidases causing Gaucher disease.
Autors: Gessami Sanchez-Ollé, Joana Duque, Meritxell Egido-Gabas, Josefina
Casas, Montserrat Lluch, Amparo Chabas, Daniel Grinberg, Lluisa Vilageliu
Publicacié: Blood Cells, Molecules, and Diseases 42 (2009) 159-166

indexs de qualitat: IF 2009=2,901

Aportacié de la doctorand a D’article: Clonacié i mutagénesi dirigida. Cultiu de
cel-lules COS-7. Transfeccio en cel-lules COS-7. Tractament de les cel-lules COS-7
amb els productes (NB-DNJ, NN-DNJ, aminociclitols 1-4). Mesura de ’activitat de
cel-lules COS-7. Analisi estadistica i1 participacio activa en la discussid dels resultats.

Redaccio del primer esborrany del manuscrit i participacié en 1’edici6 final.

ARTICLE 4

Titol: Chaperone effects caused by new aminocyclitol derivatives on mutant
glucocerebrosidases causing Gaucher disease.

Autors: Lucia Diaz, Gessami Sanchez-Oll¢, Josefina Casas, Daniel Grinberg,
Antonio Delgado and Lluisa Vilageliu

Publicacié: Manuscrit en preparacio

Aportacio de la doctorand a Particle: Cultiu de fibroblasts de pacients. Mesura de
I’activitat GBA en fibroblasts de pacients i del nombre de cel-lules. Tractament dels
fibroblasts amb els productes (NB-DNJ, NN-DNJ, IFG, aminociclitols 1-6). Analisi
estadistica 1 participacio activa en la discussid dels resultats. Redaccid del primer

esborrany del manuscrit i participacio en I’edicio final.

Barcelona, 8 de juny de 2011

Signat pels directors

Dr. Daniel Grinberg Vaisman Dra. Lluisa Vilageliu Arqués
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3.2 Publicacions
3.2.1 Capitol 1: Expressio i origen de I’al-lel D409H;H255Q
3.2.1.1 Article Michelakakis i col-laboradors 2006.

RESUM:

L’homozigositat per a 1’al-lel D409H ha estat associada amb un subtipus especial del
tipus 3 de la malaltia que presenta un fenotip dominat per una greu implicacid
cardiovascular, mentre que els simptomes neurologics, si hi son presents, estan
restringits a 1’apraxia oculomotora 1 la hepatoesplenomegalia €s minima o absent.
Utilitzant I’amplificacio per PCR i I’analisi per enzims de restriccio, es va identificar
el genotip de 3 pacients (1 d’origen grec, 2 d’origen albanés) com a D409H/D409H.
Tots compartien un fenotip molt sever de manifestacid primerenca, que els
classificava com a tipus 2. L’amplificacio i la seqiienciacio de tota la regio codificant
del gen GBA va revelar que tots tres pacients eren homozigots, no només per a la
mutacié D409H, sin6 també per a la H255Q. Ambdues mutacions estaven presents en
el mateix al-lel, com es va demostrar per 1’analisi de I’ADN dels progenitors. L’al-lel
doble D409H+H255Q va ser trobat en heterozigositat en pacients grecs, bulgars i
argentins, pero no va ser identificat en cap pacient espanyol portador de la mutacid

D409H.
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SHORT REPORT

Homozygosity for the double D409H-+H255Q allele in type 11

Gaucher disease
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Summary Homozygosity for D409H has been associated
with a unique type III subtype of the disease with a phenotype
dominated by severe cardiovascular involvement, whereas
neurological findings, if present, are restricted to oculomo-
tor apraxia and features such as visceromegaly are either
minimal or absent. Using PCR amplification followed by re-
striction enzyme analysis, 3 patients (1 Greek, 2 Albanians)
were identified with the D409H/D409H genotype. All shared
a very severe early-onset neurological phenotype that classi-
fied them as type II. Amplification and sequencing of the full
coding region of the GBA gene revealed that all three patients
were homozygous not only for D409H but also for H255Q.
Both mutations were present on the same allele, as shown by
analysis of the parental DNA. The double D409H+H255Q
allele was found in heterozygosity in Greek, Bulgarian and
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Argentinian patients but was not identified in any Spanish
patients carrying the D409H mutation.

Abbreviations
ER endoplasmic reticulum
PCR  polymerase chain reaction

PARC pulmonary and activation regulated CC chemokine

Homozygosity for D409H has been associated with the IIlc
subtype of Gaucher disease (McKusick 230900006). Its phe-
notype is dominated by severe cardiovascular involvement
(Beutler and Grabowski 2001), whereas neurological find-
ings, if present, are restricted to oculomotor apraxia and
visceromegaly is either minimal or absent. D409H is the
second most frequent mutation in Greek Gaucher disease
patients, accounting for 17.5% of the identified mutated alle-
les. Using PCR amplification and restriction analysis, three
patients with the D409H/D409H genotype were identified.
All shared a very severe early-onset phenotype that differ-
entiated them from the patients described previously (Ta-
ble 1). A full description of patient A (Greek origin) has
been reported (Michelakakis et al 2002). Patient B (Alba-
nian origin) presented at birth with hepatosplenomegaly and
petechial rash. By the time of death, 2 months later, severe
opisthotonus and spasticity without oculomotor apraxia were
evident, liver and spleen size had increased and ascites de-
veloped. Patient C (Albanian origin) was hospitalized on the
28th day of life owing to acute respiratory distress. Hep-
atosplenomegaly, marked hypertonia and opisthotonus were
noted. The patient’s condition deteriorated rapidly and she
died at 5 months of age. Laboratory findings in patients B and
C included thrombocytopenia and increased transaminases,
bilirubin, PARC levels and chitotriosidase activity. Foam
cells were present in bone marrow aspiration. 3-Glucosidase
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Table 1 Brief clinical description of our patients and the phenotype associated with type Illc Gaucher disease

Patient A Patient B Patient C Type Illc
Onset 3 months birth birth 2-20 years
Hepatosplenomegaly +++ +++ +++ +
Neurological involvement ~ Oculomotor apraxia, Severe opisthotonus, Sucking and swallowing ~ Oculomotor apraxia
sucking and spasticity difficulties,
swallowing opisthotonus,
difficulties, hypertonia of the
hypertonia, limbs
generalized
tonic-clonic
convulsions
Cardiac involvement Increased ventricular - - Progressive thickening
septal thickness, and calcification of
trivial insufficiency of mitral and aortic
the aortic valve valves
Corneal opacities + - - +
Age of death 15 months (received 2 months 5 months >20 years

ERT for 3 months)

ERT, enzyme replacement therapy

(EC 3.2.1.45) activity in white blood cells of the patients was
2.1-3.7% of the mean normal value.

Sequencing of the full coding region of the GBA gene re-
vealed that the three patients were in fact homozygous not
only for the D409H but also for the H255Q mutation. Inves-
tigation of the parental DNA showed both mutations to be in
the same allele.

This prompted us to reanalyse the patients bearing the
D409H mutation for the presence of the H255Q change, in-
cluding Greek (n = 6), Spanish (n =7), Bulgarian (n = 3) and
Argentinian (n = 4) patients. The double D409H+H255Q
allele was found to be present in heterozygosity in all the
Greek (four type I, two type II), all the Bulgarian and two of
the Argentinian patients tested. However, the mutation was
not identified in any Spanish patients (two homozygous and
five heterozygous for the D409H mutations) or in two Ar-
gentinian patients (heterozygous for D409H). The H255Q
mutation was not found in 100 control individuals of Greek
(50) and Spanish (50) origin. The high frequency of the dou-
ble allele in the Balkans is intriguing and haplotype analysis
is underway.

H255Q was first described in a type II Gaucher disease
patient of Greek descent in heterozygosity with the severe
RecTL (Stone et al 2000). So far, this is the only patient in
whom H255Q was found alone and not with D409H. While
our study was in progress, homozygosity for D409H and
H255Q was reported in a patient of Albanian origin, de-
scribed as an atypical Gaucher patient, intermediate between
type II and type III (Filocamo et al 2005).

Phenotype—genotype correlation has been an issue since
the discovery of the responsible gene and disease causing-
mutations in Gaucher disease. Although by now some

@ Springer

conclusions can be drawn, there are several patients who
cannot be classified in the classic three types of the disorder,
and often patients bearing the same genotype exhibit clear
differences in their phenotypes.

Genotyping relying solely on PCR methodologies can
be a source of such discrepancies (Tayebi et al 2003). In
our patients, sequencing of the whole GBA gene revealed
that they were actually homozygous for the complex allele
D409H+-H255Q, thus explaining the discordance between
their phenotype and that of type Illc.

On the other hand, our patients had a more severe pheno-
type than that of the patient described earlier (Filocamo et al
2005). It has been suggested that such differences could result
from specific genetic modifiers such as loci affecting chap-
erone binding, protein folding and intracellular trafficking
(Goker-Alpan et al 2005). In that context, it is of interest that
recent data strongly suggest that the degree of ER retention
and proteosomal degradation of mutant glucocerebrosidase
variants is one of the factors that determine the severity of
Gaucher disease (Ron and Horowitz 2005). Such an effect
remains to be established in our patients.

Acknowledgements We are grateful to the Laboratorio de Neuroquim-
ica “Dr N. A. Chamoles” Buenos Aires, Argentina, and to Profes-
sor I. Kremensky and Dr E. Michayolova, Laboratory of Molecular
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oratories of Barcelona was partially funded by CICYT (SAF 2003-
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3.2.1.2 Article Santamaria i col-laboradors 2008.

RESUM:

La malaltia de Gaucher és una malaltia d’actimul lisososmic autosomica recessiva,
deguda principalment a mutacions en el gen GBA. La majoria d’al-lels mutats descrits
porten una Unica mutacid. No obstant, hi ha alguns al-lels que en porten dues o més.
S’ha descrit que pacients homozigots per a 1’allel doble mutant [D409H;H255Q)]
(nomenclatura aprovada per HGVS, p.[D448H;H294Q]) presenten un fenotip més
greu que els pacients homozigots per a la mutacié D409H, relativament freqlient. En
aquest treball, hem confirmat I’efecte negatiu acumulatiu d’aquestes dues mutacions a
nivell d’activitat enzimatica, gracies a 1’expressio heterologa dels al-lels tnics 1 doble
mutant. A més a més, hem trobat una elevada freqiiencia de I’al-lel [D409H;H255Q)]
en pacients dels Balcans i de la zona adriatica d’Italia. Aixo va portar-nos a analitzar
els haplotips, utilitzant cinc polimorfismes del tipus microsatel-lit propers al gen GBA,
per a determinar I’origen d’aquest al-lel. El resultat dels 37 cromosomes analitzats
mostra que la majoria comparteixen un haplotip comu i aixo és consistent amb un

unic origen als Balcans 1 a la zona adriatica d’Italia per a ’al-lel [D409H;H255Q)].
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Haplotype Analysis Suggests a Single Balkan Origin
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Communicated by Elizabeth F. Neufeld

Gaucher disease is an autosomal recessive lysosomal storage disease that is mainly due to
mutations in the GBA gene. Most of the mutant alleles described so far bear a single
mutation. However, there are a few alleles bearing two or more DNA changes. It has been
reported that patients homozygous for the [D409H;H255Q] double mutant allele (HGVS-
approved nomenclature, p.[D448H;H294Q]) present a more severe phenotype than patients
homozygous for the relatively common D409H mutation. In this study, we confirmed the
detrimental cumulative effect of these two mutations at the enzymatic activity level by the
heterologous expression of the single and double mutant alleles. Additionally, we found a
high frequency of the [D409H;H255Q)] allele in patients from the Balkans and the Adriatic
area of Italy. This prompted us to perform a haplotype analysis, using five microsatellite
polymorphisms close to the GBA gene, to determine the origin of this allele. The results of
the 37 chromosomes analysed showed that most of them share a common haplotype and are
consistent with a single origin in the Balkans and the Adriatic area of Italy for the
[D409H;H255Q)] allele. © 2008 Wiley-Liss, Inc.

KEY WORDS: Gaucher disease; GBA; haplotype analysis; expression studies

INTRODUCTION

Gaucher disease (GD), an autosomal recessive disorder, is mainly due to mutations in the glucocerebrosidase
gene (GBA; MIM# 606463; GenBank accession no. J03059.1) encoding the lysosomal enzyme acid B-glucosidase

Received 3 December 2007; accepted revised manuscript 31 January 2008.

© 2008 WILEY-LISS, INC.
DOI: 10.1002/humu.20776
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(D-glucosyl acylsphingosine glucohydrolase, EC 3.2.1.45). The disease has classically been divided into three
types on the basis of clinical symptoms and neurological involvement: type I (non-neuronopathic; MIM# 230800),
type II (acute neuronopathic, MIM# 230900) and type III (subacute neuronopathic, MIM# 231000), although there
is growing evidence that it would be more correctly characterized as a continuum of phenotypes [Sidransky, 2004].
For a review on Gaucher disease see Beutler and Grabowski [Beutler and Grabowski, 2001].

To date, more than 200 mutations have been identified in the GBA gene [Stenson et al., 2003; Beutler et al.,
2005] (see also: http://www.hgmd.org). Some genotype-phenotype correlations have been established, such as the
presence of mutation c.1226A>G (N370S), either in homozygosity or heterozygosity, with type 1, non-
neuronopathic disease; or that of the allele ¢.1448T>C (L444P), in the absence of a mild mutation, in the
neuronopathic forms of the disease [Theophilus et al., 1989]. The [D409H]+[D409H] genotype has been associated
with a special type 3 phenotype that presents severe cardiac involvement and oculomotor apraxia [Abrahamov et
al., 1995; Chabas et al., 1995].

Most of the GBA mutant alleles bear a single DNA change. However, there is an increasing number of cases in
which a known disease-causing mutation can also occur as part of a double mutant allele. In general, one of them
is a known disease-causing mutation and is also found alone; while the other is not normally found as the single
change in a mutant allele. Although the latter could be considered a neutral polymorphism, it has been shown that
its presence as a second in cis variation on a mutant allele can have a cumulative detrimental effect on the mutant
protein [Montfort et al., 2004; Chabas et al., 2005; Ron et al., 2005]. A typical example of this type of mutant is
E326K. The E326K change can be present, as an isolated variation, in healthy individuals [Park et al., 2002].
However, it can also coexist in cis with L444P, N188S or D140H in GD patients. The double mutant allele
[L444P;E326K] was found to further decrease enzyme activity and to be associated with a more severe phenotype
than that expected from the single L444P allele [Chabas et al., 2005]. In the case of the double mutant
[E326K;D140H], Ron et al. [2005] found an activity of 30% of that of the wild type enzyme both for E326K alone
and for the double mutant, but a high activity (70-80% of wild-type) for D140H, suggesting that E326K was the
pathogenic mutation.

In this study we present the characterization of another double mutant allele, in which D409H coexists in cis
with the H255Q [D409H;H255Q] (HGVS-approved nomenclature, p.[D448H;H294Q]). Homozygosity for this
double mutant allele has been associated with a phenotype that is more severe than that expected from the
homozygosity for D409H [Filocamo et al., 2005; Michelakakis et al., 2006]. We now report a series of thirty-two
unrelated patients, who are homozygous for [D409H;H255Q] or compound heterozygous for this double mutant
allele in combination with known or new mutations. We performed haplotype analyses on thirty-seven
[D409H;H255Q)] alleles from these patients. Most of them were from the Balkans, including Albania, Bulgaria,
Greece and Serbia, and from the Adriatic area of Italy. The results suggest that this double mutant allele has a
single origin.

MATERIALS AND METHODS

Subjects

The patients were diagnosed at the Institute of Child Health, Athens, Greece; the Laboratory of Molecular
Pathology, Medical University, Sofia, Bulgaria; “Diagnosi Pre-Postnatale Malattie Metaboliche” Laboratory,
Genova, Italy; “Unita di Malattie Metaboliche”, IRCCS Burlo Garofolo, Trieste, Italy; and the “Laboratorio Dr. N.
A. Chamoles”, Buenos Aires, Argentina. Their origin, clinical type and age of onset are listed in Table 1. Patients
that have been described previously are indicated. The control group consisted of DNA samples from unrelated
healthy subjects. Following ethical and legal rules, samples were collected after obtaining written informed
consent.

Mutation Detection

For the samples of patients who have not been described previously, the whole coding region of the GBA
gene, and the intronic flanking sequences were PCR-amplified and sequenced. New mutations were confirmed by
restriction analysis and were not found in 50 Spanish and 50 Greek healthy individuals.
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TABLE 1. GBA Genotype, origin and clinical features of patients bearing the [D409H;H255Q] allele

Patient Genotype* Origin Clinical features
Type Age of onset
1° [D409H;H255Q]+[D409H;H255Q)] Evia (Greece) I 3m
2° [D409H;H255Q]+[D409H;H255Q)] Albania I birth
3° [D409H;H255Q]+[D409H;H255Q)] Albania/Iperus (Greece) II birth
4 [D409H;H255Q]+[D409H;H255Q)] Albania 11 birth
5 [D409H;H255Q]+[D409H;H255Q)] Albania i Sm
6 [D409H;H255Q]+[N370S] Minor Asia/East Thrace I ?
7 [D409H;H255Q]+[N370S] Athens (Greece) I ?
8 [D409H;H255Q]+[N370S] Northern Greece 1 69y
9 [D409H;H255Q]+[N370S] Greece I ?
10 [D409H;H255Q]+[N370S] Athens (Greece) I ?
11 [D409H;H255Q]+[N370S] Central Greece I ?
12 [D409H;H255Q]+[N370S] Albania I 35y
13 [D409H;H255Q]+[L444P] Lesvos (Greece) 1T 2y
14 [D409H;H255Q]+[N370S] Albania I 23y
15 [D409H;H255Q]+[N370S] Evia (Greece) I birth
16 [D409H;H255Q]+[R120W] Athens (Greece) 1I birth
17 [D409H;H255Q]+[N370S] Iperus (Greece) I ?
18 [D409H;H255Q]+[Y 108C] Black sea area 1 ?
19 [D409H;H255Q]+[N370S] Bulgaria (Turkish origin) I ?
20 [D409H;H255Q]+[L444P] Bulgaria (Turkish origin) i ?
21 [D409H;H255Q]+[c.1279_1281del] Bulgaria 11 ?
22 [D409H;H255Q]+[N370S] Puglia (Italy) I 38y
23 [D409H;H255Q]+[G46E] Puglia (Italy) I 4y
24 [D409H;H255Q1+[ F213I] Albania 111 Sy
25 [D409H;H255Q]+[N370S] Albania I ?
26 [D409H;H255Q]+[N370S] Abruzzo (Italy) I ?
27 [D409H;H255Q]+[N370S] Albania-Kosovo I 7y
28 [D409H;H255Q]+[N370S] Emilia Romagna (Italy) I 12y
29 [D409H;H255Q]+[N370S] Puglia (Italy) I ?
30 [D409H;H255Q]+[L444P] Serbia 1 18 m
31° [D409H;H255Q]+[F4111I] Argentinean 1 ly
32 [D409H;H255Q]+[D380Y] Argentinean’ 11 4 m

* Described in Michelakakis et al. [2006];® Described in Filocamo et al. [2005];° Described in Cormand et al. [1998] (as D409H/F4111);
4 The mother (bearing allele [D409H;H255Q)]) has an Italian surname; m:months; y:years .
*After the traditional GBA protein mutation numbering. See Table 2 for approved systematic nomenclature.

Mutation Nomenclature

Mutations at the protein level are described following the traditional nomenclature within the Gaucher field,
which considers amino acid 1 the first amino acid after the signal peptide. To convert this nomenclature into the
one that follows the recommendation by den Dunnen and Antonarakis [2001] and the HGVS
(www.hgvs.org/mutnomern/), i.e. considering the first ATG as codon 1, 39 amino acids should be added. Table 2
shows the cDNA nomenclature, which reflects cDNA numbering with +1 corresponding to the A of the first ATG
translation initiation codon in the reference cDNA sequence (M16328.1), together with the two protein-based
nomenclatures, the one used by the GD community and the systematic one, following the HGVS recommendation.
Note that for the double mutant alleles, only the single mutations are included, except for the [D409H;H255Q)]
allele, the main topic of the present study.

Site-directed Mutagenesis

The H255Q and D409H mutations were introduced in the wild type full length cDNA GBA, cloned in pcDNA3
(Invitrogen, Carlsbad, CA, USA), by site-directed mutagenesis using the Quikchange Site-Directed Mutagenesis
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Kit (Stratagene, Cedar Creek, TX, USA), according to the manufacturer's instructions. The primers used for the
H255Q mutation were 5’-GGCTTCACCCCTGAACAGCAGCGA-3’ (sense) and 5’-
GAAGTCTCGCTGCTGTTCAGGGGTGAAGCC-3’ (antisense). The primers used for the D409H mutation were
5’-GTCCCATCATTGTAGACATCACCAAGCACACGTTTT-3’ (sense) and 5’-
GTAAAACGTGTGCTTGGTGATGTCTACAATGATGGG-3" (antisense). The double mutant was obtained
using pcDNA3-H255Q as the template. Each clone was entirely sequenced to confirm that no other mutations were
introduced by the PCR-based mutagenesis procedure.

TABLE 2. GBA Mutation Nomenclature

cDNA® Protein (traditional in GD®)  Protein (as recommended by HGVS©)
c.254G>A G46E p-G85E

c.440A>G Y108C p-Y147C

c.475C>T R120W p-R159W

¢.535G>C D140H p.D179H

c.680A>G N188S p-N227S

c.754T>A F2131 p.F2521

c.882T>G H255Q p-H294Q
c.1093G>A E326K p-E365K
c.1226A>G N370S p.N409S

c.1255G>T D380Y p.D419Y

c.1279 1281del E388del p.E427del
c.1342G>C D409H p-D448H
c.1348T>A F4111 p.F4501

c.1448T>C L444P p.-L483P

c.1483G>C A456P p.A495P

c.1497G>C V460V p.V499V
[c.1342G>C;c.882T>G] [D409H;H255Q] [p.D448H; p.H294Q]

* Nucleotide numbering reflects cDNA numbering with +1 corresponding to the A of the first ATG translation initiation
codon in the reference cDNA sequence (M16328.1).

® Traditional codon numbering begins 39 codons downstream from the first ATG.

¢ HGVS-recommended nomenclature numbers codons beginning with the first ATG as codon 1.

Cell Culture and Transient Transfection

COS-1 cells were grown on monolayers in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% foetal calf serum, 2mM L-glutamine and 50 mg/ml penicillin/streptomycin (Gibco, Paisley, UK) and
transfected with the wild type and mutant constructs using Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA,
USA), according to the manufacturer’s instructions. Each construct was transfected in triplicate for three
independent experiments, using different DNA preparations. Cells were harvested after 48 h and assayed for acid
B-glucosidase activity and Western blot.

Enzyme Activity Assay

Acid B-glucosidase activity was measured using the fluorogenic substrate 4-methylumbelliferyl-B-D-
glucopyranoside (Sigma, St. Louis, MO, USA) in the presence of sodium deoxytaurocholate [Raghavan et al.,
1980]. The protein concentration of the samples was determined by the Lowry method.

Western Immunoblot Analysis

Lysates from COS-1 transfected cells (10 pg of protein/lane) were resolved on 10% SDS-PAGE gels and
transferred onto a nitrocellulose membrane (Biorad, Hercules, CA, USA). Blotted membranes were probed with a
purified IgG fraction against acid B-glucosidase, as previously described [Miocic et al., 2005]. An anti-rabbit HRP
conjugated antibody (DAKO, Glostrup, Denmark) was used as a second antibody. Development was performed by
enhanced chemiluminescence (ECL Amersham Biosciences, Buckinghamshire, UK).
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Haplotype Analysis

Previously described microsatellites (5GC3.2, ITG6.2, D1S2777, D1S1595, D1S2721) were used to establish
haplotypes in the [D409H;H255Q] alleles. Briefly, microsatellites were PCR-amplified with the primers and
conditions described elsewhere [Rodriguez Mari et al., 2001]. Forward primers were fluorescently labelled. In
particular, ITG6.2 and 5GC3.2 were labelled with FAM; D1S2777 with PET; D1S1595 with VIC; and D1S2721
with NED. Genotyping was performed in an ABI PRISM 3710 analyzer from Applied Biosystems. Different
dilutions of the PCR products were mixed with 12 pl of formamide and 0.1 ul of the Genescan- 500 LIZ Size
Standard. Data were analyzed with ABI PRISM Genemapper v3.0 software.

RESULTS

Mutation Analysis

The genotypes of all the patients are presented in Table 1. They all bear the double mutant allele
[D409H;H255Q)]. Five of them were homozygous for this allele, whereas the rest of the twenty-seven cases were
compound heterozygous for double mutant allele and known mutations (N370S, L444P, G46E, R120W, F213I and
F411I) or new mutations (Y108C, ¢.1279 1281del and D380Y). The new missense mutations were due to an A>G
transition at position ¢.440 and a G>T transversion at position ¢.1255, which led to the substitution of tyrosine to
cysteine at codon 108 (Y108C) and of aspartic acid to tyrosine at codon 380 (D380Y) respectively. The three base-
pair deletion ¢.1279 _1281del resulted in the loss of a glutamic acid residue at position 388.

Genotype-Phenotype Correlations

The homozygous [H255Q;D409H] patients showed a phenotype that was more severe than that of D409H
homozygotes. Four of them were type II patients [Michelakakis et al., 2006], while the other was already reported
as presenting an intermediate phenotype II/III [Filocamo et al., 2005]. This patient recently died at the age of 3
years. In the cases of compound heterozygosity, the clinical type is in agreement with the severity associated with
the other (non-[H255Q;D409H]) allele. As expected, all carriers of a N370S allele are type I patients. In addition,
all those bearing the L444P allele are type III patients. For the new mutations, the phenotypes of the patients
suggest that Y108C can be associated with type III while ¢.1279 1281del and D380Y with type II.

Expression Studies

The possible deleterious effect of H255Q and D409H on the enzyme function was evaluated by in vitro
expression. Wild type GBA cDNA, as well as single and double mutant constructs, were transiently transfected in
COS-1 cells. To determine endogenous activity, COS-1 cells were mock-transfected with pCDNA3-ALDP
(adrenoleukodystrophy protein), a peroxisomal transmembrane protein that is not correlated with Gaucher disease.
As shown in Figure 1A, transfection of wild type cDNA GBA resulted in about a 10-fold increase of acid -
glucosidase activity (204.6 £ 15.8 nmol/mg/h) compared to baseline levels (22.2 + 7.7 nmol/mg/h). Constructs
bearing the single H255Q or D409H retained significant residual activity of 56.4 and 32.2 % of the wild type value
respectively. In contrast, the mutant allele carrying both mutations in cis abrogated enzyme activity. Similar results
were obtained using COS-7 cells (not shown).

Western blot analysis revealed a similar pattern of bands in the wild type and the mutant proteins. The antibody
used recognized a multi-band pattern corresponding to differently glycosylated forms of the acid p-glucosidase
with a predominant band of 56 kDa (Fig. 1B), suggesting that the concomitant presence of both H255Q and
D409H mutations interferes with catalytic activity rather than protein stability.

Haplotype Analysis

Haplotype analysis was performed using five microsatellite polymorphisms close to the GBA gene (Fig. 2A).
As shown in Figure 2B, 11 out of the 37 alleles bore the same haplotype: 1TG6.2-322, 5GC3.2-222, D1S2777-1,
D1S1595-8, D1S2721-8. Moreover, 14 other alleles, for which the phases could not be completely established,
bore haplotypes that were consistent with the common one mentioned above. Thus, the conserved haplotype could
be present in 25/37 chromosomes (68%). Nine of the remaining alleles bore haplotypes (or are consistent with a
haplotype) that have only one change (at the D1S1595 marker) with respect to the common haplotype. Finally, the
haplotypes of the last three alleles also have a single change, in the farthest marker D1S2721.
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DISCUSSION

In this study we present the mutation characterization and the haplotype analyses performed on a large group of
Gaucher disease patients who are homozygous or compound heterozygous for the double mutant allele
[D409H;H255Q]. The D409H change has frequently been reported as an isolated point mutation, and its presence
in homozygous status has been associated with a less severe phenotype than that observed in the four previously
reported patients homozygous for the double mutant [D409H;H255Q)] [Filocamo et al., 2005; Michelakakis et al.,
2006].

Stone et al. [2000] reported a type II patient who was compound heterozygous for the H255Q allele in
association with a recombinant allele (RecC). According to these authors, the RecC allele resulting from a
crossover at the 3’ end of exon 9, contained the following changes: D409H, L444P, A456P, and V460V. This
allele is generally known as RecTL, as described by Eyal et al. [1990]. However, there is another more frequent
recombinant allele, RecNcil, which contains the last three changes, but not D409H. No phases were described in
the paper by Stone et al. Therefore, it might be assumed that the genotype was [D409H;H255Q]+[RecNcil] instead
of [H255Q]+[RecC]. If that were the case, the H255Q mutation would never have been present as an isolated
change in a GD mutant allele.

In vitro expression studies were carried out in order to evaluate the functional consequence on enzyme activity
of the two mutations D409H and H255Q), both singly and in combination on the double mutant allele. The results
showed that the concomitant presence in cis of H255Q and D409H mutations practically abrogated enzyme
activity (see Fig. 1). Hence, similarly to previous reports for the E326K allele [Montfort et al., 2004], H255Q,
when present in a double mutant allele, seemed to have a cumulative effect leading to a worsening of the
associated phenotype.

Genotype-phenotype correlation studies, as summarized in Table 1, confirmed the detrimental effect of this
double mutant allele [D409H;H255Q)], as a severe GD form was found in the homozygous patients (#1,2,3,4,5).
The phenotype of the remaining twenty-seven patients, who were compound heterozygotes, depended on the
severity grade of the other allele. Accordingly, all seventeen carriers of N370S were type I GD patients while those
bearing the L444P mutation (patients #13, 20 and 30) were type III. In four cases, the other allele bore a previously
described, uncommon, GD-causing mutation. A type II patient (#16) carried the R120W mutation, which was
previously described as a neuronopathic mutation [Beutler et al., 1996]. The G46E mutation was present in a type I
patient (#23), which is consistent with its description as a non-neuronopathic mutation [Kim et al., 1996]. The data
describing the F2131 mutation in patients with neurological involvement [Kawame and Eto, 1991] are consistent
with the type III phenotype of the patient (#24) reported here. Finally, the F4111 mutation was first described in
combination with the D409H allele [Cormand et al., 1998] in the same type I patient (#31), whose genotype we
redefined in the present study as [D409H;H255Q]+[F4111]. Additionally, to confirm the observed phenotypic
correlation, mutation F4111 has recently been found in several other Latin American type I GD patients
(Santamaria et al., in prep.).

The novel mutations, Y108C, D380Y and E388del (c.1279 1281del) were found associated with neurological
phenotypes. E388del leads to the deletion of a glutamic acid residue, while Y108C and D380Y are non-
conservative mutations resulting in chemical-physical property changes including charge, mass and side chain
type. In particular, Y108C was found in a classical type III patient (#18), and E388del and D380Y were found in
two type II patients (#21 and #32 respectively).

The results of the haplotype analysis on the 37 [H255Q;D409H] alleles strongly suggest that this double mutant
allele has a single origin. Most of the alleles (25/37) were associated (or could be associated) with the [ITG6.2-
322, 5GC3.2-222, D1S2777-1, D1S1595-8, D1S2721-8] haplotype. Nine of them present (or are consistent with) a
single change in the haplotype, in the D1S1595 marker. They carried either alleles 7 or 9, instead of allele 8. As
these alleles are consecutive in size, the change implies the deletion or the insertion of just one repeat. This could
be caused by the polymerase slippage. Thus, the haplotype would still be consistent with the single origin
hypothesis. Finally, in the remaining three cases, the change occurred in the farthest marker D1S2721, located at
941 kb from the GBA gene. In this case, the alleles differed from the common allele (8) in several repeats. The
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distance between gene and marker makes a recombination (the probability of which is close to 1%) the most
probable cause of the change from the conserved haplotype.

The origin of these patients has been successfully traced in nearly all cases. The map in Figure 3 shows the
approximate location of the patients’ origin, or that of the parent bearing the double mutant allele. It is clear that all
the locations are circumscribed to a relatively small part of Europe around Albania, including the Balkans and the
Adriatic area of Italy. The origin of the parents of the two Argentinean patients (#31 and 32) remains unknown.
However, the mother of patient #32, who bears the double mutant allele, has an Italian surname. Therefore, this
allele could have originated in the same Adriatic area of Italy. Although we do not have any details about the
mother (the double allele carrier) of the remaining Argentinean patient (#31), a possible common origin might be
hypothesized, based on the large number of Italian and Greek immigrants who arrived in Argentina in the 19™ and
20™ century. Interestingly, the aforementioned case reported by Stone et al. [2000] was a Greek patient.
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Figure 3. Map of the Balkans and Adriatic area indicating the place of origin for most of the patients
bearing the double mutant allele. Numbers refer to patients in Table 1 (note that the patients # 31 and #32
are not shown in the figure).

In conclusion, the present study enabled us to demonstrate in vitro the detrimental cumulative effect of the two
mutations of the [D409H;H255Q)] allele. The origin of this allele, one of the few double mutant alleles described in
the GBA gene, has been studied by analysing the haplotype in 37 chromosomes. The results showed that most
chromosomes share a common haplotype and are consistent with a single origin for the allele in a region around
Albania, comprising the Balkans and the Adriatic area of Italy.
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RESULTATS

3.2.2 Capitol 2: Expressio en COS-7 i xaperones farmacologiques.

3.2.2.1 Article Sanchez-Ollé i col-laboradors 2009.

RESUM:

La malaltia de Gaucher és un trastorn autosomic recessiu. Es caracteritza per I’acimul
de glucosilceramida als lisosomes del sistema fagocitic mononuclear, degut a la
deficiencia en B-glucosidasa acida.

Les principals conseqiiencies d’aquesta malaltia sén [’hepatoesplenomegalia, les
lesions esqueletiques 1, a vegades, les manifestacions neurologiques. A
concentracions sub-inhibidores, diversos inhibidors competitius es comporten com a
xaperones quimiques, induint 1’estabilitzacid de proteines i augmentant ’activitat
enzimatica. Aqui hem testat dos iminosucres (NB-DNJ i NN-DNJ) i quatre
aminociclitols amb diferents graus de lipofilicitat com a xaperones farmacologiques
per a la glucocerebrosidasa (GBA). Descrivim un augment de I’activitat de la GBA
quan s’utilitza NN-DNJ, NB-DNJ 1 I’aminociclitol 1 en c¢l-lules transfectades
estables 1 un augment amb NN-DNIJ i I’aminociclitol 4 en fibroblasts de pacients.
Aquests resultats en mutacions especifiques validen 1'is de xaperones quimiques com
una aproximacio terapeutica per a la malaltia de Gaucher. No obstant, son necessaris
el desenvolupament i I’analisi de nous compostos, per tal de trobar agents terapeutics

més efectius en un rang més ampli de mutacions.
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Gaucher disease is an autosomal recessive disorder. It is characterized by the accumulation of glucosylceramide
in lysosomes of mononuclear phagocyte system, attributable to acid [3-glucosidase deficiency. The main
consequences of this disease are hepatosplenomegaly, skeletal lesions and, sometimes, neurological
manifestations. At sub-inhibitory concentrations, several competitive inhibitors act as chemical chaperones
by inducing protein stabilization and increasing enzymatic activity. Here we tested two iminosugars (NB-DNJ
and NN-DNJ) and four aminocyclitols with distinct degrees of lipophilicity as pharmacological chaperones for
glucocerebrosidase (GBA). We report an increase in the activity of GBA using NN-DNJ, NB-DNJ and
aminocyclitol 1 in stably transfected cell lines, and an increment with NN-DNJ and aminocyclitol 4 in patient
fibroblasts. These results on specific mutations validate the use of chemical chaperones as a therapeutic
approach for Gaucher disease. However, the development and analysis of new compounds is required in order
to find more effective therapeutic agents that are active on a broader range of mutations.

GBA mutations
Enzyme activitiy

© 2008 Elsevier Inc. All rights reserved.

Introduction

Lysosomal storage diseases are a group of disorders caused by the
loss of function of lysosomal enzymes, which leads to the intralysosomal
storage of non-degraded substrates. The disorders are classified on the
basis of the substrate that is accumulated. Gaucher disease (GD, OMIM
230800) is the most prevalent sphingolipidosis caused by deficiency of
glucocerebrosidase (GBA, E.C. 3.2.1.45), which produces the progressive
accumulation of glucosylceramide. Clinically, GD is classified into three
major types depending on the absence (Type I) or presence (Type Il and
III) of central nervous system involvement. The main symptoms of GD
are anaemia, thrombocytopenia, hepatosplenomegaly and skeletal
disease. For a review see Beutler and Grabowski [1].

Two disease-specific therapies have been approved to treat GD.
Enzyme replacement therapy (ERT) has been applied for more than
15 years and has proved successful mainly for visceral and haematological
symptoms of type I patients. However, since the recombinant enzyme
does not cross the blood-brain barrier, its efficacy in neurological involve-
ment is, if any, limited [2]. Moreover, it is an expensive lifetime treatment
that requires frequent intravenous infusion of enzyme. The other ap-
proved treatment is substrate reduction therapy, which is based on the
inhibition of glucosylceramide synthase (GCS), the rate-limiting first step
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in the glycosphingolipid biosynthetic pathway, by the oral administration
of N-butyl-deoxynojirimycin (NB-DNJ) [3]. This reduction therapy is used
for type I patients for whom ERT is not a therapeutic option. The small size
of NB-DNJ makes it of potential use for neurological cases.

To date, other alternative strategies, such as gene therapy, have had
very limited success in the treatment of GD. However, new experimental
approaches in cellular and animal models have been assayed either for
conventional gene therapy [4,5] or based on the partial inhibition of the
GCS gene using siRNAs [6].

In the last few years, a new line of research, using small molecules
that act as chemical chaperones, has emerged [7]. This approach is
based on the assumption that some mutations cause the misfolding of
lysosomal enzymes after their synthesis. Misfolding is responsible for
enzyme degradation in the endoplasmic reticulum (ER), thereby
preventing enzyme transport to the lysosome. In this scenario, the
chaperone stabilizes the mutant protein, thereby allowing that, at least,
some molecules reach their final destination. A number of iminosugars
and aminocyclitols show a chaperone-like profile in vitro towards GBA
[8]. However, the first molecule reported to act as a chaperone in vivo
for GD was the iminosugar N-(n-nonyl) deoxynojirimycin (NN-DNJ) [9].
The addition of sub-inhibitory concentrations of NN-DN] to fibroblasts
of a GD patient, homozygous for the N370S mutation, resulted in a two-
fold increase in GBA activity. Furthermore, several mutant GBA
enzymes were shown to increase their activity following the addition
of N-(n-butyl)deoxynojirimycin (NB-DNJ, miglustat, Zavesca®) to COS
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cells transfected with the corresponding mutant ¢cDNAs [10]. Other
iminosugars are also active on the N370S mutation [11,12] and also on
several mutations that cause GD [13-15]. In addition, some non-sugar
GBA inhibitors [16] and isofagomine [17] also have a chaperone effect
on the N370S mutant enzyme in GD patient cells. Clinical trials using
isofagomine tartrate (AT2101) are currently being conducted [18].

Here we analyzed the effect of six compounds, namely iminosugars
NB-DNJ and NN-DNJ and aminocyclitols 1-4 [19] (Fig. 1), on COS cells
transfected with either the wild-type or mutant GBA cDNAs. Ten
distinct mutants were assayed. The effect of these compounds was
also tested on the residual 3-glucosidase activity of fibroblasts from
patients with diverse genotypes.

Materials and methods
Iminosugars and aminocyclitols

NB-DNJ was purchased from Sigma. NN-DNJ was obtained from
tetra-O-benzyldeoxynojirymycin [20] followed by reductive alkylation
using described protocols [21]. Aminocycitols 1-4 were obtained as
previously described [19].

Plasmid construction and mutagenesis

Wild-type and mutant GBA cDNAs (N188S, N188S;E326K, E326K,
N370S, 1402T, D409H and L444P) cloned in pUC18 were obtained as
described in Montfort et al. [22]. Alleles bearing mutations G202R,
H255Q, and G377S, and the double mutant H255Q;D409H were
generated using the Quick-Change® XL Site-Directed Mutagenesis Kit
(Strategene, La Jolla, California, USA) and primers containing the
desired mutation. Primer information is available on request. The
wild-type and all mutant cDNAs were subcloned into the expression
vector pCDNA3.1 (Invitrogen, Paisley, Scotland, UK). The plasmid was
purified using HiSpeed Plasmid Midi Kit (Qiagen, Hilden, Germany).
All PCR products were sequenced using the BigDye Terminator v3.1
Cycle Sequencing Kit (Applied Biosystems, Foster City, California, USA).

Transient and stable GBA transfections

African green monkey kidney cells (COS-7) were grown in
Dulbecco's modified Eagle's medium (DMEM) (Sigma, Deisenhofen,
Germany) supplemented with 10% (v/v) bovine serum (BS) (Gibco®
Invitrogen, Paisley, Scotland, UK), and 1% penicillin/streptomycin
(Gibco® Invitrogen, Paisley, Scotland, UK) at 37 °C in a humidified, 5%
CO, incubator. Cells were transfected with 6 mg of Lipofectamine®
2000 (Invitrogen, Paisley, Scotland, UK). After transfection, cells were
grown for 2 days without selection.

Stable transfectants were obtained with geneticin (G418) selection
(500 mg/mL). Clones were grown in DMEM, 10% BS, 1% penicillin/
streptomycin, and 500 mg/mL G418/Geneticin® (Invitrogen, Paisley,
Scotland, UK). The presence of the transfected gene in the selected
clones was assessed by Western blot.

OH
HOy,,, WNHR
HO v OH
OH
aminocyclitol 1, R= PhBu
aminocyclitol 2, R= n-CgH47

aminocyclitol 3, R= n-CgHqg
aminocyclitol 4, R= n-CygHz4

SDS-PAGE and Western blotting analysis

Proteins were subjected to SDS-PAGE (12% polyacrylamide) and
electrophoretically transferred onto Immobilon-P Transfer nitro-
cellulose membranes (Millipore, Billerica, Massachusetts, USA). About
5 ng was loaded per lane and the membrane was blocked 2 h at room
temperature with 5% non-fat milk in PBS, containing 0.1% Tween 20
(MTP). After incubation overnight at 4 °C with anti-GBA monoclonal
antibody (Abnova® Corporation, Taipei City, Taiwan) (or anti-alpha-
tubulin monoclonal antibody, Sigma, Deisenhofen, Germany) in MTP,
the membrane was washed three times with PBT and three times with
PBS. Membranes were then incubated with a secondary antibody sheep
anti-mouse IgG Peroxidase Conjugate (Sigma, Deisenhofen, Germany)
(1:10,000 in MTP) for 2 h at room temperature, followed by three
washes with PBT and three washes with PBS. Detection reaction was
performed by incubating the membrane in a luminol solution (100 mM
Tris—HCl pH 9, coumaric acid 0.2 mM, luminol 1.25 mM and 0.3% H,0,)
for 2 min at RT. The membrane was exposed to Amersham
HyperfilmTM ECL (GE Healthcare Limited, Buckinghamshire, UK).

Inhibition studies

To establish the best range of concentrations of the compounds to
be used in the chaperone assays, the inhibitory effect of the
aminocyclitols and iminosugars on [3-glucosidase activity was assayed
in crude extract of COS-cells and fibroblasts. The analysis was
performed using the 4-methylumbelliferyl 3-p-glucoside substrate
(4MU-Glc; 5 mM), in 0.5 M citrate buffer, pH 5.5, in the presence of
Triton X-100 and taurocholate [23].

B-Glucosidase assay in lysed or intact COS-7 cells

Transient transfected cells were washed once in PBS, trypsinized,
harvested by centrifugation and stored at -80 °C. B-glucosidase
activity was measured with 4MU-GIc as described [23]. Stable COS-7
transfectants were cultured in 24-well assay plates during 6 days in
DMEM, 10% BS at 37 °C under 5% CO, either with or without NB-DN]J,
NN-DNJ, or aminocyclitols 1-4 (see Fig. 1). Culture media was replaced
every 3 days with fresh media supplemented with the corresponding
compound, and cells were washed, harvested and stored as indicated
above. Cell pellets were resuspended in 100 ml of PBS. Protein levels
were determined by the Bradford method, using bovine serum
albumin standards (BSA, Sigma, Deisenhofen, Germany) and Bio-Rad
Protein Assay (Bio-Rad Laboratories, Hercules, California, USA). Cells
were sonicated and the levels of acid PB-glucosidase activity were
monitored by enzyme assay using 4MU-Glc, following the protocol by
Sawkar et al. [9]. The amount of 4-methylumbelliferone was analyzed
with a fluorometer Spectramax Gemini XPS (Molecular Devices
Corporation; excitation wavelength 355 nm, emission wavelength
460 nm). The ratio of enzyme activity with/without aminocyclitol/
iminosugar was calculated. The values shown are the results of at least
two experiments with 3 or 4 replicates. For intact cells, the protocol

OH

HOy,, NR

HOY ™y
OH

N-butyldeoxynojirimycin, NBDNJ, R= n-C4Hg
N-nonyldeoxynojirimycin, NNDNJ, R= n-CgH4g

Fig. 1. Iminosugars (NN-DNJ and NB-DN]J) and aminocyclitols 1-4 used in this study.
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was similar to the one described above except that the reaction was
performed directly in the plate well, without trypsinizing and
harvesting the cells.

Fibroblast culture assays

Skin fibroblasts were obtained from non-neurological (type 1) and
neurological (types 2 and 3) GD patients with distinct genotypes,
which were previously diagnosed at the Institut de Bioquimica Clinica.
Fibroblasts from healthy individuals were used as controls. Fibroblast
cultures were established following routine procedures in Eagle's
minimal essential medium (MEM) with 15% inactivated fetal calf
serum. The cells used were between the 3rd and the 10th passage.

For the Pp-glucosidase assay in lysed cells, 200,000 cells were
placed in flat tubes (10 cm2) with MEM containing the aminocyclitol
or the iminosugar dissolved in DMSO. For each experiment, four to five
flat tubes with the compound at concentrations ranging between 2.5
and 60 pM were set up. Untreated and treated cells were incubated for
4 days at 37 °C. When incubations were longer, media were replaced
after 3 days. Prior to the P-glucosidase activity assay, media
supplemented with aminocyclitols 1-4, NN-DNJ or NB-DNJ] were
removed, and cells were rinsed with PBS and incubated in routine
culture medium for 15 min at 37 °C in order to assure complete
removal of the compound. Cells were rinsed again twice with PBS and
harvested after trypsin treatment. After centrifugation, the cell pellets
were resuspended in water, lysed by sonication and used for assaying
3-glucosidase activity, 3-hexosaminidase activity (as control lysosomal
enzyme), and total protein. The {3-glucosidase activity assay was
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performed with substrate (4MU-Glc; 20 mM). Cells were incubated for
1 h at 37 °C, the enzyme reaction was stopped with 3 ml of sodium
carbonate-bicarbonate buffer (pH 10.7), and fluorescence was
measured. [3-hexosaminidase activity was measured with the fluoro-
genic 4-methylumbelliferyl derivative and protein content estimated
following Lowry [24]. The effect of iminosugars or aminocyclitols as
potential chaperones was evaluated in triplicate for each experiment.

For the assay of acid p-glucosidase in intact cells, these were plated
into 24-well assay plates with MEM containing several concentrations
of the aminocyclitol product or NN-DNJ or NB-DN]J and incubated as
described above. Cells were washed and the enzyme assay performed
as follows: substrate (100 pl, 5 mM 4MU-GIc) in 0.1 M acetate buffer
(pH 4.0) was added to each well up to a total volume of 260 pl;
incubation was for 1 h at 37 °C. Enzyme reaction was stopped with 2 ml
of carbonate-bicarbonate buffer (pH 10.7) and the fluorescence
released was measured. For each experiment untreated (no compound
added) and treated cells were plated in quadruplicate.

The non-specific 3-glucosidase activity was evaluated by addition
of conduritol B-epoxide to control wells and was shown to account for
about 1% of the activity in control fibroblasts.

Statistical analysis

For all measures, the hypothesis of normality was rejected and non-
parametric Mann-Whitney U test was used. Normal distribution was
assessed by Kolmogorov-Smirnov test. SPSS statistical programme
was used for the statistical analysis. P values of <0.05 were considered
statistically significant.
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Fig. 2. Characterization of mutant glucocerebrosidases expressed in COS cells. (A) Mean activity, normalized by mg of protein, and SE for the mutant proteins, expressed as a
percentage of that of wild-type enzyme. (B) Western blot analysis of the mutant proteins. o-tubulin was used as a reference loading control.
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Results
Enzyme activity of mutant GBAs

COS-7 cells were transiently transfected with wild-type GBA cDNA
and cDNAs bearing the following mutations: N188S, G202R, H255Q,
E326K, N370S, G377S, 1402T, D409H and L444P, and the double
mutants N188S;E326K and H255Q;D409H. The activities of the
enzymes produced by these constructs are shown in Fig. 2A. The
N188S, H255Q, and E326K changes showed the highest residual
activity: 53.84% (SD: 12.59), 77.09% (SD: 8.58), and 30.51% (SD: 7.34) of
wild-type, respectively. To further characterize the mutant products,
immunoblots of the normal and mutant proteins were performed. A
unique band pattern, similar to that of the wild-type, was detected
using monoclonal anti-human acid p-glucosidase for all the mutant
enzymes, albeit with some differences in intensity (Fig. 2B).

1.80

Effect of treatment with NN-DNJ or NB-DNJ on enzyme activity in
transfected cells

Iminosugars NN-DNJ and NB-DN]J (Fig. 1), previously described as
having a chaperone effect on specific GBA mutations, were tested on
mutations described in our series of patients. COS-7 cells stably
transfected with constructs bearing the distinct mutations were
treated with 2.5 and 5 uM of NN-DNJ for six days and the GBA
activity was determined and compared with GBA activity in cells
treated only with vehicle. Since we were not able to obtain stably
transfected cells bearing the H255Q mutation alone, the effects of
compounds on this mutation could not be analysed. Results using
lysed cells for the enzyme activity assay are shown (Fig. 3A).
Treatment with 2.5 uM NN-DNJ led to a 1.4-fold increase in the
activity of the N188S mutant enzyme. For G377S, the double mutant
N188S;E326K and the wild-type enzymes, an increase in activity
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(about 1.2-fold) was also observed. This enhancement in activity was
also detected for these enzymes when treated with 5 pM NN-DNJ,
although to a lesser extent in the cases of N188S and the double
mutant N188S;E326K. Smaller increases in enzyme activity occurred
for other mutant alleles such as G202R, N370S and [402T, either at
one or both concentrations. For E326K a small decrease in activity
was observed. No change in activity was found for the rest of the
mutant enzymes.

Iminosugar NB-DNJ was tested at 5 and 10 pM. A 20% increase in
activity was observed for N188S and the double mutant N188S;E326K
when treated with 5 uM (but not 10 uM) NB-DN] (Fig. 3B). The treated
wild-type enzyme showed a similar increase. It should be noted that
these enzymes were also activated by NN-DNJ. However, G377S
activity, which was positively affected by NN-DN]J treatment, showed
no increase when treated with NB-DN]J. As with NN-DN]J, a decrease in
E326K [3-glucosidase activity was also observed with NB-DNJ. A
similar negative effect was detected for D409H. No other significant
changes in activity were detected for the rest of the mutant proteins,
except for a slight increase for L444P and the double mutant H255Q;
D409H. For most mutant enzymes, assays with intact cells were also
performed and similar results were obtained (not shown).

Effect of treatment with aminocyclitols on enzyme activity in transfected
COS cells

Aminocyclitols 1-4 (Fig. 1) were also tested at a range of
concentrations in COS-7 cells stably transfected for 6 days with
constructs bearing the distinct mutations. While for linear N-alkyl
aminocyclitol derivatives 2-4 no effect was detected on any of the
enzymes studied, a positive effect was observed for aminocyclitol 1
on some of the mutant enzymes (Fig. 4). A 1.3- to 1.4-fold increase in
activity was observed for the wild-type and N188S enzymes, at 15
and 20 pM concentrations. The double mutant N188S;E326K GBA
displayed a 1.2-fold increase in activity at 15 pM. At a concentration
of 20 uM, N370S showed a 15% increase in activation. The effect of
the compound on the activities of the other GBA mutations was
either null or negative. As for the above iminosugars, intact cell
assays were also performed and comparable results were obtained
(not shown).

1.80

Effect of treatment with iminosugars and aminocyclitols on
B-glucosidase activity in fibroblasts from GD patients

The compounds were also tested on the residual enzyme activity
of fibroblasts from GD patients with distinct genotypes, which have
been previously characterized [25]. The genotypes were: N370S/
N370S, N370S/L444P, L444P/L444P, D409H/N188S;E326K, D409H/
D409H, 1402T/1402T, L444P/G202R, D409H/L444P;E326K, and 1444P;
E326K/G202R. Results using lysed cells for enzyme activity assay are
shown (Figs. 5 and 6). Treatment with NN-DN]J caused a remarkable
increase in enzyme activity of fibroblasts with genotypes N370S/
N370S, D409H/N188S;E326K, and N370S/L444P (Fig. 5). For the
N370S/N370S enzyme, a 1.7-fold increase was observed at low
concentrations. Using intact cells, a 1.9-fold increase was observed
upon addition of 5 and 10 pM NN-DN]J to the culture media. At higher
concentrations (20-60 M NN-DNJ), a sustained increase in enzyme
activity (1.8-fold) was still observed (results not shown). Cells from
patients with genotype N370S/L444P showed a moderate increase in
activity (1.2 to 1.4-fold) at low NN-DNJ concentrations (2.5-10uM).
For D409H/N188S;E326K fibroblasts, obtained from a patient with GD
type I, the increase was 1.2- to 1.4-fold, at concentrations of 5 and
10 pM. No effect was observed on the residual enzyme activity of the
related genotype D409H/L444P;E326K, identified in a patient with
GD type III [26]. Smaller effects were observed for fibroblasts bearing
the L444P;E326K/G202R and L444P/G202R genotypes (not shown).
NN-DNJ did not affect p-glucosidase activity in lysed cells bearing
genotypes homozygous for mutation D409H (Fig. 5), L444P or 1402T
(not shown).

Treatment with NB-DNJ produced minor increases in enzyme
activity (about 1.2-fold) in some cases, similarly to that observed in
lysed wild-type cells. In contrast, a clear inhibition of enzyme activity
was observed in lysed cells with genotypes D409H/D409H, D409H/
L444P;E326K (but no effect on D409H/N188S;E326K) and 1402T/1402T
in the 5 to 60 uM NB-DN] concentration range (results not shown).

Fibroblasts from GD patients with distinct genotypes were treated
with aminocyclitols 1-4. A positive response was obtained only for
those bearing the L444P/G202R and L444P;E326K/G202R genotypes
after treatment with compound 4 (Fig. 6). A 1.5- to 1.7-fold increase in
p-glucosidase activity was reached in the L444P/G202R and L444P;
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E326K/G202R fibroblast-lysates at 20-30 uM concentrations. In fact, a
moderate enhancement of enzyme activity was observed for compound
4 at all the concentrations tested. In contrast, activity inhibition up to
60% was detected in the N370S/N370S lysed cells. Assays with intact
fibroblasts grown in the presence of compound 4 were also performed
and similar results were obtained. The other aminocyclitols assayed did
not affect or, even, inhibited 3-glucosidase (results not shown).

Discussion

Iminosugar inhibitors have been used to treat glycosphingo-
lipidoses, such as Fabry disease [27,28], gangliosidosis GM1 [29], and
gangliosidosis GM2 [30], in cellular and mouse models. For GD,
iminosugars NN-DNJ [9] and NB-DNJ [10] have been tested in
fibroblasts from GD patients and in stably transfected COS-7 cell
lines, respectively.

Here we tested NB-DNJ and NN-DN]J and aminocyclitols 1-4, which
show distinct degrees of lipophilicity, on COS-7 cells stably transfected
either with the wild-type GBA cDNA or with cDNAs bearing the
mutations N188S, G202R, E326K, N370S, G377S, 1402T, D409H, L444P,
N188S;E326K, and H255Q;D409H. Moreover, we also analysed
fibroblasts from GD patients with distinct genotypes, including the
above-mentioned mutations. We found an increase in B-glucosidase
activity induced by some of the compounds tested on specific mutations.

NN-DNJ was the first to be reported to have chaperone effect on
wild-type and the N370S GBA enzymes in fibroblasts from GD patients
[9]. In agreement with these findings, we reproduced these results in
fibroblasts with the N370S/N370S genotype, and we also found a
positive effect on N370S/L444P and D409H/N188S;E326K fibroblasts,
in the latter case probably increasing the residual enzymatic activity
derived from the N188S allele. This finding was consistent with results
in COS cells transfected with the N188S mutation. In these cells, the
effect on the N370S enzyme was lower, while the wild-type enzyme
and the mutant G377S exhibited a significant increment of activity
over untreated cells.

Iminosugar NB-DNJ had not previously been assayed in fibroblasts.
Our results showed no significant enhancement of enzyme activity in
any patient fibroblasts analyzed, with a clear inhibition of the D409H/
D409H and 1402T/1402T mutant enzyme activities. In contrast, a clear

stimulation was observed using COS cells transfected with the N188S
and N188S;E326K cDNAs. A moderate increase in enzymatic activity
was detected for the wild-type allele, in fibroblasts and COS cells.
Alfonso et al. [10], working on COS cells, reported stimulation of the
wild-type and some mutant enzymes, most of them differing from
those studied here. Mutation N370S was common to both studies, but
while Alfonso et al. found a clear stimulation (although with a very
large SD), we did not observe any clear effect.

Aminocyclitols 2 and 3 did not show any chaperone effect either on
fibroblasts from GD patients or in transfected COS cells. However, a
positive effect was observed for aminocyclitol 4 in fibroblasts bearing
the L444P/G202R and L444P;E326K/G202R genotypes. This increase
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might derive from the G202R mutant enzyme since no effect was
observed for other genotypes with the L444P mutation. In contrast,
the effect of this compound on COS cells was mainly inhibitory at all
the concentrations assayed, including lower concentrations such as
2.5 and 5 pM. In contrast, aminocyclitol 1 stimulated the wild-type
enzyme and those bearing the N188S, and N188S;E326K mutations in
COS cells, while it consistently acted as an inhibitor when assayed on
patient fibroblasts.

Most of the previous studies on the chaperone effect of different
compounds were performed either in patients' fibroblasts [9, 11-17]
or in transfected cells [10], but not in both. Only Lei et al. [31]
performed the assays in both systems. The different effect for some of
the compounds on transfected COS cells and patients' fibroblasts
found in the present study makes it necessary to further investigate
this issue and to take the results of this and other studies with caution,
until the different responses of different cells lines be understood. It is
difficult to speculate on the causes of these differences, but the cell
type, the genetic background, the gene copy number or the effect of
the endogenous enzyme of the COS cells could be partially responsible
for the discrepancies. The fact that many of the fibroblasts are
compound heterozygotes, adds the effect of the other allele as another
variable to be considered. This is of particular interest due to the
differential responses of the different mutations. In this regard, the
homogeneous background of COS cells makes this heterologous
expression system a good one, in spite of the limitations mentioned
above.

A clear positive effect was observed for mutations that conserved a
relatively high residual activity, such as N188S and E326K, and the
double mutant containing them, in COS cells and fibroblasts. This
observation is consistent with the expected chaperone effect, since
chemical chaperones act on enzymes that retain some degree of
activity. These results could be considered proof of concept for this
therapeutic approach. However, for the most severely affected
enzymes, the synthesis and assay of more effective compounds is
required. In this regard, the long-term results of the clinical trials with
isofagomine (IFG), and the pre-clinical studies that are currently being
performed for several IFG-derived compounds [32] will be of interest.

The strategy followed to select the compounds tested in our study
was based on the general idea that effective competitive inhibitors are
more likely to show a potent chaperone effect. The compounds
developed for the present study showed good inhibitory properties
(ICsp between 1.8 and 27.6 pM) and the most active inhibitors showed
a correlation with lipophilicity and, thus, with the length of the alkyl
chain [33]. Moreover, they showed no toxicity either in fibroblasts or
in COS cells at the range of concentrations tested. However, we
achieved only partial and suboptimal results. These findings are
consistent with the assumption that the most effective chaperones are
not necessarily the best inhibitors, as shown also by Lei et al. [31],
since the enhancement of activity could arise from more than one
mechanism of action [32] or be influenced by other compound
properties (membrane permeability, metabolism, enzyme selectivity
or intracellular localization, among others), which may be relevant for
the desired activity enhancement effects on cellular GBA enzymes.

Crystal structure analyses show that NB-DNJ and NN-DN]J bind at
the active site of the GBA enzyme [34]. To date, no direct structural
information on the binding of the aminocyclitols 1-4 to GBA is
available, although they display substrate competitive kinetics in vitro
[33] and, therefore, it is assumed that these compounds bind to the
GBA catalytic site. Interestingly, the aminocyclitol 4 is active on
fibroblasts bearing mutations L444P and/or E326K, which have been
reported to be located in the GBA-SAP interaction region [35]. This
observation points to a second site of action for this compound, apart
from the catalytic site. This information might be useful to study and
predict the effects of the different compounds. Current studies
addressed at the synthesis of new aminocyclitols with improved
physico-chemical properties are currently underway.
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3.2.2.2 Article en preparacio:

3.2.2.2.1 Diaz i col-laboradors 2011.

RESUM:

La malaltia de Gaucher (GD) és un trastorn lisosomic autosomic recessiu caracteritzat
per I’acumul de glucosilceramida, com a conseqiieéncia de la deficiéncia de I’enzim
glucocerebrosidasa (GBA). Diversos inhibidors competitius de la GBA sén capagos
d’actuar com a xaperones farmacologiques per a millorar les formes mutades i mal
plegades de I’enzim. D’acord amb aquest principi, en aquest treball describim la
capacitat de diferents aminociclitols per a augmentar I’activitat residual de la GBA en
fibroblasts de pacients amb diferents genotips. Amb 1’excepcid del compost 6, els
altres compostos van augmentar 1’activitat residual de la GBA en la mutacid
N370S/N370S i alguns d’ells també van augmentar I’activitat de la N370S/L444P.
Curiosament, el compost 2 va tenir activitat sobre la mutacié L444P, involucrada en
simptomatologia neuronopatica associada als tipus 2 1 3 de la malaltia, pels quals no

hi ha un tractament eficag disponible.
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Abstract

Gaucher disease (GD) is an autosomal recessive lisosomal disorder characterized by
the accumulation of glucosylceramide as a result of a deficiency of the enzyme
glucocerebrosidase (GBA). Several competitive GBA inhibitors are able to act as
pharmacological chaperones for an efficient rescue of the mutated, misfolded forms
of the enzyme. Along this line, we report in this work on the ability of several
aminocyclitols to increase the residual GBA activity in patient fibroblasts with
different genotypes. With the exception of compound 6, the remaining compounds
were able to increase the residual GBA activity in the most common N370/N370
mutation and some of them were also active on the N370S/L444P. Interestingly,
compound 2 was active for the L444P mutation involved in the neurological disorders
associated with GD types 2 and 3, for which no efficient treatment is currently

available.

Introduction
Lysosomal storage diseases are a group of disorders caused by the loss of function of
lysosomal enzymes, which leads to the intralysosomal storage of nondegraded

substrates. The disorders are classified on the basis of the substrate that is
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accumulated. Gaucher disease (GD, OMIM 230800) is the most prevalent
sphingolipidosis caused by the deficiency of glucocerebrosidase (GBA, E.C.
3.2.1.45), which produces the progressive accumulation of glucosylceramide.
Clinically, GD is classified into three major types depending on the absence (type I)
or presence (type II and III) of central nervous system involvement. The main
symptoms of GD are anemia, thrombocytopenia, hepatosplenomegaly and skeletal
disease’ .
Two disease-specific therapies have been approved to treat GD. Enzyme replacement
therapy (ERT) has been applied for more than 20 years and has proved successful
mainly for visceral and hematological symptoms of type I patients. However, since
the recombinant enzyme does not cross the blood—brain barrier (BBB), its efficacy in
neurological involvement is, if any, limited’. Moreover, it is an expensive lifetime
treatment that requires frequent intravenous infusion of the enzyme. The other
approved treatment is substrate reduction therapy. It is based on the inhibition of
glucosylceramide synthase (GCS), the enzyme involved in the rate-limiting first step
in the glycosphingolipid biosynthetic pathway, by the oral administration of
Nbutyldeoxynojirimycin (NB-DNJ, miglustat, Zavesca”, Figure 1)*. This reduction
therapy is used for type I patients for whom ERT is not a therapeutic option. The
small size of NB-DNJ makes it of potential use for neurological forms of the disease.
To date, other alternative strategies, such as gene therapy, have had very limited
success in the treatment of GD. However, new experimental approaches in cellular
and animal models have been assayed either for conventional gene therapy™® or based
on the partial inhibition of the GCS gene using siRNAs’.
In the last few years, a new line of research based on the use of pharmacological
chaperones has emergedg. This approach is based on the assumption that some
enzyme mutations are responsible for misfolding and enzyme degradation in the
endoplasmic reticulum (ER), thereby preventing enzyme transport to the lysosome. In
this scenario, a pharmacological chaperone would be able to partly stabilize the
mutant protein, thereby allowing its transport to the final destination. A number of
iminosugars and aminocyclitols have shown an in vifro chaperone-like profile
towards GBA’.

However, the first molecule reported to act as pharmacological chaperone in

vivo for GD was the iminosugar N-(n-nonyl)deoxynojirimycin (NN-DNJ, Figure 1)'°.
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6 (n=2) R= (CH2)9-0H3 OH

Figure 1. Aminocyclitols (1-6) selected for this study and related iminosugars.

The addition of sub-inhibitory concentrations of NNDNJ to fibroblasts of a GD
patient, homozygous for the N370S mutation, resulted in a twofold increase in GBA
activity'®. Furthermore, several mutant GBA enzymes were shown to increase their
activity following the addition of a related iminocyclitol, NB-DNJ (Figure 1) to COS
cells transfected with the corresponding mutant cDNAs'" 2. Other iminosugars were

13, 14

also active on the N370S mutation and also on several mutations that cause GD'>

719 and isofagomine (IFG, Figure 1)*°

' In addition, some non-sugar GBA inhibitors
also shown a chaperone effect on the N370S mutant enzyme in GD patient cells.
Although clinical trials using isofagomine tartrate (AT2101) were initially conducted
and showed promising results, 21 its advancement to phase III has been discontinued

(http://ir.amicustherapeutics.com/ReleaseDetail.cfm?-ReleaselD=413437).

In a continuation of our work on new aminocyclitols as potential pharmacological
chaperones for GD, we wish to report on the activity of a selection of our recently
reported aminocyclitols 1-6 (Figure 1)** **, whose effects on the residual P-
glucosidase activity of fibroblasts from patients with diverse genotypes will be

compared with those of NNDNJ (Figure 1).
Materials and methods

Chemicals

NN-DNJ (N-nonyldeoxynojirimicin) were purchased from Tocris Bioscience
(UK). CBE (conduritol B-epoxide) was obtained from a synthetic route described
elsewhere®. Aminocyclitols 1-6 were obtained as previously described®? (see

Figure 1).
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Cytotoxicity assay.

The MTT assay has been used previously to test the cytotoxicity of the
selected compounds and cell viability”>*. Now, the same assay has been carried out
during 6 days. The number of viable cells was quantified by the estimation of its
dehydrogenase  activity, = which  reduces  3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) to water-insoluble formazan. All compounds
were dissolved in DMSO and control experiments were performed with DMSO
(<1%). Wild type fibroblasts were seeded in medium at 7000 cells per well in 96-well
plates. Twenty-four hours later, media were replaced with fresh medium and
compounds were added to give final concentrations of 300-0.7uM. Cells were
incubated at 37 °C in 5% CO, for 6 days. As the incubation was longer, media
supplemented with compounds were replace the third day. The last day, media were
removed and 100ul of MTT:media (1:5) mixture were added. The plate was
incubated for 3h at 37 °C, 5% CO,. Finally, the media were discarded and 100ul of
DMSO added. Absorbance was measured at 570 nm with a Spectramax M5 plate

reader (Molecular devices).

Inhibition studies

The best range of concentrations of the compounds in the chaperone assays
was established by determining their inhibitory effect in recombinant GCase
(imiglucerase (Cerezyme)™>%.

Fibroblast culture assay

Skin fibroblasts were obtained from non-neurological (type I) and neurological
(types 2 and 3) GD patients with distinct genotypes, which were previously diagnosed
at the Institut de Bioquimica Clinica. Fibroblasts from healthy individuals were used
as controls. Fibroblast cultures were established following routine procedures in
Dulbeco Eagle's minimal essential medium (D-MEM) with 10% inactivated fetal calf
serum. The cells used were between the 3rd and the 10th passage.

For the assay of acid B-glucosidase in intact cells, 10,000 cells were plated
into 24-well assay plates during 6 days in D-MEM, 10% BS at 37 °C under 5% CO2
either with or without NN-DNIJ, or aminocyclitols 1-6 (see Fig.1) at several
concentrations. Culture media was replaced every 3 days with fresh media

supplemented with the corresponding compound, and cells were washed with D-
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MEM containing the aminocyclitol dissolved in DMSO. Cells were washed and the
enzyme assay performed as follows: substrate (100 pl, 5 mM 4MU-GlIc) in 0.1 M
acetate buffer (pH 5.2) was added to each well up to a total volume of 260 pl;
incubation was for 1 h at 37 °C. Enzyme reaction was stopped with 2 ml of NaOH-
glycine buffer (pH 10.2) and the fluorescence released was measured. For each
experiment untreated (no compound added) and treated cells were plated in
quadruplicate.The non-specific B-glucosidase activity was evaluated by addition of
conduritol B-epoxide to control wells and was shown to account for about 1% of the
activity in control fibroblasts.

Taking into account the citotoxicity and inhibition results shown in Table 1, the
following concentrations for each inhibitor were chosen to carry out the fibroblast
culture assay: 1, 2 and 3 at final concentrations of 10, 1 and 0.1 uM, 4, 5 and 6 at final
concentrations of 20, 10 and 5 pM, and NN-DNJ at 5 and 2.5 pM.

Statistical analysis

For all measures, the hypothesis of normality was rejected and nonparametric
Mann—Whitney U test was used. Normal distribution was assessed by Kolmogorov—
Smirnov test. SPSS statistical program was used for the statistical analysis. P values

of <0.05 were considered statistically significant.

Results and Discussion

We have recently reported on a series of new aminocyclitols and their ability
to increase thermal stabilization of recombinant GBA (imiglucerase, Cerezyme”) in in
vitro assays>>>. The recovery of enzyme activity after thermal denaturation, referred
as “stabilization ratio” (SR), is a widely accepted parameter to uncover potential
pharmacological chaperones'’. A selection of our best aminocyclitols as thermal
stabilizers is shown in Table 1. Interestingly, with the exception of aminocyclitol S,

all of them showed better SR values than NN-DNJ.

This trend was paralleled by their ability to act as competitive inhibitors of the target
enzyme, as it is commonly accepted for small molecule pharmacological

chaperones®°.
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Table 1. Inhibitory activity and stabilization ratio (SR) of aminocyclitols 1-6 against
recombinant Imiglucerase

Compound | ICso(uM) [ 1Cs M) [k, (um) [SR® | CCso | % inh

pH=5.2 | pH=74 (uM)(b) (©

1 0.05 0.06 005 | 312 | 132 93

2 0.12 0.10 0.05 | 305 | 138 97

3 0.10 0.09 0.09 | 21.0 | 109 90

4 0.20 0.20 033 | 13.0 | 143 50

5 44.7 11.0 (nd) | 7.6 125 <5

6 25.4 49 202 | 11.6 80 50
NN-DNJ 1.30 0.30 030 | 92 | (nd) (nd)

o . 23,24
? Stabilization ratio =

bcc: cytotoxic concentration determined by MTT assay after 6 days incubation

(c) % inhibition of imiglucerase after incubation for 24h at 50uM inhibitor and SmM
substrate in wt fibroblasts.

(nd) not determined

Active-site directed GCase inhibitors are good candidates to act as
pharmacological chaperones, and, as such, they are expected to interact with cellular
GBA in the endoplasmic reticulum (ER), assisting enzyme folding and trafficking at
neutral pH. Consequently, aminocyclitols 1-6 were also evaluated as inhibitors of
imiglucerase at pH 7.4 (Table 1) to determine the effect of pH on their activity.
Interestingly, aminocyclitols 1-6 inhibited recombinant GBA at pH 7.4 with similar or
even better potencies than those observed at pH 5.2, an indication of a similar activity
at both ER and lysosome pH’s.

The above compounds were also tested on the residual enzyme activity of
fibroblasts from GD patients with distinct previously characterized genotypes”’.
Results using lysed cells for enzyme activity of fibroblasts with genotypes
N370S/N370S, L444P/L444P and N370S/L444P were used in this study and are
collected in Table 2. For each compound, the fold increase in residual GBA activity at
the highest concentration is shown. Concentrations above the indicated value lead to
basal activity or enzyme inhibition. The iminosugar NN-DNIJ, which is a known

chaperone for N3708S, but not for L444P GBA mutations, was used as control'.
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Table 2. Effect of treatment with aminocyclitols 1-6 in wt human fibroblasts and
maximum observed increases on the residual GBA activity on different genotypes.

Compound WT @ N37OS(Q\I37OS LA444P/L444P ®  N370S/L444P ©
1.1+£0.1  1.1+0.1(0.1
1 (0.1 uM) uM) (na) (0.1 uM) (na) (0.1 uM)
(na) (0.1  1.3+0.1(0.1
2 12+£0.1(0.1 uM) 12+0.1(0.1 uM
M) M) (0.1 uM) (0.1 uM)
12+0.1 1.1+0.1(0.1
3 (0.1 uM) M) (na) (5.0 pM) 1.2+0.1 (0.1 uM)
(na) (5.0  12+0.1(5.0
4 M) uM) (na) (5.0 uM) (na) (5.0 uM)
1.1+£0.1  12+0.1(5.0
5 (5.0 uM) M) (na) (5.0 pM) 1.1£0.1 (5.0 uM)
a) (5.0
6 (nu)l\/(l) (na) (0.1 uM) (na) (5.0 uM) (na) (5.0 uM)
1.1+£0.1  13+0.1(2.5
NN-DNJ M) M) (na) (2.5 pM) 1.3+£0.1 (2.5 uM)

(a) Data in parentheses correspond to the concentration of the tested compound.
Experiments were performed in triplicate, and the mean £+ SD is shown. The relative
activity was obtained by normalizing the activity corresponding to each compound
concentration tested to the activity of untreated cells.

(na) No increase on enzyme activity at the indicated concentration
(nd) Not determined

Analysis of mutations in the GBA gene indicates that N370S is a highly
prevalent mutation. It is usually related to the non-neuronopathic GD type I, and its
occurrence among Ashkenazi Jews is a hundred of times higher than in the general
population. On the other hand, mutation L444P is located in domain II, far from the
enzyme active site but close to the interacting surface with the required activator
peptide saposin C (SapC). Its frequency is lower than that of N370S but it is linked to
the type II and type III neuronopathic forms of the disease®®. The severity and the lack
of an efficient therapy for these types of GD has boosted the search of new
small-molecule pharmacological chaperones able to cross the BBB and thus become
an alternative to ERT.

Classically, results from most of the pharmacological chaperones reported for
GD have led to the assumption that mimicking the structure of the natural substrate is
a requirement for an efficient pharmacological chaperoning for mutations located near
the enzyme active site'> *. This is in agreement with the observed enhancement of

15, 30-32

residual activity observed for NN-DNJ'? and several reported aminocyclitols on

mutation N370S. However, this assumption is controversial, since the related
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iminocyclitol derivatives IFG ;*> and o-1-C-Octyl-1-deoxynojirimycin®*, are also able
to increase GBA activity in L444P Gaucher cells.

In this context, as reported in Table 2, only aminocyclitol 2 show a certain degree of
selectivity towards this mutation, with an activity increase of around 20% at 0.1 uM.
It is worthy of mention that all our aminocyclitols, with the exception of 6, show a
noticeable chaperone activity on the most common N370S mutation at concentrations
ranging between 0.1 and 5.0 pM. Interestingly, this is also the case for aminocyclitol
5, despite its modest activity as GBA inhibitor and as thermal stabilizer (Table 1).
This aminocyclitol is also slightly active on the N370S/444P mutation, a genotype for
which aminocyclitols 2 and 3 are even more efficient that NN-DNJ (Table 2).

Very recently, as a result of several massive screening programs, several
non-substrate related compounds have emerged as promising potential
pharmacological chaperones for GD'” ' 337 However, most of them are inefficient
on mutations other than the common N370S. Under this scenario, the results reported
herein represent an excellent starting point for further studies aimed at the
development of alternative therapeutic strategies for this disease. Further studies

along this line are underway and will be reported in due course.
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- N370S/L444P (3 tandes de 3 repeticions).
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Els resultats del tractament sobre els fibroblasts portadors de les mutacions
N370S/N370S, N370S/L444P 1 L444P/L444P ja han estat comentats en 1’article.
Els iminosucres NN-DNJ (2,515 uM) i NB-DNJ (51 10 uM) i els aminociclitols 1-3 i
4-6 del manuscrit en preparacio (0,1, 11 10 uM 1 5, 10 i 20 uM, respectivament) han
estat testats en fibroblasts amb 1’al-lel salvatge i en els de pacients portadors de les
segiients mutacions: L444P/G202R 1 1402T/1402T.
Els resultats en tractar els fibroblasts de pacients durant 6 dies son els segiients:
- L444P/G202R:
- NN-DNIJ: Augment del 50% a 2,5 uM.
- NB-DNJ: Disminucio6 a totes les concentracions testades.
- Aminociclitol 1 (LD153): Augment del 30-40%
- Aminociclitol 2 (LD177): Augment del 110-140% per sota de 1 uM.
- Aminociclitol 3 (LD25): Augment del 75, del 120 i del 30% a
cadascuna de les concentracions testades: 0,1, 1 1 10 uM,
respectivament.
- Aminociclitol 4 (LD72): Augment del 175-190%.
- Aminociclitol 5 (LD127): Augment del 50%.
- Aminociclitol 6 (LD125): Disminucid de D’activitat a totes les
concentracions testades.
- 1402T/1402T
- NN-DNIJ: Disminucié de D’activitat a totes les concentracions
testades.
- NB-DNJ: Sense efectes siginificatius.
- Aminociclitol 1 (LD153): Disminucid de D’activitat a totes les
concentracions testades.
- Aminociclitol 2 (LD177): Augment d’un 15% a 0,1uM.
- Aminociclitol 3 (LD25): Disminucié de [D’activitat a totes les
concentracions testades.
- Aminociclitol 4 (LD72): Disminucié de [D’activitat a totes les
concentracions testades.
- Aminociclitol 5 (LD127): Augment d’un 20%.
- Aminociclitol 6 (LD125): Disminuci6 de [’activitat a totes les

concentracions testades.
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DISCUSSIO

4.1 Sobre ’expressio d’allels mutats

Avui en dia, existeix gran coneixement sobre la diversitat de mutacions causants de la
malaltia de Gaucher, perd existeix un buit de coneixement entre la relacidé genotip-
fenotip perqué malalts amb un mateix genotip, poden tenir diversos fenotips
(Sidransky, 2004). A més a més, és possible identificar els al-lels trobats en els tres
tipus de la malaltia, perd aixo té¢ limitada utilitat, ja que és la combinacié de
mutacions en els dos al-lels la que defineix el fenotip 1 en diferents tipus de la malaltia
de Gaucher s’han trobat una mateixa mutacid (Beutler, 1992; Grabowski, 1997;
Sidransky et al., 1994). Per altra banda, una gran majoria de mutacions encara no
s’han trobat en homozigosi, per tant la gravetat de cada mutacié particular és dificil de
predir, especialment aquelles trobades en baixa freqiiencia en la poblacioé de malalts.
La caracteritzacié a nivell de proteina de les mutacions causants de la malaltia de
Gaucher, expressant-les individualment en c¢l-lules de mamifer, aporta gran
informacio sobre la base molecular de la malaltia de Gaucher 1 sobre la relacié entre
I’estructura de 1’enzim mutat 1 la seva funci6 residual. Utilitzant la mutagenesi
dirigida 1 la transfeccio a cel-lules COS-7 del cDNAs mutats, hem expressat diverses
de les mutacions trobades a la poblacidé espanyola de malalts de Gaucher. Per a
analitzar I’impacte de cada mutacié en particular en la funcionalitat de I’enzim, s’ha
expressat cadascuna de les mutacions per separat i, si és el cas, en la seva combinacid
en al-lel doble mutant.

Tot 1 que existeixen altres sistemes de sobreexpressio més eficients, com €s el cas de
I’expressio en cel-lules d’insecte mitjancant baculovirus (Amaral et al., 2000; Grace et
al., 1994), també emprats per el nostre grup (Montfort et al., 2004), s’ha utilitzat el
sistema d’expressio en cel-lules COS per la seva rapidesa 1 senzillesa.

Durant el desenvolupament d’aquesta tesi s’han expressat en cel-lules COS 9
mutacions de canvi d’aminoacid, a més a més de 2 dobles mutants, la majoria
identificades en pacients espanyols.

Les mutacions de canvi d’aminoacid expressades es descriuen a continuacié amb les
tres nomenclatures: canvi d’aminoacid expressat amb una lletra, canvi de nucleotid en
I’ADN codificnat i canvi d’aminoacid expressat amb tres lletres, segons la normativa
recomanada per la HGVS.

- N188S (¢.680 A>G, p.Asn227Ser) (Kim et al., 1996): Mai no ha estat trobada sola 1
s’ha considerant una mutacié que dona un fenotip lleu o possiblement sigui un al-lel

modificador (Montfort et al., 2004).
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- G202R (c.721 G>A, p.Gly241Arg) (Beutler et al., 1994): Mutacidé que afecta al
transport intracel-lular de la GBA 1 d’altres proteines de membrana associades al
lisosoma (Schmitz et al., 2005). Trobada en homozigosi en un pacient de tipus 2
(Zimmer et al., 1999).

- H255Q (c.882 T>G, p.His294Gln) (Stone et al., 2000): Es troba sempre en formant
un al-lel doble mutant amb la mutaci6 D409H i empitjora el fenotip respecte a la
mutacid D409H (Michelakakis et al., 2006); (Santamaria et al., 2008).

- E326K (c.1093G>A, p.Glu365Lys) (Beutler et al., 1994): S’ha suggerit que aquesta
mutaci6 podria ser un polimorfisme, ja que mai ha estat trobada sola en un al-lel en
pacients 1 s’ha trobat en individus control. Es considera un al-lel modificador (Chabas
et al., 2005; Montfort et al., 2004).

- N370S (c.1226 A>G, p.Asn409Ser) (Tsuji et al., 1988): Mutacio trobada en més del
98% dels pacients d’origen jueu i en la meitat dels pacients no jueus. Sempre
associada, tant en homozigosi com en heterozigosi amb qualsevol altra mutacid, al
tipus 1 de la malaltia.

- G377S (c.1246 G>A; , p.Gly416Ser) (Laubscher et al., 1994): Mutaci6 trobada amb
certa prevalenga en pacients portuguesos i espanyols.

- 1402T (c.1322 T>C, p.lle441Thr) (Cormand et al., 1997b): Detectada en homozigosi
en un pacient italia de tipus 1.

- D409H (c.1342 G>C, p.Asp448His) (Eyal et al., 1990; Ohashi and Eto, 1989;
Theophilus et al., 1989): Mutacio trobada en tercer lloc en 1’escala de prevalenga en la
poblacio espanyola de pacients de Gaucher. Associada en homozigosi a un fenotip
especial de tipus 3, que comporta calcificacions a 1’aorta (Chabas et al., 1996).

- L444P (c.1448 T>C, p.Leud83Pro) (Tsuji and Suzuki, 1987): Mutacid trobada en
segon lloc en I’escala de prevalenca en malalts no jueus. La mutacio L444P en
homozigosi s’associa amb un fenotip neuronopatic 2 o 3. A la poblacié Norrbottnian
(Dahl et al., 1990), que es caracteritzen per ser portadors d’aquesta mutacio, el fenotip
que presenten és de tipus 3.

Els dobles mutants expressant han estat els segiients:

- N188S; E326K (c.680 A>G; c.1093 G>A p.[Asn227Ser;Glu365Lys]) (Torralba et
al., 2001): Doble mutant trobat en la nostra série de pacients.

- D409H;H255Q (c.1342 G>C; ¢.882 T>G, p.[ Asp448His; His294GIn]) (Filocamo et
al., 2005): Les dues mutacions van ser trobades en el mateix al-lel en homozigosi en

tres pacients (1 d’origen grec i 2 d’origen alban¢s) (Michelakakis et al., 2006) i

106



DISCUSSIO

posteriorment es van trobar en 5 pacients en homozigosi 1 en 27 en heterozigosi
(Santamaria et al., 2008).

Un cop clonats els cDNA mutats en el vector pcDNA3, es van realitzar transfeccions
transitories en cel-lules COS-7 i es va analitzar 1’efecte sobre 1’activitat enzimatica de
les mutacions estudiades. Per una banda, hi ha mutacions que provoquen un descens
molt important de I’activitat enzimatica, com és el cas de la L444P. Per I’altra, hi ha
canvis que mantenen un percentatge d’activitat elevat, com per exemple la N188S, la
H255Q i la E326K (54,84%, 77,09% 1 30,51% respectivament), perd no es presenten
soles.

Les dades obtingudes, en general, son coherents amb la clinica que presenten els
pacients portadors d’aquestes mutacions. La baixa activitat dels dobles mutants
N188S;E326K 1 D409H;H255Q sembla ser deguda a la contribucié de les dues
mutacions. Podrien ser considerades al-lels modificadors les mutacions N188S i
H255Q.

Hi ha casos on trobem contradiccions entre el valor de ’activitat de la proteina
expressada i la clinica del pacient portador d’aquesta mutacié. Un exemple ¢&s el cas
de la mutacié N370S, la qual esta associada a un fenotip lleu (Grabowski, 1997), pero
la seva activitat mesurada in vitro €s relativament baixa. Una possible explicacio é€s la
gran sensibilitat respecte al pH que presenta la proteina mutada (Lieberman et al.,
2009). El lisosoma és un organul acid, amb un pH al voltant de 4,5, que contrasta
amb el pH lleugerament basic del citosol (pH 7,2).

Un altre cas ¢€s el de la mutacid6 G202R, amb una activitat relativament elevada i1 que
ha estat trobada en homozigosi un pacient de tipus 2. Aquesta mutacioé s’ha associat a
defectes en el trafficking, per tant es pot deduir que la proteina té activitat, perd que
no arriba al seu desti, el lisosoma (Schmitz et al., 2005).

Malgrat la variabilitat en els resultats que es troben normalment en els estudis
d’expressid, els resultats obtinguts en el present treball son similars als d’algun dels
estudis previs. En el cas de la mutacio N370S, el nostre grup, utilitzant diferents
metodes d’expressio, baculovirus (Montfort et al.,, 2004) i cel-lules COS (present
treball), ha obtingut resultats similars (7,5% 1 8,11%). La dependéncia de pH
d’aquesta proteina ha estat descrita com a depenent explicaria la gran variabilitat de
resultats en diferents sistemes d’expressio, tot i que existeixi una correlacio clara

genotip-fenotip (mutacio lleu, que no s’ha trobat mai en pacients de tipus 2 o 3).
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També cal destacar el cas de la mutacio L444P, la qual és present en pacients amb un
fenotip molt greu. En el nostre estudi veiem un baix percentatge d’activitat, que també
ha estat detectat en el grup de Torralba i col. (2001), i aix0 correlaciona amb el
fenotip descrit per a aquests pacients (afectacid neuronopatica).

El cas del doble al-lel mutant D409H;H255Q és un clar exemple de com la
combinacio de dues mutacions provoca un fenotip més sever que la seva preséncia per
separat 1 com es correlaciona amb les dades bioquimiques que es presenten en el

nostre treball, tant en COS-7, com en COS-1.
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4.2 Sobres les xaperones farmacologiques

Tot 1 que €s necessaria més investigacid per a entendre els mecanismes patogenics de
la malaltia de Gaucher, és evident que I’acumulacid de glucoesfingolipids és un factor
determinant per al desenvolupament de la malaltia de Gaucher.

La primera estrategia terapcutica, la ERT als anys 90, va anar dirigida a disminuir la
concentracio cel-lular glicoesfingolipids introduint enzims exdgens. Primer va sorgir
’alglucerasa (Barton et al., 1990) 1 més tard la imiglucerasa, una forma recombinant
de glucocrebrosidasa (Zimran et al., 1995). Desgraciadament aquest tractament esta
només indicat per al tipus 1 de la malaltia, ja que I’enzim és incapa¢ de creuar la
barrera hematoencefalica. A més a més, s’ha de rebre de manera continuada, durant
tota la vida i és molt car.

Posteriorment es va iniciar una aproximacio terapeutica diferent basada en la inhibicio
de la biosintesi del substrat, la SRT, mitjancant petites molécules com la NB-DNJ
(Cox et al., 2000) i es va demostrar una millora dels simptomes dels pacients tipus 1,
similars als descrits en pacients tractats amb ERT. La NB-DNIJ va ser aprovada al
2003 com a tractament per a la malaltia de Gaucher. Tal i com passa amb
I’imiglucerasa, aquest és un tractament que té inconvenients: es necessiten grans dosis
1 té efectes secundaris. A més a més, tampoc €s un tractament que serveixi per a
millorar els simptomes neurologics.

La utilitzacié de petites moleécules com a terapia €s una nova linia de recerca que ha
estat testada en patologies com la diabetes (Milne et al., 2007) i el cancer (Hoeller and
Dikic, 2009) amb més o menys éxit.

En el cas de les malalties d’acumul lisosomic, els avencos en la malaltia de Fabry i la
de Gaucher han marcat un punt d’inflexio (Fan, 2003). Aquesta nova linia terapéutica
esta basada en el comportament paradoxal d’inhibidors competitius reversibles, que a
baixes concentracions (sub-inhibidores) tenen la capacitat d’actuar com a xaperones
que indueixen o estabilitzen la conformacié apropiada de I’enzim mutat. Aquest
enfocament contrari a la intuicié ha de ser racionalitzat entenent que 1’enzim mutat
esta mal plegat i/ o és inestable, pero encara té intacte el centre catalitic (Fan, 2008;
Yu et al.,, 2007a). Els inhibidors competitius reversibles estabilitzen 1’estructura
tridimensional de les proteines mutades, prevenint la degradacié de les mateixes
abans de ser transportades al lisosoma (Fan, 2003).

La terapia amb xaperones farmacologiques és molt prometedora ja que és una

estrategia que combina els beneficis d’una terapia amb molecules petites, com la
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biodisponibilitat en fer un tractament oral i la possibilitat de creuar la barrera
hematoencefalica, amb ’especificitat d’una aproximacid dirigida a un enzim concret.
Entre els productes testats trobem que alguns iminosucres han estat emprats per al
tractament d’esfigolipidosis: com la malaltia de Fabry (Asano et al., 2000; Fan et al.,
1999), la gangliosidosi GM1 (Matsuda et al., 2003) i GM2 (Tropak et al., 2004), tant
en models cel-lulars com animals.

En la malaltia de Fabry (Fan et al., 1999), I’administracid oral a ratolins transgenics
de la 1-deoxi-galactonojirimicina (DGJ) semblava accelerar el transport i la
maduracid de I’enzim mutat (a-galactosidasa A).

Més endavant, tractant cultius de limfoblasts de pacients amb la malaltia de Fabry
amb la DGJ, I’a-galacto-homonojirimicina, 1’a-alo-homonojirimicina 1 la beta-1-C-
butil-deoxigalactonojirimicina es va detectar un augment de ’activitat intracel-lular
de I’ a-galactosidasa A (Asano et al., 2000).

Tant en cultius de fibroblasts humans com murins (Matsuda et al., 2003), el fet
d’afegir N-octil-4-epi-beta-valienamina (NOEV) restablia I’activitat de I’enzim mutat
i per tant disminuia notablement I’emmagatzematge del substrat intracel-lular
acumulat en la gangliosidosi GM1.

En fibroblasts de pacients amb malaltia de Tay-Sachs 1 Sandhoff (Tropak et al.,
2004), es va aconseguir augmentar la proteina residual i [’activitat de
I’hexosaminidasa A amb els segiients inhibidors: N-Acetil-galactosamina (GalNAc),
NN-DNJ,  2-Acetamido-1,2-dideoxinojirimicina  (AdDN]J), 2-Acetamido-2-
deoxinojirimicina (ADNJ), N-Acetil-glucosamina-tiazolina (NGT), castanospermina
(CAS), 6-Acetamido-6-deoxycastanospermina (ACAS).

Per a la malaltia de Gaucher, els iminosucres NN-DNJ i IFG han estat testats en
fibroblasts de pacients (Sawkar et al., 2002; Steet et al., 2006). En c¢l-lules COS-7,
s’ha testat la NB-DNJ (Alfonso et al., 2005). En la figura D.1 podem veure les

estructures moleculars dels tres iminosucres mencionats.

HO
HO.,,
NH
HO
NNDNJ (n = 8) isofagomine
NBDNJ (n = 3) (IFG)

Figura D.1. Estructura quimica dels iminosucres NN-DNJ, NB-DNJ i I[FG.
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En afegir la N-(n-nonil)deoxinojirimicina (NN-DNJ) a concentracions subinhibidores
en cultius de fibroblasts de pacients portadors de la mutacio N370S es va aconseguir
augmentar 1’activitat de la GBA mutada i mantenir aquest augment fins a 6 dies
després del tractament (Sawkar et al., 2002). La NN-DNJ també va augmentar
I’activitat de la glucocerebrosidasa salvatge, perd no la de la L444P.

Posteriorment, la IFG també es va descriure com un inhibidor que augmentava
I’activitat de la glucocerebrosidasa amb la mutacié N370S (Steet et al., 2006),
mitjancant diversos mecanismes. Principalment, la IFG permetia el plegament i el
transport de la glucocerebrosidasa sintetitzada al reticle endoplasmatic, augmentant
aixi la quantitat de I’enzim al lisosoma.

En afegir la NB-DNIJ a cultius de cel-lules COS-7, es va veure un augment d’activitat
tant en les portadores de I’al-lel salvatge com de les mutacions: VI5M, M123T,
S364R 1 N370S (Alfonso et al., 2005). En canvi, no es van detectar canvis
significatius en les proteines mutades L336P, L444P 1 S465del o fins i tot una
disminuci6 en la P266L.

En el nostre estudi, un cop caracteritzades les mutacions mitjangant 1’expressid
transitoria en cél-lules COS-7, es va analitzar 1’activitat GBA de cél-lules COS-7
transfectades de manera estable 1 de fibroblasts de pacients, tractats durant 6 dies amb
els iminosucres coneguts (NN-DNJ i NB-DNJ) com a control positiu i deu nous
compostos del tipus aminociclitol (Diaz et al., 2010; Egido-Gabas et al. 2005;
Sanchez-Olle et al. 2009; Manuscrit en preparacio).

L’analisi de I’activitat en cel-lules COS-7 ens serveix per estudiar I’efecte de les
mutacions de manera individual i1 I’efecte de la possible xaperona farmacologica sobre
cadascuna d’aquestes proteines mutades, podent establir una hipotesi sobre el
mecanisme d’acci6 de la xaperona en els fibroblasts de pacients.

S’ha establert un paradigma: una mutacidé un compost. Aixo s’engloba en el marc de
la medicina personalitzada, que comenga a ser una realitat en la terapia molecular,
concretament en el mén de I’oncologia.

Cal tenir en compte que ’expressid heterdloga es pot utilitzar com una eina de
cribratge per la deteccid de possibles xaperones, pero els resultats s’han de confirmar
en cellules de pacients, ja que I’expressid heterologa pot induir a conclusions

erronies. Per exemple, quan mesurem [’activitat de la proteina amb la mutacié N370S,
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aquesta pot resultar for¢a variable si no es t€ en compte el pH optim en qué 1’enzim
necessita ser testat, com ja hem mencionat anteriorment.

Per altra banda, el fet de treballar amb cel-lules transfectades estables pot fer que
I’expressio de 1I’enzim sigui clonal i pot donar resultats amb una gran variabilitat entre
ells. A més a més, hi ha la manca de control en el lloc d’integraci6 de I’ADN
transfectat. Es un efecte que s’ha detectat en fer diverses repeticions de I’experiment i
que deduim que és extensible a altres estudis publicats (Alfonso et al., 2005). La gran
variabilitat de resultats obtinguts en c¢l-lules COS que es plasmen en desviacions
estandard majors del 20% fa que el sistema sigui només una eina de cribatge.

En el nostre primer treball, vam expressar de manera estable tant 1’al-lel salvatge com
els mutants: N188S, G202R, H255Q, E326K, N370S, G377S, 1402T, D409H, L444P,
N188S;E326K i H255Q;D409H.

En tractar les cel-lules durant 6 dies amb NN-DNIJ es va detectar un increment de
I’activitat en cel-lules portadores de I’al-lel N188S. No va ser tan significatiu
I’augment en les N370S, pero si en les G377S 1 ’al-lel salvatge.

Els nostres resultats del tractament amb la NB-DNJ van ser similars als publicats
previament per Alfonso i col-laboradors (Alfonso et al., 2005) en que augmentava
I’activitat de la GBA en cel-lules COS transfectades amb 1’al-lel salvatge. No podem
dir el mateix per la N370S.

Pel que fa als aminociclitols testats (figura D.2), només el compost 1 va tenir un
efecte clar tant sobre la proteina salvatge com en les mutades N188S i N188S;E326K
en cel-lules COS. Els altres compostos no van tenir cap efecte (compostos 2 1 3) o

aquest va ser inhibitori (compost 4).

aminocyclitol 1, R= PhBu

aminocyclitol 2, R= n-CgHy7
aminocyclitol 3, R= n-CgHyg
aminocyclitol 4, R= n-CygHyy

Figura D.2. Aminociclitols emprats tant en cél-lules COS-7 com en fibroblasts de pacients.

112



DISCUSSIO

Un cop realitzat el cribratge en les cel-lules COS 1 seguint els parametres publicats per
estudis anteriors (Sawkar et al., 2002) es va procedir a I’analisi de les activitats sobre
fibroblasts de pacients (a I’Institut de Bioquimica Clinica).

En la primera publicacié (Sanchez-Olle et al., 2009), disposavem de fibroblasts de
pacients portadors de les segiients mutacions: N370S/N370S, N370S/L444P,
L444P/L444P, D409H/N188S;E326K, D409H/D409H, 1402T/1402T, L444P/G202R,
D409H/L444P;E326K i L444P;E326K/G202R.

La NN-DNIJ incrementava 1’activitat no només dels fibroblasts amb el genotip
N370S/N370S, com s’havia publicat anteriorment (Sawkar et al., 2002), sind també
dels que portaven les mutacions N370S/L444P 1 D409H/N188S;E326K.

Com era la primera vegada que es testava I’iminosucre NB-DNIJ en fibroblasts, no
disposavem de referents. Els resultats no van ser positius amb aquests compostos per
cap de les proteines mutades.

Pel que fa als aminociclitols testats en aquest treball, només el compost 4 va
demostrar tenir clars efectes positius 1 va ser en fibroblasts de pacients portadors de
les mutacions L444P/G202R 1 L444P/E326K;G202R. Els altres compostos van tenir
efectes inhibidors (compost 1) o no van tenir cap efecte (compostos 2 i 3).

En conjunt, veiem que els nostres resultats han estat suboptims o parcials. Per aquest
motiu, seguint aquesta linia de treball 1 volent millorar els resultats obtinguts, s’han
analitzat una nova série de compostos (Diaz et al.,, 2010). L’estratégia per a
seleccionar-los ha estat la mateixa, és a dir, s’han escollit els compostos que tenien
gran capacitat d’inhibici6 i no eren toxics a concentracions inhibidores.

En el manuscrit en preparacid es descriu com s’han testat nous derivats
d’aminociclitols (Diaz et al., 2010) com a possibles xaperones farmacologiques tant
en fibroblasts control com en els de pacients portadors de les segiients mutacions:
L444P/G202R, 1402T/1402T, N370S/N370S, N370S/L444P i L444P/L444P .

Alguns dels nous compostos eren millors inhibidors (ICsp menor), per tant han estat
emprats a menor concentracio; concretament han estat testats a 10 i 100 unitats de
magnitud menys (0,1 1 1 uM).

Aquest segon grup de compostos (figura D.3) han donat millor resultat com a
xaperones farmacologiques que els anteriors ja que 1’augment d’activitat enzimatica
ha estat significatiu, no tan sols en els fibroblasts control, siné també en els portadors

d’al-lels mutants.
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Seria interessant testar aquest compostos i altres a concentracions 10 unitats de
magnitud menor, ja que encara s’observa, en alguns d’ells, inhibicié de 1’activitat de
la GBA. En la taula podem veure les caracteristiques inhibidores corresponents als

diferents compostos.

Taula D.1. Caracteristiques dels compostos estudiats

Compost {CopH 52 1CsopH 7.4 Ki % inhibicio
(mM) (mM) (mM)
1 0,05 0,06 0,05 93
2 0,12 0,10 0,05 97
3 0,10 0,09 0,09 90
4 0,20 0,20 0,33 50
5 44,7 11,0 (nd) <5
6 254 4,9 20,2 50
7 1,5 0,30 0,29 30
8 1,8 1,3 0,89 28
9 3,5 1,2 7,6 20

OH  q(a-h)(n=1)
2 (a-c) (n=2)
3 (a-c) (n=3)

Figura D.3. Estructura dels compostos dissenyats per a aquest estudi.

També seria interessant utilitzar com a control un altre compost: la IFG. S’ha
demostrat que té¢ gran efecte en fibroblasts de pacients portadors de diferents
mutacions (Lieberman et al., 2007) i els assaigs clinics han arribat a la fase 2
(Weinreb, 2008).

S’ha demostrat que té efecte sobre el mutant N370S ja que permet el transport de
I’enzim als lisosomes i augmenta 1’activitat (Lieberman et al., 2007; Steet et al.,
2006), fet que ja s’havia evidenciat amb altres xaperones farmacologiques. No

obstant, la IFG també és capa¢ d’augmentar I’activitat de la glucocerebrosidasa amb
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la mutaci6é L444P (Khanna et al., 2010), tan sols demostrat anteriorment per la o-1-C-
octyl-DNJ (CO-DNJ) (Yu et al., 2006).

La majoria de les xaperones estudiades per a millorar [’activitat de Ila
glucocerebrosidasa son iminosucres o analegs derivats del substrat natural de I’enzim,
la glucosilceramida (Compain et al., 2006; Chang et al., 2006; Egido-Gabas et al.,
2007; Lei et al., 2007; Sawkar et al., 2006; Steet et al., 2006; Wang et al., 2009; Yu et
al., 2006; Yu et al., 2007b). S’ha demostrat que els iminosucres tenen capacitat per
augmentar 1’activitat de la glucocerebrosidasa, pero els seus derivats son inespecifics i
tenen una vida mitja curta dins les cel-lules (Butters et al., 2005). Per tant, altres
petites molecules amb activitat xaperona no derivades de sucres han comengat a
sorgir com a eines de recerca i com a punt de partida per al desenvolupament de
noves terapies per a la malaltia de Gaucher.

Per exemple, Zheng i col-laboradors descriuen tres tipus d’inhibidors no derivats de
sucres: analegs d’aminoquinolines, analegs de sulfonamides i analegs de triazines
(Zheng et al., 2007). Aquests compostos tenen potencia i eficacia comparable a la
NB-DNJ, a la NN-DNJ, a la IFG i a I’epoxid-p-conduritol.

Més recentment han sorgit altres compostos que han estat testats en fibroblasts de
pacients: compostos que bloquegen el canal de calci (diltiazem i1 verapamil) (Rigat
and Mahuran, 2009), inhibidors del canal de sodi (ambroxol) (Maegawa et al., 2009),
analegs quinazolina (Marugan et al., 2011) i a-1-C-nonylimino-d-xylitol (a-C9-DIX)
(Oulaidi et al., 2011).

Les dades recents presentades, tant per Khanna 1 col-laboradors (2010) com per altres
autors, fan pensar que les xaperones farmacologiques podrien arribar a ser un
tractament tant per les formes no neuronopatiques com per a les neuronopatiques de la

malaltia de Gaucher.
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CONCLUSIONS

Les conclusions principals sobre els estudis d’expressio in vifro han estat els segiients:

- La preséncia de la mutacio H255Q en el mateix al-lel que la mutacié D409H pot
explicar les discordancies de fenotip entre portadors de la mutacié D409H.

- Els estudis d’expressio in vitro en cel-lules COS-1 confirmen I’efecte aditiu de les
dues mutaciones en el doble mutant.

- Els estudis d’expressio in vitro en cel-lules COS-7 transfectades de manera
transitoria amb cDNAs portadors de diferents mutacions han posat de manifest que
els enzims mutants portadors dels canvis N188S, H255Q i1 E326K presenten
I’activitat residual més elevada (53,84%, 77,09% i 30,51%, respectivament).

- Les mutacions G202R (24,84%), G377S (26,10%) i 1402T (19,37%) s6n bones
candidates a ser corregides per a xaperones farmacologiques ja que mantenen una

activitat residual relativament alta.

Els efectes com a xaperones farmacologiques sobre 1’activitat GBA dels compostos

analitzats en cel-lules COS-7 transfectades de manera estable han estat els segiients:

- L’iminosucre NN-DNJ va tenir un efecte positiu per als al-lels: salvatge, N188S,
G377S 1 N188S;E326K.

- L’iminosucre NB-DNI va tenir efecte positiu per als al-lels N188S 1 N188S;E326K.

- L’aminociclitol 1 va tenir efecte positiu per als allels NI188S, N370S 1
N188S;E326K.

- Els aminociclitols 2, 3 i 4 no van tenir cap efecte positiu significatiu per cap

mutacio.

Els efectes com a xaperones farmacologiques sobre I’activitat GBA dels compostos

analitzats en fibroblasts de pacients han estat els segiients:

- L’iminosucre NN-DNJ va tenir efecte positiu per als portadors dels genotips
N370S/N3708S, N370S/L444P, D409H/N188S;E326K i L444P/G202R.

- L’aminociclitol 4 va tenir efecte positiu per als portadors dels genotips
L444P/G202R i L444P;E326K/G202R.

- Els aminociclitols 1, 2, i 4 no van tenir cap efecte positiu sobre els fibroblasts de

pacients testats.
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Els resultats preliminars dels efectes com a xaperones farmacologiques de la nova

serie de productes sobre I’activitat GBA dels compostos analitzats en fibroblasts de

pacients han estat els segiients:

- El nou compost 1 té efecte positiu sobre els portadors del genotip L444P/G202R.

- El nou compost 2 té efecte positiu sobre els portadors dels genotips: L444P/G202R,
N370S/N370S i N370S/L444P.

- El nou compost 3 té efecte positiu sobre els portadors dels genotips: L444P/G202R i
N370S/N370S.

- El nou compost 4 t¢é efecte positiu sobre els portadors dels genotips: L444P/G202R 1
N370S/N370S.

- El nou compost 5 té efecte positiu sobre els portadors dels genotips: L444P/G202R,
1402T71402T, N370S/N370S i N370S/L444P.

- El nou compost 6 no té cap efecte positiu sobre els fibroblasts de pacients testats.
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En aquest apartat es descriuen part dels metodes emprats en la tesi doctoral

presentada.

a) Mutagénesi dirigida

Es disposava del cDNA salvatge i diversos cDNAs mutants, obtinguts amb
anterioritat a partir de cultiu de fibroblasts d’individus sans i malalts mitjancant els
kits QIAshredder™ i RNeasy MiniKit™ de Qiagen. A partir de ’RNA es va obtenir
el cDNA, el qual va ser clonat al vector pucl8, mitjancant les dianes EcoRI i Xbal
(Montfort et al., 2004). A més a més per tal d’obternir nous al-lels mutats (G202R,
H255Q, G377S, H255Q;D409H) es va emprar la mutagénesi dirigida, mitjancant el
QuikChange II XL Site-Directed Mutagenesis Kit (Stratagene), seguint les
recomanacions del fabricant. Els encebadors utilitzats en la reaccié van ser dissenyats
amb un programa que la casa comercial ofereix (http://labtools.stratagene.com). Tal 1

com veiem en la taula A.1, el nucleotid a canviar esta en negreta.

Taula A.1. Encebadors utilitzats en la mutagénesi dirigida

Nom Seqiiéncia

G202R FW 5'-CAAGGGACAGCCCAGAGACATCTACCACC-3'
G202R RV 5'-GGTGGTAGATGTCTCTGGGCTGTCCCTTGA-3'
H255Q FW 5'-GCTTCACCCCTGAACAGCAGCGAGACTTCAT-3'
H255Q RV 5'-GTCTCGCTGCTGTTCAGGGGTGAAGC-3'

G377S FW 5'-GTACCATGTGGTCAGCTGGACCGACTGG-3'
G377S RV 5'-CCAGTCGGTCCAGCTGACCACATGGTAC-3'

Els encebadors utilitzats, aixi com el temps de la reaccid en cadena de la polimerasa
utilitzats, es van escollir seguint les recomanacions del fabricant indicades en el
manual d’us.

Els passos emprats per a dur a terme la mutagénesi es resumeixen en la figura A.1,
modificada a partir del protocol a seguir dins del manual d’instruccions del

QuikChange® XL Site-Directed Mutagenesis Kit d’Stratagene.
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Vector amb cDNA, que conté el
nucleotid a canviar per
mutagénesi

Desnaturalitzacio del vector i
anellament amb els encebadors
que contenen la mutacio

'“  Encebadors

Extensio i incorporacio de les
mutacions gracies a la DNA
polimerasa PfuTurbo. Les
cadenes resultants contenen
nicks.

Digestio de la cadena motlle
(metilada i no mutada) amb

Dpnl
Vector amb
cONA mutat Transformacio de la doble
D cadena circular de DNA a les
cel-lules XL10-Gold
ultracompetents

Reparacio dels nicks al vector
mutat per part de les cél-lules
XL10-Gold ultracompetents

LLEGENDA
== DNA parental
Encebadors de
mutagénes!

——  Vector de DNA mutat

Figura A.1.Esquema de la reacci6 de la mutagenesi sobre el cDNA salvatge en pucl8.

Per tal de confirmar els canvis introduits, es va utilitzar el kit BigDye Terminator v3.1
Cycle Sequencing Kit (Applied Biosystems) per a realitzar la seqiienciacié dels
fragments. Els components que formaven part de la barreja de reaccid es detallen a
continuacio:

Iul de DNA (uns 100 ng)

2ul encebador a 1,6 pmols/pl

2ul barreja de seqiiencia Big Dye 3.1

2ul tampo 5x

4ul aigua destil-lada
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Els encebadors emprats per tal de dur a terme la seqiienciacid van ser escollits de
manera que tot el cDNA quedés seqiienciat (les dues cadenes). La relacio

d’encebadors es detalla a la taula 4.

Taula A.2. Encebadors emprats per a seqiienciar

Encebadors  Seqiiencia (5'>3")

M13 FW GTAAAACGACGGCCAGTG

1b FW GGAATTCGCCGGAATTACTTGCAGGGC
T7 TAATACGACTCACTATAGGG

SP6 AGCATTTAGGTGACACTATAG

11 RV GCTCTAGACTCTTTAGTCACAGACAGCG

M13 RV GGAAACAGCTATGACCATG

El protocol de I’amplificacid del DNA per a obtenir la seqiiéncia esta indicat en la

taula A.3:

Taula A.3. Protocol PCR.

TEMPS TEMPERATURA OBSERVACIONS
3 minuts 96°C Desnaturalitzacio
10 segons 96°C Desnaturalitzacio™*
5 segons 50°C Anellament*

4 minuts 60°C Elongacié™

infinit 4°C Fi reaccio

*25 CICLES

Els termocicladors emprats per a dur a terme la mencionada reaccido van ser Gene

AMP PCR System 2700 i 2720 (Applied Biosystems).

b) Clonatge dels cDNAs a pcDNA3.
Les dianes de restriccid (EcoRI 1 Xbal) situades al lloc de clonatge multiple del vector
pucl8 van ser emprades per a subclonar els cDNAs en el vector d’expressio per a
mamifers pcDNA3. La reaccié enzimatica realitzada per tal de dur a terme 1’escisio
del cDNA mutat va ser la segiient (volum final 20 pl):

0,5 ul enzim EcoRI

0,5 ul enzim Xbal

2 pl tampd 10x

5 ul DNA
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12 pl aigua
Un cop obtinguts els vectors d’expressid amb el cDNA corresponent, es va obtenir
grans quantitats del mateixos gracies al HiSpeed Plasmid Midi Kit (Qiagen) i a cultius
liquids de cel-lules DHS5a préviament transformades amb el nostre insert d’interes,

clonat en el vector pcDNA3.

c¢) Transfeccio a cel-lules COS-7.

Les cel-lules COS-7 deriven de la linia CV-1 (ronyd de mico verd) per transformacio
amb un mutant de 1’'SV-40, que codifica per I’antigen T salvatge. A diferéncia de les
cel'lules COS-1, les COS-7 no contenen una copia completa integrada de la regid
early del genoma de SV40.

En la figura A.2 podem veure I’aspecte que tenen les mencionades cél-lules.

Barra 100 wm

Figura A.2 Aspecte de les cél-lules COS-7 al microscopi optic, quan no s’utilitza cap tipus de tincid.
Tot 1 aixi s’intueix el nucli de la celllula i la forma arrodonida de les cél-lules. Extret de

www.jmbioscience.com/COS-7.html.

El medi de cultiu de les cel-lules COS-7 esta compost per D-MEM, 10% serum bovi i
1% penicil-lina/estreptomicina. Quan es troben al 90% de confluéncia es procedeix a

la transfeccid.
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Per tal de transfectar les cel-lules COS-7 s’ha utilitzat Lipofectamine™ 2000
(Invitrogen), seguint les recomanacions del fabricant (medi de cultiu sense antibiotic).
Per a obtenir transfeccions estables, les cél-lules van ser tractades amb Geneticin®
(Invitrogen) 48h després de la transfeccio, durant un minim de 15 dies. Aquest
antibiotic permet la seleccid de les cel-lules transfectades, ja que son resistents a la

neomicina gracies al vector d’expressio en mamifers pcDNA3.

d) Immunofluorescencia per a la deteccio d’organuls 1 ’enzim GBA.
Per a poder caracteritzar el cami que segueixen les proteines mutades, des de la seva
sintesi al reticle endoplasmatic fins que arriben al lisosoma, s’ha posat a punt la
técnica d’immunofluorescencia per a la deteccio dels organuls: reticle endoplasmatic,
aparell de Golgi i lisosoma, aixi com per a la proteina del nostre interes, la GBA.
Es van clonar el cDNA salvatge i els que contenen les mutacions N188S, G202R,
H255Q, E326K, N370S, G377S, 1402T, D409H, L444P, NI88S;E326K i
H255Q;D409H en el vector pEGPF-N2, un vector resistent a la kanamicina amb una
mida de 4,7 kb.
Per tal de realitzar la clonaci6 es fa una PCR partint de les minipreps o midipreps del
cDNA clonat en el pcDNA3. Els encebadors que es van utilitzar tenen inclosa una
diana de restriccio per tal de permetre el clonatge en el nou vector (pEGFP-N2). El
producte de la reaccid té 1,6 kb.
Mix (Vf=25 pl, pero es poden preparar 50ul per tal de tenir volum suficient)

22,5 pl Taq AccuPrime Pfx Super Mix

0,25 pl primer Forward (EcoRI FW)

0,25 pl primer Revers (Xmal RV)
Condicions:

95°C 5 minuts

95°C 15 segons

65°C 30 segons 35 cicles

68°C 2 minuts

4°C

Es va testar la PCR en gel d’agarosa a 1’1,5% aproximadament. El marcador emprat
va ser AEco/Hind. Apareixen moltes bandes per sobre d’1,6 kb (tamany de la nostra
PCR), que corresponen a les diferents conformacions del vector utilitzat com a motlle,

per tant cal retallar banda.
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Es va preparar un gel a I’1% d’agarosa 1 es va utilitzar el marcador AEco/Hind. Un
cop retallada la banda de 1,6 kb, es va purificar amb el kit Illustra (GE Healthcare) i
resuspendre amb aigua (50 pl). Posteriorment es va digerir la banda, mitjantcant
I’enzim de restriccidé Xmal (s’anomena Cfir91 en la casa Fermentas) i I’EcoRI, seguint
les instruccions del fabricant.
Mix (V=20 nl)

2 pl buffer Cfr91

1 pl enzim EcoRI

0,5 ul enzim Cfr91

5 ul banda purificada

11,5 pl aigua
Les reaccid es va dur a terme durant tota la nit (over night, ON) a 37°C.
Mitjancant el Kit Illustra, procedim a la purificacio de la banda i a la resuspensié en
buffer TE, ja que millora I’eficiéncia de lligacié (segons el kit). Més tard es testa la
purificaci6 en gel d’agarosa a 1’1,5% aproximadament amb el marcador AEco/Hind.
Un cop testada i quantificada la banda purificada, procedim a la lligacié amb el vector
pEGFP-N2
Mix (VE=10 pnl)

Lligasa Promega 0,2 pl

Buffer 10x 1ul

Vector 1 pl

Insert 7,8 ul
Condicions

ON a 16°C
Tot el producte de lligacio es transforma en 90 pul de DH5a (30 minuts en gel, 1 minut
1 30 segons a 42°C, 2 minuts en gel, s’afegeix LB precalentat a 42°C, 45 minuts a
37°C) que es deixa creixer ON a 37°C. Les colonies es van picar i es van fer creier en
un tub amb medi LB (3ml), als quals afegirem 9 pl de kanamicina, durant 16 h a 37°C
en agitacio .
A partir de les colonies que van creixer, es va fer una miniprep, que va ser testada en
gel d’agarosa a 1’1,5% aproximadament amb el marcador AEco/Hind. La mida
observada va ser 6,3kb (4,7 kb vector + 1,6 kb cDNA),
Les minipreps que tenien el tamany correcte es van digerir per veure si I’insert tenia el

tamany desitjat.
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Mix (V=20 pnl)

2 ul buffer Cfr91

1 pl enzim EcoRI
0,5 pl enzim Cfr91
5 pl miniprep

11,5 pl aigua

Condicions

ON a 37°C

Es va testar la miniprep digerida en gel d’agarosa a 1’1,5% aproximadament. Si les

bandes eren les correctes es va procedir a la seqiiénciacio de la miniprep.

Primers utilitzats:

Mix:

N2 FW (situat a I’extrem 5°, dins del vector pPEGPF-N2).
DOWN FW (en mig de I’ex6 4).

UP RV (en mig de I’exo6 6).

7b FW (en mig de I’ex¢6 7).

7a RV (en mig de I’ex6 7 després del 7b FW).

N2 RV (situat a ’extrem 3°, dins del vector pEGPF-N2).

2 ul buffer 5x

0,5 pl primer (3,2 uM)
5,5 pl aigua

1 pl Big Dye3.1

1 pl mostra

Condicions:
96°C 1 minut
96°C 10 segons

55°C 5 segons } 25 cicles

60°C 4 minuts

4°C

Desgraciadament, un cop realitzada la clonacié dels diferents al-lels es va publicar

que aquesta técnica no era util per a poder col-localitzar la nostra proteina al lisosoma,

ja que quedava retinguda al reticle endoplasmatic (Lei et al., 2007).

Existeixen pocs anticossos comercials per a la proteina GBA que serveixin per a
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immunofluorescéncia. Gentilment, el Dr. JM Aerts (Departament de Medicina
Interna, Divisé d’Endocrinologia 1 Metabolisme, Centre Medic Academic,
Amsterdam) ens ha facilitat ’anticos de ratoli 8E4, préviament descrit per Ginns
(Ginns et al., 1983). Per a detectar-lo s’ha utilitzat I’anticos contra ratoli Alexa Fluor®
488 Dye (Invitrogen™, California, Estats Units) a diluci6 1:400. S’ha utilitzat el
microscopi confocal amb deteccid espectral Leica TCS SP II (Leica Microsystems
Heidelberg GmbH, Alemanya) per a fer les fotografies de les imatges confoncals. Els
anticossos de conill emprats per a detectar els organuls van ser Calnexina (1:100) per
al reticle endoplasmatic (Abcam”, Cambridge, Regne Unit), GM130 (1:200) per a
I’aparell de Golgi (Abcam®, Cambridge, Regne Unit) i LAMP-1 (1:50) per al
lisosoma (Abcam”, Cambridge, Regne Unit). Per a detectar-los s’ha utiliat 1’anticos
contra conill Alexa Fluor® 594 Dye Invitrogen™, California, Estats Units) a dilucio
1:400.
Per a detectar el nucli s’ha utilitzat DAPI (4',6-diamidino-2-fenilindol) a dilucié 1:200
(Sigma-Aldrich®, St Louis, Missouri, Estats Units).
El protocol de fixacié utilitzat tant en posar a punt I’anticos contra la GBA com en els
de reticle endoplasmatic, aparell de Golgi i1 lisosoma és el segiient:

1. Introduir un vidre de 12 mm de diametre en una placa de 12 pous (Nunc,

Regne Unit).

2. Afegir 10.000 fibroblasts en un dels pous.

3. A les 24h rentar el medi amb PBS durant 2-3 minuts tres vegades.

4. Fixar les cel-lules amb 200 ulL de formaldheid al 3.7% en PBS 1 incubar-ho
durant 10 minuts a temperatura ambient.
Rentar amb PBS, 3 vegades durant 5 minuts.
Permeabilitzar amb Triton X-100 al 0.5% en PBS durant 10 minuts.
Rentar amb PBS, 3 vegades durant 5 minuts.

Bloquejar les cel-lules amb 200 uL de BSA al 3% en PBS durant 40 minuts a

o =N W

temperatura ambient, en una cambra humida.

9. Treure el vidre del pou amb molt de compte per a poder incubar amb ’anticos
primari en la cambra humida. Aquesta es pot construir amb una placa de petri i
paper secant humitejat amb aigua. Es posa un tros de Parafilm® M (Labolan,
Espaiia) sobre el paper secant.

10. Incubar amb I’anticos primari, diluit en BSA al 0.5% en PBS durant 1 hora a
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1.
12.
13.

14.
15.

16.

temperatura ambient o durant tota la nit a 4°C, en una cambra humida. La gota
de 30-50 uL d’anticos diluit es diposita sobre Parafilm® i el vidre, amb la cara
de les cel-lules, sobre aquest.

Rentar amb PBS, 3 vegades durant 5 minuts.

Posar de nou el vidre en el pou.

Incubar amb 1’anticos secundari (1:400) i el DAPI (1:200) diluits en BSA al
0.5% en PBS durant 45 minuts a temperatura ambient, en una cambra humida
a la foscor.

Rentar amb PBS, 3 vegades durant 5 minuts.

Rentar amb aigua destil-lada per eliminar les sals 1 evitar que en afegir el medi
per a muntar apareguin cristalls de sal.

Afegir 10-20 uL de Mowiol® 4-88 en un porta de vidre i desar el vidre amb les

cel-lules fixades amb molta cura que no apareguin bombolles d’aire.

El primer pas que era posar a punt la técnica en fibroblasts portadors de I’al-lel

salvatge ha donat els segiients resultats (figura A.3):

Figura A.3. En aquesta imatge podem veure el
reticle endomplasmatic (vermell), la GBA (verd)

i el nucli (blau) a 60x.

Tot 1 utilitzar una baixa dilucié de ’anticos de reticle, no va ser possible visualitzar

millor la nostra proteina. En la figura A.4 es mostra la imatge.
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Figura A.4. Imatge de la GBA amb I’anticos
proveit pel Dr. Aerts a 60x

Paral-lelament es va testar 1’anticos contra I’aparell de Golgi per tal de comprovar que
la proteina amb 1’al-lel salvatge, a diferéncia de la portadora de la mutacié G202R, no

quedava acumulada i podia passar al lisosoma (figura A.5).

Figura A.5. En aquesta imatge podem veure
I’aparell de Golgi (vermell), la GBA (verd) i el
nucli (blau) a 60x.

En la figura A.6, on hi ha marcat el lisosoma (vermell) i la GBA (verd), podem veure
que hi ha col‘localitzacid, perd que la nostra proteina també es troba fora del
lisosoma. Aix0 va ser detectat en el nostre grup, no tan sols amb la GBA, sind també

amb altres proteines lisosomals objecte del nostre estudi.

Figura A.6. En aquesta imatge podem
veure el lisosoma (vermell), la GBA

(verd) i el nucli (blau) a 40x.
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7.2 Article Macias-Vidal i col-laboradors 2010

Aquesta tesi esta enmarcada dins del grup de malalties d’acumul lisosomic. Part de la
feina realitzada durant aquests anys es referia a una altra malaltia, la malaltia de
Niemann-Pick tipus C, i queda reflectida en el segiient treball. La meva feina va ser

determinar el segon al-lel mutat en diferents pacients per seqiienciacio.
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Mutations in the NPCI or NPC2 gene are responsible for Niemann—Pick
type C (NPC) disease (OMIM #257220), an autosomal recessive
neurodegenerative lysosomal storage disorder caused by an incorrect
regulation of intracellular lipid trafficking. A molecular analysis carried
out in 30 unrelated patients identified 43 distinct mutations in the NPC/
gene, 12 of which had not been previously described. The novel NPC1
alleles were four amino acid substitutions (p.F995L, p.F1079S, p.L1106P
and p.G1209E), a nonsense mutation (p.E1089X), a 1-bp insertion
(p.L1117PfsX4), an in-frame deletion (p.N916del), four intronic changes
(c.58-3280C>G, c.882-28A>T, c.2604+5G>A and ¢.35914+5G>A) that
affect the splicing mechanism, and the first deletion including the whole
gene described in NPC disease. In all the splice site mutations, the
formation of abnormal spliced transcripts was confirmed by cDNA
analysis, and mRNA degradation by the nonsense-mediated mRNA decay
process was also assessed. As it has been previously reported in this
disease, genotype—phenotype correlations are limited due to the large
number of private mutations. We describe for the first time one
homozygous patient for p.I1061T mutation, who presented the severe
infantile clinical onset, and another patient with the variant biochemical
phenotype, whose clinical presentation was the neonatal form of the
disease.
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Macias-Vidal et al.

Niemann—Pick type C (NPC) disease (OMIM
#257220) (http://www.ncbi.nlm.nih.gov/sites/entr
ez?db=OMIM) is an autosomal recessive lipid
storage disorder. At the cellular level, the dis-
ease produces a late-endosomal/lysosomal accu-
mulation of endocytosed unesterified cholesterol
that leads to the accumulation of a complex pattern
of lipids in non-neural tissues and in the brain (1).
The clinical manifestations are characterized by the
presence of hepatosplenomegaly and severe pro-
gressive neurological dysfunction with varying age
at onset and later course (2).

Genetic and allelic heterogeneity was estab-
lished for this disease by the identification of two
different genes, NPCI1 (MIM 607623) and NPC2
(MIM 601015) (3-5). Over 294 and 19 differ-
ent disease-causing mutations have been reported
worldwide in NPCI and NPC2 gene, respectively
(http://www.hgmd.cf.ac.uk/ac/index.php).

A number of studies point towards a key role
for the NPC1 and NPC2 proteins in modulating
vesicular trafficking of cholesterol and glycolipids
(6-8), although whether they work in concert,
interacting at the functional and potentially at the
structural levels, is unclear. It is worth mentioning
that direct protein—protein interactions for NPC2
with NPC1 have not been reported so far (9).

In a previous survey by our group, we reported
the mutational analysis of the NPC/ gene in a
cohort of 40 Spanish patients and we suggested
a unique origin for p.C177Y and p.G993EfsX4
mutations in contrast to p.I1061T mutation that
showed different origins. Here, we present the
molecular analysis in 30 unrelated NPC patients,
which allowed the identification of 12 novel
mutations in the NPCI gene including a large
deletion and several splice site mutations that have
been characterized at RNA level.

Materials and methods
Patients

Samples were obtained from 31 patients belong-
ing to 30 unrelated families. Most of them were
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of Spanish origin, except for seven patients from
other ethnic backgrounds: Moroccan, Costa Rican,
Ecuadorian and Dutch. Nine patients (NPC02, 03,
07, 13, 21, 29, 36, 38 and 40) had been previously
described by our group (10), but one of the mutant
alleles in each of them had remained unidentified.
Diagnosis of NPC disease was determined by cyto-
chemical demonstration of pathologically enriched
cholesterol via filipin staining in cultured skin
fibroblasts as described by Vanier et al. (11). Clas-
sification of patients with respect to their clinical
characteristics was as previously proposed (12).

Mutation screening: analysis of cDNA and genomic
DNA

To identify mutations in NPCI gene, sequence
analysis of its cDNA was performed. The changes
identified were confirmed by sequencing the cor-
responding genomic DNA region. When only one
mutation was found in the cDNA sequence, all
exons and intron boundaries were sequenced.

To detect possible mutations whose mRNAs
are candidate to suffer nonsense-mediated mRNA
decay (NMD) process (13), cells were treated with
cycloheximide (CHX) (Sigma, St. Louis, MO)
according to the protocol previously described
(14). RNA extraction and reverse transcription-
polymerase chain reaction (RT-PCR) were per-
formed using standard methods. NPCI cDNA was
amplified in 10 overlapping PCR fragments using
either specific primers previously described (15)
or self-designed primers, which are available upon
request. To analyse the occurrence of exon 11 skip-
ping in CHX-treated or untreated fibroblasts from
the NPC29 patient and from a healthy individual,
cDNA was amplified using the forward primer spe-
cific for the skipped transcript (overlapping exons
10 and 12) STTGGGAGGCTATGATGGTTTA3’
and the reverse primer in exon 14 5GGTTTCCCC
TTGAAGACGTT3'. The real-time PCR method
used to quantify the mRNA levels in this patient
was previously described (14). To determine the
intronic change that causes exonization of 374



bp in the NPC59 patient, primers based on
the sequence of intron 1 were used (primer
sequences available upon request). PCR products
were screened for mutations by DNA sequencing
using the Big Dye Terminator Cycle Sequencing
v3.1 kit (Applied Biosystems, Foster City, CA),
according to the manufacturer’s instructions. The
sequencing reactions were run on an ABI Prism®
3130x] Genetic Analyzer (Applied Biosystems,
Foster City, CA).

Genomic DNA was extracted from cultured skin
fibroblasts by standard methods. NPCI and NPC2
exons and their intron boundaries were ampli-
fied using primers and PCR conditions previously
described (10, 16). PCR products were purified
and sequenced as described in the preceding para-
graphs. Novel mutations were analysed in 50
healthy controls.

Characterization of the mutations of patient NPC57

To confirm the presence of p. T1066N mutation in
exon 21 of the NPCI gene in samples from the
NPC57 patient and from their parents, gDNA was
amplified.

To analyse the deletion, quantitative real-
time PCR experiments were performed using the
StepOnePlus Real-Time PCR System (Applied
Biosystems, Foster City, CA). All PCR reactions,
with a final volume of 10 pl, were run in tripli-
cate and contained 50 ng of DNA. Exons 1, 21
and 25 of the NPCI gene and exon 5 of the
PMM?2 gene, which was used as endogenous con-
trol, were run in separate wells. The reagents
were SYTO®9 green fluorescent nucleic acid stain
(Invitrogen Molecular Probes, Eugene, Oregon)
and Ampli Tag® Gold DNA Polymerase with
Gene Amp® 10x PCR Gold buffer and MgCl,
solution (Applied Biosystems, Foster City, CA).
Primers used to amplify the PMM?2 fragment were
forward 5 AGGCTGTTTATCTATGTTGCC3’ and
reverse 5’CACCAGGCCATATCTTATTT3'. PCR
conditions were 95°C for 10 min, then 40 cycles
of 95°C for 15 s and 60°C for 1 min. The runs
were monitored via the STEPONE Software v2.0
(Applied Biosystems, Foster City, CA). Levels of
gDNA were relatively quantified by evaluating C;
values according to the comparative C; (AAC,)
method (Applied Biosystems, Foster City, CA).

A total of 13 polymorphisms located in the
NPCI1 gene were analysed by PCR amplification
and sequencing. In particular, three of the poly-
morphisms were in the 5UTR region, four were
in intron 1, and the remaining six were in exons
4, 6, 12, 17, 18 and 25 (last exon of the gene),

Molecular analysis of 30 NPC patients

respectively. Parents’ samples were also analysed
for these polymorphisms.

Mutation nomenclature

All mutations were described according to the rec-
ommended nomenclature (17) (the updates found
at the web page: http://www.HGVS.org/mutn
omen/). Gene nucleotide numbering was according
to the GenBank sequence NM_000271.3 (http://
www.ncbi.nlm.nih.gov/Genbank/index.html), with
+1 as A of the start codon. The ATG codon repre-
sents +1 for the amino acid numbering according
to NPC1 protein sequence NP_000262.1.

Results
Clinical and biochemical phenotype

The clinical and biochemical phenotype distribu-
tion of the unrelated NPC patients is summarized
in Table 1. Clinical phenotypes were classified
according to the age at onset of neurological
symptoms, except for the neonatal fatal systemic
form. The group of 30 patients included 3 (10%)
neonatal, 10 (33.3%) severe infantile (onset at
age <2 years), 6 (20%) late infantile (onset at
age 3-5 years), 6 (20%) juvenile (onset at age
5-16 years) and 2 (6.6%) adult (onset at age
>16 years) clinical forms. In three patients, the
clinical phenotype could not be established due to
the lack of data relating to disease progression.

Regarding the biochemical phenotype, 21 (70%)
of the patients presented the classical phenotype (a
massive unesterified cholesterol accumulation) and
8 (26.6%) of them showed the variant phenotype
(a moderate unesterified cholesterol accumulation).
No biochemical classification was possible in one
patient because the filipin staining could not be
performed.

Mutation analysis

Table 1 shows the NPC1 genotypes of the patients
included in this study. Molecular analysis of
NPC1 gene allowed the identification of 43 dif-
ferent mutations, 12 of which had not been
described before. The novel mutations were four
amino acid substitutions [p.F995L (c.2983T>C),
p.F1079S (c.3236T>C), p.L1106P (c.3317T>C)
and p.G1209E (c.3626G>A)], a nonsense muta-
tion [p.E1089X (c.3265G>T)], a 1-bp inser-
tion [p.L1117PfsX4 (c.3349dupC)], an in-frame
deletion [p.N916del (c.2746_2748delAAT)], four
intronic changes that affect the splicing mechanism
(c.58-3280C>G, c.882-28A>T, ¢.2604+5G>A

3
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and ¢.35914+5G>A), and a large deletion that
includes the whole NPCI gene.

We also found a novel mutant allele carry-
ing two in cis mutations, p.[R978C;N1156S], as
shown by analysis on the NPC61 parents’ DNA
(not shown).

Our analysis of NPCI gene allowed comple-
tion of 29 genotypes. In one patient (NPC29),
after sequencing both cDNA and genomic DNA,
one allele still remains unknown (see subsequent
sections).

Splicing mutations

The electrophoretic profile of RT-PCR products
obtained from total RNA isolated from sev-
eral patients’ fibroblasts, which bear novel splice
site  mutations (c.58-3280C>G, c¢.882-28A>T,
¢.26044-5G>A and ¢.35914-5G>A) or previously
described changes (c.1554-1009G>A, ¢.2292G>A
and ¢.3754G>C), showed multiple bands (Fig. 1).
Therefore, these mutations are worth to be
described in more detail.

The presence of the intronic mutation c¢.58-
3280C>G promotes a pseudoexon insertion that
corresponds to 374 bp of intron 1, which was
detected by direct sequencing (c.57_58ins374)
(Fig. 1a). This change presumably creates a novel
acceptor region and activates a cryptic donor splice
site (splicing score 0.92), whereas the naturally
used adjacent splice sites of the surrounding exons
remain functional, resulting in the generation of an
aberrant transcript. The inserted intronic sequence
led to a premature termination codon (PTC), but
the extra band was present in both CHX-treated
and untreated samples, suggesting no degradation
by the NMD mechanism (not shown).

The ¢.882-28A>T intronic change, which in-
volves the conserved adenosine residue of the lariat
branch point in intron 6, causes an abnormally
spliced cDNA with the complete skipping of exon
7 (c.882_954del73) (Fig. 1b). The loss of exon 7
disrupts the reading frame leading to a PTC, which
activates mRNA degradation by the NMD process
(not shown).

The ¢.2604+5G>A splice mutation, which is
located in a conserved position of the donor splice
site of intron 17, promotes skipping of exon 17
(c.2515_2604del90) (Fig. 1c).

The analysis of ¢.3591+5G> A products reveals
three abnormally spliced cDNAs: one with an
insertion of the first 45 bp of intron 23 (c.3591_
3592ins45), another with a deletion of the last
63 bp of exon 23 (c.3529_3591del63) and a
third one with the skipping of exon 23 (c.3478_
3591del114) (Fig. 1d).

Molecular analysis of 30 NPC patients

Among the previously described mutations, the
deep intronic change c.1554-1009G>A (24) is
located in intron 9 and creates a cryptic donor
splice site resulting in the incorporation of 194
bp of the intron 9 (c.1553_1554ins194) as a
pseudoexon (Fig. le).

The ¢.2292G>A mutation leads to the creation
of an acceptor splice site in exon 15, gener-
ating a transcript with an in-frame deletion of
the first 48 bp of exon 15 (c.2246_2293del48)
(Fig. 1f).

The ¢.3754G>C mutation affects the last
nucleotide of exon 24, which plays a key role
in governing the splicing efficiency, and gener-
ates skipping of exon 24 (c.3592_3754del163)
(Fig. 1g). In a previous report (10), the effect on
NPCI1 protein of this change was indicated as
p-G1252R; nevertheless, skipping of exon 24 dis-
rupts the reading frame, and the predicted transla-
tion product of this mRNA, which is not degraded
by the NMD process (not shown), is a truncated
protein.

Different transcripts found in the sample from patient
NPCO02

In a previous study (10), one of the mutant alleles,
¢.3245+1dupG, of this patient was found. Here,
we report the identification of a mutation in the
second allele, p.E1089X. Thus, the two disease-
causing mutations of the patient were now iden-
tified. However, the analysis of the cDNA from
the patient showed the appearance of four different
transcripts (Fig. 2) as a result of the combination of
the presence/absence of the dupG and of an alter-
native pattern of splicing that skipped the first 25
nucleotides of exon 22 (from position c.3246 to
¢.3270). In wild-type individuals, this alternative
splicing was also observed but at very low lev-
els and was only detectable upon CHX treatment
(not shown). In the patient, one abundant tran-
script was that bearing the extra G and in which
the alternative acceptor site within exon 22 had
been used (Fig. 2, transcript D). This is consis-
tent with the fact that this transcript would not be
affected by NMD because the frameshift caused
by the addition of the G nucleotide would be cor-
rected by the elimination of the 25 nucleotides of
exon 22 due to the alternative splicing. The anal-
ysis of the genomic and cDNA samples from the
parents confirmed this hypothesis. The father car-
ries the duplication of the G and the mother the
nonsense p.E1089X mutation. At the cDNA level,
the p.E1089X mutation was not observed, suggest-
ing degradation by NMD.
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Fig. 1. Abnormal NPCI mRNAs in cases with splice site mutations. Agarose gel electrophoresis of reverse transcription-polymerase
chain reaction products and schematic depictions of samples of NPCI cDNA isolated from the patients’ fibroblasts treated with
cycloheximide. The splice scores (calculated with BDGP software) are shown above the corresponding 5" and 3’ splice sites. The
mutant scores are in bold letters. Mutations are indicated by arrows. M, molecular weight of 50-bp DNA marker (expressed in
bp); WT, wild-type individual. (a) Patient 59 with ¢.58-3280C>G mutation. The intermediate band corresponds to heteroduplex.
(b) Patient 21 with ¢.882-28A>T mutation. (¢) Patient 13 with ¢.26044+5G>A mutation in homozygosity. (d) Patient 55 with
¢.359145G>A mutation in homozygosity. (e) Patients 36, 38 and 60 with c.1554-1009G>A mutation. (f) Patient 49 with
¢.2292G> A mutation. (g) Patient 38 with ¢.3754G>C mutation. The upper band corresponds to heteroduplex.

Large deletion allele carried by patient NPC57

The first analysis of samples from patient NPC57
revealed homozygosity for mutation p.T1066N.
However, while the father was heterozygous for
this change, the mother did not carry the muta-
tion. The analysis of 13 polymorphisms within
the NPCI gene (three in the 5'UTR region:
rs1620047, rs1788774 and rs1652354; four in
intron 1: rs1788781, rs1788783, rs1788826 and
187226548; and six in the coding region: p.Y129Y,
p-H215R, p.M6421, p.I858V, p.N931N and p.R12
66Q) in the patient and parents suggested a dele-
tion of the maternal allele, because the polymor-
phisms covered all the gene from the 5'UTR
to the last exon. Quantitative PCR analyses
revealed that the patient and the mother have
half of the amount of NPCI gDNA. The rela-
tive quantification (RQ) of the NPCI DNA was
normalized to PMM2 DNA levels (endogenous

6

control) using the comparative C; (AAC;) method.
The control sample (wild-type individual) was set
as the reference value (RQ = 1). Sample from the
father showed RQ around 1, whereas the patient
and the mother showed RQ around 0.50 for the
exon 21 and also the first and the last exons of
the NPCI gene. To determine the limits of the
NPC57 deletion, additional polymorphisms located
in other chromosome 18 flanking genes will be
analysed.

Unidentified allele

Regarding NPC29 patient, apart from the iden-
tification of p.C479Y mutation in one allele,
an extra band corresponding to the skipping of
exon 11 (lost of 103 bp) was detected. However,
no mutation that could explain this alterna-
tive splicing was found after cDNA and gDNA
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sequencing. To analyse whether this transcript was
naturally produced, we performed the same PCR
amplification in cDNA from wild-type fibroblasts.
The extra band was also detected in the wild-type
sample, although the intensity was lower than
in that of the patient (Fig. 3a). CHX treatment
showed that this transcript was partly subjected
to NMD. To further confirm these results, an
additional PCR using a forward primer specifi-
cally designed for the amplification of the tran-
script lacking exon 11 was carried out. As shown
in Fig. 3b, in all cases, a band of the expected
size (416 bp) was obtained, suggesting that this
alternative product is not related with the disease in
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the patient. The analysis of polymorphic markers
in the coding region of the NPC/ gene and the
normal mRNA levels observed by real-time PCR
(RQ around 1) in this patient did not suggest the
presence of a whole NPC/ deletion or a mutation
targeted by the NMD process. NPC2 gene was
also analysed in this patient but no change was
detected.

Discussion

Mutation profile

As previously reported (27), molecular results in
NPC patient series of this study show a broad
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Fig. 2. NPCI transcripts observed in samples from patient
NPCO02. The maternal allele generates one transcript (a), which
uses normal splice sites but contains the nonsense mutation
¢.3265G>T (p.E1089X) in exon 22, and another transcript (b)
that uses an alternative acceptor site within exon 22 and skips
the first 25 nucleotides of exon 22. The paternal allele bears
an extra G nucleotide at the end of exon 21 and generates
two transcripts depending on the usage of the normal (¢) or
alternative (d) acceptor site.

spectrum of disease-causing mutations in the
NPCI gene.

The mutation profile of the studied cohort
mainly shows mutant alleles containing missense
alterations; however, it is worth mentioning the
relevance of splicing defects. The true prevalence
of this type of mutation is probably underesti-
mated because deep intronic sequences are not
conventionally sequenced, and in mRNA analysis,
the aberrant transcripts (usually with a frameshift
and a PTC) are usually prone to degradation by
NMD (28).

Mutation p.I1061T is the most common NPC/
mutation in patients of Western European descent
(23). In our cohort of 55 Spanish NPC patients,
including those of this study together with the ones
reported in our preceding survey (10), this muta-
tion accounts for 8% of the mutant alleles. The
frequency of p.I1061T mutation is lower than that
reported by other authors (23, 25, 29); however, it
is similar to that described in the Portuguese and
Italian populations (18, 30). Mutation p.P1007A
was the second most frequent allele, with a fre-
quency of 4.5%, in agreement with previous stud-
ies (20). The intronic change c.1554-1009G>A,
first described by our group in the Spanish
patient NPC36 (24), which causes a splicing error,
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Fig. 3. Reverse transcription-polymerase chain reaction (RT-
PCR) amplification of fragments of the NPCI cDNA in
samples from a wild-type (WT) individual and patient 29
(NPC29), in the absence or presence of cycloheximide (CHX).
M, molecular weight marker; C—, negative control (PCR
without DNA). (a) Amplification of fragment 5 of the NPCI
c¢DNA, including exons 9-13. The arrow indicates the band
corresponding to the skipping of exon 11. (b) Amplification
of the skipped transcript using a specific forward primer
overlapping exons 10 and 12.

appeared to be relatively common in our coun-
try, because three patients (NPC36, NPC38 and
NPC60) were compound heterozygous for this
mutation (2.7%). There is a great allelic hetero-
geneity, because few mutations are present in more
than one patient.

Referring to the novel mutations, the mis-
sense changes (p.F995L, p.F1079S, p.L1106P and
p-G1209E) are probably pathogenic mutations
due to the fact that they were not observed
in 100 healthy control alleles; after sequencing
all NPCI gene, no other mutations were found,
and the affected amino acid residues are con-
served throughout species. Moreover, functional
effect prediction programs such as POLYPHEN
(http://genetics.bwh.harvard.edu/pph/) or PANTHER
(http://www.pantherdb.org/) confirmed the possi-
ble pathogenesis of these novel changes (not
shown). Although to verify these predictions, it
should be necessary to perform expression studies
on these alleles.

Among the other novel changes, there is the
mutation p.N916del that causes an in-frame dele-
tion. Although the effect of this deletion was not



confirmed by expression studies, the previous pro-
grams suggest that residue 916 is relevant for the
NPC1 protein.

Mutations p.E1089X and p.L1117PfsX4 are
undoubtedly disease-causing mutations, as they
create a PTC that triggers mRNA degradation by
the NMD mechanism (not shown).

The analysis of the novel splicing mutations
(c.58-3280C>G, c.882-28A>T, c¢.2604+5G>A
and ¢.359145G>A) using splicing prediction
software (http://www.fruitfly.org/seq_tools/splice.
html) indicates that they disrupt natural splice
sites. The effect of each mutation on the splicing
score is shown in Fig. 1. In all cases, the for-
mation of abnormal spliced transcripts has been
confirmed by cDNA analysis. Nevertheless, to pro-
vide evidence that the observed intronic changes
are disease causing, it should be necessary to eval-
uate them using minigene transfection assays. In
the case of the novel deep intronic change, c.58-
3280C>G, the fact that after CHX treatment no
difference was observed in the cDNA from the
patient NPC59 may be due to the escape of the
NMD process. Termination codons are recognized
by the NMD apparatus as premature if they are
located more than 50-55 nucleotides upstream
of the 3’-most exon—exon junction, but a num-
ber of apparent exceptions have been previously
reported. The mechanisms involved in these indi-
vidual cases of NMD resistance include the prox-
imity of nonsense mutations to the natural initia-
tion codon, translation re-initiation downstream of
the nonsense codon and the presence of a sequence
cis-acting element that confers immunity to the
50-55 nucleotide boundary rule (31). The same as
the ¢.1554-1009G>A mutation (24), this intronic
point mutation resulting in pseudoexon insertion
can be effectively targeted with antisense therapy.
In the case of ¢.882-28 A>T mutation, the appear-
ance of skipping of exon 7 coincides with what it
was described for the ¢.882-28 A>G mutation (32),
because both of them affect the same nucleotide.
Regarding the previously described ¢.2292G>A
mutation, the observed effect in cDNA PCR prod-
uct is the same as the one reported by other
authors (18, 25).

We also describe a large deletion in one NPC
patient, including the whole NPCI gene. To our
knowledge, this is the first large deletion described
in a NPC patient.

One allele remained unidentified, in the case of
patient NPC29, in spite of the comprehensive anal-
ysis at the genomic and cDNA levels. The facts
that a mutation on one NPC/ allele was identified
and that no mutation in NPC2 was found strongly
suggest that the missing mutation is in the NPCI
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gene. An aberrant splicing including the skipping
of exon 11 was observed; however, it also occurred
in wild-type individuals, indicating that it is not
related to the disease. No other aberrant splicing
was detected, which rules out the presence of a
deep intronic mutation. The mutation (in exon 9)
and polymorphisms in exons 4 and 12 were found
in heterozygosity, both at the genomic and at the
cDNA levels. These data rule out a complete dele-
tion of the gene or a mutation in a regulatory region
that prevents the transcription of the gene from one
allele. Moreover, no differences at the RNA level
were detected by real-time PCR. A complex rear-
rangement, a small deletion, or another alteration
could exist, but it is difficult to understand how
it was detected neither by the genomic nor by the
cDNA analyses performed.

Genotype—phenotype correlation

As we previously reported, this NPC series shows
a great prevalence of the severe infantile form
(around 30%), whereas this clinical presenta-
tion represents 20% of cases in a European
survey (27).

Genotype—phenotype correlations are limited,
due to the large number of private mutations and
because most of the patients’ samples were found
to be heteroallelic. Among these correlations, we
would like to introduce several considerations
relating to some mutations. The p.11061T mutation
has been suggested to correlate with juvenile
clinical presentation (23). Conversely, we describe
for the first time one homozygous patient for
p.11061T mutation (NPC62), who presented the
severe infantile clinical onset. This last fact is
in disagreement with the previous conclusion that
one p.J1061T allele is sufficient to exclude the
most severe infantile neurological form (20). In
this patient, the NPC1 gene was entirely sequenced

with respect to the six polymorphic markers
p-Y129Y, p.H215R, p.M6421, p.I858V, p.N93IN
and p.R1266Q as we previously reported for all
chromosomes bearing the p.I11061T mutation (10).
This patient presented neonatal cholestasis but
absence of neurological signs until second year
of life. At that time, he presented with retarded
psychomotor development, followed rapidly by the
appearance of other symptoms as ataxia, dystonia
and cataplexy. The parents are consanguineous
and a brother died at 1 year by hepatopathy of
unknown origin.
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According to published data, the presence of
p-P1007A mutation led to a juvenile or adult clin-
ical onset (10, 18, 21). Patient NPC61, heterozy-
gous compound for this mutation and biochemical
variant, presented the neonatal systemic clinical
presentation of the disease. This patient presented
hepatosplenomegaly and cholestasis at birth. He
died from liver failure at 6 months of life before
onset of neurological disease.

In conclusion, we have established the muta-
tion profile in a large number of NPC patients,
which contributes to a greater knowledge of this
uncommon disorder. Moreover, we want to empha-
size the need to analyse the cDNA in presence
of CHX in those patients with one unidentified
allele after performing the mutation screening in
the genomic DNA. It is essential to detect splicing
defects, which have relevance (20% of the mutated
alleles in this cohort) as disease-causing mutations.
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