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“Nothing in life is to be feared, it is only to be understood. Now is the time to
understand more, so that we may fear less”
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“Eppur si muove”
— Galileo Galilei
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1. Introduccié

1. INTRODUCCIO

1.1. Espermatogénesi

L’espermatogeénesi és un procés complex de diferenciacio cel-lular on ocorren grans
canvis molt marcats a nivell cel-lular, genétic, funcional i estructural que resulten en
I'espermatozoide madur (de Kretser et al., 1998; Lin and Troyer, 2014). S’estima que
tot el procés té una durada d'uns 74 dies en 'espécie humana, pero pot variar de 42
a 76 dies i la temperatura optima és a uns 32 °C (de Kretser et al., 1998; Misell et al.,
2006).

L’espermatogénesi té lloc al testicle, especificament als tabuls seminifers que son la
unitat funcional i formen una xarxa de conductes complexa anomenada rete testis
que pot arribar a mesurar uns 250 m per testicle. Es pot dividir en 3 etapes clarament
diferenciades: mitosi, meiosi i espermiogénesi que culmina amb l'alliberacié de
I'espermatozoide al lumen del tabul seminifer. En els tubuls seminifers s’hi troben
principalment dos tipus cel-lulars: les cél-lules espermatogeniques i les ceél-lules no
espermatogeéniques. Dins les ceél-lules espermatogéniques trobem, en ordre de
diferenciacio i de la part més basal al lumen, les espermatogonies, els espermatocits,
les espermatides i finalment els espermatozoides que son alliberats al lumen del
tubul seminifer (Figura 1.1). Principalment, les cél-lules no espermatogéniques son
conformades per les ceél-lules de Sertoli que formen la barrera hemato-testicular
gracies a les unions fortes que formen i nodreixen i controlen la migracié cap al
lumen de les cel-lules espermatogéniques (de Kretser et al., 1998; Holdcraft and
Braun, 2004). Entre els espais que separen els tabuls seminifers s’hi troba: (i) el teixit
conjuntiu, format per cél-lules peritubulars que s’encarreguen, mitjancant filaments
contractils d’actina i miosina, de propulsar el fluid testicular que conté els
espermatozoides immobils; (ii) capil-lars sanguinis; i, (iii) les cel-lules de Leydig que
sintetitzen androgens, com la testosterona, i estan involucrades en la regulacio
hormonal de 'espermatogenesi (Veure apartat 1.1.2) (Holdcraft and Braun, 2004).

1.1.1. Fases de ’espermatogénesi

Durant el desenvolupament embrionari, es creen les cél-lules primordials germinals
(PGCs) a partir del teixit extra-embrionari. Entre la setmana 3-5 de
desenvolupament migren cap al que sera el testicle i es diferencien a gonocits, que
quedaran aturats en fase Go i estaran mitoticament inactivats fins després del
naixement. Just després del naixement i fins als 6 mesos de vida, els gonocits es
diferencien a espermatogonies, que restaran en estat quiescent fins a 'entrada de la
pubertat, que és quan les espermatogonies comencen a diferenciar-se fins a
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1. Introduccié

I'obtencié de I'espermatozoide i es mantindra constat durant tota la vida fertil de
I'individu (de Kretser et al., 1998; Goldberg and Zirkin, 2018).

1.1.1.1. Mitosi

Les espermatogonies tenen dos papers principals que soén 'autorenovacié a través
de la proliferacio mitotica, on hi ha fenomens de replicacié del DNA, transcripcio i
traduccié que asseguren la disponibilitat d’espermatogonies al llarg de la vida
reproductiva; i 'entrada en meiosis que permet la produccié de 'espermatozoide
haploide. S’han descrit tres tipus d’espermatogonies, les A de nucli fosc, les A de
nucli pallid i les B i, totes elles se solen situar a la part basal del tubul seminifer
(Figura 1.1).

De manera consensuada, s'accepta el model de que les espermatogonies A de nucli
fosc, que presenten una elevada condensacio de la cromatina i una taxa baixa de
replicacid, romanen de forma quiescent i només es dupliquen per donar lloc a les
espermatogonies A de nucli pal-lid. Les espermatogonies A de nucli pal-lid presenten
una cromatina poc condensada i una elevada taxa de replicacid, que permet la seva
autorenovacié i la formacio de les espermatogonies B. Finalment, les
espermatogonies B realitzen una divisio mitotica i seguidament inicien la meiosis.
Tot i aixi, les divisions son incompletes i les cellules generades rauran
interconnectades per ponts citoplasmatics que es mantindran fins al final de 'etapa
meiotica (Figura 1.1) (de Kretser et al., 1998).

1.1.1.2. Meiosi

La fase meiotica s’inicia quan les espermatogonies B experimenten un augment del
seu citoplasma, dupliquen el seu DNA i esdevenen espermatocits primaris. En
aquest moment, els espermatocits primaris entren a la primera divisié meiotica, que
dura aproximadament 24 dies i és quan es dona la replicacio del DNA, la condensacio
dels cromosomes i la recombinacié genética (Figura 1.1). Finalment, es redueix el
contingut cromosomic, degut a la migracié dels cromosomes homolegs a les cel-lules
filles. Al final d’aquesta etapa, les cel-lules resultants sén els espermatocits
secundaris, que son les primeres cel-lules haploides. La segona divisié meiotica sols
dura unes 6 hores, no hi ha replicacié del DNA i se separen les cromatides germanes,
esdevenint espermatides rodones (Figura 1.1). A mesura que la meiosis avanga, les
cél-lules en els diferents estadis van avancant al llarg del tabul des de la part més
basal fins al lumen, en humans de manera helicoidal. Finalment, de cada
espermatogonia B en resulten 4 espermatides rodones (Figura 1.1) (de Kretser et al.,

1998).
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Figura 1.1. Procés de l'espermatogénesi humana. Les espermatogonies A de nucli fosc, es
dupliquen per donar lloc a les espermatogonies A de nucli pallid. Les espermatogonies A
sautorenoven i formen les espermatogonies B. Seguidament, les espermatogonies B realitzen una
divisié mitotica, inicien la meiosis i esdevenen espermatocits primaris. Els espermatocits primaris
entren a la primera divisio meiotica, donant lloc als espermatocits secundaris. A continuacio té lloc
la segona divisid meiotica, on els espermatocits secundaris donen lloc a les espermatides rodones.
Finalment té lloc I'espermiogenesi, on les espermatides rodones pateixen un drastic procés de
diferenciacié cel-lular i esdevenen, primerament, espermatides elongades i, finalment,
espermatozoides. Basat en (Oliva and Castillo, 2011; Sharma and Agarwal, 2011).
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1.1.1.3. Espermiogénesi

Durant l'etapa final de l'espermatogenesi, anomenada espermiogenesi, les

espermatides rodones pateixen un drastic procés de diferenciacio cel-lular on

experimenten canvis citoplasmatics, cel-lulars i morfologics, on primerament

esdevenen espermatides elongades i finalment espermatozoides (Figura 1.2). En els

inicis d’aquesta etapa es produeix una gran activitat transcripcional i traduccional

(Yan et al., 2010). Basicament, es pot dividir en:
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Condensacio del nucli: El nucli de 'espermatida rodona migra cap a
I'extrem de la cél-lula i d’'aquesta manera, la cél-lula adquireix una estructura
més allargada i esdevé espermatida elongada. Aixi mateix, les histones que
empaqueten la cromatina, sén reemplagades primerament per proteines de
transicio i finalment per protamines (Figura 1.2; veure apartat 1.4.3; veure
annex 1). Les protamines empaqueten fortament el 85-95 % del DNA degut a
la seva elevada carrega positiva i provoquen la reduccio de la mida del nucli i
que la cel-lula esdevingui transcripcionalment inerta (Cooper, 2005; Oliva,
2006; Oliva and Castillo, 2011; Jodar and Oliva, 2014).

Formacio de I'acrosoma: L'aparell de Golgi forma una gran vesicula a la part
anterior de 'espermatida, similar als lisosomes, que conté enzims hidrolitics
essencials per I'entrada de 'espermatozoide a 'oocit, s’aplana i acaba ocupant
unes 2/3 parts del cap de l'espermatozoide (Figura 1.2). Durant la reacci
acrosomica (Veure apartat 1.2.2), la membrana interna i externa de 'acrosoma
es fusionen i s'alliberen els enzims emmagatzemats que s6n necessaris per
travessar la zona pel-lacida i entrar a 'oocit (Lin and Troyer, 2014).

Formacio del coll, la peca intermedia i el flagel: Els centriols de
I'espermatida migren a la part posterior, la contraria a on es forma 'acrosoma
i un dels centriols forma I'axonema del flagel. L’axonema esta composat per
nou parells de microtuibuls que envolten dos microtabuls centrals (Estructura
o+2). Tanmateix els mitocondris també migren, concretament a la part
proximal de 'axonema del flagel on es col-loquen helicoidalment formant una
beina i formen la pe¢a intermedia, la qual proveira d’energia 'espermatozoide
madur i permetra el moviment flagel-lar (Figura 1.2) (Lin and Troyer, 2014).

Eliminacio de la major part del citoplasma: A mesura que la mida de la
cél-lula es va reduint, la major part del citoplasma incloent la maquinaria
traduccional és eliminat en forma de gota citoplasmatica i fagocitat per les
cél-lules de Sertoli, fent que l'espermatozoide sigui traduccionalment
silenciat (Figura 1.2) (Cooper, 2005; Oliva, 2006; Lin and Troyer, 2014).
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Quan l'espermiogenesi finalitza, I'espermatozoide és alliberat al lumen del tubul
seminifer (Figura 1.1), pero li manca I'habilitat de moure’s i fecundar. No sera fins a
la seva maduracié (Veure apartat 1.2.1) que té lloc en el seu transit al llarg de
I'epididim on I'espermatozoide adquirira la seva motilitat i el potencial fertilitzant.
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Figura 1. 2. Espermiogenesi. Els principals processos que tenen lloc durant I'espermiogenesi sén:
(i) La condensacio del nucli; (ii) la formacio de 'acrosoma; (iii) la formacié del coll, la pega intermeédia
i el flagel; i (iv) eliminacié de la major part del citoplasma. Adaptat de (Lin and Troyer, 2014).

1.1.1.4. Estructures especifiques de ’espermatozoide

L’espermatozoide té uns 60 pm de llargada. Es divideix principalment en el cap que
té un diametre d’aproximadament 4-5 um i la cua o flagel que presenta un diametre
de 1-2 pm (Figura 1.3) (Holstein et al., 2003).

e C(Cap de I'espermatozoide: Conté el nucli amb el DNA patern fortament
empaquetat per les protamines, juntament amb proteines i RNAs (Veure
apartat 1.4). Envoltant les dues terceres parts anteriors del nucli, es troba
I'acrosoma que conté els enzims hidrolitics que permetran la penetracio de
I'espermatozoide a I'oocit (Figura 1.3; veure apartat 1.2.2).

¢ Cuadel’espermatozoide: Conté el flagel que és 'encarregat de permetre la
motilitat de 'espermatozoide. El flagel es divideix en quatre parts clarament
diferenciades: el coll, la peca intermedia, la pega principal i la peca terminal.
Al coll de I'espermatozoide s’hi troben els centriols proximal i distal i, és
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aquest ultim, el que formara 'axonema. La peca intermédia presenta una
beina de mitocondris (de 70-100 mitocondris per espermatozoide) que
envolten I'axonema i confereixen I'energia necessaria per a la mobilitat
espermatica. La pega principal presenta una beina fibrosa que rodeja
I'axonema. Finalment, la peca terminal de I'espermatozoide només conté
I'axonema (Figura 1.3).

A Acrosoma
Ca
P Nucli
v
1 Coll Centriols
Peca Mitocondris
intermedia
Annulus
Axonema
Cua Peca
principal
Peca
terminal
v

Figura 1.3. Estructures especifiques de 'espermatozoide. El cap de I'espermatozoide esta format
pel nucli i 'acrosoma. La cua o flagel de I'espermatozoide es divideix en el coll, la pega intermeédia, la
peca principal i la peca terminal. Basat en (Holstein et al., 2003).

1.1.2. Regulacio hormonal de '’espermatogeénesi

L’espermatogénesi esta regulada hormonalment per l'eix hipotalem-hipofisi-
gonada. L’hipotalem segrega 'hormona alliberadora de gonadotropina (GnRH) que
estimula l'alliberacio, per part de la hipofisi, de 'hormona luteinitzant (LH) i de
I’hormona estimuladora del fol-licle (FSH) que viatgen fins al testicle. Mentre que la
LH té com a diana les cel-lules de Leydig que sén estimulades per a qué fabriquin
testosterona, la FSH estimula les cél-lules de Sertoli per a queé fabriquin inhibina B
(Figura 1.4) (Holdcraft and Braun, 2004; Plant, 2015).
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La testosterona alliberada per les cel-lules de Leydig, quan assoleix els nivells
requerits, inhibeix la produccié tan de GnRH per part de I'hipotalem, com de LH per
part de la hipofisi. Aixi mateix, la LH també té un mecanisme de regulacié negativa
per inhibir la produccié de GnRH a l'hipotalem. La inhibina B secretada per les
cél-lules de Sertoli, també juga un paper important en la regulacié negativa, ja que
té la capacitat d’'inhibir la produccié de FSH (Ballesca et al., 2000). Tanmateix, la
FSH també regula negativament la produccié de GnRH (Figura 1.4) (Holdcraft and
Braun, 2004; Plant, 2015).

Per a qué I'espermatogeénesi tingui lloc es requereixen elevats nivells de testosterona
i la preséncia de FSH que presenten una influéncia reguladora positiva, creant el
microambient adient. Degut a que les cel-lules germinals no presenten receptors ni
de testosterona ni FSH, son les cél-lules de Sertoli les que intervenen en el suport
fisic i nutricional a les cél-lules germinals (Holdcraft and Braun, 2004; Plant, 2015).

Hipotalem

GnRH

Hipofisi

FSH

Testicle

\J' Céllules de | ‘ Cél-lules de
|  Leydig Sertoli

/
Testosterona 4 \— Inhibina B

" Céllules |
germinals

Figura 1.4. Regulacio hormonal de 'espermatogeénesi. L’hipotalem secreta hormona alliberadora
de gonadotropina (GnRH) i aquesta, estimula la hipofisi per a qué produeixi hormona luteinitzant
(LH) i hormona estimuladora del follicle (FSH). La LH té com a diana les cél-lules de Leydig que son
estimulades per a que fabriquin testosterona, mentre que la FSH estimula les cel-lules de Sertoli per
a que fabriquin inhibina B. La testosterona alliberada, quan assoleix els nivells requerits, inhibeix la
produccio tan de GnRH per part de 'hipotalem, com de LH per part de la hipofisi. Aixi mateix, la LH
també regula negativament la produccié de GnRH a l'hipotalem. La inhibina B secretada per les
cel-lules de Sertoli, inhibeix la produccié de FSH i la FSH també inhibeix la produccié de GnRH.
Adaptat de (Holdcraft and Braun, 2004).
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1.2. Maduracio, capacitacio i reacciéo acrosomica de
I’espermatozoide

Un cop l'espermatozoide és alliberat al lumen del tabul seminifer encara és una
cél-lula immadura que li manca la motilitat i 'habilitat de fecundar I'oocit. Per tal
d’adquirir aquestes capacitats, I'espermatozoide ha de passar dos processos extra-
testiculars, la maduracio que té lloc a I'epididim i al llarg del tracte sexual masculi i,
la capacitacio i la reaccié acrosomica que tenen lloc al tracte sexual femeni (Gervasi
and Visconti, 2017).

1.2.1. Maduracié de l'espermatozoide en el tracte sexual
masculi

Un cop els espermatozoides sén produits al testicle, aquests s’emmagatzemen fins a
dues setmanes a I'epididim (Gadea et al., 2013; Breton et al., 2016). L’epididim és un
organ tubular que es troba situat i connectat a la part superior dels testicles i és on
té lloc principalment la maduracio de I'espermatozoide. L’epididim es pot dividir en
tres parts principals: la porcidé caput que és la part proximal més propera al testicle,
la porcio corpus que és la regi6 intermedia i la porcio cauda que és la regié més distal
que es troba connectada al vas deferens, on s’emmagatzemaran els espermatozoides
fins al moment de l'ejaculacié (Lin and Troyer, 2014). L'epiteli de l'epididim
absorbeix la major part del volum de liquid secretat previament per la rete testis i
provoca 'augment de la concentraci6 de 10° espermatozoides / ml a la rete testis a
10° espermatozoides / ml a la porcio cauda de 'epididim (Dacheux and Dacheux,
2014; Dacheux et al., 2016).

Degut a I'alta segmentacio de 'epididim, el liquid epididimari alliberat al lumen per
les cel-lules epitelials varia entre regions, formant un microambient diferenciat en
cada un dels segments que permetra la maduracio6 progressiva de 'espermatozoide
(Figura 1.5) (Bedford, 2004; Sullivan and Mieusset, 2016). Aixi doncs, els
espermatozoides pateixen un procés de remodelacio on perden i modifiquen lipids,
RNAs i proteines i nadquireixen d’altres a través de l'intercanvi d’informacié amb
I'epididim i els seus segments (Figura 1.5), bé per l'absorci6 per part de
I'espermatozoide de proteines solubles, per la interaccid de la cél-lula espermatica
amb vesicules extracel-lulars alliberades per I'epiteli epididimari (epididimosomes)
i/o pel contacte directe dels espermatozoides amb l'epitelial de I'epididim (Cornwall,
2009; Sullivan and Saez, 2013; Sullivan and Mieusset, 2016; Gervasi and Visconti,
2017; Sullivan and Belleannée, 2017; Zhou et al., 2018; Nixon et al., 2019; James et al.,
2020).
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Espermatozoide de la porcio caput:

* Immobil

+ Sense capacitat de fertilitzacid

* Gota citoplasmatica al coll

* Baixos nivells d’acid sialic

+ Baixa presencia de ponts disulfur
* Elevat ratio colesterol : fosfolipid
+ Baixa fosforilacio

* Baixa fluidesa de la membrana

Espermatozoide de la porcio cauda:

+ Mobil

* Amb capacitat de fertilitzacio

* Gota citoplasmatica a I'annulus

+ Alts nivells d’acid sialic

 Elevada preséncia de ponts disulfur
+ Baix ratio colesterol : fosfolipid

* Elevada fosforilacio

* FElevada fluidesa de la membrana

Figura 1.5. Maduracié de l'espermatozoide a l'epididim. Caracteristiques diferencials dels
espermatozoides a l'inici de la maduraci6 a la porcio inicial caput i a la porcio final cauda. Adaptat de
(Gervasi and Visconti, 2017).

Durant la maduracid, algunes de les proteines contingudes préviament pateixen
modificacions posttraduccionals (PTMs) (Figura 1.5). Un exemple és I'oxidacié dels
grups tiol formant ponts disulfur que es dona principalment a proteines de la cua de
I'espermatozoide que estabilitzen el flagel i a les protamines que empaqueten
fortament i estabilitzen la cromatina del nucli (Veure apartat 1.4.3; veure annex 1)
(Oliva, 2006; Gervasi and Visconti, 2017). També, la fosforilacio de certes proteines
podria tenir un rol rellevant en I'adquisicio de I'habilitat de 'espermatozoide de
fertilitzar I'oocit. Per exemple, 'amplia fosforilacié al llarg del transit de I'epididim
de la proteina izumo Sperm-Egg Fusion 1 (IZUMO1) que és essencial per la fusio de
I'espermatozoide amb l'oocit (Inoue et al., 2005; Baker et al., 2012). Durant aquest
procés de maduracié posttesticular, també s’adquireixen noves proteines i RNAs,
entre elles proteines essencials per la fertilitzacié com son proteines d’'unié a la zona
pel-lucida, la proteina d'unié acrosina, la disintegrin and metalloproteinase domain-
containing protein 7 (ADAM7) i la cysteine-rich secretory protein 1 (CRISP1) (Oh et
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al., 2009; Cohen et al, 2011; Maldera et al., 2014; Sullivan and Mieusset, 2016;
Barrachina et al., 2019; Nixon et al., 2019; James et al., 2020). A part de I'adquisicié
de noves proteines, RNAs i la incorporacié de PTMs, la gota citoplasmatica de
I'espermatozoide migra de la regié del coll a 'annulus (Gervasi and Visconti, 2017).
A més, la membrana de I'espermatozoide pateix diferents canvis moleculars (Figura
1.5) com ara 'augment de la concentracio intracel-lular d’acid sialic i la disminucié
del ratio colesterol : fosfolipids que n’incrementa la fluidesa (Gervasi and Visconti,
2017).

Per tant, els fenomens que tenen lloc durant la maduracié de I'espermatozoide son
principalment: (i) 'adquisicié de la mobilitat espermatica; (ii) 'adquisicié de la
capacitat de I'espermatozoide de realitzar la reaccio acrosomica, reconeixer i unir-
se a la zona pel-lacida i fusionar-se amb I'oocit; i (iii) canvis estructurals, morfologics
i de contingut.

En el moment de I'ejaculacio, els espermatozoides son alliberats des de 'epididim al
conducte deferent on s’hi incorporaran les secrecions provinents de les anomenades
glandules sexuals accessories formades per la prostata (= 25 - 30 % del volum del
plasma seminal), les vesicules seminals (= 65 - 75 % del volum del plasma seminal)
i les glandules bulbouretrals i periuretrals (< 1 % del volum del plasma seminal). Tot
i que classicament s’havia assumit que el plasma seminal era solament un mitja de
transport i nutricidé per a l'espermatozoide (Suarez and Wolfner, 2017), s’ha
demostrat que la seva interaccio és crucial per a la maduracié espermatica i
I'adquisicié de la mobilitat i el potencial de fertilitzaci6 (Sullivan and Mieusset, 2016;
Barrachina et al., 2019; Bjorkgren and Sipild, 2019).

1.2.2. Capacitacio i reacciéo acrosomica en el tracte sexual
femeni

La capacitacié dels espermatozoides té lloc al tracte sexual femeni una vegada els
espermatozoides son ejaculats. Primerament, milions d’espermatozoides travessen
el conducte vaginal fins a arribar a I'ater (Figura 1.6A). A la cavitat uterina, els
espermatozoides perden els factors decapacitants de la superficie adquirits durant
la maduracio. N’és un exemple la pérdua de colesterol de la membrana plasmatica
per part de molécules acceptores com I'albumina i la preséncia d’ espécies reactives
d’oxigen (ROS) del tracte sexual femeni. Aquesta perdua provoca 'augment de la
fluidesa de la membrana i 'augment a la permeabilitat pel i6 Ca** (Aitken and Nixon,
2013; de Jonge, 2017; Molina et al., 2018). Seguidament es dipositen a I'oviducte on
s’'uneixen a les cél-lules epitelials (Figura 1.6A) i mitjan¢ant una senyal endocrina,
segurament progesterona, els espermatozoides adquireixen un canvi bioquimic
caracteritzat per un increment dels nivells de monofosfat d’adenosina ciclic (cAMP),
un increment de la generacid de ROS i un increment massiu de la fosforilacio de
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residus tirosina per part de diferents quinases. Com a conseqiiéncia d’aquests canvis,
s'obren els canals de Ca*" anomenats canals de cations de 'espermatozoide (CatSper)
i hi ha una alliberaci6 de Ca*" intracel-lular que provoca l'adquisicié de la
hipermotilitat (Figura 1.6A) (Aitken and Nixon, 2013; de Jonge, 2017; Molina et al.,
2018; Castillo et al., 2019). Shan descrit varies proteines implicades en I'adquisicid
de la hiperactivacié com sén els canals de Ca*" especifics d’espermatozoides
CatSpers esmentats anteriorment, les A-kinase anchor 3 i 4 (AKAP3 i AKAP4) o la
protein kinase A (PKA) (Ficarro et al., 2003; Singh and Rajender, 2015; Williams et
al., 2015; Castillo et al., 2018, 2019; Dey et al., 2019). En ratoli, el knock-out (KO) de la
cation channel sperm-associated protein 1 (Catsper1) és incapa¢ de desenganxar-se
de 'epiteli de I'oviducte degut a que no adquireix l'estat d’hipermotilitat (Ho et al.,
2009) i, en huma, s’ha determinat que mutacions al gen de CATSPER1 provoca
infertilitat (Avenarius et al., 2009). La hiperactivacié de la cua de I'espermatozoide,
on els moviments passen del batec simeétric de baixa amplitud al batec rapid
asimetric de gran amplitud (Yanagimachi et al, 1994), permet I'avangament de
I'espermatozoide de I'epiteli oviductal a la regio on hi ha l'oocit i, segurament, ajuda
a la penetracié de la zona pellacida (Figura 1.6A) (Aitken and Nixon, 2013).
Finalment, un cop els espermatozoides arriben a 'oocit, aquests realitzen la reaccié
acrosomica que permet la penetracio de la zona pellacida (Figura 1.6B) i la
fertilitzacio (de Jonge, 2017).

La reaccid acrosomica és el procés d’exocitosi de la vesicula acrosomica que té lloc
quan I'espermatozoide s’aproxima a 'o0cit, en resposta de factors solubles de la dona
com ara la progesterona i a la preséncia de les glicoproteines de membrana de la
zona pel-ltcida de l'oocit. Aquesta interaccio desencadena un augment de Ca**
intracel-lular que provoca la reaccié acrosomica. La membrana exterior de la vesicula
acrosomica es fusiona amb la membrana plasmatica de I'espermatozoide i s’allibera
tot el contingut de la vesicula, principalment enzims hidrolitics i proteolitics com
ara l'acrosina i la hialuronidasa (Figura 1.6B). La membrana acrosomica interna
quedara exposada amb receptors de membrana que permetran la penetraciéo de
I'espermatozoide a 'oocit (Figura 1.6B) i per tant, la fusio de les membranes que
culminara amb la fertilitzacié (Brucker and Lipford, 1995; Patrat et al., 2000;
Chakravarty et al., 2008; Ganguly et al., 2010; Wu and Sampson, 2014; Castillo et al.,
2019).
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Figura 1.6. Capacitacio i reacci6 acrosomica de I'espermatozoide. A) Els espermatozoides entren
al tracte genital femeni. A la cavitat uterina realitzen la capacitacié inicial. Seguidament es dipositen
a les cél-lules epitelials de l'oviducte on adquireixen la hiperactivacio. Un cop hiperactivats, els
espermatozoides penetren les cel-lules del ciimulus i realitzen la reaccié acrosomica que permet la
penetracid a la zona pel-lucida i posterior fertilitzacié. Adaptat de (Aitken and Nixon, 2013). B) En la
reaccid acrosoOmica, la membra exterior de la vesicula acrosomica es fusiona amb la membrana
plasmatica de 'espermatozoide i s’allibera tot el contingut de la vesicula i, finalment queda exposada
la membrana acrosdmica interna. Adaptat de (Wu and Sampson, 2014).
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1.3. Fertilitzacid i desenvolupament embrionari primerenc

Un cop 'espermatozoide duu a terme la capacitacié i la reaccio acrosomica, culmina
en el procés de fertilitzacio, en el qual I'espermatozoide i I'oocit, ambdues cél-lules
haploides, es combinen per generar el zigot totipotent diploide (Figura 1.7). En
aquest moment, comencara el desenvolupament embrionari primerenc que acabara
amb la implantacié de I'embrio6 a la paret de I'tter.

1.3.1. Fertilitzacio

Primerament 'espermatozoide penetra el cimulus i entra en contacte amb la zona
pel-lucida de l'oocit. Especificament, les proteines glicosilades de la zona pel-lucida
zona pellucida sperm-binding protein (ZP1, ZP2, ZP3 1 ZP4), sobretot ZP3, interactuen
amb proteines de I'espermatozoide com I'heterodimer fertilina (composat pels
membres de la familia disintegrin and metalloproteinase domain-containing protein
1B i 2; ADAM1B/ADAM?2), la zona pellucida-binding protein 2 (ZPBP2), la disintegrin
and metalloproteinase domain-containing protein 3 (ADAM3) i la zona pellucida
sperm-binding protein 3 receptor (ZP3R), entre altres (Torabi et al., 2017; Satouh and
Tkawa, 2018). Aquesta interaccio permet que es dugui a terme la reacci6 acrosomica
i gracies als enzims amb activitat hialuronidasa que s’expulsen, com ara I'acrosina,
I'espermatozoide aconsegueix travessar la zona pel-lucida.

Un cop travessada la zona pel-lucida, 'espermatozoide arriba a I'espai perivitel-li.
Alla s’unira al microvil-li de la membrana de l'odcit que permet que hi hagi una
disminucié de la repulsi6 entre les membranes plasmatiques (Satouh and Tkawa,
2018). A la membrana de I'oocit hi ha clusters de les proteines de membrana CDg
antigen (CDg) que es troben repartits al llarg de tot 'oocit que permeten una millor
adhesio de 'espermatozoide per la regié equatorial (Figura 1.7). Gracies a la reaccid
acrosomica, proteines especifiques de I'espermatozoide queden exposades, de les
quals, la proteina espermatica IZUMO:1 interactua amb la proteina de I'oocit sperm-
egg fusion protein Juno (JUNO; Figura 1.7). Un cop s’han unit IZUMO1 i JUNO,
s'acumula CDg a la regio6 de contacte i propicia la formaci6 d'un cluster de proteines
de membrana que participen en la fusié. Finalment, les membranes d’ambdds
gametes es fusionen (Figura 1.7) (Inoue et al., 2005; Bianchi et al., 2014; Aydin et al.,
2016; Ohto et al., 2016; Trebichalska and Holubcovd, 2020). S’ha observat que els

ratolins Izumor”

“son completament infertils, ja que els seus espermatozoides poden
penetrar la zona pel-lucida perd no fusionar-se amb l'oocit (Inoue et al., 2005).
Recentment s’ha proposat, en ratoli, que les proteines WD repeats and SOF1 domain
containing (Sof1), transmembrane protein 95 (Tmemgs) i sperm acrosome

membrane-associated protein 6 (Spaca6) poden funcionar cooperativament amb
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[zumoi, juntament amb altres molecules en el procés de fusio de I'espermatozoide i
I'oocit (Barbaux et al., 2020; Noda et al., 2020).

Un cop 'espermatozoide ha entrat a 'oocit, la proteina phospholipase C zeta (PLCQ)
que és especifica del cap de I'espermatozoide, és alliberada dins I'oocit i indueix les
anomenades oscil-lacions de Ca* que es basen en 'augment i disminucio ciclic de
Ca*" intracel-lular post-fertilitzacio i, aixo, és el detonant del comencament del
desenvolupament embrionari primerenc (Figura 1.7) (Ramadan et al, 2012). La
familia phospholipase C (PLC) digereix el fosfatidil-inositol-4,5-bifosfat (PIP,) en
inositol trifosfat (IP;) i diacilglicerol en presencia de Ca*' i, 'augment de IP;
desencadena les oscil-lacions de Ca**. La isoforma PLCC és I'inica forma que s’activa
amb uns nivells de Ca** tan baixos com els presents en I'oocit (Satouh and Tkawa,
2018).
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Figura 1.7. Procés de fertilitzacié. Després de la reaccié acrosomica i un cop 'espermatozoide
travessa la zona pel-lacida, la proteina izumo sperm-egg fusion 1 (IZUMO1) és exterioritzada a la
membrana de I'espermatozoide i interactua amb les proteines sperm-egg fusion protein Juno (JUNO)
i CDg antigen (CDg), presents a la membrana de l'oocit, fet que permet la fusio de les membranes.
Un cop les membranes es fusionen, I'espermatozoide allibera phospholipase C zeta (PLC{) que
provoca un augment de inositol trifosfat (IP;) en 'oocit que desencadena les oscil-lacions de Ca™.
Aquestes oscil-lacions permetran la reactivacié de la meiosis en 'oocit i posterior formacio dels dos
pronuclis i el blocatge de la polispérmia. Adaptat de (Satouh and Ikawa, 2018).
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Com s’ha mencionat, PLC{ desencadena les oscil-lacions de Ca*" i, aquestes,
dirigeixen una série d’esdeveniments seqiiencials com sén, entre altres, el blocatge
de la polispérmia i la represa de la meiosi de l'oocit que es trobava aturada en
metafase II (Figura 1.7) (Trebichalskd and Holubcovd, 2020). El blocatge de la
polispérmia es caracteritza, primerament, per una despolaritzacio transitoria de la
membrana de l'oocit fertilitzat que passa de ser negativa a ser positiva (Figura 1.8),
tot i que en humans no esta del tot clar si té lloc (Trebichalska and Holubcova, 2020;
Wozniak and Carlson, 2020). També, un cop IZUMO:1 i JUNO shan unit, les
moleécules de JUNO de la membrana de I'oocit son eliminades per exocitosi a través
de vesicules extracel-lulars (Figura 1.8), la qual cosa evita que més espermatozoides
es puguin unir a la membrana de 'oocit (Chalbi et al., 2014). Les oscil-lacions de Ca**
també provoquen I'exocitosi dels granuls corticals a I'espai perivitel-li (Figura 1.8). El
contingut alliberat dels granuls corticals conté proteases que trenquen la
glicoproteina ZP2 i provoca que la zona pel-lucida es converteixi en impermeable
(Figura 1.8), evitant I'entrada d’espermatozoides i esdevenint una capa protectora
pel futur embrié (Liu, 20m). Finalment, I'dltim mecanisme de blocatge de la
polispérmia és l'alliberacié de Zn** per exocitosis (Figura 1.8). Aquesta disminucio
del Zn*" intracel-lular, permet la reactivacio de la meiosis. També, juntament amb
les oscil-lacions de Ca*’, el Zn** que s'acumula a I'exterior també contribueix als
canvis que es produeixen a la zona pel-ltcida (Duncan et al., 2016).
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Figura 1.8. Blocatge de la polispérmia. L'entrada de l'espermatozoide i lalliberacié de
phospholipase C zeta (PLC{) desencadena les oscil-lacions de Ca** que provoquen la despolaritzacio
transitoria de la membrana de I'odcit, 'exocitosi de JUNO i la reaccié cortical i 'alliberacié de Zn*".
Tots aquests canvis provoquen que la zona pel-lacida es torni impermeable a I'entrada d’altres
espermatozoides. IZUMOu: izumo sperm-egq Fusion 1; JUNO: sperm-egg fusion protein Juno; CDg:
CDg antigen. Adaptat de (Trebichalska and Holubcovd, 2020).
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1.3.2. Desenvolupament embrionari primerenc

El desenvolupament embrionari primerenc comenc¢a amb la formacié dels dos
pronuclis i acaba amb la implantacié de 'embrié a 'endometri matern. Té lloc
durant el transit de 'embrio per 'oviducte i culmina amb 'entrada a I'iter i posterior
implantaci6 a 'endometri. En humans aquest procés té una durada aproximada de
7 dies. (Figura 1.9).
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Figura 1.9. Desenvolupament embrionari primerenc. A) Esquematitzaci6 del desenvolupament
embrionari preimplantacional i la implantaci6 des de la fertilitzacié fins al dia 7 de desenvolupament
embrionari i, patré dels nivells de metilacio dels genomes patern i matern. Figura cedida en part per
Alberto de la Iglesia i adaptat de (Castillo et al., 2018). B) Fotografies reals del desenvolupament
embrionari primerenc des del dia 1 fins al dia 7 (D1-D7). Les fletxes en D1 marquen els dos pronuclis.
La fletxa grisa en D5 marca el trofectoderma i la fletxa blanca en D5 marca la massa cel-lular interna.
Adaptat de (Niakan et al., 2012).
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Un cop l'oocit és fertilitzat per I'espermatozoide, primerament es formen els dos
pronuclis i es genera 'anomenat zigot. Aquest procés té lloc al cap d’'unes 16 h post-
fertilitzacio. L'espermatozoide perd la membrana plasmatica, pero el seu DNA es
troba majoritariament empaquetat amb les protamines (Veure apartat 1.4.3.2).
L’ambient reductor de I'oocit, contribueix a que les protamines es desempaquetin
del DNA patern i siguin substituides per histones de I'oocit (Oliva and Dixon, 1991;
Oliva, 2006; Jones et al., 2012). Finalment, el DNA patern s’envolta d'una nova
membrana nuclear i queda el pronucli patern format. Paral-lelament i degut a les
oscil-lacions de Ca*" que es donen en la fertilitzacio (Veure apartat 1.3.1), I'oocit, que
es trobava aturat en metafase II, reactiva la meiosis que culmina amb I'extrusio del
segon corpuscle polar i permet la formacié del pronucli matern. Un cop els pronuclis
han estat formats, aquests migren fins al centre de 'oocit gracies a la preséncia de
microfilaments que els acompanyen (Bustin, 2015). En humans, els dos pronuclis no
es fusionen sin6 que realitzen 'anomenada sincronitzacio metafasica on els dos
genomes s’encaren i formen el fus mitotic i comencen aixi les primeres divisions
embrionaries.

En l'estadi de zigot hi ha una reprogramacio epigenética extensiva que permetra que
I'embrié en desenvolupament sigui totipotent (Reik and Walter, 2001; Reik et al.,
2001). El DNA del pronucli masculi comencara a patir una desmetilacio activa,
mentre que la del DNA del pronucli femeni sera passiva, mantenint les marques de
l'imprinting parental i les seqliéncies repetitives (Figura 1.9) (Wei et al., 2014). En el
pronucli masculi, les regions amb imprinting patern es trobaran metilades, mentre
que les regions amb imprinting matern es trobaran desmetilades. El contrari
succeeix amb el pronucli femeni, on les regions amb imprinting matern es trobaran
metilades i les regions amb imprinting patern es trobaran desmetilades. Aquesta
metilacio selectiva permetra I'expressio especifica de gens d’origen patern o matern
durant els primers estadis de I'embriogénesi. Aquesta rapida desmetilacié del
genoma patern pot ser que permeti la transcripcié primerenca observada en l'estadi
de 2 cel-lules, previ a I'activacio del genoma embrionari (Santos and Dean, 2004;
Vassena et al., 2011).

La primera divisié mitotica del zigot, que passara a tenir 2 cél-lules o blastomers,
ocorre el dia 2 del desenvolupament embrionari. Seguidament i durant el mateix dia,
es tornara a dividir passant a tenir 4 blastomers i 'endema es dividira a 8 blastomers
(Figura 1.9). En huma, és entre I'estadi de 4 - 8 cel-lules en que té lloc I'activacié del
genoma embrionari huma (Figura 1.9), mentre que en ratoli succeeix molt més
primerencament, a I'estadi de 2 cél-lules, entre 26 - 29 h post-fertilitzacié (Niakan et
al., 2012). Just abans de l'activacié del genoma embrionari hi ha una eliminacio
massiva dels RNAs i proteines maternes per tal de donar pas a la maquinaria
embrionaria, ja que fins a I'activacio del genoma embrionari s’utilitza la maquinaria
materna (Walser and Lipshitz, 2011).
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Un cop el genoma embrionari s’activa, té lloc el pas de 'estadi de 8 cel-lules a I'estadi
de morula en el dia 4 del desenvolupament embrionari. Es en aquest estadi que es
dona el fenomen d’adhesio cel-lular anomenat compactacio, on els blastomers ja no
es poden distingir entre ells i les cel-lules queden agrupades (Figura 1.9) (Niakan et
al., 2012). Durant el cinqué dia del desenvolupament embrionari primerenc, es forma
el blastocel, que és una cavitat plena de liquid que va creixent dins I'embrio i, el
blastocist queda totalment format el dia 6 del desenvolupament embrionari (Figura
1.9). En l'estadi de blastocist, les cél-lules ja s’han diferenciat en principalment dos
tipus, les cel-lules que donaran lloc a 'embrié en si, anomenada massa cel-lular
interna i les cél-lules que donaran lloc a la placenta i les membranes amniotiques,
anomenada trofectoderma (Figura 1.9) (Niakan et al., 2012). En el sise dia del
desenvolupament embrionari també té lloc l'eclosié del blastocist, el qual
s’expandeix totalment i la zona pellacida que I'ha envoltat durant tot el
desenvolupament, s'aprima. Gracies a la secrecié d’enzims litics i moviments
d’expansid del blastocist, aquest fa un forat a la zona pel-ltcida i per contraccio i
expansio se n‘allibera (Figura 1.9) (Shafei et al., 2017).

En el dia 7 de desenvolupament embrionari, el blastocist eclosionat rau orientat
d’'una manera concreta vers l'tuter, presenta una elevada capacitat d’adhesio i
interactua amb l'epiteli de I'endometri. Aquesta interaccio dispara la reaccid de la
decidua, que basicament implica una angiogenesi local de I'titer alla on el blastocist
s’esta unint i es comenca a formar la part materna de la placenta (Diedrich et al.,
2007). En paral-lel, s'inhibeix el sistema immunitari matern per a qué la implantacié
sigui satisfactoria. Un cop adherit, el blastocist primer envaeix la capa epitelial de
I'endometri i finalment envaeix I'estroma (Figura 1.9). Aquest procés perd, només
pot tenir lloc en el periode finestra en qué I'endometri es troba receptiu al blastocist,
que té lloc al voltant dels 6 — 8 dies després de la fertilitzacié (Bergh and Navot, 1992;
Diedrich et al., 2007). Aixi doncs, el procés d'implantacio del blastocist es divideix
en tres passos seqliencials: (i) L’aposicio que implica la correcta orientacié del
blastocist a 'endometri; (ii) L'adhesio a I'epiteli de 'endometri; i (iii) La invasié del
blastocist a I'estroma endometrial (Diedrich et al., 2007).
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1.4. Contribucio de l'espermatozoide madur a l'embrio
primerenc

Tot i que tradicionalment sempre s’havia pensat que I'Gnica funcié de
I'espermatozoide era el transport del genoma haploide patern fins a 'oocit madur,
recentment s’ha observat que la celllula espermatica també aporta durant la
fertilitzacio altres components, com un estimul d’activacié de l'oocit, el centriol que
permetra la primera divisi6 embrionaria, el DNA i marques epigenetiques
especifiques, RNAs i proteines, els quals podrien ser claus en el desenvolupament
embrionari primerenc (Jodar et al., 2013, 2015, 2016a; Castillo et al., 2015, 2018; Jodar,
2019). Aixi doncs, tot i la concepcio classica de que només s'utilitzen les proteines i
RNAs materns fins a I'activacié del genoma embrionari, les proteines i RNAs aportats
inicialment per I'espermatozoide també podrien jugar un paper important, ja sigui
per la contribucié de proteines, per la traduccio d’'RNAs intactes utilitzant la
maquinaria traduccional materna que es troba activa o per la regulacié de 'expressio
génica mitjan¢ant RNAs no codificants, proteines o PTMs d’aquestes (Miller, 2015;
Ntostis et al., 2017; Castillo et al., 2018; Jodar, 2019).

1.4.1. Estimul d’activacio de 'oocit

Fins al moment de la fertilitzacio, I'oocit roman en un estadi quiescent aturat en
I'estadi de metafase II de la meiosi. Un cop 'espermatozoide entra a I'oocit i es
produeix la fertilitzaci6é (Veure apartat 1.3.1), s'indueixen les oscil-lacions de Ca** que
permeten la finalitzacié de la meiosi oocitaria que culmina amb 'extrusioé del segon
corpuscle polar i la formaci6 del pronucli femeni (Satouh and Ikawa, 2018;
Trebichalskd and Holubcova, 2020). La induccié d’aquestes oscil-lacions de Ca** ve
donada per un factor que aporta exclusivament la cél-lula espermatica en el moment
de la fertilitzacié (Veure apartat 1.3.1). Actualment se sap que I'estimul d’activacio de
I'oocit és la proteina de I'espermatozoide PLCC (Yoda et al., 2004; Yoon et al., 2008;
Heytens et al., 2009; Kashir et al., 2012; Ramadan et al,, 2012; Hachem et al., 2017;
Nozawa et al., 2018). En ratoli, s’ha observat que la injeccio del transcrit de
phospholipase C zeta 1 (Plcz1) és traduit i provoca 'activacié de 'oocit in vitro (Yoda
et al., 2004). De la mateixa manera, s’ha descrit que una alteracio en I'expressié de
PLCC provoca una reduccié o absencia de les oscil-lacions de Ca** (Yoon et al., 2008;
Heytens et al., 2009; Kashir et al., 2012; Ramadan et al., 2012). De fet, en ratolins Plcz1
/", lespermatogénesi, la motilitat espermatica, la reaccié acrosomica i la fusié oocit
- espermatozoide son similars als ratolins wild-type (WT), pero hi ha una fallida en
la inducci6 de les oscil-lacions de Ca** després de 1'us de fecundacid in vitro amb
injeccio intracitoplasmatica (FIV-ICSI), tot i que mitjangant concepcié natural o
fecundacié in vitro convencional (FIV convencional), en alguns casos es pot arribar
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a activar 'oocit, perd amb una elevada taxa de polispérmia (Hachem et al., 2017;
Nozawa et al., 2018). En humans s’han descrit multiples mutacions en el gen de PLC(
en individus que presenten fallida de fertilitzacio després de 1'us de FIV-ICSI, en
alguns dels quals es rescatava el procés si s'aplicava I'activacié oocitaria assistida
(Torra-Massana et al., 2019). Tot i que PLC{ presenta un rol clau en l'activacio de les
oscil-lacions de Ca®* i en l'activacié de l'oocit, alguns ratolins Plczi”™ encara son
capacos d’obtenir descendéncia (Nozawa et al., 2018), la qual cosa indica que hi ha
altres factors de I'espermatozoide que poden compensar l'activitat de PLC{. Aquesta
hipotesi es troba recolzada en qué, en humans, hi ha pacients amb fallides de
fertilitzacio que no presenten alteracions en el gen de PLC{, ni alteracions en la seva
localitzacié o contingut a nivell proteic (Ferrer-Vaquer et al., 2016; Torra-Massana et
al., 2019).

1.4.2. Centriol

De manera general, el centrosoma es troba composat de proteines associades i un
parell de centriols que formen el centre organitzador de microtabuls de la cel-lula
que és I'encarregat de la correcta segregacié dels cromosomes i la formacio del fus
mitotic durant la divisio cel-lular. Durant les etapes finals de 'espermatogenesi, el
centrosoma es divideix en dos centriols, el proximal i el distal. El centriol distal,
juntament amb proteines associades al centrosoma és eliminat durant
I'espermatogeénesi i forma I'axonema (Veure apartat 1.1.1.4). Per tant,
I'espermatozoide madur només conserva el centriol proximal (Schatten, 1994;
Manandhar et al., 2005). L'oocit, per la seva part, durant I'oogénesi perd els dos
centriols, tot i que manté certes proteines associades al centrosoma (Schatten, 1994;
Manandhar et al., 2005; Inoue et al., 2018). Un cop I'espermatozoide fertilitza I'oocit
i es formen els dos pronuclis, la hipotesi més acceptada és que el centriol proximal,
que ha aportat la cél-lula espermatica, es divideix, es duplica i, amb 'ajuda de les
proteines del centrosoma de I'o0cit forma un centrosoma funcional per 'embrié que
s'organitza per formar el fus mitotic i permet la divisio cel-lular (Schatten, 1994;
Manandhar et al., 2005, Niakan et al, 2012; Bustin, 2015; Inoue et al., 2018).
Recentment, pero, s’ha identificat que el centriol distal de I'espermatozoide és capag
de remodelar-se i posicionar-se, juntament amb el centriol proximal i les proteines
associades de I'oocit i formar el centrosoma funcional del zigot (Fishman et al., 2018;
Avidor-Reiss and Fishman, 2019). Tot i aixi, son necessaris més estudis per tal de
validar quin és el mecanisme exacte de la formacio del centrosoma funcional del
zigot.
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1.4.3. DNA i marques epigeneétiques especifiques

El genoma patern i matern no sén equivalents i és necessaria la seva contribucid
diferencial pel correcte desenvolupament embrionari. La modificacio epigenetica
més estudiada és la metilacié del DNA, pero n’hi ha d’altres com l'estructura tnica
de la cromatina espermatica que és necessaria per un correcte desenvolupament
embrionari (Rousseaux et al., 2005; Oliva, 2006; Auclair and Weber, 2012; Oliva and
Ballesca, 2012; Castillo et al., 2014a; Jodar and Oliva, 2014; Carrell et al., 2016).

1.4.3.1. Metilacio del DNA

La metilaci6 del DNA es dona a la posici6 5 del carboni de les citosines,
principalment en els dinucleotids citosina-fosfat-guanidina (CpG) (Rousseaux et al.,
2005; Auclair and Weber, 2012). Es troba regulada pels enzims metiltransferases
(DNMTs) on els enzims DNA (cytosine-5)-methyltransferase 3A (DNMT3A) i DNA
(cytosine-5)-methyltransferase 3B (DNMT3B) son els encarregats de la metilacié de
novo i 'enzim DNA (cytosine-5)-methyltransferase 1 (DNMT1) és I'encarregat del
manteniment d’aquestes metilacions (Bestor, 2000). La metilacié del DNA és un
inhibidor de la transcripcio, sobretot en les illes CpG que es troben a les regions
promotores dels gens i afavoreixen o inhibeixen, dependent del seu estat hipo- o
hiper- metilat, respectivament, la unié de factors de transcripcio i altres proteines
d’unio6 al DNA. Després de la fertilitzacio, el genoma patern és activament desmetilat
en la seva majoria (Veure apartat 1.3.2) tot i que queden regions metilades de gens
tan d’'imprinting parental com altres gens i retrotransposons (revisat a (Carrell et al.,
2016)). En 'espermatozoide, s’ha descrit que existeix una hipometilacié general en
els promotors de gens importants en el desenvolupament embrionari (Arpanahi et
al., 2009; Hammoud et al., 2009).

1.4.3.2. Estructura de la cromatina espermatica

Durant les darreres etapes de I'espermatogénesi, concretament durant
I'espermiogenesi, les histones que empaqueten el DNA sén seqiiencialment
reemplacades, primerament per variants d’histones, seguit per proteines de transicio
i finalment per protamines (Oliva and Dixon, 1991; Oliva, 2006; Jodar and Oliva,
2014). Aquest procés, que requereix de variants d’histones i de PTMs de les histones
(Veure annex 1), s'anomena transicio nucleohistona - nucleoprotamina (NH - NP) i
dona lloc a una drastica reorganitzacio on es passa d’'una distribucié nucleosomal
basada en histones de la cél-lula diploide a una distribucié toroidal basada en les
protamines en l'espermatozoide madur haploide (Figura 1.10). Aixi doncs,
aproximadament del 85-95 % del DNA de 'espermatozoide madur es troba unit a
protamines (en huma = 92 %), mentre que el 5-15 % del DNA restant roman unit a
histones (en huma = 8 %) (Gatewood et al., 1987). Per tant, la cromatina espermatica
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presenta una estructura unica formada per dos dominis amb nivells
d’empaquetament diferents: el domini NH on el DNA es troba més accessible i el
domini NP on el DNA es troba altament empaquetat en forma de toroides (Oliva,
2006; Castillo et al., 2014a; Jodar and Oliva, 2014).

1.4.3.2.1. Domini nucleohistona (NH)

L’estructura dels nucleosomes a I'espermatozoide madur és similar a la de la cel-lula
somatica. Consisteix en 147 bp de DNA enrotllat al voltant del nucli d’histona
octamérica que inclou dues molécules de histone H2A type 2-A (H2A), dues
molecules de histone H2B type 1 (H2B), dues molécules de histone H3.1 (H3) i dues
molecules de histone H4 (H4). La histone Hi1 (Hi1) es troba enllagant I'entrada i
sortida del DNA de 'octamer. A més, la H1 també juga un paper important en la
modulacié del plegament de la cromatina. Els nucleosomes adjacents estan
interconnectats per DNA que pot arribar a tenir una longitud d'uns 8o bp (Ausio,
2015). El resultat final és un DNA 5 vegades més empaquetat, tot i que aquest
empaquetament permet una disposicié més oberta i dinamica, que el conferit pel
domini NP. Per tant, pot ser regulada i modulada a través de la incorporacio de
variants d’histones, PTMs d’histones i factors nuclears (Mezquita, 1985; Oliva and
Dixon, 1991; Zhao et al., 2004; Kimmins and Sassone-Corsi, 2005; Krejci et al., 2015;
Luense et al., 2016).

Durant I'espermatogénesi, en la transici6 NH — NP, les histones canoniques son
reemplacades per variants d’histones que desestabilitzen les interaccions proteina
DNA i permeten la transicié a NP (Figura 1.10) (Kimmins and Sassone-Corsi, 2005;
Oliva, 2006; Maze et al., 2014). Encara que les variants d’histones només presenten
canvis lleus en la seva estructura primaria respecte les histones canoniques, aquestes
diferéncies poden afectar ampliament la seva estructura, estabilitat i funcionalitat
(Govin et al., 2004). Hi ha variants d’histones que s’expressen en altres tipus
cel-lulars, perd n’hi ha algunes que sén especifiques de testicle (Veure annex 1).
L’eliminacid especifica en models animals (KO) de variants d’histones és de gran
ajuda per determinar el seu paper en 'espermatogenesi i la fertilitat. A 'annex 1 es
detallen totes les variants d’histones identificades en I'espermatozoide huma madur,
la localitzacié on s’expressen i les alteracions tan a nivell reproductiu com l'afectacié
que provoquen al desenvolupament embrionari de les variants en qué s’ha realitzat
un KO. Per exemple, 'absencia de la variant testis-specific H1 histone (Hit2), provoca
entre altres, una alteracié en la fertilitzacié (Martianov et al., 2005; Tanaka et al.,
2005). També hi ha alguns KO de variants d’histona que provoquen letalitat
embrionaria, pero no hi ha suficient evidéncia de que la causa sigui de la linia
germinal (Veure annex 1).
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Les histones i les seves variants incorporen PTMs. Les PTMs de les histones han estat
ampliament estudiades i s’ha demostrat que diferents combinacions de PTMs creen
un codi complex, anomenat el codi de les histones, que contribueix a I'expressio
génica i a l'organitzacio i dinamica de la cromatina (Kimmins and Sassone-Corsi,
2005; Krej¢i et al, 2015). Esta demostrat que l'acetilaci6 de la H4 durant
I'espermatogenesi és necessaria per reduir l'afinitat dels nucleosomes pel DNA,
relaxa la cromatina i permet el reemplagament d’histones per protamines (Figura
1.10; veure annex 1) (Oliva et al., 1987; Oliva, 2006). La transici6 NH - NP no té lloc
totalment, sin6 que una petita proporcio del DNA de 'espermatozoide madur, resta
empaquetat amb histones (Figura 1.10), en les quals s’han descrit multiples PTMs
diferents, incloent acetilacié, metilacié i fosforilacié (Krej¢i et al., 2015). Aquestes
histones amb les seves PTMs sén aportades a I'embrié durant la fertilitzacio6 i s’ha
proposat que podrien tenir un paper rellevant en el control epigenétic del
desenvolupament embrionari (Van Der Heijden et al., 2008; Carrell and Hammoud,
2009). Molts estudis han suggerit que en I'espermatozoide madur, el romanent de
DNA unit a histones no es troba distribuit aleatoriament, sind que es troba associat
a telomers i centromers i enriquit en gens importants pel desenvolupament
embrionari i en la regulacié de I'expressié génica, incloent proteines de vies de
senyalitzacié i factors de transcripcié involucrats en I'embriogénesi, gens amb
imprinting parental i cltsters de microRNAs (miRNAs) (Arpanahi et al., 2009;
Hammoud et al., 2009; Vavouri and Lehner, 2011; Castillo et al., 20143, 2015; Siklenka
et al., 2015; Royo et al., 2016). A nivell proteic, es va determinar que la fraccié6 NH
conté, a part de variants d’histones, factors de transcripcid, proteines associades a la
cromatina amb rols reguladors, també suggerint el potencial epigenetic aportat per
I'espermatozoide en el moment de la fertilitzacio (Castillo et al., 2014a). Per tant, no
només el contingut d’histones, variants i PTMs aporta informacié a 'embrié en el
moment de la fertilitzacio, sin6 que la distribucio no aleatoria NH - NP també estaria
aportant informacio epigenetica al zigot i podria regular I'expressié génica durant el
desenvolupament preimplantacional (Veure annex 1).
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Figura 1.10 Canvis en la cromatina durant l'espermatogeénesi i la fertilitzacié. Un cop
I'espermatogonia es diferencia a espermatocit primari, té lloc la recombinacié meiotica i seguidament
dona lloc a 'espermatocit secundari. L’espermatocit secundari es dividira i donara lloc a I'espermatida
rodona que sera haploide. Fins aquesta etapa, la cromatina es troba organitzada com una cél-lula
somatica on el DNA es troba empaquetat amb nucleosomes. Es durant el procés d’espermiogénesi
quan les histones son substituides primerament per variants d’histones, proteines de transici6 i
finalment per protamines, amb l'ajuda de les topoisomerases. En humans, el DNA de
I'espermatozoide madur es troba empaquetat en un aproximadament 92 % amb protamines i un 8 %
amb nucleosomes. Aixi doncs, 'espermatozoide madur presenta dos dominis clarament diferenciats,
el domini nucleohistona i el domini nucleoprotamina que seran transferits a 'oocit en el moment de
la fertilitzacié. Després de la fertilitzacio, les protamines sén substituides per histones maternes i
retorna a una distribucio totalment nucleosomal. Adaptat de ’Annex 1 (Barrachina et al., 2018).
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1.4.3.2.2. Domini nucleoprotamina (NP)

Les protamines son les proteines més abundants del nucli de 'espermatozoide i com
s’ha mencionat anteriorment, empaqueten el 85-95 % del DNA patern (Figura 1.10)
(Oliva and Dixon, 1991; Oliva, 2006; Balhorn, 2007; Castillo et al., 2014a; Jodar and
Oliva, 2014; Barrachina et al., 2018). Les protamines son unes proteines petites, d'uns
50-102 aminoacids, molt basiques i riques en residus arginina que es troben carregats
positivament i que permeten la forta unio amb el DNA carregat negativament.
També son riques en residus cisteina (Figura 1.11), els quals permeten la formacio de
ponts disulfur i ponts de Zn*" intra- i inter- protamina (Balhorn et al., 1992; Bench et
al., 2000; Oliva, 2006; Bjorndahl and Kvist, 2010). Es creu que la formacié de ponts
de salts, com els ponts de Zn*", tenen la funci6 d’estabilitzar la cromatina (Kvist and
Bjorndahl, 1985; Bjorndahl and Kvist, 2010). El resultat final és la formacio del
complex NP en forma de toroide que empaqueta fins a 50 kb de DNA (Figura 1.10;
veure annex 1) (Oliva, 2006).

En mamifers s’han descrit dos tipus de protamina, la protamina 1 (P1) i la familia de
la protamina 2 (P2), tot i que P2 només és expressada a nivell proteic per algunes
espécies com son ratoli i huma (Balhorn et al., 1987; Oliva, 1995, 2006; Queralt et al.,
1995). En humans, els gens codificants per la protamina 1 (PRMi) i per la protamina
2 (PRM2) es troben situats al cromosoma 16p13.3 (Nelson and Krawetz, 1995). Mentre
que la P1 és sintetitzada directament a la proteina madura de 51 aminoacids, la
familia de P2 és generada a partir del precursor de 102 aminoacids (pre-P2; Figura
1.11; (de Mateo et al., 201b)). Per proteolisi pre-P2 dona lloc als 3 components madurs
de la familia de P2, HP2, HP3 i HP4, que només difereixen entre ells de 1-4
aminoacids al seu extrem N-terminal (Figura 1.11). La forma madura HP2 és la més
abundant, seguit de HP3 i HP4 (Oliva, 2006; Jodar and Oliva, 2014). Alguns estudis,
també, han identificat formes intermedies processades de pre-P2, anomenades basic
nuclear proteins HPIi, HPI2, HPS1 i HPS2 (Figura 1.11) que podrien donar lloc a les
formes madures de P2 (de Mateo et al., 2011b). Un cop té lloc la fertilitzacio de I'oocit,
les protamines son rapidament substituides per histones maternes (Jones et al.,
2012).

S’han proposat diverses funcions per a les protamines. Entre altres: (i) empaquetar
fortament el DNA patern per a que el nucli de I'espermatozoide sigui més compacte
i dinamic, necessari per a la motilitat espermatica; (ii) protegir el DNA espermatic
de mutagens i nucleases presents en els tractes sexuals masculi i femeni; (iii)
competir i eliminar proteines nuclears associades a la cromatina durant
I'espermatogenesi per bloquejar la transcripcio i la traduccid; i (iv) participar en
l'imprinting del genoma patern durant l'espermatogénesi i conferir marques
epigenétiques en algunes regions del genoma que afecten la seva reactivacié després
de la fertilitzacid (Veure annex 1) (Oliva, 2006).

4



1. Introduccié

A

Protaminai

P1 1MARYRCCRSQSRSRYYRQRQRSRRRRRRSCQTRRRAMRCCRPRYRPRCRRH

B

Protamina 2 WLV

{
Precursor P2 | MVRYRVRSLSERSHEVYRQQLHGQEQGHHGQE EQQGL[SPEHVEVYERTHGQSHY RRRH
CSRRRLHRIHRRQHRS CRRRKRRS CRHRRRHRRGCRTRKRT CRRH

HPh 2VRYRVRSLSERSHEVYRQQLHGQEQGHHGQEEQGLSPEHVEVYERTHGQSHYRRRH
CSRRRLHRIHRRQHRSCRRRKRRSCRHRRRHRRGCRTRKRTCRRH

HPI2 GQEQGHHGQEEQGLSPEHVEVYERTHGQSHYRRRH
Formes CSRRRLHRIHRRQHRSCRRRKRRSCRHRRRHRRGCRTRKRTCRRH
intermeédies
HPS1 QGLSPEHVEVYERTHGQSHYRRRH
CSRRRLHRIHRRQHRSCRRRKRRSCRHRRRHRRGCRTRKRTCRRH
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Figura 1.11 Seqiiéncia d’aminoacids de les protamines. A) Seqiiéncia de la protamina 1 (P1). B)
Seqiiéncia del precursor de la protamina 2 (pre-P2), les formes intermedies (HPI1, HPI2, HPS11 HPS2)
i les formes madures que s'obtenen per la proteolisi de pre-P2 (HP2, HP3 i HP4). En vermell estan
indicats els residus arginina i en groc ataronjat els residus cisteina. Les linies negres marquen el lloc
de proteolisi de les formes intermeédies. Les tisores marquen el lloc de proteolisi de les formes
madures HP2 (blau), HP3 (groc); HP4 (taronja). Basat en (Oliva, 2006; de Mateo et al., 2011b; Jodar
and Oliva, 2014).

Existeixen varies tecniques classiques per a calcular la quantitat de protamines i
possibles alteracions. Aquestes es poden calcular a través de la quantificacio dels
nivells ’'RNA missatger (mRNA) de les protamines, a través de técniques de tincid
indirecta de la cromatina o bé a través de la quantificacié directa (Nasr-Esfahani et
al., 2004b; Aoki et al., 2006b; Oliva, 2006; Jodar and Oliva, 2014; Ribas-Maynou et
al., 2015; Ni et al., 2016). Tot i aixi, la técnica més ampliament utilitzada és la
quantificacio directa de protamines a nivell proteic, que es basa en l'extraccio
especifica acida de les protamines i la seva visualitzacid a través de 1'ts de técniques
convencionals d’electroforesi en gels de poliacrilamida acid - urea (acid - urea
PAGE), del qual es calcula el ratio relatiu entre 'abundancia de P1i els membres de
la familia de P2 (P1/P2) i s'utilitza com a mesura de la maduresa de la cromatina i se
n’estableix la normalitat / alteracid (Oliva, 2006).
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El ratio normal entre la quantitat de proteina de P1i de la familia de P2 es va establir
al voltant de 1 (0,8 - 1,2) (Balhorn et al., 1988; Corzett et al., 2002). La desregulacio
de les protamines ha estat lligada a defectes en el desenvolupament embrionari tan
a nivell dRNA com de proteina. Concretament, a nivell d’'RNA, s’han relacionat
alteracions en els transcrits de PRM1i PRM2 amb una disminucio en la capacitat de
fertilitzacié i amb avortaments espontanis (Depa-Martynow et al., 2007; Steger et
al., 2008; Depa-Martynow et al., 2012; Rogenhofer et al., 2013, 2017). A nivell de
proteina, s’ha reportat en multiples estudis que alteracions en el ratio P1/P2 i el ratio
pre-P2/P2 estarien associades amb baixes taxes de fertilitzacio i/o implantacio, una
baixa qualitat embrionaria i una baixa taxa d’embaras utilitzant tan FIV
convencional com FIV-ICSI (Khara, 1997; Nasr-Esfahani et al., 2004b, 2004a; Aoki et
al., 20053, 2006b; de Mateo et al., 2009; Simon et al., 2o11). Per tant, aquests resultats
posen de manifest la possible implicacié de les protamines amb la fertilitzacié i el
desenvolupament embrionari primerenc.

1.4.4. RNAs

Tot i que en 'espermatozoide madur la transcripcié i la traduccid es troben aturades
a causa de l'alta compactacié de la cromatina i I'eliminacié de la major part del
citoplasma que conté la maquinaria traduccional, el gameta masculi conté una
complexa poblacié d’'RNAs retinguts selectivament a la cél-lula espermatica (Jodar
et al., 2013). Utilitzant la técnica heterodloga on espermatozoides humans podien
fecundar oocits de ratoli que no presentaven zona pel-lucida, es va determinar que
I'espermatozoide aportava un cargo d'RNAs en el moment de la fertilitzacio que
podrien tenir un paper important en el desenvolupament embrionari primerenc
(Ostermeier et al., 2002, 2004; Jodar et al., 2013). Aquest possible rol es reflecteix en
queé, en ratoli, quan s’'injecten en oocits espermatozoides tractats préviament que
contenen menys del go % d’RNAs que presenten normalment, disminueix el
percentatge d’embrions que arriben a l'estadi de blastocist i també disminueix el
nombre de naixements; mentre que quan s’injecta la totalitat d’RNAs
d’espermatozoides no tractats en aquests embrions deficients, el fenotip es rescata
(Guo et al., 2017). També, s’ha descrit que els RNAs de 'espermatozoide semblen ser
claus en la consolidacio / confrontacio dels genomes. Quan 'espermatozoide i 'odcit
entren en contacte és molt important assegurar-se de la seva compatibilitat i de la
correcta contribucio de cada part per a qué un cop es combinin tingui lloc un
correcte desenvolupament embrionari (Patil and Totey, 2003; Bourc’his and
Voinnet, 2010; Goring and Indriolo, 2010; Krawetz et al., 2011; Jodar et al., 2013; Miller
and Iles, 2013; Miller, 2015; Godia et al., 2018).
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1.4.4.1. RNAs codificants

Arran de que l'espermatozoide és una cel-lula que no transcriu ni tradueix, es
pensava que els RNAs codificants presents a l'espermatozoide madur eren
romanents de 'espermatogénesi sense cap funcio, pero s’ha demostrat que hi ha una
poblacio estable d’'RNAs codificants intactes a la cel-lula espermatica, la qual cosa
indica la seva retencid especifica durant I'espermatogénesi (Ostermeier et al., 2002,
2004, 2005).

Un dels mecanismes proposats pels RNAs codificants de I'espermatozoide que es
conserven intactes en el moment de la fertilitzacid és la seva traduccioé mitjangant la
maquinaria traduccional activa de I'oocit fecundat (Jodar et al., 2013; Miller, 2015;
Ntostis et al., 2017; Castillo et al., 2018; Jodar, 2019). Per exemple, 'RNA integrator
complex subunit 1 (INTS1), que participa en la transcripcio i el processament de
diferents small-nuclear RNAs (snRNAs), es troba intacte i retingut a
I'espermatozoide madur i per microarray s’ha determinat que incrementa després
de la fertilitzacié abans de I'activacio del genoma embrionari. L’abséncia especifica
de la proteina INTS1 en ratolins provoca letalitat embrionaria en 'estadi de blastocist
(Hata and Nakayama, 2007; Vassena et al., 2011; Jodar et al., 2013). Podria ser que
aquest RNA codificant aportat per 'espermatozoide fos traduit per la maquinaria
oocitaria i participés en el desenvolupament embrionari primerenc. De la mateixa
manera, s’ ha demostrat en ratoli, que la injeccié del transcrit de Plczi, essencial per
I'inici del desenvolupament embrionari (Veure apartat 1.3) és traduit i provoca
I'activacio de 'oocit in vitro (Yoda et al., 2004). Per tant, aquests resultats posen en
evidencia la possible contribucié dels RNAs codificants de 'espermatozoide en els
primers estadis del desenvolupament embrionari primerenc.

1.4.4.2. RNAs no codificants

Com s’ha vist en els RNAs codificants (Veure apartat 1.4.4.1), també s’ha postulat que
alguns RNAs no codificants (ncRNAs) poden tenir certa funcié en el
desenvolupament embrionari primerenc.

Aproximadament el 7 % dels small ncRNAs de I'espermatozoide huma sén miRNAs
i sén els RNAs no codificants que més s’han estudiat (Godia et al., 2018). Regulen
I'expressid génica inhibint o activant la traduccio dels seus mRNAs diana o bé unint-
se a la regio 3’ untranslated region (UTR) dels mRNAs diana per provocar-ne la seva
degradacid. El precursor del precursor del miRNA (pri-miRNA) és sintetitzat per la
RNA polimerasa II i processat per la ribonuclease 3 (DROSHA) i el DGCRS8
microprocessor complex subunit (DGCR8) fins esdevenir precursor del miRNA (pre-
miRNA). Seguidament el pre-miRNA és exportat al citoplasma on és processat altre
cop pel complex endoribonuclease Dicer (DICER1) i human immunodeficiency virus
transactivating response RNA-binding protein (TRBP), donant lloc a la forma madura
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de 22 - 24nt de longitud (Jodar et al., 2013). En un estudi en model muri, s’ha observat
que el KO Drosha™” o Dicer”” condicionals de testicle, implicats en la sintesi dels
miRNAs i de small interfering RNAs (siRNAs), presenten un perfil alterat de miRNA
i siRNAs que provoca una reduccid en el potencial de desenvolupament embrionari
(Yuan et al.,, 2016). No obstant, el fenotip WT es rescatava quan s’injectava RNAs
d’espermatozoides de ratolins WT als embrions provinents dels KO, posant de
manifest la rellevancia dels miRNAs i siRNAs en el desenvolupament embrionari
(Yuan et al., 2016). Un altre exemple és el miR-34c, que es va proposar que era
necessari per la primera divisio embrionaria i per la correcta embriogénesi, pero
existeix certa controversia (Liu et al., 2012; Yuan et al., 2015; Shi et al., 2020). També
s’ha proposat que certs pri-miRNAs aportats per 'espermatozoide en el moment de
la fertilitzacid, com el pri-miRNA-181c, el qual les seves dianes es troben en gens del
desenvolupament, podrien ser processats a la seva forma madura per la maquinaria
materna i realitzar la seva funcié abans de l'activacié del genoma embrionari
(Vassena et al., 2011; Jodar et al., 2013; Sendler et al., 2013).

Un altre tipus d’RNA molt abundant en I'espermatozoide huma sén els P element-
induced wimpy testes-interacting (piwi-interacting) RNAs (piRNAs) que es calcula
que conformen un 17 % del total de small ncRNAs (Krawetz et al., 2011; Pantano et
al., 2015). Els piRNAs s’organitzen al llarg del genoma en forma de claster d’entre 1 -
100 Kb. La seva biogénesi encara no esta del tot coneguda tot i que és dependent de
la proteina Piwi (PIWI) i després de ser processats, la forma madura conté entre 23
- 32 nt. Durant 'espermatogenesi els elements transposables sén inhibits per
piRNAs i s’ha demostrat que el deficit de certs piRNAs durant 'espermatogenesi
provoquen defectes en I'espermatozoide i redueixen la seva capacitat de fertilitzacio
(Wu et al, 2020). Una de les funcions proposades pels piRNAs aportats per
I'espermatozoide madur en el moment de la fertilitzacio és que podrien estar
associats a protegir el genoma durant els primers estadis del desenvolupament
embrionari (Jodar et al., 2013; Pantano et al., 2015).

Similarment, els elements transposables que alineen a regions repetitives del
genoma podrien participar en el desenvolupament embrionari. Els més representats
son membres de les families long terminal repeat (LTR), short interspersed nuclear
element (SINE), repeticions ALU i long interspersed nuclear element (LINE) (Krawetz
et al, 20mu). Tot i que el paper que juguen els elements transposables al
desenvolupament embrionari encara és controvertit (Jodar et al., 2013), s’ha vist per
exemple que la inactivacid del long interspersed nuclear element 1 (LINE1) a 'embrio
causa un arrest a 'estadi de 2 — 4 cél-lules, reflectint la seva importancia pel correcte
desenvolupament (Beraldi et al., 2006). Més recentment, s’ha associat alteracions en
I'activitat de LINE1 a avortaments de repeticio (Lou et al., 2020).
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1.4.5. Proteines

L’espermatozoide aporta en el moment de la fertilitzacié un conjunt de proteines,
algunes d’elles implicades en la regulacio de 'expressio génica, que podrien tenir un
paper clau en la fertilitzacié i el desenvolupament embrionari primerenc (Castillo et
al., 2018). Per exemple, I'abséncia de la proteina sperm equatorial segment protein 1
(Spesp1) en ratolins, provoca una reduccié de la capacitat fertilitzant de
I'espermatozoide, ja que afecta la localitzacio i quantitat de proteines implicades en
la fusié com s6n Izumon i la familia de proteines disintegrin and metalloproteinase
domain-containing protein (Adam) (Fujihara et al., 2010; Castillo et al., 2018). La
generacié de ratolins KO per la proteina espermatica proprotein convertase
subtilisin/kexin type-4 (Pcsk4), sén incapagos de processar la proteina acrosin
binding protein (Acrbp). Aquest fet implica una capacitacio accelerada, una reaccié
acrosomica precipitada i la incapacitat de I'espermatozoide a unir-se a la zona
pel-lucida, impedint que tingui lloc la fertilitzacié (Gyamera-Acheampong et al.,
2006; Tardif et al, 2012; Castillo et al., 2018). Similarment, la proteina de
I'espermatozoide CRISP1, que pertany a la familia de proteines CatSper, és
incorporada durant la maduracié posttesticular a 'epididim i es troba relacionada
amb la penetracio i fusio de l'espermatozoide a l'oocit, especificament, marca
I'orientacié d’entrada al caimulus i interactua amb la zona pel-lucida. S’ha descrit que
ratolins Crisp1”, sén incapacos de penetrar i fertilitzar I'oocit (Busso et al., 2007;
Cohen et al., 20o11; Maldera et al., 2014; da Ros et al., 2015; Castillo et al., 2018). De
manera més extrema, s’ha especulat que I'abséncia especifica d’alguna proteina
espermatica també podria provocar letalitat embrionaria (Castillo et al., 2018).
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1.5. Infertilitat masculina

La infertilitat es defineix com la incapacitat d'una parella en aconseguir embaras
després d’'un any mantenint relacions sexuals regulars sense 1'ds de meétodes
anticonceptius (Evers, 2002; World Health Organization, 2010). Tot i que
generalment es considera sinonim parlar d'infertilitat i esterilitat, alguns autors
consideren que l'esterilitat és la incapacitat de concebre de manera irreversible,
mentre que la infertilitat és la reduccid de la capacitat de concebre. Arran dels
avengos en les técniques de reproduccio assistida (TRAs), els limits irreversibles
s’han anat superant i s’ha definit el terme subfertilitat per a designar totes les
persones que no aconsegueixen tenir descendéncia de manera espontania després
d’un any mantenint relacions sexuals sense proteccio durant la finestra fertil del cicle
menstrual (Evers, 2002). Per tant, se sol utilitzar infertilitat i subfertilitat de manera
sinonima. La infertilitat és un problema que ateny al 15 - 20 % de les parelles en edat
fertil. Aproximadament d’aquestes, un 40 % dels casos son deguts a un factor
exclusivament femeni, un 40 % deguts a un factor exclusivament masculi i un 20 %
on ambdds membres de la parella presenten alteracions reproductives (Ballesca and
Oliva, 2012). Aixi doncs, el factor masculi pot arribar a contribuir en el 50 % de causes
de infertilitat (Vander Borght and Wyns, 2018).

Al llarg del temps, les causes de la infertilitat s’han centrat majoritariament en
I'estudi de la dona, a les quals se li realitzen maultiples proves exhaustives per
determinar la possible etiologia de la subfertilitat, mentre que a '’home, I'estudi que
se li realitza sol ser molt més superficial i limitat majoritariament a I'estudi del
semen (Cahill and Wardle, 2002; McLachlan et al., 2005).

1.5.1. Causes conegudes de la infertilitat masculina

Per a quée un home sigui fertil ha de desenvolupar-se de manera normal
I'espermatogenesi, la maduraci6 i emmagatzematge dels espermatozoides a
I'epididim, I'adquisicio dels diferents fluids de les glandules sexuals accessories
durant l'ejaculacié i, finalment, les relacions sexuals han de desenvolupar-se
satisfactoriament. Per aquest motiu, la infertilitat masculina es pot classificar com a
congenita, adquirida o idiopatica (Krausz, 2011). A la Taula 1.1 es detallen algunes de
les causes conegudes de la infertilitat masculina.

Existeixen factors exdgens que provoquen infertilitat com ara 1'ds de farmacs
citotoxics, radiacio, calor o estil de vida; alteracions fisiques degut a defectes
congeénits, obstruccions, traumatismes o cirurgies; varicocele; infeccions testiculars,
epididimaries o de les glandules sexuals accessories; alteracions endocrines com
I'hipogonadisme-hipogonadotropic;  causes  immunologiques; o  causes
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psicologiques. També, s’han descrit multiples alteracions genétiques que provoquen
infertilitat com sén la Sindrome de Klinefelter (47, XXY), les microdelecions del
cromosoma Y, la Sindrome de Kallmann o mutacions puntuals en diferents gens
(Taula 1.1) (de Kretser, 1997; Niederberger, 2009; Krausz, 2011; Krausz and Riera-
Escamilla, 2018). Tot i els avencos en el camp de la infertilitat masculina,
aproximadament el 50 % dels casos continuen essent sense causa coneguda (Krausz,
2011).

Taula 1.1. Classificacié de les possibles causes de la infertilitat masculina. Adaptat de (Krausz, 2011).

Tipus de factor Causa

Factors congénits  Alteracions geneétiques (Sindrome de Klinefelter, microdelecions del
cromosoma Y, Sindrome de Kallmann, mutacions en gens involucrats en
l'eix Hipotalem-Hipofisi-gonadal, ...)

Anorquia / Criptorquidia
Abseéncia congenita del Vas deferens

Factors adquirits ~ Malalties sistemiques
Factors endocrins o hipogonadisme-hipogonadotropic adquirit
Trauma / torsio testicular
Causes post-inflamatories (orquitis, epididimitis)

Obstruccié / subobstruccié del tracte urogenital
Infeccions urogenitals recurrents
Disfuncio6 erectil o ejaculatoria
Cirurgia
Varicocele
Factors exogens (medicacio, farmacs citotoxics, radiacid, calor)
Estil de vida
Factors idiopatics  Causa desconeguda

1.5.2. Analisi dels parametres seminals

Tot i que existeixen diverses técniques per avaluar I'estat fertil d'un individu com ara
I'exploracio fisica i la determinacié dels nivells hormonals (Revisat a (Niederberger,
2009; Pan et al., 2018)), una de les técniques més ampliament utilitzades és la
'avaluacié dels parametres seminals a través de la realitzacié d’'un seminograma. En
el seminograma es podra valorar a nivell macroscopic el pH i el volum de la mostra
i a nivell microscopic la quantitat, la motilitat, la vitalitat i la morfologia dels
espermatozoides. Existeix el manual realitzat per la World Health Organization
(WHO) on es detalla com realitzar i interpretar un seminograma (World Health
Organization, 2010) i on s’estableixen els valors de referéncia d'una mostra de semen
(Taula 1.2). Per poder realitzar un diagnostic del tipus d’infertilitat, almenys s’han
d’obtenir 2 mostres obtingudes en uns 3 mesos de diferéncia, que corresponen a dos
cicles d’espermatogenesi diferents (Niederberger, 2009; World Health Organization,
2010).
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Taula 1.2. Valors de referéncia minims dels parametres seminals avaluats en un seminograma
establerts per la World Health Organization (WHQO). Adaptat de (World Health Organization, 2010).

Parametre Limit inferior de referéncia
Volum del semen (ml) 1.5 (1.4 - 1.7)

pH =7.2

Nombre total d’espermatozoides (10° per ejaculat) 39 (33 - 46)
Concentracié espermatica (10° per ml) 15 (12 - 16)

Motilitat total (progressiva + no progressiva, %) 40 (38 - 42)
Motilitat progressiva (%) 32 (31-34)

Vitalitat (espermatozoides vius, %) 58 (55 - 63)
Morfologia espermatica (formes normals, %) 4(3-4)

La mostra s’obté per masturbacié en un contenidor estéril després d'un periode
d’abstinéncia de 3 - 7 dies (World Health Organization, 2010). Un cop la mostra ha
estat obtinguda es deixa liquar almenys durant 30 minuts abans de ser analitzada.
Mitjancant un microscopi amb contrast de fases, es determina la possible preséncia
de cél-lules contaminants, com sdn els leucocits, les cel-lules germinals immadures
o cel-lules epitelials de descamacié (World Health Organization, 2010). Per analitzar
els parametres seminals de la mostra de semen es pot realitzar o bé mitjangant
sistemes automatitzats de comptatge anomenats Computer-Assisted Sperm Analysis
(CASA) o bé mitjangant sistemes manuals amb I'is de cameres de comptatge com
I’hemocitometre de Neubauer o la cambra de Makler (World Health Organization,
2010).

Principalment en el seminograma s’analitzen els seglients parametres:

e Concentracio: Es determina el nombre exacte de milions d’espermatozoides
per millilitre de semen (10° / ml) i també es calculen els milions
d’espermatozoide totals per ejaculat (World Health Organization, 2010). Els
valors de referéncia per considerar una mostra normal sén = 15 milions / ml
de semen i = 39 milions totals per ejaculat (Taula 1.2).

e Motilitat: La motilitat espermatica es pot dividir en 4 subtipus i es considera
normal si existeix = 32 % de motilitat progressiva o = 40 % de motilitat total
(Taula 1.2):

» Espermatozoides amb mobilitat progressiva (Tipus A+B): Sén
espermatozoides que es mouen activament de manera lineal o
realitzant un cercle gran, independentment de la velocitat.
Anteriorment, es classificaven els espermatozoides progressius en
mobilitat rapida (A) i lenta (B), on els espermatozoides de tipus A
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es movien a > 25 metres / segon (m / s) a 37 °C. Tot i aixi, degut a la
dificultat de diferenciar la velocitat rapida i lenta, es va deixar
d'utilitzar (Cooper and Yeung, 2006).

» Espermatozoides amb motilitat no progressiva (Tipus C): Son
la resta de patrons de mobilitat que s'observen en abséncia de
progressid, com ara quan s'observa només el batec flagel-lar, quan
els espermatozoides neden en petits cercles o quan el flagel només
mou lleument el cap.

» Espermatozoides immobils (Tipus D): Quan I'espermatozoide
no presenta cap mena de moviment.

Morfologia: Per valorar la morfologia espermatica, els espermatozoides es
fixen i es tenyeixen amb la tincio de Diff-Quick, Papanicolau o Shorr (World
Health Organization, 2010). Per considerar un espermatozoide normal el cap
ha de ser ovalat, amb una regié acrosomica ben definida que en comprengui
del 40 - 70 %. La regié acrosomica no ha de contenir vacuoles grans i no
hauria de contenir més de dues vacuoles petites, les quals ocupin més del 20
% del cap de I'espermatozoide. La regio post-acrosomica no ha de contenir
vacuoles. La peca intermedia ha de ser regular i esvelta i ha de tenir mateixa
longitud que el cap. També, han d’estar alineades la peca intermeédia i el cap
de l'espermatozoide. La gota citoplasmatica es considera anormal quan
excedeix un terg del cap de I'espermatozoide (Mortimer and Menkveld, 2001).
La pega principal ha de ser uniforme, més estreta que la pega intermedia i ha
de ser unes 10 vegades I'allargada del cap (World Health Organization, 2010).
Una mostra de semen es considera que presenta morfologia normal si
almenys el 4 % dels espermatozoides son normals (Taula 1.2). Els defectes
dels espermatozoides es poden classificar en defectes de cap, defectes de coll
i peca intermedia o defectes de cua o la combinacié de més d’'una alteracio.
Se solen utilitzar els criteris estrictes descrits pel Dr. Kruger per determinar
la morfologia (Kruger et al., 1987).

Vitalitat: S'estima en testar la integritat de la membrana dels
espermatozoides, és a dir, els espermatozoides vius presenten la membrana
integra mentre que els espermatozoides morts no. Per determinar la vitalitat
es pot utilitzar un colorant com el test d’eosina o bé una solucié hipotonica
(World Health Organization, 2010). La vitalitat s’ha de realitzar just després
de la liqliefaccié o com a molt tard una hora després de I'ejaculacio (World
Health Organization, 2010). Una mostra normal ha de tenir una vitalitat
d’almenys el 58 % dels espermatozoides (Taula 1.2).
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Un cop el seminograma ha estat realitzat, es poden classificar els pacients en funcio
dels parametres seminals (World Health Organization, 2010).

e Normozoospérmia: Tots els parametres seminals de la mostra es troben
dins els rangs normals (Taula 1.2). Tot i aixi, que aparentment una mostra de
semen presenti tots els parametres normals no vol dir que l'individu sigui
fertii. De fet, la infertilitat d'origen desconegut en individus
normozoospermics ha estat poc estudiada, tot i que suposa aproximadament
del 6 % al 37 % de pacients infeértils (Hamada et al., 2012) i el seu estudi és de
gran interes, ja que no és facil aconsellar quines TRAs seran més satisfactories
ni predir-ne les taxes d’éxit (Veure apartat 1.5.4).

e Astenozoospeérmia: Els espermatozoides presenten una alteracié en la
motilitat espermatica, és a dir, presenten o bé < 32 % motilitat progressiva o
bé < 40 % de motilitat total (Taula 1.2).

e Teratozoospérmia: Els espermatozoides presenten una alteracio en la
morfologia espermatica, és a dir, < 4 % dels espermatozoides presenten
morfologia normal (Taula 1.2).

e Oligozoospérmia: La concentraci6 espermatica i/o el nombre total
d’espermatozoides es troba per sota de 15 milions / ml o 39 milions totals,
respectivament (Taula 1.2).

e Azoospeérmia: Absencia total d’espermatozoides després de centrifugar la
mostra de semen. Pot ser deguda a una azoospérmia obstructiva on hi ha
alguna obstruccid a les vies seminals o bé a una azoospérmia secretora on hi
sol haver defectes en I'espermatogenesi (Taula 1.2).

e C(riptozoospérmia: Abséncia d’espermatozoides quan s’observa al
microscopi pero si se centrifuga la mostra, se n’observen al sediment.

Hi ha individus que presenten una combinacio de diferents alteracions en els
parametres seminals. Els individus que presenten baixa motilitat i alteracié en la
morfologia reben el nom d’astenoteratozoospérmics, mentre que els individus que
presenten  baixa concentraci6 i baixa motilitat reben el nom
d’oligoastenozoospermics. Els individus que presenten baixa concentracio i alteracio
en la morfologia reben el nom d’oligoteratozoospérmics. Els individus que presenten
la combinacié de baixa concentracid, baixa motilitat i alteracié en la morfologia
reben el nom d’oligoastenoteratozoospermics (World Health Organization, 2010).
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1.5.3. Técniques de reproduccio assistida aplicades a la
infertilitat masculina

Aproximadament el 2,1 % dels nens nascuts a Europa son gracies a I'is de les TRAs
(de Geyter et al., 2018). Les TRA s6n una opcié per les parelles que no sén capaces
d’aconseguir embaras de forma natural. Tot i aixi, aquest procés pot comportar un
elevat cost economic i psicologic per a les parelles. La taxa d’exit de les TRA se situa
prop del 55 % després de 3 cicles i arriba al 85 % després de 8 cicles, per tant, son
necessaris multiples cicles abans d’aconseguir un naixement (Connolly et al., 2010;
Luke et al., 2012). Un cop estudiats ambdo6s membres de la parella i dependent de les
causes i el tipus d'infertilitat s’aplicara una TRA especifica. A grans trets, les TRA
més comunes son: la inseminacié intrauterina artificial (IIA), la FIV convencional i
la FIV-ICSIL.

e Inseminaci6 intrauterina artificial (ITA): Es tracta de la TRA menys
invasiva i consisteix en dipositar els espermatozoides (préviament
seleccionats i capacitats al laboratori) a I'interior de I'ater de la dona (Figura
1.12A). Aixi doncs, aquesta técnica mimetitza la concepcié natural, pero,
permet que I'espermatozoide eviti I'ambient hostil del tracte sexual fementi i
el recorregut per fertilitzar 'oocit és més curt. Tot i aixi, per a realitzar
aquesta técnica, son necessaris el major nombre possible d’espermatozoides
mobils, ja que només es facilita el transit inicial. S'aconsella en parelles amb
subfertilitat d’origen desconegut, en parelles on existeix un factor femeni lleu
com malformacions en el coll uteri o problemes en I'ovulacié o en parelles
amb un factor masculi lleu.

e Fecundacid invitro convencional (FIV convencional): Aquesta técnica es
considera invasiva i es realitza la fecundacié externament. Primerament,
s’estimula hormonalment a la dona per a qué maduri més oocits que en un
cicle natural. Seguidament, per puncio s’extreuen aquests oocits. En paral-lel,
es prepara i capacita la mostra de semen, pero en aquest cas és necessari
utilitzar un nombre concret d’espermatozoides (uns 10°), ja que han de ser
suficients per a que trobin I'oocit i el fertilitzin, pero un excés podria provocar
polispérmia i, per tant, 'embrié no seria viable. Aixi doncs, en una placa amb
el medi de cultiu adient es co-incuben els oocits amb els espermatozoides per
a que tingui lloc la fertilitzacié (Figura 1.12B). Els embrions obtinguts son
cultivats in vitro de 2 - 5 dies i per criteris de qualitat morfologica se'n
seleccionaran de 1 a 3 per ser dipositats a I'tter de la dona, ja que la legislacié
Espanyola prohibeix la transferéncia de més de 3 embrions. Tot i que els
criteris morfologics ajuden a predir la taxa d’exit, no sempre hi ha una
implantacié satisfactoria. Aquesta técnica s’aconsella en parelles amb
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infertilitat d’origen desconegut on la IIA ha fallat i en parelles on hi ha un
factor femeni com ara endometriosi o obstruccié de les trompes de Fal-lopi.
També es pot utilitzar quan hi ha un factor masculi lleu o moderat.

e Fecundacié in vitro amb injecciéo intracitoplasmatica (FIV-ICSI):
Aquesta técnica és la considerada més invasiva i també es realitza la
fecundacio de forma externa. En aquest cas, I'obtencié dels oocits és igual a
la FIV convencional, pero, les cel-lules del caimulus del voltant de I'oocit sén
eliminades. Un cop preparada i capacitada la mostra de semen, només s’agafa
un sol espermatozoide, el qual se li eliminara per escissid la cua i el cap es
microinjectara directament dins el citoplasma de I'oocit (Figura 1.12C). Per
aquesta tecnica, nomeés és necessari un espermatozoide per cada oocit a
fertilitzar, per tant, és recomanada quan existeix un factor masculi sever com
oligozoospeérmia o criptozoospermia o quan és necessari realitzar una biopsia
testicular per obtenir espermatozoides. Tot i aixi, actualment, quasi la meitat
de tots els cicles de TRA utilitzen la FIV-ICSI (de Geyter et al., 2018), ja que
s'utilitza encara que no hi hagi recomanacio especifica, fins i tot en parelles
amb infertilitat d’origen desconegut, degut a les elevades taxes de fertilitzacio
i embaras (de Geyter et al., 2018).

L'us de les tecniques invasives com son la FIV convencional i la FIV-ICSI també estan
associades a certs riscs. L'us d’aquestes técniques presenta un increment de defectes
congenits comparat amb embarassos naturals (Sala et al., 2011; Pan et al., 2018).
També, s’ha determinat un augment de les alteracions cromosomiques i de
I'imprinting parental en els nadons nascuts per aquestes técniques en comparacio a
la concepci6 natural (Devroey and Van Steirteghem, 2004; Bonduelle et al., 2005;
Maher, 2005; Pan et al., 2018).

A

&
Figura 1.12. Técniques de reproduccio assistida. A) Inseminaci6 intrauterina artificial (IIA). B)
Fecundacio in vitro (FIV) convencional. C) Fecundaci6 in vitro amb injeccié intracitoplasmatica (FIV-
ICSI). Adaptat de www.reproduccionasistida.org.
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1.5.4. Infertilitat d’origen desconegut

Un dels reptes en el camp de la reproduccio rau en 'assessorament de les TRAs en
aquells pacients que aparentment tots els parametres es troben dins la normalitat
pero no aconsegueixen una gestacié espontania. Aquest tipus de pacients infértils
reben el nom d’individus normozoospérmics amb infertilitat d’origen desconegut.
Son pacients on el seminograma és aparentment normal (Veure apartat 1.5.2), és a
dir, tots els parametres es troben dins el rang normal establert per la WHO (World
Health Organization, 2010) i les proves complementaries no revelen ni defectes
intrinsecs ni extrinsecs que expliquin la causa de la subfertilitat. Per tant, en aquest
tipus de pacients és molt dificil aconsellar i/o predir quin tipus de tractament de
reproduccio assistida tindra una taxa d’exit més elevada i si és més adient utilitzar
técniques més invasives o tecniques menys invasives per aconseguir una gestacio
(Veure apartat 1.5.3), tenint en compte el cost economic i psicologic.

Classicament, el fracas de les TRAs s’associava a defectes de I'oocit, ja que de manera
generalitzada es creia que I'oocit aportava tots els elements necessaris per a 'embrio
en desenvolupament i el paper de l'espermatozoide es basava solament en
I'aportacié del genoma haploide. Tot i aixi, es va observar en un estudi en que
s'utilitzaven oocits provinents de donacio, que la causa de la infertilitat podia raure
en l'individu masculi (Goudakou et al., 2012). En els individus normozoospérmics
amb infertilitat d’origen desconegut segurament I'etiologia de la subfertilitat és post-
espermatogeénica, és a dir, que les causes poden trobar-se en la maduracio
epididimaria en qué I'espermatozoide no hagi adquirit el potencial de fertilitzacid,
en la capacitacio i reaccid acrosomica, en la fertilitzacié o bé condicionant el
desenvolupament embrionari (Bracke et al., 2018). Totes aquestes possibles causes
no sén detectades amb la realitzacié d'un seminograma i és necessari 1'as de
técniques més sofisticades per poder determinar les causes subjacents en aquests
tipus de pacients i, en un futur, aconsellar sobre el tipus de TRAs més adients. Tot i
que s’han realitzat molts estudis tan descriptius com comparatius de diferents
fenotips infertils, fins a dia d’avui, pocs estudis s’han focalitzat en els individus
normozoospérmics amb infertilitat d’origen desconegut (Garrido et al, 2009;
Garcia-Herrero et al., 2010a; Abu-Halima et al., 2013; Bansal et al., 2015; Salas-Huetos
et al., 2016; Selvam et al., 2019).
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1.6. Técniques d’alt rendiment per a 'estudi molecular de
I'espermatozoide

Les técniques d’alt rendiment o ~oOmiques, es defineixen com l'estudi de la totalitat
de molecules d’'un tipus cel-lular, liquid o teixit. En els dltims anys, arran de la
reduccié dels seus costs, els avencos en les téecniques i la seva posterior analisi han
provocat un augment en el seu Gs aplicat a diferents disciplines (Ritchie et al., 2015).
Breument, les técniques més ampliament utilitzades son la genomica i
I'epigendmica, la transcriptomica i la protedmica (Figura 1.13).

*SNPs *Metilacié del DNA *RNAs codificants +Identificacio i
*CNVs *Modificacions *Splicing alternatiu quantificacio
*Reordenacions d’histona *Long RNAs no de proteines
genomiques *Accessibilitat de la codificants +Identificacio i
*Variants rares cromatina *Small RNAs no quantificacid
codificants de PTMs
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Figura1.13. Técniques d’alt rendiment. Les técniques d’alt rendiment permeten estudiar el genoma
i I'epigenoma, el transcriptoma i el proteoma, entre altres. CNV: Copy number variation; Me:
Metilacio; PTM: Modificacié posttraduccional; SNP: single-nucleotide polymoprhism. Adaptat de
(Ritchie et al., 2015).
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L’aplicacié de técniques d’alt rendiment a I'estudi de I'espermatozoide huma ha
permes obtenir grans avencos en la coneixenca de la seva composicid i funcié normal
tot i la gran heterogeneitat tan interindividual com intraindividual que presenten
les mostres de semen (Krawetz et al., 2011; Baker et al., 2013; Wang et al., 2013a; Jodar
et al., 2013, 2016b; Sendler et al., 2013; Amaral et al., 2014a; Castillo et al., 2015;
Pantano et al., 2015; Carrell et al., 2016; Manzoni et al., 2018). També s’ha de tenir en
compte que, ja que la ceél-lula espermatica no transcriu ni tradueix, durant la
maduracio6 posttesticular, la capacitacio i la reaccié acrosomica (Veure apartat 1.2),
I'espermatozoide adquireix noves proteines i RNAs i les moleécules contingudes
pateixen canvis a nivell posttraduccional (Castillo et al., 2018, 2019; Jodar, 2019).

Les técniques d’alt rendiment han estat ampliament utilitzades per a l'estudi de
possibles causes subjacents de la infertilitat masculina associada a alteracions dels
parametres seminals que reflecteixen desregulacions en 'espermatogénesi (Veure
annex 2). Tot i aixi, encara manquen estudis per determinar l'impacte de la
participacié paterna a l'embrié en desenvolupament. En aquest sentit,
principalment, mitjangant I'Gs de técniques d’alt rendiment es poden diferenciar dos
tipus d’aproximacions: els estudis descriptius amb inferéncia in silico de les possibles
funcions en la fertilitzacié i desenvolupament embrionari i, els estudis comparatius
entre diferents fenotips de pacients amb infertilitat d’origen desconegut. En els
estudis comparatius, la comparacié d’espermatozoides provinents d’individus
normozoospermics amb la taxa d’exit de diferents tipus de TRAs sense un factor
femeni conegut, permet caracteritzar i diferenciar la contribucié espermatica en la
fertilitzacio i les diferents etapes del desenvolupament embrionari. Concretament,
la comparacié d’'individus normozoospermics que tenen o no éxit després de la IIA
dona informacié important en possibles defectes de I'espermatozoide que
impedeixen que arribi a fecundar l'oocit a l'oviducte. En canvi, la comparacio
d’'individus normozoospérmics que tenen o no exit després de 1'Gs de FIV
convencional pot donar explicacio a possibles alteracions en molécules implicades
en el reconeixement, interaccid, fusid i penetracid6 de l'espermatozoide en la
fertilitzacio de l'oocit, aixi com del desenvolupament embrionari. De manera
semblant, la comparacié d'individus normozoospermics que tenen o no exit després
de I'ts de FIV-ICSI pot explicar alguns tipus de fallides de fertilitzacié que tenen lloc
després de l'entrada de l'espermatozoide a l'odcit, aixi com la participacio de
I'espermatozoide a l'embriogeénesi. Particularment, l'avaluacio de la qualitat
embrionaria després de I'as de FIV-ICSI d’espermatozoides provinents d’individus
normozoospérmics pot donar informacié de la contribucié paterna a l'embrio
primerenc. Totes aquestes aproximacions mitjancant técniques d’alt rendiment
també contribueixen en la identificacié de biomarcadors pronostics que podrien
predir la taxa d’exit de les TRAs. En la present Tesi Doctoral ens centrarem només
en les tecniques d’alt rendiment a nivell 'RNA (transcriptomica) i de proteines
(protedomica).
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1.6.1. Transcriptomica

La transcriptomica es defineix com a l'estudi de totes les molécules d’'RNA presents
en una cel-lula o un conjunt de cel-lules en un moment determinat. El terme
transcriptoma engloba tan els RNA codificants que soén traduits a proteina com els
RNAs no codificants que no es tradueixen i regulen I'expressié genica (Figura 1.13)
(Ritchie et al., 2015). Els primers estudis transcriptomics es basaven en microarrays
i presentaven una capacitat limitada d’identificar i quantificar la diversitat d’/RNAs
expressats en diferents tipus cel-lulars i en diferents genomes, principalment perque
no permetien el descobriment de noves isoformes o RNAs i requerien métodes
sofisticats de normalitzaci6 (Wang et al., 2009; Ozsolak and Milos, 20m). El
desenvolupament de les tecniques de seqlienciaci6 massiva next-generation
sequencing (NGS) van permetre 'analisi d'RNAs a través de la seva conversié a cDNA
i posterior seqilienciacid a gran escala, creant-se aixi 'RNA-seq (Ozsolak and Milos,
20m). Aixi doncs, 'RNA-seq proporciona una mesura precisa dels nivells de tots els
RNAs i de les seves isoformes en comparacio a altres metodes (Wang et al., 2009).

Per a realitzar estudis 'RNA-seq, primerament es purifica una poblaciéo d’RNA, que
pot ser total o fraccionat (per exemple seleccionant els RNAs poliadenilats (poli (A)")
o eliminant els RNAs ribosomals (rRNAs)). Aquests RNAs per retrotranscripcio sén
passats a ¢cDNA on se’ls uneixen uns adaptadors a un o ambdds extrems que
permeten la seqiienciacié (Figura 1.14). Seguidament, es pot realitzar una
amplificacio del material si es parteix de molt poca quantitat i a continuacio se
seqiliencien totes les molécules per obtenir seqiiéncies curtes (reads) d’'un extrem
(single-end) o dels dos extrems (paired-end) (Figura 1.14). Els reads solen ser de 30 a
400 bp, dependent de la tecnologia utilitzada. Després de la seqtienciacié massiva,
els reads obtinguts s’alineen al genoma de referéncia i es poden analitzar les dades
obtingudes (Figura 1.14) (Wang et al., 2009).

L’espermatozoide és una cel-lula que no transcriu ni tradueix, per tant, quan
s'estudia la cel-lula espermatica madura reflecteix el cargo que aportara en el
moment de la fertilitzacid. Pel que fa a 'estudi de la cél-lula espermatica mitjangant
RNA-seq s’han de tenir en consideracié diferents aspectes degut a les seves
particularitats. S’estima que la quantitat 'RNA present en un espermatozoide
madur és unes 600 vegades inferior al d’'una cél-lula somatica (Zhao et al., 2006) que,
en I'espermatozoide huma és de 10 - 50 fg per cél-lula, = 50 fg de long RNAs (> 200
nt) i 0.3 fg de small ncRNAs (< 200 nt) (Goodrich et al., 2013; Jodar et al., 2013). Aixo
fa que petites contaminacions de I'ejaculat amb altres cél-lules somatiques, com ara
leucocits, cel-lules epitelials i cel-lules germinals immadures puguin emmascarar els
resultats de 'RNA-seq d’espermatozoide (Jodar et al., 2015, 2016b; Jodar, 2019).
Aquestes cel-lules contaminants, doncs, s’han d’eliminar mitjangant metodes de
purificacié com la separacid per gradients de densitat de silice col-loidal o la tecnica
de swim-up que permet seleccionar els espermatozoides de més elevada motilitat
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(Goodrich et al., 2013; Mao et al., 2013; Jodar et al., 2015). Per purificar cél-lules
somatiques també s’ha utilitzat el tampo de lisis cel-lular somatica (somatic cell lysis
buffer) pero, tot i que és efectiu eliminant aquests contaminants, causen dany a la
membrana de 'espermatozoide, provocant la perdua de seqiiéncies mitocondrials i
augmentant el risc de pérdua de transcrits de la peca intermeédia (Mao et al., 2013).
Un cop els espermatozoides estan purificats, també s’ha d’assegurar la seva completa
lisi per tal d’alliberar tots els RNAs, majoritariament continguts dins el nucli
(Johnson et al., 2015). Per dur-ho a terme i degut a 'elevada quantitat de ponts
disulfur que contenen les protamines que empaqueten el DNA de 'espermatozoide,
I'addicio d’agents reductors com el beta-mercaptoetanol al tampo de lisi és essencial
per a l'alliberaci6 dels RNAs i posterior extraccié (Goodrich et al., 2013).

Degut a les caracteristiques especifiques de 'RNA de l'espermatozoide que
majoritariament es troba fragmentat, no es poden utilitzar técniques per a
I'avaluacié de la integritat, com 1'is estandarditzat del valor de 'RNA integrity
number (RIN) en cél-lules somatiques (Schroeder et al., 2006). Tot i aixi, se solen
aplicar altres controls de qualitat que s’exposen a continuacio. Posterior a I'extraccié
de 'RNA d’espermatozoide, 'RNA obtingut es tracta amb DNases per eliminar la
possible contaminacié de DNA. Al contrari que el DNA, I'RNA no conté introns, de
manera que 'abséncia de contaminacio de DNA es verifica mitjancant 'amplificacié
directa de 'RNA amb primers especifics d'un intré o que continguin un intré a través
de PCR a temps real. Si no hi ha contaminacié de DNA, no hi haura amplificacio,
mentre que si hi ha amplificacié indica la preséncia de DNA i per tant, contaminacio.
La integritat de 'RNA de 'espermatozoide i I'abséncia de contaminants somatics
s’avalua mitjangant la retrotranscripcio de 'RNA a cDNA seguit de PCR a temps real,
normalment dels gens continguts especificament de 'espermatozoide PRM1 o PRM2
i del marcador especific de leucocits receptor-type tyrosine-protein phosphatase C
(PTPRC) expressat principalment en cél-lules somatiques, respectivament (Goodrich
et al., 2013; Jodar et al., 2015, 2016b; Godia et al., 2018).

Per a dur a terme experiments d’'RNA-seq en altres tipus cel-lulars, normalment es
requereix fins a1 pg d’RNA, pero en I'espermatozoide la quantitat inicial sol ser d'uns
2 - 10 ng, que implica I'ts d'un minim de 2 milions d’espermatozoides (Goodrich et
al., 2013; Jodar et al., 2013, 2015; Johnson et al., 2015; Godia et al., 2018). També, una
metodologia ampliament utilitzada en altres tipus cel-lulars és I'enriquiment d’RNAs
codificants a través de la seleccio per poli (A)”, perd aquest tipus de seleccio amb la
cél-lula espermatica s’ha demostrat que pot comportar un biaix a I'extrem 3’, degut
a la no seleccio d'RNAs sense cua de poli (A) i a 'abundancia d’'RNAs fragmentats,
entre altres (Godia et al., 2018). Aixi doncs, l'estratéegia més utilitzada en
espermatozoide madur és 'RNA-seq de 'RNA total, tot i que es perden fraccions
especifiques de small ncRNAs (< 200 nt) que requereixen protocols especifics i
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seleccié per mida per a poder-los seqiienciar (Krawetz et al., 2011; Pantano et al,,
2015).

Retrotranscripcio a cDNA

— e ——— 2 A
— — T
RNA fragmentat RNA retrotranscrit a cDNA
retrotranscrit a cDNA fragmentacié del cDNA

Preparacio de llibreriesamb adaptadors

Sequenciacio massiva

ATCACAGTGGGACTCCATAAATTTITICT
CGAAGGACCAGCAGAAACGAGACIENEN Req s obtinguts single-end
GGACAGAGTCCCCAGCGGGCTGAAGGGG o paired-end
ATCAAACATTARAGTCAAACAATATCGAA

......

Alineament al genoma
ORF
CDS =

Beraneis Reads alexod

frasams c -

‘._l“‘-‘.: = oy — o m
Junction reads “t=="¢

e e = =

e S S m— e — &
— —= Cua de poli(A) +
_— = i — N —
— —= —- —= reads

Figura 1.14. Metodologia tipica d'un estudi d’RNA-seq. Breument, els RNAs primer sén
fragmentats i convertits a ¢cDNA o bé primer convertits a ¢cDNA i seguidament fragmentats®;
seguidament es preparen les llibreries i s'afegeixen els adaptadors i una seqiiéncia és obtinguda per
cada fragment de cDNA utilitzant seqlienciacié massiva. Finalment, els reads s'alineen al genoma.
*En espermatozoide no és necessaria la fragmentacio dels RNAs, ja que 'RNA de la céllula
espermatica es troba altament fragmentat. Adaptat de (Wang et al., 2009).

59



1. Introduccié

Utilitzant RNA-seq amb RNA total es troba un enriquiment en rRNAs fragmentats i
RNAs mitocondrials (mitoRNAs) (Jodar et al., 2013; Mao et al., 2014). Per analitzar
les dades d’RNA-seq de I'espermatozoide, un cop alineades al genoma de referéncia,
s’ha utilitzat ampliament la quantificacié de I'abundancia dels transcrits anotats, en
la qual es consideren el numero total de reads que alineen a un transcrit, després
d’ajustar-ho per la llargada total del transcrit i, s'obtenen, o bé els fragments per
quilobase de transcrit per milio (FPKM) quan es tracta d’experiments paired-end, o
bé reads per quilobase de transcrit per mili6 (RPKM) quan es tracta d’experiments
single-end.

1.6.1.1. Estudis descriptius amb inferéncia in silico

Gracies a I'ts de les técniques d’/RNA-seq, en huma, s’ha descrit una complexa
poblacié d’'RNAs tan codificants com no codificants (Taula 1.3), la majoria d’ells
continguts al cap de I'espermatozoide (Krawetz et al., 2011; Jodar et al., 2013; Sendler
et al., 2013; Johnson et al., 2015; Pantano et al., 2015; Jodar, 2019). Concretament, s’ha
establert que al voltant del 8o % d’'RNAs de I'espermatozoide huma sén rRNAs (Jodar
et al., 2013; Johnson et al, 2015; Godia et al, 2018; Jodar, 2019) i es troben
selectivament fragmentats, segurament per assegurar que I'espermatozoide madur
sigui traduccionalment inert (Johnson et al., 2011; Jodar, 2019).

Malgrat que la majoria d’'RNAs codificants de l'espermatozoide es troben
fragmentats, n’hi ha una part que es troben intactes. Aquests RNAs intactes es
troben relacionats amb la fertilitat i el desenvolupament embrionari (Sendler et al.,
2013) i es conserva en diferents espécies com huma, ratoli, rata i conill (Schuster et
al., 2016). Un dels mecanismes proposats per la funcionalitat dels RNAs codificants
de 'espermatozoide en el desenvolupament embrionari és que aquests es conserven
intactes fins el moment de la fertilitzacio i, un cop alliberats a I'oocit, es tradueixen
mitjangant la maquinaria traduccional activa de I'oocit fecundat (Jodar et al., 2013;
Ntostis et al., 2017; Godia et al., 2018; Jodar, 2019). En ratoli, mitjangant RNA-seq i
inferéncia in silico, s’ha proposat que alguns RNAs codificants intactes de
I'espermatozoide es tradueixen i col-laboren en I'eliminacid dels RNAs materns que
té lloc abans de I'activacio del genoma embrionari i estableixen un punt de control
per a l'inici de I'activacio del zigot (Ntostis et al., 2017).

A més d’'RNAs codificants, I'espermatozoide madur conté una poblacié tnica i
complexa d'RNAs no codificants tan long ncRNAs com small ncRNAs (Krawetz et
al., 20mn1; Jodar et al., 2013; Pantano et al., 2015). Dins els small ncRNAs trobem
fragments de RNA transferencia (tRFs), miRNAs, small nucleolar RNAs (snoRNAs),
small nuclear RNAs (snRNAs), RNAs derivats de Y (YRNAs), siRNAs, piRNAs i small
RNAs derivats del mitocondri (mtRNAs) (Jodar et al., 2013). Tanmateix, alguns RNAs
no codificants sembla que sén exclusius de I'espermatozoide i no s’han identificat
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en altres tipus cel-lulars (Jodar et al., 2013; Sendler et al., 2013; Godia et al., 2018; Jodar,
2019). N’és un clar exemple que un elevat nombre de transcrits de 'espermatozoide
madur provenen de regions introniques que son retingudes especificament i reben
el nom d’elements intronics retinguts (IEs), ja que no s’observen en testicle i només
s'observen a 'espermatozoide madur. Tot i aixi, la seva funcionalitat encara no ha
estat descrita (Jodar et al., 2013).

1.6.1.2. Estudis comparatius entre fenotips

La determinacio d’alteracions en el perfil d'RNAs en huma ha estat ampliament
utilitzat per a 'estudi de possibles causes de la infertilitat masculina associada a
alteracions dels parametres seminals (Taula 1.3) (Platts et al., 2007; Garrido et al.,
2009; Garcia-Herrero et al.,, 2010a; Jodar et al., 2012; Montjean et al., 2012; Abu-
Halima et al., 2013; Bansal et al., 2015; Salas-Huetos et al., 2016, 2015; Zhang et al.,
2019a; Heidary et al., 2019; Caballero-Campo et al., 2020). També, alguns estudis han
predit, mitjangant microarray o técniques d'RNA-seq, tan per RNAs codificants com
per RNAs no codificants, la taxa d’exit de diferents TRAs com serien la IIA o la FIV-
ICSI (Taula 1.3) (Garcia-Herrero et al., 2010b, 20104, 2011; Bonache et al., 2012; Jodar
et al., 2015; Burl et al., 2018; Xu et al., 2020).

Tot i aixi, com s’ha mencionat anteriorment, molts RNAs de I'espermatozoide es
troben fragmentats i les analisis tradicionals a nivell de transcrit no sén dtils en
estudis d'RNA-seq d’espermatozoide on es comparen diferents fenotips. Per superar
aquesta limitacio, es va establir el que s'lanomenen els sperm RNA elements (SREs)
(Sendler et al., 2013; Jodar et al., 2015) que son seqiiéncies curtes que corresponen a
exons, parts introniques o intergéniques que tenen cert numero de reads i s’alineen
independentment de la seva anotacio encara que siguin contigiies (Sendler et al.,
2013; Jodar et al., 2015; Johnson et al., 2015; Godia et al., 2018; Estill et al., 2019;
Swanson et al., 2020). Per tant, aquesta metodologia és idonia per estudis
comparatius i permet 'analisi sense biaix de diferents perfils d’/RNAs. N'és un
exemple I'analisi de SREs que va permetre la identificacio de 648 SREs que son
requerits per la concepcié en individus normozoospérmics i que la seva preséncia
estaria relacionada amb millor taxa d’éxit en la utilitzacié de TRAs menys invasives
com la IIA. L’abséncia d’almenys un d’aquests elements es correlacionava en una
baixa taxa d’éxit de la IIA (Jodar et al., 2015).
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1.6.2. Proteomica

La proteomica és I'estudi de totes les proteines que conformen una cel-lula, fluid o
teixit d'un organisme en un determinat moment i sota unes condicions concretes (el
que es coneix com el proteoma) fent servir principalment teécniques basades en
espectrometria de masses (MS) (Aebersold and Mann, 2003). Les técniques d’analisi
protedomica permeten identificar i quantificar tan les proteines i les seves isoformes
com les PTMs associades (Figura 1.13) (Ritchie et al., 2015).

Pel que fa a I'analisi de I'espermatozoide, tot i que sigui una ceél-lula inactiva a nivell
de transcripcid i traduccio, durant la seva maduracio i els processos de capacitacié i
reaccio acrosomica perd proteines, n’adquireix de noves i experimenta canvis a nivell
de PTMs, en especial la fosforilacio de residus tirosina, la qual cosa implica canvis
en el seu proteoma (Castillo et al, 2019). Degut a les particularitats de
I'espermatozoide, en condicions normals, so6n requerits almenys 5 milions
d’espermatozoides per a realitzar estudis de protedmica (Veure annex 2). A més, és
necessari que la mostra tingui la maxima puresa cel-lular possible i estigui lliure de
contaminants com serien proteines del plasma seminal, cél-lules somatiques com els
leucocits i ceél-lules epitelials i cel-lules germinals immadures (Veure annex 2). Per
assolir aquesta puresa, normalment es realitza una separacié per gradients de
densitat de silice col-loidal que permet I'obtencié d’'una poblacié d’espermatozoides
optima. Si es vol aillar les cel-lules amb la motilitat més elevada es pot realitzar un
swim-up (Codina et al., 2015). En cas de necessitar i assegurar la completa eliminacio
de leucocits, es pot procedir a fer una seleccié per boles magnétiques del marcador
especific PTPRC (Amaral et al, 2014a; Codina et al, 2015, Kramer, 2016).
Seguidament, els espermatozoides son lisats i solubilitzats (Amaral et al., 2014a;
Codina et al., 2015).

Les tecniques tradicionals de protedmica, es basaven en la separacio de les proteines,
seguit del seu aillament, digestio mitjancant proteases i la posterior identificacio i
analisi dels péptids obtinguts. Les teécniques basades en l'electroforesi en gels de
poliacrilamida en preséncia de SDS (sodium dodecyl sulfate polyacrylamide gel
electrophoresis; SDS - PAGE), han estat ampliament utilitzades. Es pot realitzar la
primera dimensi6 d'una electroforesi bidimensional (2D), separant per pes
molecular i, després fent una segona dimensio o separacio mitjancant enfocament
isoelectric, el qual separa les proteines pel seu punt isoelectric, resultant en una
separacid dels punts proteics (protein spots). El segiient pas és I'escissio dels punts
proteics i de les bandes proteiques, la seva elucio i digestié a péptids en el gel (in-gel
digestion) i, finalment, els péptids generats s’identifiquen directament per MS
(Figura 1.15; veure annex 2). Alternativament, també es pot fer només una
electroforesi monodimensional (1D) de les proteines, separant solament per pes
molecular el conjunt de bandes electroforetiques, pero en aquest cas cal eluir les
proteines, procedir a la seva digestio a peptids i a la separaci6 mitjancant
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cromatografia liquida (LC) monodimensional seguit de la identificacié per MS
(Figura 1.15; veure annex 2).
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Figura 1.15. Proteomica de I'espermatozoide. Els espermatozoides es purifiquen i es pot estudiar
I'espermatozoide sencer o realitzar un subfraccionament cel-lular. S'obtenen els extractes proteics i
seguidament es pot realitzar un gel bidimensional o monodimensional, escindir els punts proteics
(spots) o bandes, respectivament, digerir les proteines i analitzar-ho per espectrometria de masses
(part esquerra i central) o bé digerir les proteines a peptids sense separacié i analitzar-ho, també, per
espectrometria de masses (part dreta). Finalment els espectres se cerquen a una base de dades que
permet la identificacio i quantificaci6 de les proteines. Adaptat de '’Annex 2 (Jodar et al., 2017).
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Més recentment i degut als avancos en la sensibilitat de les maquines, s’ha utilitzat
ampliament la digestio directa de les proteines (sense cap tipus de pre-separacio)
per tal de generar péptids (in-solution digestion), normalment fent servir la proteasa
tripsina i separacio per LC acoblada a MS en tandem (LC-MS/MS; Figura 1.15; veure
annex 2). En aquesta metodologia es realitza la identificacio en el MS1 i la
fragmentacié en el MS2 i s'obté la intensitat en relacié a la massa / carrega (m / z)
dels ions que dona lloc als espectres. Els espectres son contrastats en bases de dades
i permeten la identificacié i quantificacio dels péptids i, per tant, de les proteines
(Figura 1.15; veure annex 2). Una altra opcio que s’ha aplicat més recentment és la
doble separacié dels peptids per LC abans de la identificacié per MS/MS, que es
coneix com a 2D-LC-MS/MS (Figura 1.15).

1.6.2.1. Estudis descriptius amb inferéncia in silico

L’aplicaci6 de técniques d’alt rendiment per estudiar el perfil proteic de
I'espermatozoide huma han permeés incrementar el coneixement actual del gameta
masculi, la seva composicio i la seva funcionalitat (Taula 1.4). La primera compilacio
del proteoma de I'espermatozoide va permetre la identificacio de 6198 proteines no
redundants (Amaral et al., 2014a). L’any 2017 es va actualitzar el total de les proteines
de l'espermatozoide i se'n van compilar un total de 6238, de les quals 1430
corresponien a la fraccié del cap i 1516 a la fraccié de la cua (Veure annex 2). Més
recentment, s’han compilat un total de 6871 proteines en la cél-lula espermatica
madura les quals, en el moment de la fertilitzacio s'alliberen a I'oocit (Castillo et al.,
2018).

Com s’ha mencionat anteriorment (Veure apartat 1.4.4), s’ha evidenciat molt el
paper dels RNAs, sobretot els RNAs no codificants, al desenvolupament embrionari
primerenc, pero, tot i que l'espermatozoide aporta quasi 7000 proteines en el
moment de la fertilitzacid, el paper d’aquestes ha estat menys indagat. No obstant,
s’han descrit un conjunt de proteines amb possibles funcions durant les primeres
fases del desenvolupament embrionari (Amaral et al., 2014a; Jodar et al., 2016a;
Castillo et al., 2018). Concretament, s’han descrit proteines, en les quals s’hi troben
factors de transcripcio, zinc fingers, variants d’histona, modificadors d’histones i
proteines relacionades amb el metabolisme o regulacié del DNA i 'RNA que podrien
ser crucials per 'expressio génica tan a nivell transcripcional com traduccional en el
desenvolupament embrionari (Castillo et al., 2014a, 2014b, 2015, 2018). En l'estudi in
silico de Castillo et al., 2018, es van identificar proteines de I'espermatozoide
funcionalment relacionades amb termes d’ontologia genica com sén la fertilitzacio,
el desenvolupament embrionari primerenc i la regulaciéo de l'expressié genica
(Castillo et al., 2018). Aquesta analisi in silico va permetre identificar 103 proteines
implicades en el procés de fertilitzacio, com ara les proteines [IZUMO1i PLC1i 93
proteines relacionades amb el desenvolupament embrionari primerenc, des de la
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formacio del zigot fins al blastocist, en 59 de les quals el model KO en ratoli
presentava alteracions importants en 'embriogénesi. D’aquestes 59, 11 proteines es
trobaven associades a letalitat embrionaria en la fase de zigot, remarcant la
importancia de l'espermatozoide en les primeres etapes del desenvolupament
embrionari abans de l'activacié del genoma embrionari. També, 29 proteines es
trobaven associades a alteracions en 'estadi de morula i 19 en I'estadi de blastocist
(Castillo et al., 2018). A més, es van identificar 560 proteines implicades en la
regulacid de 'expressio génica en altres tipus cel-lulars: 381 factors de transcripcio o
proteines relacionades amb els factors de transcripcio; 25 modificadors de la
cromatina associats a la metilacio del DNA; 18 modificadors de la cromatina
associats a les PTMs d’histones i 36 proteines que regulen la transcripcid, el
processament i la funcio dels RNAs no codificants (Castillo et al., 2018). De les 560
proteines implicades en la regulacié de 'expressio genica, es va determinar que 28
podrien tenir una funcié durant les primeres etapes del desenvolupament
embrionari (Castillo et al, 2018). Aixi doncs, la contribucié proteica de
I'espermatozoide a I'embrid, sembla ser que tingui un rol important. A més a més,
mitjancant I'estudi integratiu de les dades transcriptomiques i proteomiques de
I'espermatozoide, I'odcit i 'embrié primerenc es van predir que algunes de les
proteines del blastocist podrien tenir un origen patern, on s’inclouen factors de
transcripcio, modificadors d’histones, reguladors de 'activitat guanosina trifosfatasa
(GTPasa) i proteines relacionades amb el centrosoma (Castillo et al., 2018; Jodar,
2019). Concretament, aquesta analisi va predir que 108 proteines del blastocist
podrien provenir de l'espermatozoide, bé per la seva deteccid exclusiva en el
proteoma de la cellula espermatica i la seva abséncia a nivell d'RNA de
I'espermatozoide, oocit i els diferents estadis del desenvolupament embrionari (82
proteines); o bé, per la preséncia exclusiva del transcrit a I'espermatozoide i
I'abséncia a nivell de proteina tan en I'espermatozoide i 'oocit com en els fluidsi les
cel-lules associades reproductores (26 proteines). Aquestes 26 proteines
identificades en lestadi de blastocist que es troben a nivell d’'RNA a
I'espermatozoide, podrien ser el producte de la traduccié6 d’RNAs aportats
exclusivament per l'espermatozoide i traduits per la maquinaria traduccional
materna. Una d’aquestes potencials proteines traduides seria la DGCR8 que es troba
implicada en el processament dels pri-miRNAs a miRNAs (Wang et al., 2007; Castillo
et al., 2018). Una altra seria la protein TALPID3 (KIAA0586), que la seva abséncia en
ratoli dona lloc a embrions amb defectes en el conducte neural i en I'eix esquerra -
dreta (Bangs et al., 2011; Jodar, 2019).
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1.6.2.2. Estudis comparatius entre fenotips

Amb les millores en les teécniques proteomiques, ha crescut l'interés en poder
comparar de manera replicable diferents fenotips a través de les estrategies bottom-
up MS. Actualment, dues estratégies de quantificacio son les més utilitzades, la
quantificacio sense marcatge (label-free) de les proteines o péptids o el marcatge
diferencial de les proteines o peptids seguit de la seva identificaci6 i quantificacié.
La quantificacié proteomica en la técnica label-free es basa en la correlacié directa
entra la intensitat de la senyal MS dels péptids amb la quantitat de proteina relativa
o absoluta o utilitzant el nombre d’espectres obtinguts per un determinat peptid o
proteina com a indicador de la seva quantitat (Bantscheff et al., 2007). Per contra, el
marcatge diferencial es basa en la utilitzacio d’isotops estables per tal d’afegir una
marca (tag) especifica que pugui ser reconeguda per I'espectrometre de masses i
permeti la quantificacio dels péptids o proteines. Aquests tags poden unir-se als
péptids o proteines, fent servir estrategies metaboliques, quimiques o enzimatiques
(Bantscheff et al., 2007). Un dels marcatges diferencials més utilitzat son els tags
isobarics, dels quals n’és un exemple el tandem mass tag (TMT™), que es troba
disponible comercialment (Pappireddi et al, 2019). Les mostres es marquen
cadascuna amb un tag i posteriorment sén multiplexades en quantitats iguals,
juntament amb un control intern format per aliquotes equivalents de cada mostra
individual ajuntades en un tnic control que permet la seva comparacid entre elles.
Els tags isobarics son reactius que modifiquen covalentment péptids i son afegits
usualment després de la digestio de les proteines en péptids. Presenten una massa
total identica entre els diferents tags, pero presenten diferéncies entre els isotops
(Figura 1.16). D’aquesta manera durant la fragmentacio dels peptids en el MS2, cada
tag presenta un punt de fragmentacid diferent amb una massa relativa diferent i
permet discernir de quina mostra prové el peptid. Els mateixos peptids que provenen
de diferents mostres, elueixen al mateix temps i presenten 1 sol espectre
d’identificacid al MSi, la qual cosa no incrementa la complexitat d’analisi, ja que sera
durant la fragmentacié del MS2 quan es podra diferenciar l'origen del péptid
(Pappireddi et al., 2019). L’energia que s’afegeix per a la fragmentacid, només permet
el trencament d’'un enllag que sol ser el punt de trencament previst per al tag
isobaric. En trencar-se, el tag produeix reporterions de baixa m / z que tenen diferent
massa i son utilitzats per a la quantificacio relativa (Figura 1.16) (Pappireddi et al.,
2019). Aixi doncs, les mostres marcades amb tags han esdevingut una metodologia
molt utilitzada, ja que permet identificar i quantificar els péptids (i per tant, les
proteines) de diferents individus a un cost raonable a través de les estrategies de
multiplexat. També permet, en cas de no detectar un péptid en una mostra en
concret, pero si en altres, deduir 'abséncia o minoria especifica d’aquest peptid
especific en aquella mostra (Pappireddi et al., 2019). Tot i la fiabilitat del marcatge
diferencial, es requereix d'una analisi posterior estricta per a qué els resultats
obtinguts siguin d’'una confianca elevada. Recentment, el nostre grup ha proposat
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uns criteris de seleccio estrictes per a la quantificacié peptidica, en els quals els
péptids han de ser quantificats per almenys 2 peptide spectrum matches (PSMs), amb
un coeficient de variacio de menys del 50 % entre ells en almenys el 75 % de les
mostres analitzades (descrit a (Barrachina et al., 2019)).

La proteomica comparativa amb o sense marcatge de I'espermatozoide madur
d’'individus normozoospermics amb diferents perfils infertils ha estat ampliament
explotada per determinar marcadors de (in)fertilitat (Taula 1.4). Entre ells, pacients
que presenten alteracions en els parametres seminals, com ara alteracions en la
concentracid, motilitat o morfologia (Taula 1.4; veure annex 2). Aquestes
comparacions a nivell protedmic proporcionen una idea de possibles vies alterades
que reflecteixen les alteracions dels parametres seminals i proporcionen informacié
valuosa dels mecanismes patologics que podrien ser la causa de la infertilitat. El
perfil més ampliament estudiat ha estat I'astenozoospérmia on hi ha una alteracio
de la motilitat espermatica (Zhao et al., 2007; Martinez-Heredia et al., 2008; Chan et
al., 2009; Siva et al., 2010; Chao et al., 2011; Parte et al., 2012; Shen et al., 2013; Amaral
et al., 2014b; Hashemitabar et al., 2015; Liu et al., 2015; Saraswat et al., 2017; Nowicka-
Bauer et al., 2018; Sinha et al., 2019; Guo et al, 2019; Moscatelli et al., 2019),
segurament perque 'obtencié d’'una poblacié pura d’espermatozoides és més dificil
d’obtenir en fenotips oligozoospérmics on hi ha menys quantitat d’espermatozoides
(Botta et al., 2009) i teratozoospérmics on hi ha defectes morfologics (Liao et al.,
2009), ja que la purificacié és més ineficient (Taula 1.4). Per altra banda, també s’han
realitzat estudis protedmics en pacients inféertils amb causes conegudes d’infertilitat
per aprofundir més en l'etiologia d’aquesta, com ara pacients amb varicocele o
hipogonadisme-hipogonadotropic (Arato et al., 2020; Panner Selvam et al., 2020).

En paral-lel a les tecniques classiques de bottom-up MS, han aparegut les tecniques
top-down MS que es basen en I'estudi de les proteines intactes sense digestio previa
(Smith and Kelleher, 2018). Aquesta estratégia és aplicable a proteines o péptids
relativament petits. En les técniques de bottom-up MS la digestié peptidica
disminueix la complexitat de la mostra en simplificar les molécules a analitzar i per
tant, facilita la interpretacio dels resultats, tot i que no es pot extrapolar informacio
de diferents modificacions d'una mateixa molécula. No obstant, en les técniques de
top-down MS, la complexitat de la mostra no es redueix i és necessari una analisi de
dades complexa. La tecnica de top-down MS es basa en la identificacio de la massa
inicial de la proteina intacta i la mesura de les seves proteoformes que informa sobre
els efectes de diferents combinacions de PTMs, variacions de seqiiencia o proteines
truncades que es produeixen en la mateixa molécula, donant-ne informacio a nivell
molecular. Aquests resultats permeten correlacionar diferents modificacions que
tenen lloc en una mateixa molécula, la qual cosa permet connectar-ho directament
amb aplicacions potencials en el diagnostic (Kelleher et al., 2014). Si una
proteoforma truncada és la causant d’'una alteracio concreta, mitjan¢ant técniques
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de bottom-up basades en la digestio peptidica no es podria identificar la proteina
truncada perque es trobaria digerida, mentre que mitjangant top-down MS
permetria connectar la proteoforma truncada a un diagnostic concret. Tot i aixi,
degut a la seva complexitat, aquesta tecnica, tal com s’ha comentat, se sol utilitzar
només en l'estudi de proteines de baix pes molecular i, addicionalment es poden
combinar les de técniques bottom-up MS i top-down MS, ja que solen aportar
informacié complementaria (Bonet-Costa et al., 2012).
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Figura 1.16 Exemple d’espectre obtingut al MS2 per la fragmentacié d'un péptid marcat amb
TMT6-plex. Concretament, el peéptid correspon a la proteina dihydrolipoyllysine-residue
acetyltransferase component of pyruvate dehydrogenase complex (DLAT) (seqiiéncia peptidica:
GIDLTQVK, N-term-TMT6plex (229.16293 Da), K8-TMT6plex (229.16293 Da)). Al requadre
s'observen els ions reporters (massa / carrega (m / z) 126 - 131) on la intensitat de cada ion reporter
representa 'abundancia relativa del péptid per cada mostra marcada. Adaptat de 'Annex 3 (Torra-
Massana et al., en preparacio).

Com s’ha mencionat anteriorment, les protamines son les proteines més abundants
del nucli de I'espermatozoide madur i empaqueten, en humans, aproximadament el
92 % del genoma patern (Veure apartat 1.4.3.2.2) (Gatewood et al., 1987; Oliva, 2006;
Jodar and Oliva, 2014). Tot i que s’han relacionat alteracions en el contingut de
protamines en individus normozoospérmics amb infertilitat d’origen desconegut a
nivell proteic i defectes en el desenvolupament embrionari i la taxa d’éxit de les TRAs
(Khara, 1997; Nasr-Esfahani et al., 2004b, 2004a; Aoki et al., 2005a, 2006b; de Mateo
et al,, 2009; Simon et al, 2011), aquests resultats es fonamenten en técniques
convencionals basades en I'extraccid especifica acida de les protamines i la seva
visualitzacié a través de técniques acid - urea PAGE, del qual es calcula el ratio
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relatiu entre P1/P2 i pre-P2/P2. Per calcular I'abundancia tan de P1 com dels
membres de la familia de P2 se sol incloure un estandard de protamines de
concentracions conegudes en el gel acid - urea PAGE, del qual es realitza una recta
de regressio i s’extrapola la quantitat de protamina de les mostres d’estudi (Mengual
et al., 2003). Tot i les amplies evidéncies a nivell proteic que alteracions en el ratio
P1/P2 poden afectar el desenvolupament embrionari, un estudi va concloure que el
ratio P1/P2 en una poblaci6 fertil, podia variar de 0,54 - 1,43 (Nanassy et al., 2011),
indicant que segurament es necessiten técniques més sofisticades per establir
realment el paper de les protamines en I'embriogeénesi i la fertilitat, tot i que degut
a les seves particularitats fisicoquimiques no es facil el seu estudi mitjancant
espectrometria de masses (basicitat extremadament elevada, seqiiéncia
d’aminoacids extremadament rica en residus arginina i cisteina, mida petita i
elevada similitud de seqtiéncia entre les formes madures de P2). No obstant, la
utilitzacié de la técnica de top-down MS obre la porta a poder fer un estudi més
sofisticat de les protamines, incloent les diferents proteoformes i PTMs associades i
superant les limitacions de les técniques convencionals acid - urea PAGE. D’aquesta
manera, es podra determinar millor el seu paper en la fertilitat i el desenvolupament
embrionari.

Respecte a les PTMs de les protamines, poca cosa es coneix en comparacid als rols
proposats per les PTMs d’histones per a les que hi ha molta informacio (Veure
apartat 1.4.3.2.1). Tot i aixi, la PTM més estudiada en les protamines ha estat la
fosforilacié. Un cop sintetitzades, la P1i les formes madures de P2 s6on ampliament
fosforilades en l'etapa d’espermatida elongada per a poder unir-se correctament al
DNA, per la SRSF protein kinase 1 (SRPK1) i la calcium/calmodulin dependent protein
kinase IV (CAMK4), respectivament (Oliva and Dixon, 1991; Green et al., 1994;
Pirhonen et al., 1994c; Papoutsopoulou et al., 1999; Wu et al., 2000; Oliva, 2006;
Carrell et al., 2007; Jodar and Oliva, 2014). Tot i aixi, un cop les protamines es troben
fortament unides al DNA, té lloc una desfosforilacié extensa abans de la maduracié
espermatica a l'epididim (Gusse et al, 1986; Carrell et al, 2007), tot i que
I'espermatozoide madur conserva alguns residus fosforilats (Veure annex 1) que s6n
aportats en el moment de la fertilitzacio (Gusse et al., 1986; Pruslin et al., 1987; Chirat
et al., 1993; Pirhonen et al., 1994a; Papoutsopoulou et al., 1999; Carrell et al., 2007).
Recentment, un estudi ha demostrat que els ratolins deficients en la xaperona heat
shock 70 kDa protein 4L (Hspa4l), que és necessaria en el reclutament de la fosfatasa
serine/threonine-protein phosphatase PPi1-gamma catalytic subunit (Pppicc2) a la
cromatina espermatica, son inféertils, segurament degut a que Pppiccz no
desfosforila correctament P2 al testicle i provoca un increment anormal de la
fosforilacio de P2 a I'epididim. En aquests ratolins, I'estat fertil és recuperat si el
residu serina 56 (S56), que és un residu fosforilable, se substitueix per un residu
alanina 56 (A56) que no es pot fosforilar (Itoh et al., 2019). Un cop I'espermatozoide
fertilitza l'oocit, les protamines son rapidament reemplacades per histones
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maternes, tot i que el mecanisme especific d'aquest recanvi ha estat poc estudiat
(Jones et al., 2012). En aquest sentit, s’ha demostrat de manera recent que just
després de la fertilitzacid, les protamines que empaqueten el DNA patern son
extensament re-fosforilades per la SRPKi d’origen matern i aquesta fosforilacid
marca l'inici de la reprogramacié genomica en que les protamines paternes seran
reemplacades per histones maternes (Gou et al., 2020).

En la comparacio d’'individus normozoospérmics que aconsegueixen embaras amb
individus que no 'aconsegueixen després de I'tis de FIV convencional, s’ha trobat en
abundancia alterada la quinasa encarregada de fosforilar protamina 1, la SRPK1
(Azpiazu et al., 2014), suggerint el possible rol de les PTMs de protamines en les
primeres etapes del desenvolupament. Amb les millores en les técniques d’alt
rendiment com la protedmica, s’ha identificat multiples combinacions de PTMs de
les protamines en un pool despermatozoides de ratoli i en un pool
d’espermatozoides humans (Brunner et al., 2014; Castillo et al., 2015) i s’ha proposat
la hipotesi de I'existéncia d'un codi de protamines com l'existent en histones que
podria ser rellevant en les primeres etapes del desenvolupament embrionari
(Brunner et al., 2014). Concretament, en humans, s’han identificat mono-, di- i tri-
fosforilacions, di-acetilacions i mono-metilacié per P11i per la familia de P2, la forma
madura HP3 amb una acetilacio i una metilacio, encara que no s’han pogut localitzar
els residus modificats (Veure annex 1) (Castillo et al., 2015). Tot i aixi, sén necessaries
millores en el protocol de purificacid i en les estratégies protedmiques, aixi com
noves aproximacions avaluant individualment les PTMs de protamines per
determinar la variabilitat interindividual en individus normozoospérmics amb
infertilitat d’origen desconegut i aclarir el seu paper en la fertilitzacio i el
desenvolupament embrionari primerenc.

La comparacié del proteoma de l'espermatozoide de mostres de pacients
normozoospermics amb infertilitat d’origen desconegut amb diferéncies en la taxa
de fertilitzacid, qualitat embrionaria i/o la taxa d’exit després de I'us de TRAs pot
ajudar a determinar les proteines de 'espermatozoide que poden tenir un rol en les
primeres fases del desenvolupament embrionari (Taula 1.4) (Xu et al., 2012; Zhu et
al., 2013; Azpiazu et al., 2014; Frapsauce et al., 2014; Légaré et al., 2014; McReynolds
et al., 2014; Jodar et al., 2018; Liu et al., 2018; Wang et al., 2018). Mitjangant
protedmica comparativa, es va concloure que alteracions en la capacitacid i la
reaccio acrosdmica poden ser la causa de la fallida de la IIA en alguns casos (Xu et
al., 2012; Wang et al., 2018). Tot i aixi, seria necessari també estudiar la possible
desregulacié de les PTMs, ja que s’ha demostrat que la fosforilacio és essencial per
la capacitacid i la reaccié acrosomica (Castillo et al., 2019). Per altra banda, la
comparacié d’'individus normozoospérmics que donen lloc a fallides de fertilitzacio
després de FIV convencional, ha contribuit a ampliar el coneixement de les possibles
alteracions associades a la fertilitzacié (Frapsauce et al., 2014; Légaré et al., 2014; Liu
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et al, 2018). Concretament, s’han trobat en abundancia alterada proteines
relacionades amb la unié i fusié oocit — espermatozoide com son la AKAP4, la 40S
ribosomal protein SA (RPSA) i la zona pellucida-binding protein 1 (ZPBP1) (Frapsauce
et al., 2014; Légaré et al., 2014; Liu et al., 2018). No obstant, la comparaci6 d’'individus
normozoospeérmics que pateixen fallides de fertilitzacié després de FIV-ICSI ens pot
donar més informacié de les possibles proteines implicades en la induccio de
'activacié oocitaria per a qué comenci el desenvolupament embrionari, atés que la
técnica FIV-ICSI se salta la majoria de les barreres biologiques implicades en la
fertilitzacio (Flaherty et al., 1998). Recentment, un estudi col-laboratiu ha permes
comparar per primer cop i mitjangant protedmica amb marcatge diferencial, els
espermatozoides de pacients que presenten elevada taxa de fertilitzacio després de
FIV-ICSI amb pacients que experimenten fallida de fertilitzacio repetitiva després de
FIV-ICSI (Veure annex 3). En aquest estudi, es van identificar 1400 proteines, de les
quals 232 van ser considerades per a la seva analisi quantitativa, seguint els criteris
estrictes descrits anteriorment (Barrachina et al., 2019). L'analisi de grups va revelar
que 5 proteines mitocondrials es trobaven sobreexpressades en el grup de fallida de
fertilitzacio. Aixi mateix, 4 proteines implicades, entre altres, en el funcionament del
proteasoma es trobaven subexpressades en les mostres amb fallida de fertilitzacid.
Tots els resultats d’aquest estudi apunten que mecanismes com el metabolisme
mitocondrial de I'espermatozoide podria tenir un paper rellevant, no només en la
capacitat de I'espermatozoide per fertilitzar I'oocit, sind6 també en l'activacio de
I'oocit (Veure annex 3).

La comparacio del proteoma d’espermatozoides d’individus normozoospérmics amb
infertilitat d’origen desconegut segons la qualitat embrionaria assolida després de
I"as de FIV-ICSI pot permetre valorar la participacié de les proteines espermatiques
implicades en el desenvolupament embrionari primerenc, pero no les implicades en
el procés de fertilitzacio. N'és un exemple, un estudi on es comparaven mostres
d’espermatozoides d'individus normozoospérmics amb la qualitat embrionaria en
I'estadi de blastocist i la taxa d'implantaci6 que presentaven (Taula 1.4) (McReynolds
et al., 2014). Concretament, es van identificar 49 proteines diferencialment
expressades que podrien implicar 'aportacié d'un conjunt de proteines (protein
cargo) presents en una abundancia anomala a 'embrid. Per exemple, la proteina
testis-specific serine/threonine-protein kinase 2 (TSSK2) que es va trobar en
abundancia disminuida en blastocists de baixa qualitat embrionaria (McReynolds et
al., 2014). La proteina TSSK2 es troba associada als centriols (Xu et al., 2008) i ja que
I'espermatozoide aporta el centriol proximal per a la formacio del fus mitotic per la
primera divisi6 embrionaria (Veure apartat 1.4.2), una alteracié en proteines
associades al centriol podria donar lloc a la baixa qualitat embrionaria. Finalment,
en l'estudi de Azpiazu et al., 2014, on es comparava la taxa d’embaras després de FIV
convencional, es va identificar en abundancia disminuida la proteina left-right
determination factor 1 (LEFTY1) (Azpiazu et al., 2014). Aquesta proteina es troba
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relacionada amb la determinacio de la simetria esquerra-dreta dels organs durant el
desenvolupament embrionari i també sembla ser important en la implantacié
embrionaria (Raya and Izpistia Belmonte, 2006; Tabibzadeh, 2011). En aquest mateix
estudi, també es va identificar un augment d’histones en el subgrup que no
aconseguia embaras després de FIV convencional (Azpiazu et al., 2014). De manera
similar, un altre estudi va identificar un augment en diferents histones en el grup
d’individus normozoospérmics en qué fracassava la FIV convencional (Légaré et al.,
2014; Liu et al., 2018). Aquests resultats suggereixen una retencio incorrecta de les
histones a 'espermatozoide madur que aporten un cargo de proteines amb una
abundancia alterada a I'embri6 en el moment de la fertilitzacié.
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2. HIPOTESI I OBJECTIUS

2.1. Hipotesi

L’aplicacio de técniques d’alt rendiment, com la transcriptomica i la proteomica, en
I'estudi de l'espermatozoide huma, ha permes obtenir grans avencos en la
coneixenca de la seva composicid i funcié normal, aixi com d’algunes alteracions
associades a la infertilitat. A més, s’ha demostrat en els ultims anys, que
I'espermatozoide, a part d’aportar a I'embrié el DNA amb marques epigenétiques,
també aporta una complexa poblacié de proteines i RNAs, algunes d’elles crucials
per la fertilitzacid i el I'embriogeénesi. Tot i aixi, encara manquen estudis per
determinar I'impacte de la participacié paterna a 'embrié en desenvolupament.
L’estudi de pacients normozoospérmics amb infertilitat d’origen desconegut és clau,
ja que no presenten defectes en 'espermatogeénesi i permet determinar, caracteritzar
i analitzar la correcta contribucié de la cél-lula espermatica al zigot i identificar
potencials alteracions. En aquesta mateixa linia, es poden distingir dos tipus
d’aproximacions quan s'utilitzen técniques d’alt rendiment: els estudis descriptius
amb inferencia in silico i els estudis comparatius.

S’ha proposat que el contingut d’'RNAs de I'espermatozoide contribueixen al
desenvolupament embrionari primerenc, sobretot els RNAs no codificants que
regulen l'expressié geénica. Recentment, s’ha descrit un nou tipus d’RNA no
codificant en altres tipus cel-lulars, els RNAs circulars (circRNAs), que regulen
I'expressidé génica tan a nivell transcripcional com posttranscripcional.
L’espermatozoide és una cel-lula molt especial i diferenciada: no transcriu ni
tradueix, presenta una estructura de la cromatina molt particular i posseeix una
poblacié abundant, complexa i estable d’/RNAs tan codificants com no codificants.
El fet que els circRNAs presenten vides mitjanes llargues i poden regular I'expressio
genica, suggereix que I'espermatozoide podria tenir una poblacié tinica de circRNAs.
De fet, degut a que els circRNAs no presenten extrem 3’, es podrien estar protegint
a ells mateixos o a altres RNAs no codificants de la degradacié durant el transit pel
tracte sexual masculi i femeni i, per tant, podrien ser claus per la contribucio6 paterna
al desenvolupament embrionari primerenc.

Per altra banda, també s’ha descrit el rol en el desenvolupament embrionari de les
PTMs de les histones que empaqueten d'un 5 - 15 % del DNA patern. Tot i aixi, les
protamines, que empaqueten de forma majoritaria el genoma de I'espermatozoide
(85 - 95 %), i les seves potencials PTMs han estat poc explorades. Per tant, podria
ser que existis un codi de PTMs de les protamines com el que existeix amb les
histones que podria contribuir a 'embriogénesi.
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En els pacients normozoospermics amb infertilitat d’origen desconegut, la prediccio
de la taxa d’exit de les TRAs i la contribucié de I'espermatozoide a la qualitat
embrionaria ha estat poc explorat. A nivell proteic, s’ha determinat la contribucio de
I'espermatozoide en embrions que provenen de IIA o FIV convencional i s’han
relacionat defectes espermatics associats amb la capacitacié i la fertilitzacio que
podrien ser la causa latent de la infertilitat en aquests casos. Per contra, pocs estudis
han relacionat la qualitat embrionaria després de FIV-ICSI en individus
normozoospérmics amb infertilitat d'origen desconegut. Es creu que
I'espermatozoide té un paper fonamental durant els primers estadis del
desenvolupament embrionari primerenc, abans de I'activacié del genoma que té lloc
entre els dies 2 i 3 entre 'estadi de 4 — 8 cél-lules. Per aquest motiu, manquen estudis
que valorin la qualitat embrionaria en dia 2 d’embrions provinents d’individus
normozoospermics amb infertilitat d’origen desconegut després de FIV-ICSI per
poder determinar la possible contribucié paterna a I'embriogenesi i poder predir la
taxa d’exit de les TRA.

Per tant, la hipotesi d’aquesta Tesi Doctoral és que la combinacié tan d’estudis
descriptius amb inferéncia in silico com comparatius a diferents nivells moleculars
de l'espermatozoide huma permetra augmentar la comprensioé de la contribucid
paterna a I'embrid. Per aquest motiu, s’espera que en individus normozoospermics
amb infertilitat d’origen desconegut, la descripci6 de la poblacié de circRNAs i de
les PTMs presents a les protamines de l'espermatozoide huma, aixi com la
comparacié d’alteracions en el conjunt de proteines de I'espermatozoide que afectin
a la qualitat embrionaria, permetra aclarir la normalitat i les alteracions de la
contribucio paterna en la fertilitzacio i les primeres etapes del desenvolupament
embrionari.
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2.2. Objectius

Per tant, els objectius especifics i detallats d’aquesta Tesi Doctoral que es deriven de

la hipotesi establerta (Veure apartat 2.1) sén els segiients:

1.

Determinar el perfil normal d’/RNAs circulars (circRNAs) de I'espermatozoide
madur en pacients normozoospérmics que visiten la clinica de reproduccio per
una avaluacio de la fertilitat en ambdos membres de la parella, mitjangant RNA-
seq.

Determinar el perfil normal de les modificacions posttraduccionals (PTMs)
presents en les protamines de I'espermatozoide madur, mitjangant
cromatografia liquida seguit d’espectrometria de masses. Concretament:

2.1. Millorar el protocol d’aillament de protamines per a experiments
d’espectrometria de masses.

2.2.  Determinar el perfil normal de les PTMs presents en les protamines de
I'espermatozoide en individus normozoospérmics que visiten la clinica
de reproduccio per una avaluacié de la fertilitat en ambdds membres de
la parella.

Identificar les alteracions en el conjunt de proteines de 'espermatozoide en
pacients normozoospermics amb infertilitat d’origen desconegut amb elevada o
baixa qualitat embrionaria en el dia 2 del desenvolupament embrionari després
de fecundaci6 in vitro amb injeccio intracitoplasmatica (FIV-ICSI), mitjangant
espectrometria de masses.

79






TREBALLS






3.1. Treball 1

RNAs circulars de I'espermatozoide: Tipus,
patrons de resisténcia a la RNasa R i potencial

epigenetic

En preparacié

Sperm circular RNAs: Types, RNase R resistance patterns and epigenetic
potential.

Soler-Ventura A, Odriozola A, Castillo J, Delgado-Duenas D, Guimera
M, Corral JM, Ballesca JLL, Oliva R, and Jodar M.






3. Treballs

RNAs circulars de l'espermatozoide: Tipus, patrons de resisténcia a la
RNasa R i potencial epigenetic

Objectiu: Caracteritzar els RNAs circulars (circRNAs) de I'espermatozoide huma
madur i determinar si els elements intronics (IEs) sén, de fet, circRNAs intronics.
A més, posar a punt el tractament amb RNasa R amb RNA d’espermatozoide i aixi
validar per primer cop alguns dels circRNAs predits tan en aquesta cel-lula com en
el testicle. Finalment, inferir també les funcions dels circRNAs de 'espermatozoide
relacionades amb la fertilitat i 'embriogénesi.

Metodologia: Es va realitzar RNA-seq de mostres d’espermatozoides d'individus
normozoospermics. L’algoritme KNIFE va permetre predir els circRNAs exonics de
I'espermatozoide. Es va posar a punt i es van testar diferents candidats al
tractament amb RNasa R i, es va determinar si la descircularitzacié d’algun d’ells
era especifica o aleatoria. També es van inferir potencials funcions in silico.

Resultats: L'espermatozoide conté una poblacié complexa de circRNAs exonics i,
els IEs descrits préviament son circRNAs intronics. Els circRNAs predits del gameta
masculi van ser classificats en tres grups segons la seva resisténcia al tractament
amb RNasa R. Al contrari que els circRNAs presents a les cel-lules somatiques, els
circRNAs de 'espermatozoide sembla que es troben majoritariament en la seva
forma circular, sense la preséncia dels seus equivalents lineals. L’estabilitat
d’aquests circRNAs suggereix que la seva resisténcia al tractament amb RNasa R
podria ser utilitzat com un test d’'integritat de 'RNA d’espermatozoide, similar a
I'as del RNA integrity number (RIN) en cél-lules somatiques. També es van
identificar alguns circRNAs sensibles al tractament amb RNasa R degut a una
descircularitzacio no aleatoria. A nivell funcional, els circRNA espermatics sembla
que emergeixen principalment de gens enriquits en funcions epigeneétiques.
Especificament, alguns circRNAs de I'espermatozoide es van associar a sperm RNA
elements (SREs) necessaris per aconseguir un naixement i/o es van trobar alterats
en pacients obesos. Similarment, alguns circRNAs embrionaris semblen ser
aportats especificament per via paterna. Finalment, la preséncia de open reading
frames (ORFs) va revelar un potencial traduccional per algun d’ells.

Conclusions: L'espermatozoide madur conté una poblacié complexa de circRNAs,
incloent circRNAs exonics i intronics. Els resultats obtinguts en testicle donen
suport a que durant l'espermatogeénesi, les formes lineals s6on gradualment
degradades, mentre que els circRNAs sén retinguts selectivament a
I'espermatozoide madur. Alguns circRNA del zigot son aportats per via paterna,
aixi com alguns SREs semblen trobar-se associats a circRNAs, donant suport a que
els circRNAs podrien ser necessaris pel correcte funcionament de I'espermatozoide
i tenir un paper més enlla de la fertilitzacié. La presencia d’ORFs intactes en els
circRNAs de I'espermatozoide refor¢a la hipotesi que els circRNAs del gameta
masculi podrien ser traduits a péptids i presentar rols putatius a 'embriogénesi.
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ABSTRACT

Circular RNAs (circRNAs) are a widely distributed new type of non-coding RNAs with
important regulatory roles. CircRNAs are synthesized by backsplicing and lack the 3’-
free end, which confer higher stability and longer half-lives compared to linear RNAs.
Here, we have characterized and experimentally validated the circRNAs content in the
human male gamete. Our results show that the spermatozoon contains a complex and
stable population of exonic and intronic circRNAs, classified in three groups according
to their RNase R resistance. In contrast to the circRNAs from somatic cells, sperm
circRNAs have been mainly found in their circular form, with no presence of their linear
cognates. Surprisingly, we also identified a proportion of circRNAs sensible to the RNase
R treatment due to a non-stochastic decircularization. At the functional level, sperm
circRNAs seem to arise mainly from genes enriched in epigenetic functions. In particular,
some sperm circRNAs were associated to sperm RNA elements required to achieve a
live birth and/or found altered in obese patients. Likewise, some early embryonic
circRNAs appear to be specifically provided by the sperm and some of them are
potentially translated to functional peptides. Altogether, these results suggest crucial

roles for sperm circRNAs in fertility, early embryogenesis and beyond.
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INTRODUCTION

In the last years, circular RNAs (circRNAs) have emerged as a new type of non-coding
RNA (ncRNA) with important associations in multiple types of diseases, including cancer
(Salzman et al., 2012; Jeck et al., 2013; Memczak et al., 2013). The circularization of
these RNAs is produced by backsplicing, a covalent bond between a 5’ splice donor and
a 3 splice acceptor (Barrett and Salzman, 2016; Patop et al., 2019). It has been
postulated that the RNA polymerase Il transcribes circRNAs and the canonical splicing
machinery is probably involved in their production. Moreover, exon-skipping events or
flanking longer-than-average introns containing inverted repeats — in human mostly ALU
repeats — seem to facilitate circularization by complementarity (Jeck et al., 2013; Liang
and Wilusz, 2014; lvanov et al., 2015). Likewise, several studies have demonstrated the
involvement of RNA-binding proteins (RBPSs) in the regulation of circRNA production,
which includes the splicing factor muscleblind (MBL), the protein quaking (QKI), the
RNA-binding protein FUS (FUS), and serine/arginine-rich proteins. In contrast, the
double-stranded RNA-specific adenosine deaminase (ADAR) and the DExH-Box
helicase 9 (DHX9) have been suggested as mediator of the suppression of circRNAs
production by blocking the looping of intronic complementary sequences (Ashwal-Fluss
etal., 2014; Conn et al., 2015; Kramer et al., 2015; Rybak-Wolf et al., 2015; Aktas et al.,
2017; Errichelli et al., 2017; Li et al., 2017; Yu et al., 2017).

The resulting circRNAs lack the 3’-end, which confer higher stability than linear forms,
due to their resistance to endo- and exonucleases-mediated degradation, and longer
half-lives than their linear RNA cognates (Jeck et al., 2013; Enuka et al., 2016; Szabo
and Salzman, 2016). CircRNAs can originate from exons (exonic circRNAs), from introns
(intronic circRNAS), from exons and introns (exon-intron circRNAs) or from intergenic
regions and antisense locations (Memczak et al., 2013; Barrett and Salzman, 2016).
However, circRNAs are thought to be mostly derived from exons of protein-coding genes
and tend to exclude the first and the last exon of the corresponding gene (Salzman et
al., 2012; Jeck et al., 2013; Aufiero et al., 2018). In addition, exonic circRNAs appear to
be exported to the cytoplasm through the RNA helicases UAP56 and URH49 in a size-
dependent manner (Huang et al., 2018), while exon — intron and intronic circRNAs seem
to remain inside the nucleus (Jeck et al., 2013; Zhang et al., 2013; Li et al., 2015; Huang
et al., 2018).

It has been observed that circRNAs are differentially expressed depending on tissue and
subcellular localizations, as well as on the developmental stage (Jeck et al., 2013;
Salzman et al., 2013; Westholm et al., 2014; Rybak-Wolf et al., 2015). Diverse circRNA
populations have been identified in several species, such as humans, for which circRNAs

have been described in multiple tissues and cell types, including testis (Westholm et al.,
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2014; Rybak-Wolf et al., 2015; Veng et al., 2015; Dong et al., 2016; Gruner et al., 2016;
Sun et al., 2016). Additionally, circRNAs are suggested to be key regulators for
organogenesis and cell differentiation during embryo development (Dang et al., 2016;
Huang et al., 2019) and have been postulated to be connected to the development of
different pathologies, such as cancer and cardiovascular diseases, due to their role in
gene expression regulation (reviewed elsewhere (Haddad and Lorenzen, 2019)).
CircRNAs could have important regulatory roles at both transcriptional and post-
transcriptional levels. To date, the most popular function associated with these circRNAs
correspond to their ability for microRNA (miRNA) sponging. It has been shown that the
circRNA ciRS-7 contains more than 70 binding sites for the mirR-7 (Hansen et al., 2013;
Memczak et al., 2013). However, recent findings concluded that most of the other
circRNAs do not contain more miRNA binding sites than randomly expected. Therefore,
the high number of miRNA binding sites found in ciRS-7 could be less frequent in
circRNAs than previously thought (Guo et al., 2014; Dori and Bicciato, 2019; Kristensen
et al., 2019). Other described functions for circRNAs are protein sponging of RBPs,
protein enhancing, protein scaffolding and protein recruitment to a subcellular
localization (Kramer et al., 2015; Kristensen et al., 2019). Additionally, circRNAs can
regulate alternative splicing (Zhang et al., 2014; Starke et al., 2015) and modulate the
RNA polymerase Il activity (Zhang et al.,, 2013). Recently, some studies have also
postulated that specific circRNAs containing internal ribosome entry sites (IRES), large
intact ORFs and N6-methyladenosine (m6A)-modified start codons could be translated
in a cap-independent manner to peptides, and could potentially act as functional proteins
(Wang and Wang, 2015; Pamudurti et al., 2017; Yang et al., 2017; Kristensen et al.,
2019; Tang et al., 2020).

While several bioinformatics tools have been developed for the in-silico prediction of
exonic circRNAs from RNA-seq data, prediction tools for intronic circRNAs are not as
well established (Szabo and Salzman, 2016; Zeng et al.,, 2017). In any case, any
prediction of circRNAs should always be accompanied by a robust experimental
validation, since RNA-seq protocols introduce technical artifacts that can result in the
identification of false-positive matches (Barrett and Salzman, 2016). Reverse
transcription and the subsequent PCR can also produce false-positive detections due to
RT-PCR artifacts scrambled junctions’ misidentification, such as template switching,
PCR bias attributable to different amplification efficiencies and rolling circle amplification.
Likewise, mRNAs from circular DNASs, exon repeats and trans-splicing events could
derive on a false circRNA prediction (Szabo and Salzman, 2016; Iparraguirre et al., 2019;
Patop et al., 2019). The robust validation of the circRNA in-silico prediction must first

include the identification of the circularization point, by the specific amplification using
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divergent primers and the direct sequencing of the circRNA junction. After that, it is
necessary to test the resistance of both the circRNA and its cognate linear isoform to the
RNase R, which is an exoribonuclease that hydrolyzes the free 3'-end of the RNAs,
degrading the linear RNAs and leaving the circRNAs intact (Salzman et al., 2012; Szabo
et al., 2015; Kristensen et al., 2019; Patop et al., 2019).

In the specific case of the male gamete, high-throughput techniques have allowed
characterizing a complex population of RNAs, which are specifically retained in this cell
(Ostermeier et al., 2004; Jodar et al., 2013). In particular, spermatozoa contain coding
and non-coding RNAs that include fragmented and intact mRNAs, fragmented ribosomal
() RNAs, miRNAs, tRNA-derived sncRNAs (tRFs), small interfering (si) RNAs, long non-
coding (Inc) RNAs, YRNAs, small nuclear (sn) RNAs, small nucleolar (sno) RNAs, and
P element-induced wimpy testes (PIWI)-interacting (pi) RNAs (Krawetz et al., 2011;
Jodar et al., 2013; Godia et al., 2018; Jodar, 2019). Itis interesting to highlight that while
some of the sperm RNAs have also been identified in other cell types, others seem to
be sperm-specific. For instance, certain RNAs derived from introns and intergenic
regions, named as intronic or intergenic elements (IEs and Blips, respectively), are
abundantly and specifically contained in the mature spermatozoa, although their function
has not been elucidated yet (Jodar et al., 2013, 2015).

Of note, the abundance of circRNAs appears to show a strong negative correlation with
the replication rate of the cells. This would suggest that non-replicative cells, such as the
sperm, tend to accumulate a larger population of circRNAs (Bachmayr-Heyda et al.,
2015). In fact, a switch from linear to circular forms taking place during the late steps of
murine spermatogenesis has recently been described (Tang et al., 2020). These
findings, together with the facts that the male gamete harbors a unique chromatin
structure, is transcriptionally and translationally inert and possesses a complex
population of RNAs that includes IEs, lead us to hypothesize that circRNAs, which show
higher resistance and stability than their linear cognates, would be abundant in the RNA
profile of the mature sperm. Indeed, some recent studies have started to characterize
this novel RNA population in male germ cells and mature spermatozoa (Chioccarelli et
al., 2019; Ragusa et al., 2019; Godia et al., 2020; Tang et al., 2020). However, the study
of sperm circRNAs is still in its infancy, and additional studies are needed in order to
robustly characterize them and unravel their potential functionality. Therefore, in this
study, we have conducted an in-depth characterization of the circRNAs contained in the
mature human sperm. As a novelty, we have included a robust validation of sperm
circRNAs and determined whether the abundant sperm IEs are, in fact, intronic

circRNAs. Additionally, we have set-up and tested the resistance of some sperm
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circRNAs to the RNase R treatment, and inferred their potential functions related to

fertility and early embryogenesis.

MATERIAL AND METHODS

The overall methodology employed in this study is depicted in Supplementary Figure 1.

Reagents

PureSperm® (Catalog # PSB-100, # PS100-100) was purchased from NidaCon
International AB (Gothenburg, Sweden). CryoSperm™ (Catalog # 11010010) was
purchased from Origio (Malov, Denmark). RNeasy Mini Kit protocol (Catalog # 74104)
and MiniElute PCR Purification kit (Catalog # 28004) were purchased from Qiagen
(Hilden, Germany). RNAlater® (Catalog # R0901-100ML) and SegPlex RNA
Amplification kit (Catalog # SEQR-10RXN) were purchased from Sigma-Aldrich (San
Luis, Missouri, US). PowerUp™ SYBR™ Green Master Mix (Catalog # A25741) was
purchased from Applied Biosystems (Foster City, California, US). Turbo DNase free kit
(Catalog # AM1907), Quant-iT™ RiboGreen™ RNA Assay Kit (Catalog # R11490),
Quant-iT™ dsDNA Assay Kit (Catalog # P7581), SuperScript™ Il Reverse
Transcriptase (Catalog # 18080093), oligo (dT) primers (Catalog # AM5730G), Random
Hexamers (Catalog # N8080127) and Maxima Reverse Transcriptase (Catalog #
EP0741) were purchased from Thermo Fisher Scientific (Waltham, Massachusetts, US).
NEBNext® Ultra™ DNA Library Prep Kit for lllumina® (Catalog # E7370S) and NEBNext
Multiplex Oligos for lllumina (Index Primers Set 1) (Catalog # E7335S) were purchased
from New England Biolabs (Ilpswich, Massachusetts, US). AmpureXP (Catalog #
A63880) was purchased from Beckman Coulter (Brea, California, US). KAPA Library
Quantification Kit (Catalog # 7960204001) was purchased from Roche (Basel,
Switzerland). RNase R (Catalog # RNRO07250) was purchased from Epicentre

Technologies Corp (Madison, Wisconsin, US).

Biological resources

Human semen samples (n=12; 3 for RNA-seq analysis and 9 for experimental validation)
were obtained from patients undergoing routine semen analysis at the Assisted
Reproduction Unit from the Clinic Institute of Gynecology, Obstetrics, and Neonatology,
from the Hospital Clinic de Barcelona (Barcelona, Spain). The human testis biopsy was
collected during a routine testicular sperm extraction. All samples were used in
accordance with the appropriate ethical guidelines and Internal Review Board, and the
biological material storing and processing was approved by the Clinical Research Ethics

Committee of the Hospital Clinic de Barcelona (Barcelona, Spain). All participants have
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provided written informed consent under the Declaration of Helsinki. Human embryonic

kidney (HEK) cells were collected from a confluent cellular culture.

Sample collection and preparation

The ejaculates were collected by masturbation into sterile containers after 3-5 days of
sexual abstinence. The evaluation of the seminal parameters was performed using the
automatic semen analysis system CASA (Proiser, Paterna, Spain) and patients were
classified as normozoospermic according to the World Health Organization (WHO)
guidelines (World Health Organization, 2010). In order to purify spermatozoa from other
cell types, a 50 % density PureSperm® gradient separation (NidaCon International AB)
was performed according to manufacturer’'s recommendations. All samples were verified
to contain < 1 % of somatic contamination. Subsequently, samples were cryopreserved
with CryoSpermTM (Origio), according to the manufacturer’s instructions, and kept in
liquid nitrogen. Cryopreserved sperm samples were thawed, centrifuged, resuspended
in RLT buffer (Qiagen) supplemented with 1.5 % B-mercaptoethanol and stored at -80°C
until further processing. The testis biopsy was kept in RNAlater® (Sigma-Aldrich) until
further processing. For the HEK cells, the culture medium was removed by centrifugation
and cells were stored at -80 °C in RLT buffer (Qiagen) supplemented with 1.5 % [3-

mercaptoethanol until further processing.

RNA isolation

RNA from human testis was extracted with the RNeasy Mini Kit protocol (Qiagen)
following the manufacturer’s instructions. The long RNA fraction from sperm and HEK
cells were individually extracted following the RNeasy Mini Kit protocol (Qiagen), with
some modifications previously established in Goodrich et al., 2013 (Goodrich et al.,
2013). All RNA samples were treated with the Turbo DNase free kit (Thermo Fisher
Scientific) to remove potential DNA contamination. The absence of any residual DNA
was assessed by PowerUp™ SYBR™ Green Master Mix real-time PCR (Applied
Biosystems), using protamine 1 (PRM1) specific primers (Supplementary Table 1).
Extracted RNA was quantified with Quant-iT™ RiboGreen™ RNA Assay Kit (Thermo
Fisher Scientific). For sperm samples, the RNA integrity and the absence of somatic
RNA contamination was evaluated by conducting reverse transcription of 10 ng of sperm
RNA using SuperScript™ Il Reverse Transcriptase (Thermo Fisher Scientific) and oligo
(dT) primers (Thermo Fisher Scientific). Subsequently, a real-time PCR using
PowerUp™ SYBR™ Green Master Mix (Applied Biosystems) was performed targeting
PRM1 and the leukocyte-specific marker Protein Tyrosine Phosphatase Receptor Type

C (PTPRC) (Supplementary Table 1). For testis and HEK samples, the integrity of the
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RNA was corroborated by assessing the RNA integrity number (RIN) through the
TapeStation 4200 (Agilent Technologies, Santa Clara, California, US), which resulted in
high-quality RIN values of 6.6 (White et al., 2018) for the testis sample and > 9.5 for HEK

cells.

RNA sequencing

Once confirmed the good quality of the RNA extracted from the sperm samples, 5 ng of
each biological replicate (n=3) were reverse transcribed and the cDNA was amplified
with SegPlex RNA Amplification (Sigma-Aldrich). Residual nucleotides and primer
dimers were removed with the MiniElute PCR Purification kit (Qiagen), following the
manufacturer’s instructions. Library construction was performed with 50 ng of amplified
cDNA, previously quantified using Quant-iT™ dsDNA Assay Kit (Thermo Fisher
Scientific), and the NEBNext® Ultra™ DNA Library Prep Kit for lllumina® (New England
Biolabs). NEBNext Multiplex Oligos for lllumina (Index Primers Set 1) (New England
Biolabs) were included for sample barcoding. The surplus of primer dimers was cleaned-
up with AmpureXP (Beckman Coulter). The correct elimination of primer dimers was
assessed with the DNA High Sensitivity Assay in the Bioanalyzer 2100 (Agilent
Technologies). Libraries were quantified through KAPA Library Quantification Kit
(Roche) and pooled. Paired-end sequencing was performed for 2x75 base pairs (bp)

using the Illlumina HiSeq-2500 sequencer.

Exonic circRNAs prediction

In order to predict exonic circRNAs in human sperm, oocyte and zygote, the KNIFE
algorithm created by Szabo and colleagues (Szabo et al., 2015) was applied using the
cancer genomics cloud platform (http://www.cancergenomicscloud.org/) (Lau et al.,
2017). Specifically, the in-house raw RNA-seq data from the spermatozoa samples
included in this study (n=3), as well as public raw RNA-seq datasets from Dang et al.,
2016 (Dang et al., 2016), which includes single-cell oocytes (n=4) and single-cell zygotes
(n=4), were used. To apply the KNIFE algorithm, fastq files were mapped using the
Bowtie2 to indexed reference genome (h38), ribosomal RNA, and databases of linear
exon-exon junctions and scrambled exon-exon junctions. Briefly, the KNIFE algorithm
calculates a statistical confidence score for each read based on the alignment properties,
including mismatches and mapping quality to reduce the number of false-positives.
Furthermore, it applies a two-step logistic generalized linear model (GLM) to determine
whether a junction matching to a circRNA is a true positive or an artefactual alignment,
giving a high-confident p value score (Szabo et al., 2015). KNIFE combined reports were

employed to identify and quantify exonic circRNAs splicing events and strict criteria were
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applied to consider true positive circRNAs, namely = 2 reads containing a circularized
junction with a p value score = 0.9 (Szabo et al., 2015). Of note, the comparison of the
KNIFE algorithm with other circRNAs prediction tools concluded that KNIFE algorithm
reached the best-balanced prediction between precision and sensitivity (Zeng et al.,
2017).

Selection of sperm intronic elements for circRNA validation

The most abundant IEs contained in the spermatozoa were obtained from the list
provided in Jodar et al., 2015 (Jodar et al., 2015). Data were extracted and updated to
the hg38 genome (Supplementary Table 2). Only those IEs over the 0.995 percentile
rank and expressing only one intron were selected. All the candidates that after the hg19
to hg38 conversion aligned to not expected regions, showed reads in a very small region
of the intron or in the adjacent exons, or had intronic regions containing antisense RNAs

and IncRNAs were excluded for further analysis.

Validation of the circRNAs candidates

In order to validate the circRNAs candidates, the circular specific junction was first
determined. To that end, convergent and divergent primers were designed using the
Primer3 software (http://bioinfo.ut.ee/primer3-0.4.0/) (Koressaar and Remm, 2007;
Untergasser et al., 2012) (Supplementary Table 1). The amplification products were
visualized on a 3 % agarose gel and analyzed by direct sequencing. Subsequently, the
circularity of the selected RNAs was validated by assessing the resistance to the RNase
R treatment. The RNase R resistance test (Epicentre Technologies Corp.) was first
optimized for its application to sperm RNA by treating 100 ng of RNA from either sperm
or HEK cells with decreasing Units (U) of RNase R (5 U, 1 U, 0.5 U or 0.1 U), during 30
min at 37 °C. As negative controls, cells subjected to the same treatment but without
RNase R were also included (mock treatment). The cDNA was synthesized using
Random Hexamers (Thermo Fisher Scientific) and Maxima Reverse Transcriptase
(Thermo Fisher Scientific). To determine the efficacy of the RNase R treatment, a gPCR
amplification was carried out using convergent and divergent primers targeting RNAs
that are specific to each cell type. In particular, the Calmodulin Regulated Spectrin
Associated Protein 1 (CAMSAP1) transcript, previously described in the literature
(Salzman et al., 2013), was selected for the evaluation of HEK cells. To the best of our
knowledge the resistance to the RNase R treatment for sperm RNA was never assessed
before, therefore we selected the abundant sperm specific PRM1 transcript for its
evaluation. However, no PRM1 circular forms were detected using divergent primers

(data not shown). For this reason, PRM1 amplification with convergent primers were
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used to test the efficiency of the RNase R treatment for sperm RNAs, but we also
included the amplification of TRIM66 with divergent primers, which is one of the possible
selected sperm intronic circRNAs predicted herein, to test the resistance of sperm
circRNA to RNase R treatment. The resistance to the RNase R treatment for each
specific product was determined by the difference between the cycle threshold (ACt) of
the mock treatment (the no treated sample) and the RNase R treatment (ACt = Ct mock
treatment — Ct RNase R treatment). The values were graphically represented by the
log2?2Y. Once the best conditions were established, the resistance to the RNase R
treatment of 3 intronic and 5 exonic circRNAs was tested in sperm (n=9) and testis (n=1)
samples. In addition, the amplification of TRIM66 with divergent primers and PRM1 with
convergent primers were also assessed in all the samples as controls for RNA
degradation and RNase R treatment efficiency, respectively. The primer sets used in this

assay are listed in Supplementary Table 1.

Validation of specific circRNAs decircularization

The possible presence of a specific point of decircularization was suggested after
detecting that certain confirmed sperm circRNAs were sensible to the RNase R
treatment. VRK1 was selected as a representative of sperm circRNAs showing
degradation after RNase R treatment. To check whether this decircularization was the
result of either a random degradation process or a specific cleavage, several sets of
divergent primers covering the 10 exons (from exon 2 to exon 11) of the circRNA derived
from VRK1 gene were designed (Supplementary Table 3; Supplementary Figure 2A).
The amplification efficiency and the circular specific junction were verified by direct
seqguencing of the amplified products. Subsequently, the RNase R treatment was carried
out in 5 different biological replicates to test the resistance of the products obtained. The
difference between the resistance to the RNase R treatment of the amplified products
and the negative control was analyzed to delimitate the decircularization region. To verify
the efficiency of the methodology, the same procedure was performed with 4 biological
replicates for the circRNA derived from the exon 2 of ZNF608 gene (Supplementary
Table 3; Supplementary Figure 2B), which showed resistance to the RNase R treatment.

The values were graphically represented by the logz(22°Y.

Functional and epigenetic potential prediction

The gene names corresponding to the list of exonic circRNAs commonly found in the
three sperm biological replicates were uploaded to the Gene Ontology Consortium
database (http://www.geneontology.org/) (Ashburner et al., 2000; The Gene Ontology
Consortium, 2019), based on PANTHER v13.1 database (Release date 2019 — 12 — 09),
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to predict the potential biological functions of the sperm circRNAs. The significance of
enrichment analyses was calculated by a Fisher's exact test. P-values < 0.05 after
Bonferroni adjustment were considered statistically significant. Potential epigenetic
functions for the predicted exonic circRNAs were assessed through the dataset available
at http://epifactors.autosome.ru/ (Medvedeva et al., 2015).

The list provided in Jodar et al., 2015 (Jodar et al., 2015) of the 648 sperm RNA elements
(SREs) required to achieve a live birth were employed to infer the sperm circRNAs
potential role in male fertility. Similarly, the 487 SREs associated with obesity and/or with
an epigenetic potential listed in Swanson et al., 2020 (Swanson et al., 2020) were used
to extrapolate potential sperm circRNAs linked to body mass index (BMI), which could
alter sperm functionality. Only those SREs embedded inside a predicted exonic circRNA
were considered.

After applying KNIFE algorithm (Szabo et al., 2015) to the data from Dang et al., 2016
corresponding to human oocytes and zygotes (Dang et al., 2016), we searched for those
exonic circRNAs found in sperm and zygote and absent in the oocyte to infer a potential
paternal origin of embryonic circRNAs, while discarding a maternal origin. To this end,
we searched those exonic circRNAs detected in all three sperm biological replicates
included in this study that were contained in all the zygote biological and technical
replicates and not detected in any of the biological nor the technical oocyte replicates.
Only exonic predicted circRNAs with = 2 reads and p value score = 0.9 were considered
for the analysis. The overlapping between sperm and zygote exonic circRNAs were

named here paternally-derived embryonic circRNAs.

Computational prediction of 7-mer repetitions and translational potential

The prediction of 7-mer miRNA seeds was conducted on the validated exonic and IE
circRNAs, as well as in the paternally-derived embryonic circRNAs, by applying an in-
house R script (https://www.r-project.org/) (Development Core Team, 2018), in which 7
nt-repetitions, corresponding to potential mMiRNAs binding sites, were counted in the full
circRNA sequence.

The prediction of the translational potential on the validated circRNAs and the paternally-
derived embryonic circRNAs was performed using the Open Reading Frame Finder
(https:/iwww.ncbi.nim.nih.gov/orffinder/) (Wheeler et al., 2003), which searches for open
reading frames (ORFs) in the DNA sequence. The following parameters were applied:
75 nt of minimal ORF length, standard genetic code, and “ATG” for ORF start codon to
use. “Clustal O” alignment (http://www.ebi.ac.uk/Tools/msa/clustalo/) (Goujon et al.,
2010; Sievers et al., 2011) was conducted to compare the potential peptide sequences

against the canonical ones.

96



RESULTS

Spermatozoa contain a complex population of circRNAs

KNIFE algorithm predicted a total of 5,830 unique exonic circRNAs from 2,824 different
genes in sperm, distributed as follows: 3,242 circRNAs from 1,871 different genes in
sample 1, 3,449 circRNAs from 1,948 different genes in sample 2, and 1,898 circRNAs
from 1,301 different genes in sample 3 (Figure 1A). From those, 737 exonic circRNAs
derived from 545 different genes overlapped between biological replicates and were
considered for further analyses (Supplementary Table 4; Figure 1A). The most
abundantly identified exonic circRNA in all sperm samples arised from LINC02050, with
an average of almost 5,600 reads. Looking deeply to the exonic circRNAs
characteristics, approximately the 23 % of the predicted circRNAs contained 2 exons,
followed decreasingly by forms with 3, 4, 5, 1 and 6 exons (Figure 1B). Exonic circRNAs
with greater length accounted for only 10 % of the total hits (Figure 1B). Of note, solely
one of the predicted exonic circRNAs, the one derived from the Vacuolar Protein Sorting
13 Homolog A (VPS13A) gene, contained up to 21 exons. In addition, around 60 % of
genes only showed one exonic circRNA form (that is, one isoform), while the 21 % had
two different exonic circRNAs isoforms per gene (Figure 1C). Remarkably, the highest
number of different circular isoforms derived from a single gene was found for the
Eukaryotic Translation Initiation Factor 4 Gamma 3 (EIF4G3) gene, with up to 13 different
predicted circRNAs isoforms.

The Gene Ontology (GO) enrichment analyses suggested the involvement of the
predicted sperm exonic circRNAs in biological processes such as chromosome
organization, chromatin organization, chromatin remodeling and regulation of gene
expression, among others (Table 1; Figure 1D). Likewise, RNA binding, chromatin
binding, histone binding and protein binding were enriched in the molecular function
analysis, while the terms chromosome and nucleus were found enriched in the cellular
component analysis (Table 1; Figure 1D). Noteworthy, 57 out of the 737 exonic circRNAs
in common between biological replicates derived from genes functionally involved in
epigenetic regulation, such as chromatin remodeling factors, histone modification factors

and transcription factors (Supplementary Table 5).

Selected circRNAs candidates for experimental validation

Twelve sperm exonic circRNAs predicted by the KNIFE algorithm were selected for
experimental validation. For this selection, different factors, such as the abundance of
the predicted circRNA junction calculated by the KNIFE algorithm number of reads, as
well as the biological function of the gene from which the circRNA is arisen, were taken

into consideration. The twelve selected exonic circRNAs derived from 10 genes with the
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Table 1. Gene ontology (GO) terms enriched on the dataset of 737 sperm exonic circRNAs (n=3). GO names
are listed together with the gene count and the Bonferroni adjusted p-value. Processes related to epigenetic

functions are highlighted in bold. Selection of the relevant GO terms according to sperm function has been

included.

Biological process GO terms Gene Count P-value Bonferroni adjusted
organelle organization (GO:0006996) 169 7,11E-13
regulation of macromolecule metabolic process (GO:0060255) 234 5,39E-07
chromosome organization (GO:0051276) 65 4,32E-06
cellular component organization (GO:0016043) 215 2,10E-06
chromatin organization (GO:0006325) 49 1,15E-05
regulation of gene expression (GO:0010468) 174 1,76E-04
sexual reproduction (GO:0019953) 51 3,35E-04
regulation of RNA metabolic process (GO:0051252) 149 2,07E-03
multicellular organismal reproductive process (GO:0048609) 49 2,08E-03
reproductive process (GO:0022414) 72 1,27E-03
reproduction (GO:0000003) 72 1,34E-03
developmental process involved in reproduction (GO:0003006) 54 2,68E-03
chromatin remodeling (GO:0006338) 19 3,06E-03
male gamete generation (GO:0048232) 37 7,22E-03
spermatogenesis (GO:0007283) 36 9,56E-03
multi-organism reproductive process (GO:0044703) 53 1,38E-02
regulation of DNA repair (GO:0006282) 15 3,68E-02
Molecular function GO terms Gene Count P-value Bonferroni adjusted
protein binding (GO:0005515) 388 2,09E-07
binding (GO:0005488) 454 3,65E-05
histone binding (GO:0042393) 20 3,15E-03
RNA polymerase lI-specific DNA-binding transcription factor bin: 24 4,08E-03
chromatin binding (GO:0003682) 36 5,57E-03
G protein-coupled receptor activity (GO:0004930) 4 7,97E-03
ubiquitin-like protein binding (GO:0032182) 13 1,27E-02
enzyme binding (GO:0019899) 94 2,01E-02
RNA binding (GO:0003723) 75 2,07E-02
Cellular component GO terms Gene Count P-value Bonferroni adjusted
DNA repair complex (GO:1990391) 45 0,00E+00
centriole (GO:0005814) 181 9,66E-12
microtubule organizing center (GO:0005815) 276 3,53E-09
microtubule cytoskeleton (GO:0015630) 432 4,26E-09
catalytic complex (GO:1902494) 194 1,88E-08
nucleoplasm (GO:0005654) 198 7,31E-08
chromosome (GO:0005694) 349 3,24E-05
plasma membrane bounded cell projection (GO:0120025) 213 4,80E-05
nuclear lumen (GO:0031981) 213 4,80E-05
non-membrane-bounded organelle (GO:0043228) 213 4,80E-05
intracellular non-membrane-bounded organelle (GO:0043232) 43 9,36E-05
nucleus (GO:0005634) 100 5,04E-04

followed characteristics: 6 circRNAs derived from 5 genes involved in transcription
regulation (ZNF608, BPTF, NFATC3, ANKRD12 and TOP1); 2 circRNAs derived from 2
genes participating in chromatin remodeling and histone modification (BAZ1A and
VRK1); 3 circRNAs derived from 2 genes with roles in other processes such as cell
growth and centrosome formation (TBC1D1 and ALMS1); and, finally, 1 circRNA derived
from the LINC02050 gene, which is the most abundant circRNA in our dataset. The
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Figure 1. Global analysis of the predicted sperm exonic circRNAs. (A) Total number of exonic circRNAs
predicted by the KNIFE algorithm in each of the three human sperm samples included in this study. The
overlap between biological replicates is highlighted in bold and has been used for further analysis. (B)
Number of exons contained in each predicted sperm circRNA. Only results corresponding to the 737 exonic
circRNAs in common between the three biological replicates are shown. (C) Number of isoforms found for
the genes corresponding to the predicted circRNAs in common between biological samples. (D) Selection
of the relevant GO terms according to reproduction and epigenetics. Grey discontinuous arrows separate

biological process (BP), molecular function (MF) and cellular component (CC).

functional involvement of the genes was confirmed using information contained in the
GeneCards® database (https://www.genecards.org/) (Stelzer et al., 2016). The specific
characteristics of each exonic circRNA candidate are indicated in Table 2. The length of
the selected sperm exonic circRNAs candidates was variable, with an average of 1,350
bp and ranging from 250 bp, corresponding to the LINC02050 derived circRNA, to 6,336
bp, corresponding to the ALMS1 exon 7 to exon 9 derived circRNA (Table 2). The
circRNAs derived from the ZNF608, TBC1D1, ANKRD12, and VRK1 genes contained
extremely large intronic flanking regions, showing an average length of almost 34,000
bp (Table 2). On the contrary, the exonic circRNAs derived from the LINC02050 and

BPTF exon 21 to exon 27 genes contained short intronic flanking regions of less than
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3,000 bp. The remaining exonic circRNAs candidates contained medium intronic flanking
regions, with an average length of 12,000 bp (Table 2).

Regarding the selection of intronic circRNAs for experimental validation, the application
of the strict criteria described in the methods section resulted in 4 sperm IEs candidates
derived from the genes QRICH1, AP2A1, ZMYND15 and TRIM66 (Table 2;
Supplementary Table 2; Supplementary Figure 3). These genes are functionally involved
in the regulation of RNA polymerase Il transcription, in the regulation of vesicle transport
by the plasma membrane, in the regulation of histone deacetylases and spermiogenesis,
and in transcriptional repression, respectively. Remarkably, the total intronic length of

the IEs was short, with an average length of 350 bp.

Determination of the circularization junction of potential circRNAs

PCR amplification utilizing specific divergent primers followed by direct sequencing
confirmed the presence of circularized junctions for all the exonic and IEs circRNAs
candidates selected for experimental validation, thus corroborating their circular form

(Supplementary Figure 4; Supplementary Figure 5).

RNase R treatment optimization

Since no consensus exists on the amount of RNase R required to specifically digest
linear RNAs (Salzman et al., 2012, 2013; Memczak et al., 2013; Dong et al., 2016), we
conducted an optimization test using high-quality RNA from somatic cells and
spermatozoa (Supplementary Figure 6). When using 0.5 U of RNase R per 100 ng of
sperm RNA, a 4-fold decrease in the amplification of the linear PRM1 using convergent
primers, and a small increase in the amplification of the IE circRNA located in the TRIM66
gene with divergent primers were observed (Supplementary Figure 6). This behavior
mimicked the results obtained when 5 U of RNase R were used in somatic HEK cells for
the linear and circular isoforms of the CAMSAP1 gene (Supplementary Figure 6). In
particular, the linear isoforms amplified by convergent primers were degraded after
RNase R treatment, while circular isoforms amplified by convergent and divergent
primers were resistant to the treatment. Based on these results, 0.5 U of RNase R was
set as the optimal condition to treat sperm RNA. In addition, the amplification of the
PRML1 transcript with convergent primers and of the IE TRIM66 with divergent primers
were employed in further experiments as quality control to test the RNase R treatment

sensitivity and resistance, respectively.
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Sperm circRNAs show three different resistance patterns to the RNase R
treatment

The RNase R treatment, conducted to validate the resistance of the selected exonic and
IEs circRNAs in sperm RNA samples, revealed three different RNase R resistance
patterns (Figure 2). The exonic circRNAs derived from the LINC02050 and ZNF608
genes and the IEs circRNAs derived from the ZMYND15, AP2A1 and TRIM66 genes
were classified as RNase R resistance pattern 1. This group of circRNAs showed
resistance to the RNase R treatment for both convergent and divergent primers
amplifications, indicating that the RNA arising from those exonic and intronic regions
were mainly circRNAs in the mature sperm (Figure 2A). RNase R resistance pattern 2
was observed for the ALMS1 exon 14 — exon 15 derived circRNA. This pattern mimicked
the behavior of circRNAs found in somatic cells, where both the circRNAs and their linear
cognates co-exist (Figure 2B; Supplementary Figure 6A). In this way, the resistance to
the RNase treatment was only observed using divergent primers, since only the circRNA
isoform was targeted. However, when convergent primers were used, the quantity of
RNA after the RNase R treatment decreased, due to the degradation of most of the linear
form and the amplification of only the circular form (Figure 2B). Of note, the use of
divergent primers for the ALMS1 exon 14 — exon 15 derived circRNA showed a slight
increase of amplification, which was probably due to a higher efficiency of the circRNA
retrotranscription after the degradation of the major part of the linear RNA. Finally, the
RNase R resistance pattern 3 was observed in the exonic circRNAs derived from the
VRK1 and NFATC3 genes, which showed a high sensitivity to the RNase R treatment
after both convergent and divergent primers amplifications. This behavior suggested the
decircularitzation of the targeted circRNAs (Figure 2C).

To further test whether these different RNase R resistance patterns of circRNAs were
exclusive of the mature transcriptionally and translationally inert spermatozoa or could
be also found in immature male germ cells, we tested the RNase R resistance of the
same exonic and IE circRNAs in testicular tissue (Figure 3). Only the circRNAs derived
from the LINC02050, TRIM66 and ZMYND15 genes showed similar behavior than the
RNase R resistance pattern 1 observed in the sperm samples (Figure 3A). On the
contrary, the circRNAs derived from the ALMS1, NFATC3, ZNF608, VRK1 and AP2A1
genes followed the RNase R resistance pattern 2 (Figure 3B). Of note, none of the tested
circRNAs showed the clear decircularitzation corresponding to the RNase R resistance
pattern 3 observed in mature sperm.

The resistance to the RNase R treatment for the other sperm circRNAs candidates
derived from the genes BAZ1A, BPTF, ANKRD12, TBC1D1, TOP1, ALMS1 exon 7 —
exon 9 and QRICH1 was not reliably established, due to the high Ct values obtained
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after PCR amplification (Ct>30; data not shown), suggesting a low abundance of these

circRNAs or an inefficient PCR.
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Figure 2. Validation of the sperm circRNAs resistance to the RNase R treatment (0.5 U). (A) circRNAs
presented majorly in its circular form in the sperm cell (RNase R resistance pattern 1). (B) circRNAs with
typical dual somatic pattern (RNase R resistance pattern 2). (C) circRNAs sensible to the RNase R treatment
(RNase R resistance pattern 3). Results corresponding to the assessment of the TRIM66 gene with divergent
primers, used as positive control of circularization, and of the PRM1 gene with convergent primers, used as

a control of the RNase R digestion efficiency, are showed in light blue.
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The circRNA derived from the VRK1 gene shows a specific cleavage causing its
decircularization

The decircularitzation observed for some sperm circRNAs, corresponding to the RNase
R resistance pattern 3, could be due to either random circRNA degradation or a specific
cleavage (Figure 2C). To test both hypotheses, we deeply analyzed the exonic circRNA
derived from the VRK1 gene by designing different combinations of divergent and

convergent primers across the 10 exons comprised in the circRNA (see material and
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Figure 3. Validation of the circRNAs resistance to the RNase R treatment with testis tissue. (A) circRNAs
presented majorly in its circular form (RNase R resistance pattern 1). (B) circRNAs with typical dual somatic
pattern (RNase R resistance pattern 2). Results corresponding to the assessment of the TRIM66 gene with
divergent primers, used as positive control of circularization, and of the PRM1 gene with convergent primers,

used as a control of the RNase R digestion efficiency, are showed in light blue.
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methods section; supplementary figure 2A). Of note, when studying the combination of
the divergent primers sets E7 — E2, E8 — E2, E9 — E2 and E10 — E2, a minor form of an
additional circRNA isoform, which derived from the circular junction of exon 10 to exon
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Figure 4. Resistance to RNase R treatment of the amplicons obtained when using different combinations of
convergent and divergent primers. (A) Resistance to RNase R treatment of the circRNA derived from the
VRK1 gene using different combinations of convergent and divergent primers (n = 5). (B) Resistance to
RNase R treatment of the circRNA derived from the ZNF608 gene using different combinations of convergent

and divergent primers (n = 4)).

2 of the VRK1 gene, was detected (Supplementary Figure 7). Therefore, all those
divergent primer sets whose amplification product included the E10 — E2 junction of the
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VRK1 gene were excluded from the analysis (Supplementary Table 3; Supplementary
Figure 2). The products obtained with the convergent primers E2 — E3 and the divergent
primers sets E11 — E2 and E11 — E3 showed lower resistance to the RNase R treatment
than the products obtained with the divergent primer combinations E11 — E4, E11 — E5
and E11 — E6 (Supplementary Table 3; Figure 4A). These results suggested the
existence of a specific cleavage site between the exons 3 and 4, which would result in
the decircularization of this circRNA (Figure 5) and, thus, in the generation of a linear
RNA containing the E11 — E2 junction that is degraded by the RNase R, due to the
presence of a free 3’-end. In order to assess the efficiency of this methodology, we
employed the circRNA derived from ZNF608, which showed resistance to the RNase R
treatment (RNase R resistance pattern 1), to verify its circularity. In contrast to the results
observed for the VRKL1 circRNA, all the amplicons of the circRNA derived from ZNF608
that were obtained after using different combinations of divergent primers were resistant
to the RNase R treatment. These results suggested the absence of any specific cleavage
site, and demonstrated that the ZNF608 derived exonic circRNA was intact in mature

spermatozoa (Supplementary Table 3; Figure 4B).

Circular RNA

E11 Specific cut site

Junction

E10

E9

E8

ﬂDecircularization

Linear RNA derived from circRNA

= =
—> Junction — —
EEEE - - oo o S
—— —_—

Figure 5. Schematization of the circRNA derived from VRK1 gene and its specific region of decircularization
(upper part) and the resultant linear form after specific cut region (lower part). Top green arrows from the

linear form symbolize primer sets that amplify and lower red arrows symbolize primer sets that do not amplify.
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Potential roles of sperm circRNAs on fertility, sperm functionality, early embryo
development and beyond

To further analyze the possible contribution of sperm exonic circRNAs to male fertility,
we compared the 737 exonic circRNAs predicted in the three samples analyzed in this
study with the 648 SREs proposed as necessary for the natural conception in a previous
publication (Jodar et al., 2015). Interestingly, we found that 44 SREs critical to achieving
a live birth deriving from 25 different genes were embedded inside 49 predicted sperm
circRNAs (Supplementary Table 6). From these, the BPTF, the SWI/SNF Related, Matrix
Associated, Actin Dependent Regulator of Chromatin Subfamily C Member 1
(SMARCC1) and the DNA Methyltransferase 1 (DNMT1) genes have been described as
involved in chromatin remodeling and DNA modification (Supplementary Table 5).
Additionally, 2 out of these 44 SREs embedded inside exonic circRNAs were found
altered in infertile idiopathic couples unable to naturally conceive (Jodar et al., 2015),
namely the Serine/Threonine Kinase 39 (STK39) and the G Protein Subunit Beta 1
(GNB1; Supplementary Table 6). To gain insight also into the possible participation of
sperm circRNAs in the sperm proper functionality, we compared the 737 exonic
circRNAs described herein with the list of 487 SREs associated with obesity reported in
Swanson et al., 2020 Eight SREs linked to obesity and epigenetics, which derived from
7 different genes, were found embedded inside 9 exonic circRNAs from the sperm
(Supplementary Table 6). Remarkably, two of them, namely NIPBL Cohesin Loading
Factor (NIPBL) and DNMT1 (Supplementary Table 6), have been associated with
epigenetic functions as histone modification eraser cofactor and DNA modification factor,
respectively (Supplementary Table 5).

In addition, we explored whether circRNAs could play a role in early embryogenesis by
determining which sperm circRNAs were also present in the zygote and absent in the
oocyte. Of note, we identified 287 and 114 exonic circRNAs in the oocyte and the zygote,
respectively (Figure 6). This integrative analysis evidenced that 9 exonic circRNAs in the
human zygote could be exclusively delivered by the sperm, since were not detected in
the oocyte (Figure 6). These potential paternally-derived embryonic circRNAs were
associated to the genes GLE1 RNA Export Mediator (GLE1), SHOC2 Leucine Rich
Repeat Scaffold Protein (SHOC2), Mitochondrial Ribosome Associated GTPase 1
(MTGL1), Centrosome and Spindle Pole Associated Protein 1 (CSPP1), Kinesin Family
Member 20B (KIF20B), ELAV Like RNA Binding Protein 2 (ELAVLZ2), Bromodomain
Adjacent to Zinc Finger Domain 1B (BAZ1B), Erythrocyte Membrane Protein Band 4.1
Like 2 (EPB41L2) and VRK1 (Table 3). According to the GeneCards® database
(https:/iwww.genecards.org/) (Stelzer et al., 2016), these paternally-derived embryonic

circRNAs seemed to be associated to epigenetic roles in the zygote, such as BAZ1B and
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VRK1, which are modification writer factors that act phosphorylating histones

(Supplementary Table 5).

Sperm (737) _— — Oocyte (287)

91

T —

Zygote (114)

Figure 6. Overlapping of the exonic circRNAs corresponding to sperm, oocyte and zygote according to
KNIFE algorithm. We employed sperm exonic circRNAs in common between the three biological replicates
and exonic circRNAs from single-cell oocytes and single-cell zygotes datasets from Dang et al., 2016.
Oocyte technical and biological replicates were treated as separate replicates to strictly discard a maternal
origin. Only exonic circRNAs in common in all zygote biological and technical replicates were included. Only
exonic predicted circRNAs with = 2 reads and p value score = 0.9 were considered for the analysis.

Potential mechanisms underlying sperm circRNA functions

It has been proposed that circRNAs could act as sponges of miRNAs and proteins, as
enhancers or coordinators of proteins, mMRNAs and DNAs, and as templates for
translation. In order to check the ability of sperm circRNAs to act as miRNA sponges, we
assessed the presence of repetitive miRNA seeds in the validated exonic and IE
circRNAs, as well as in the paternally-derived embryonic circRNAs. From those, the
majority of the tested sperm circRNAs contained 2 or 3 7-mer repetitions, and only the
paternally-derived embryonic circRNA derived from the EPB41L2 gene contained 4 7-
mer repetitions (Supplementary Table 7). These results suggested that miRNA sponging
might not probably be the principal function of sperm circRNAs.

Additionally, to gain more insight into the sperm circRNA translatable potential to

functional peptides, we predicted potential ORFs for the validated exonic and IE
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circRNAs, as well as for the paternally-derived embryonic circRNAs predicted herein, and
we provided the potential resulting polypeptides (Supplementary Table 8). Excluding the
paternally-derived embryonic circRNA arisen from the CSPP1 gene, in which no ORFs
were detected, all the other tested circRNAs seemed to possess at least 1 ORF that would
give rise to a functional peptide. Surprisingly, the results suggested that paternally-derived
embryonic circRNAs may produce truncated forms of the corresponding canonical
proteins, being some of them coding specifically for their functional domains
(Supplementary Table 8; Supplementary Figure 8). For instance, a predicted ORF for the
MTGL1 derived circRNA was found associated with the translation of the catalytic domain
of its corresponding protein, which is a circularly permuted-type guanine nucleotide-
binding (CP-type G) domain (Supplementary Figure 8A). Likewise, a predicted ORF for
the VRK1 derived circRNA was identified as being able to translate the protein kinase
domain of the corresponding protein (Supplementary Figure 8B). Altogether, our results
strongly support the hypothesis that sperm circRNAs could act as potential protein-coding
RNAs.

DISCUSSION

In the present study, we have reported and validated the presence of a complex population
of circRNAs contained in the mature sperm. By applying the reliable KNIFE algorithm
(Szabo et al., 2015), we have identified up to 5,830 different exonic circRNAs in high-
quality sperm RNA samples, from which 737 were found in common in the three biological
replicates analyzed. In addition, we have reported, for the first time, that the most abundant
IEs previously identified in Jodar et al., 2015 (Jodar et al., 2015) are in fact intronic
circRNAs.

The analysis of the resistance to the RNase R treatment of the predicted circRNAs, not
previously conducted for the male gamete, has allowed us to unravel the main peculiarities
associated to human sperm circRNAs. As a differential feature with somatic cells in which
linear and circular forms derived from the same gene co-exist (RNase R resistance pattern
2 described herein) (Salzman et al., 2012, 2013; Barrett et al., 2015), we have observed
that many RNAs from the sperm cell are exclusively present in their circular form (RNase
R resistance pattern 1). In addition, since the linear cognates of these circRNAs were
detected in the human testis, we propose a gradual degradation of linear forms taking
place during spermatogenesis, resulting in a selective retention of circular forms in the
mature sperm, similarly to what has been observed in mice (Tang et al., 2020). Intact
sperm circRNAs that are only detected in their circular form, such as the IE circRNA
TRIM66, would be good RNA integrity markers for sperm RNA. Their sensitivity to the

treatment would allow determining the poor quality of a sperm RNA preparation,
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overcoming the lack of sperm integrity quality controls similarly to the wide use of RIN
value in somatic cells (Schroeder et al., 2006), but further experiments are required to
implement it. However, not all the circRNAs seem to be maintained intact in the male
gamete, since some of them showed sensitivity to the RNase R treatment (RNase R
resistance pattern 3) in all the samples assessed. Interestingly, a deeper analysis revealed
a non-random decircularization of those circRNAs in the mature sperm, which leaded us
to hypothesize that some sperm circRNAs could co-exist with their circRNA turnover
machinery. Although circRNA turnover mechanisms have been poorly studied, two
different pathways have been proposed to take part in it. One of the suggested
mechanisms proposes miRNAs as responsible of triggering circRNA specific cleavage
through the argonaute 2 (AGOZ2), as observed for the miR-671 binding to the circRNA
CiRS-7 (Hansen et al., 2011; Kleaveland et al., 2018). Alternatively, it has been proposed
that circRNAs containing the RNA modification m6A might be subjected to
endoribonuclease cleavage by the complex ribonuclease P (RNase P) — multidrug
resistance-associated protein 1 (MRP), together with the m6A reader YTH domain-
containing family protein 2 (YTHDF2) and the adaptor protein heat-responsive protein 12
(HRSP12) (Park et al.,, 2019). Remarkably, the spermatozoa contain the functional
proteins YTHDF2 and HRSP12, as well as two proteins from the RNase P — MRP complex,
according to the compiled human sperm proteome (Castillo et al., 2018). Therefore, the
presence in the spermatozoa of different components responsible for regulating the
circRNAs turnover, either specific miRNAs or endoribonucleases, suggests a selective
cleavage of some sperm circRNAs, which could occur during gamete maturation or during
the transit of sperm from the testis to the oocyte. However, the exact mechanism remains
to be elucidated.

Sperm circRNAs could be remnants from spermatogenesis and sperm maturation, making
them potentially useful as biomarkers of male fertility. Interestingly, we found SREs linked
to achieving a live birth by natural conception, reported in Jodar et al., 2015 (Jodar et al.,
2015), embedded in the sperm circRNAs reported in this study. In addition, STK39 and
GNB1 SREs, which were found absent in some patients with idiopathic infertility unable to
achieve a live birth, have been found embedded in two predicted sperm circRNAs (Jodar
et al., 2015). Therefore, a probable role of sperm circRNAs on the establishment of the
fertility state is suggested (Chioccarelli et al., 2019; Godia et al., 2020; Tang et al., 2020).
Our results are supported by a recent study describing the presence of differentially
abundant circRNAs between high-quality and poor-quality spermatozoa according to
motility and morphology parameters, which have an impact on the fertility ability of the
male gamete (Chioccarelli et al., 2019). Likewise, an increase in the number of sperm

circRNAs in fertile donors in comparison with infertile men has been reported, reinforcing
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the idea that a deregulation in the circRNA cargo of spermatozoa could lead to infertility
(Tang et al., 2020). Our results have also showed that some SREs associated with
increased BMI (Swanson et al., 2020) are embedded inside sperm circRNAs, such as the
NIPBL Cohesin Loading Factor (NIPBL), the Leucine Rich Repeats And 1Q Motif
Containing 1 (LRRIQ1), the UTP18 Small Subunit Processome Component (UTP18), the
SRSF Protein Kinase 2 (SRPK2), the Early Endosome Antigen 1 (EEA1), the DNMT1 and
the Eukaryotic Translation Initiation Factor 3 Subunit A (EIF3A) SREs (Swanson et al.,
2020). This result is highly interesting due to the fact that sperm RNAs found deregulated
due to life-style habits, such as obesity, have been associated to altered sperm functions
(Donkin et al., 2016; Swanson et al., 2020).

Growing evidence show that specific sperm RNAs could act as epigenetic marks and
regulate embryonic gene expression beyond fertilization (Ostermeier et al., 2004; Krawetz
et al., 2011; Sendler et al., 2013; Chen et al., 2016; Donkin et al., 2016; Sharma et al.,
2016; Godia et al., 2018; Jodar, 2019). The remarkable stability of circRNAs, in conjunction
with its association with GO terms related to chromatin and epigenetic functions in sperm
circRNAs datasets (Chioccarelli et al., 2019, 2020; Ragusa et al., 2019; Godia et al., 2020;
Tang et al., 2020), point out the sperm circRNAs as good candidates to regulate embryo
gene expression. For instance, the most abundant sperm circRNA, the LINC02050 derived
circRNA would probably be involved in gene expression, since INcRNAs are usually
implicated, in processes such as chromatin remodeling, mRNA translation and
transcriptional activation, among others (Zhang et al., 2019). However, this hypothesis
requires further validation. Other sperm circRNAs that might be involved in gene
expression regulation are those derived from the NFATC3 gene. NFATC3 belongs to the
NFAT transcription factors family, which have been associated with the regulation of the
differentiation lineage during embryo development (Li et al., 2011; Swanson et al., 2020).
Additionally, the fact that some IEs are specifically retained in the mature sperm in their
circular form, showing higher stability, suggests that these intronic circRNAs are more than
just lariat RNAs. These results are supported in other cell types by studies identifying,
majorly in the nucleus, intronic circRNAs escaping debranching. These intronic circRNAs
hold regulatory functions, such as being associated with RNA polymerase Il and regulate
the expression of their parental genes (Zhang et al., 2013; Panda et al., 2017).

In order to identify sperm circRNAs that could be essential for the early embryo, we
assessed which embryonic circRNAs might be provided exclusively through the paternal
lineage, and found nine paternally-derived embryonic circRNAs candidates. Remarkably,
one paternally-derived embryonic circRNAs is the exonic circRNA derived from the GLE1
gene, which is one of the ten most abundant circRNAs in sperm and also contain one of

the 648 SRE required to achieve live birth by natural conception (Jodar et al., 2015). The
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relevance of GLE1 gene in embryogenesis relies on the embryonic lethally observed in
zebrafish knock-out GLE1 embryos due to neural development deficiencies (Seytanoglu
etal., 2016). Surprisingly, the exonic circRNA derived from VRK1 gene, for which we have
demonstrated a specific non-stochastic decircularization, was also defined as a potential
paternally-derived embryonic circRNA. Functional VRK1 is a kinase that phosphorylates
histones and its RNA circular form has been identified also in other cell types (Yan et al.,
2017). In addition, VRK1 stimulates the telomerase activity and its deficiency in mice
results in germ cells apoptosis due to shorter telomeres and abnormal telomere
arrangement (Choi et al., 2012). Since telomere length is important for embryo
development (Turner et al., 2010; Jodar et al., 2020), it could be possible that the exonic
circRNA derived from the VRK1 gene harbored a role associated with telomere length

maintenance in the developing embryo.
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Figure 7. Overall of the different RNase R resistance patterns found in testis and sperm circRNAs and the
potential contribution to the embryo during fertilization, together with oocyte potential circRNA cargo. Paternal
cargo is highlighted in blue circles (circRNAs), black rectangles (linear forms) and blue rectangles

(decircularized circRNAs). Maternal cargo is highlighted in pink circles (circRNAs) and light pink rectangles

(linear forms). Red rectangles indicate the circularization junction.

Inferring the potential functions of sperm circRNAs is crucial to gain knowledge in their

effective involvement. The most popular function associated with circRNAs is the miRNA
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sponging (Hansen et al., 2013; Barrett and Salzman, 2016; Greene et al., 2017). However,
according to our results, it does not seem to be the principal role of sperm circRNAs. Other
recent proposed actions for circRNAs are the regulation of gene expression and their
translation into functional peptides (Wang and Wang, 2015; Legnini et al., 2017; Yang et
al., 2017). Indeed, a recent study has postulated that sperm circRNAs are potentially
translated (Ragusa et al., 2019), and Tang and colleagues have demonstrated that the
presence of large intact ORFs and m®A-modified start codons at the junction sites of
circRNAs in male germ cells are translatable to peptides (Tang et al., 2020). Our data
supports this hypothesis, since the sperm circRNAs experimentally validated in this study
showed at least one predicted ORF that could be potentially translated to a polypeptide. It
has been described that, during spermatogenesis, truncated kinases are still able to
perform their function if the catalytic domain is maintained (Kierszenbaum, 2006).
Similarly, the paternally-derived embryonic circRNAs predicted herein appear to be able
to generate truncated forms of their canonical proteins. For instance, the theoretical protein
products of the MTG1 and VRK1 derived circRNAs seem to correspond specifically to their
catalytic regions. Therefore, since circRNAs are more stable and resistant, and possess
longer half-lives than their linear cognates, could be feasible that sperm circRNAs would
be maintained in their circular form to protect essential functions until fertilization and then
be translated during the first steps of embryo development using the oocyte translational
machinery.

In conclusion, our study has demonstrated that spermatozoa contain a complex population
of circRNAs, including exonic and intronic circRNAs. During spermatogenesis, linear forms
seem to be gradually degraded, while the circRNAs would be selectively retained in the
human mature sperm and delivered at fertilization, holding potential functions for the
developing embryo (Figure 7). Our results have highlighted that some zygote exonic
circRNAs are paternally-derived, as well as that some SREs required to achieve a live
birth and/or found altered in obese patients appear to be in fact circRNAs, supporting the
assumption that sperm circRNAs are necessary to proper sperm functionality and harbor
potential epigenetic roles beyond fertilization. The presence of intact ORFs in circRNAs
reinforces the hypothesis that sperm circRNAs can be translated to functional peptides
with a putative role in the embryogenesis. Further peptidomic studies targeting peptides
derived from circRNAs, as well as functional studies would shed new light in elucidating

their specific contribution to the developing embryo and possibly the offspring’s health.
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3. Treballs

Analisi i extraccio de les protamines de I'espermatozoide de mamifers:
Protocol detallat pas a pas i breu revisio de les alteracions de les protamines

Objectiu: Detallar de forma extensa el protocol d’extraccié de protamines de
I'espermatozoide de mamifers pas a pas, optimitzar-lo per a I'analisi posterior de
protamines mitjancant cromatografia liquida seguit d’espectrometria de masses en
tandem (LC-MS/MS) i realitzar una breu revisié de 'associacid de les alteracions de
les protamines amb la infertilitat masculina.

Resultats: En aquesta revisio es detallen els diferents passos per I'extraccié de
protamines de l'espermatozoide. Breument, primerament hi ha un rentat dels
espermatozoides, seguit de la permeabilitzacié de la seva membrana i d'un xoc
osmotic. A continuacié es descondensa i precipita la cromatina. Seguidament,
s'extrauen les proteines basiques del DNA. El DNA aillat es pot hidrolitzar i
quantificar i, les proteines basiques es precipiten i mantenen en condicions
reductives per la seva posterior analisi. Finalment, es fa una separacié de les
protamines mitjancant electroforesi en gel de poliacrilamida en condicions acides i
en presencia d’'urea, seguit de la seva tincio, el que permet visualitzar i quantificar la
protamina 1 (P1) i els membres de la familia de protamina 2 (P2) en comparacié a un
estandard de protamines. En el cas que la finalitat de I'aillament de les protamines
sigui la seva posterior analisi per LC-MS/MS, després de la permeabilitzacié de la
membrana s’eliminen les histones i altres proteines basiques amb tres rentats d’acid
clorhidric (HCI) i sutilitzen reactius ultrapurs i compatibles amb espectrometria de
masses (com ara 'acid tricloroacétic (TCA) i 'acetona de qualitat especial), aixi com
condicions apropiades (tals com tubs de baixa retencié de proteines). Una petita
part de lextraccié s'utilitzara per visualitzar i quantificar mitjangcant una
electroforesi en gel acid - urea i la resta es guardara liofilitzada fins a la seva analisi.
En aquest treball, també, s’han resumit els estudis, que mitjangant I'electroforesi en
gel acid - urea, eina convencional d’analisi de protamines, connecten les alteracions
de les protamines amb la infertilitat masculina. El resultat de la revisié de 'associacio
de les alteracions de les protamines amb la infertilitat masculina posa de manifest
nombrosos treballs descrivint alteracions en el ratio Pi/P2 i pre-P2/P2
correlacionades a un augment en el dany al DNA de I'espermatozoide. També,
alteracions en aquests ratios s’han vinculat al desenvolupament embrionari, com ara
una baixa taxa de fertilitzacid, baixa taxa d'implantacid, baixa taxa de resultat
d’embaras i baixa qualitat embrionaria. De manera similar, s’han correlacionat
alteracions en el ratio P1/P2 i pre-P2/P2 a alteracions en els parametres seminals.

Conclusions: S’ha descrit detalladament el protocol d’extraccié de protamines de
I'espermatozoide de mamifers amb multiples modificacions. Addicionalment, s’ha
optimitzat el protocol per a I'analisi de protamines per LC-MS/MS. A més, també
s’ha fet una breu revisié dels diferents estudis publicats fins a 'actualitat sobre
alteracions de les protamines i la infertilitat masculina.
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Abstract: Background: Protamines are the most abundant sperm nuclear proteins and pack ap-
proximately the 92-98% of the mammalian sperm DNA. In mammals, two types of protamines
have been described, the protamine 1 (P1) and the protamine 2 (P2) family. The deregulation of the
relative P1/P2 ratio has been correlated to DNA damage, alterations in seminal parameters, and low
success rate of assisted reproduction techniques. Additionally, the extraction and analysis of pro-
tamines have been important to understand the fundamental aspects of the sperm chromatin struc-
ture and function, protamine sequence conservation among species, and sperm chromatin altera-
tions present in infertile males. However, protamines show a particular chemical nature due to its
special amino acid sequence, extremely rich in arginine and cysteine residues. Because of these
peculiar characteristics of protamines, their extraction and analysis is not as straightforward as the
analysis of other chromatin-associated proteins, for which many detailed protocols are already
available.

Conclusion: A step-by-step protocol was needed to facilitate protamine analysis to researchers
interested in their implementation. Therefore, in order to contribute to fulfill this need, here we
provide a detailed protocol, which should be useful to research teams and laboratories interested in
the protamine field. In addition, we also briefly review the different studies published so far on

protamine alterations and male infertility.

Keywords: Protamines, sperm, protein isolation, male infertility, acid-urea electrophoresis, nuclear proteins, sperm chromatin.

1. INTRODUCTION

Protamines are the most abundant sperm nuclear proteins
associated to the chromatin in many species. These are small
and extremely basic proteins that package the major part of
the paternal genome, although in a different proportion de-
pending on the species. For instance, protamines condense
approximately the 92% of the human sperm DNA (Figure
1A), and about the 98% in mouse [1, 2]. Protamines show
particular physical-chemical properties due to their special
amino acid sequence, which is extremely rich in positively-
charged arginine residues (50-70%), allowing the formation
of highly-condensed toroidal complexes together with the
negatively-charged paternal DNA. Additionally, mammalian
protamines are rich in cysteine residues, which promotes the
generation of disulfide bonds and zinc bridges among
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intra- and inter-protamine molecules, resulting in a compact
toroidal nucleoprotamine complex (Figure 1A) [2, 3].

Protamines are bound and complexed with the sperm
genome in the latest phase of spermatogenesis called sper-
miogenesis, during the nucleohistone-to-nucleoprotamine
transition (Figure 1A). This is a highly epigenetically regu-
lated process in which histones are firstly substituted by his-
tone variants, possibly contributing to an appropriate and
more accessible state of chromatin compaction necessary for
the incorporation of transition proteins (TNPs) [4-9]. Recent
evidence suggests that, in contrast to what was previously
supposed, TNPs would not directly replace histones, but
rather would be involved in the recruitment and processing
of protamines, being protamines the potential true leaders of
the histone replacement [10-12]. The histone exchange proc-
ess is required for the sperm chromatin to become highly
compacted, protecting the paternal DNA from nucleases, and
contributing to the acquisition of the sperm hydrodynamic
shape needed for a proper functionality [1, 5, 9, 11-13].

Two types of protamines have been described in mam-
mals: the protamine 1 (P1) and the protamine 2 (P2) family.
Whereas P1 is synthesized as a mature form, the P2 family is
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Figure 1. A) Nucleohistone-to-nucleoprotamine transition occurring during human spermiogenesis. H: Histones, HV: Histone Variants,
TNP: Transition Nuclear Proteins, pre-P: Protamine precursor, P: protamines. Model not drawn at scale. B) “CLUSTAL O”
(http://www .ebi.ac.uk/Tools/msa/clustalo/) of Protamine 1 (upper part) and Protamine 2 precursor (lower part) for different mammal species.
* single, fully conserved residue, : conservation of strongly similar properties, . conservation of weakly similar properties.

generated from the proteolysis of the protamine 2 precursor
(pre-P2), resulting in the three different components of the
P2 family (P2, P3, and P4). P2 family components differ
only by 1-4 amino acid residues on the N-terminal extension,
being component P2 the most abundant [5, 14]. All mammal
species harbor P1 in spermatozoa; however, the P2 family is
solely expressed by some mammal species, such as humans
and mice (Figure 1B) [5, 15]. In fact, protamines show one
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of the highest rates of evolutionary variation, most probably
caused by a positive Darwinian selection [1, 16-19], which
results in substantial amino acid sequence variation among
closely related species (Figure 1B). Although the overall
number of arginine residues is maintained around 50%
among mammals, the total number of protamine amino acids
and the particular positions in the sequence changes consid-
erably (Figure 1B) [20].
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The negatively charged DNA and the coupled positively
charged protamines were the first components described in
the sperm chromatin. The first evidence of the existence of
protamines was provided by Friedreich Miescher in 1874
[21]. Miescher isolated a basic component from salmon
sperm that he called protamine, and observed that it was
coupled to what he first called nuclein but that later became
known as DNA [22]. However, the principles for protamine
extraction and analysis were developed much later, with the
goal to obtain large quantities of protamines, enough to de-
termine their amino acid sequences and modifications [1, 6,
15, 23-29]. However, these initial reported methods were
quite time-consuming, requiring several days to complete the
extraction and purification and, while they were suitable to
determine the amino acid sequence, these procedures were
inefficient for the fast and routine analysis of clinical sam-
ples.

A systematic analysis was then undertaken by our group
to determine the impact of reducing the different incubation
times involved in each protocol step [30]. This systematic
analysis allowed us to optimize the overall time required,
resulting in a few-hours procedure that opened up the possi-
bility to start analyzing more efficiently large numbers of
sperm clinical samples from infertile patients [31-48]. More
recently, the advent of high-throughput proteomic method-
ologies based on mass spectrometry (MS) has also enabled to
detect protamines and analyze their potential post-
translational modifications [49, 50].

The extraction and analysis of protamines are of interest
to understand the fundamental aspects of the sperm chroma-
tin structure and function [1, 11, 12, 15, 51-53], protamine
evolution [16-20, 54-60], and sperm chromatin alterations in
infertile males [30, 31, 34, 42, 45, 61-64]. Also protamines
are used in pharmaceutics as a heparin antagonist and more
recently in DNA/RNA nanoparticle complexes for gene
transfer to cells [65-67]. However, due to the particular
chemical nature of protamines, their extraction and analysis
is not as straightforward as the analysis of histones and other
chromatin associated proteins from somatic cells, for which
many detailed protocols are already available [68-70]. Addi-
tionally, in the case of protamines, the methods published so
far for their extraction, purification and analysis are gener-
ally quite succinct [30, 31, 71, 72]. From a practical perspec-
tive, the technical procedure for protamine extraction re-
quires some critical steps, which deserves a detailed step-by-
step description. Therefore, here we provide a technical re-
view including the chemical principles involved in the ex-
traction and analysis of protamines, the methods available,
and a very comprehensive protocol to allow the successful
implementation of protamine extraction and analysis. This
article is focused on the direct quantification of protamines at
the protein level in mature sperm, and does not intent to
cover the protamine quantification of mRNA, for which the
reader is referred to other articles or reviews [14, 47], or in-
direct chromatin staining procedures [35, 73, 74]. A revision
of the studies published so far about protamine alterations
and male infertility, as well as the detailed protocol for the
extraction and analysis of protamines, including explanations
about the critical steps and protocol variants depending on
the research goal, are described herein.
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2. PROTAMINES AND MALE INFERTILITY

The relative ratio of the abundance of P1 and P2 family
as a measure for the evaluation of the sperm chromatin ma-
turity and the normality/abnormality of the sperm has been
widely studied. For fertile males, it was proposed a P1/P2
ratio around 1 (range of 0.8-1.2) [51, 61]. However, prospec-
tive studies in the general population suggested the presence
of a broader range for P1/P2 ratio that can oscillate between
0.5 and 1.5 [31, 34, 43]. A deregulation in the P1/P2 ratio
has been correlated to DNA damage, seminal parameters
alterations and a low success rate of assisted reproduction
techniques (Table 1) [31, 33, 36-39, 41, 42, 44-46, 62, 63,
75-80]. In addition, a recent meta-analysis from Ni et al.
(2016), comprising data from nine different studies and
comparing fertile and infertile patients, concluded that a sig-
nificantly increase of P1/P2 ratio is related to subfertility
[47].

Although the recent meta-analysis performed by Ni ef al.
(2016) could not establish a relationship between altered
P1/P2 ratio and DNA damage [47], other studies have dem-
onstrated that alterations on the P1/P2 ratio and reductions
on the pre-P2/P2 ratio are linked to an increase in DNA dam-
age and reactive oxygen species. These studies suggest that
sperm DNA becomes more accessible to nuclease activity
due to the altered P1/P2 ratio, causing the damage of the
DNA (Table 1) [37, 38, 41, 44-46, 75, 76]. On the other
hand, it has been shown that P2 is deregulated more fre-
quently than P1, suggesting that a P2 deregulation is usually
responsible for the P1/P2 alterations. Low sperm counts and
sperm motility, and/or abnormal sperm morphology have
been also correlated with abnormal P1/P2 ratios (Table 1)
[34, 36, 37, 42, 62, 63, 78-80]. Similarly, some studies have
demonstrated that the incomplete processing of the pre-P2,
reflected by a decreased pre-P2/P2 ratio, or the total absence
of P2 are also related to altered seminal parameters (Table 1)
[31, 33, 38, 42].

Moreover, several studies have shown correlations be-
tween an altered P1/P2 ratio and low fertilization or low im-
plantation rates, low embryo quality scores, and low preg-
nancy outcomes, using assisted reproduction techniques such
as in vitro fertilization (IVF) or intracytoplasmic sperm in-
jection (ICSI) (Table 1) [33, 36, 39, 42, 46, 77, 78]. Simi-
larly, the absence of P2 has been linked to a low sperm pene-
tration ability [33], and a decreased pre-P2/P2 ratio has been
correlated to low implantation rates and low pregnancy out-
comes [42]. Overall, these studies suggest that protamine
deregulation could interfere in fertilization and early embryo
development.

3. MATERIALS

3.1. Reagents

*  2-Amino-2-(hydroxymethyl)-1,3-propanediol
chloric acid (Trizma"” base HCI) (Sigma-Aldrich)

e 2-propanol (Merck Millipore)

hydro-

e Acetic Acid glacial (Panreac)
e Acetone (Merck Millipore)
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Table 1. Altered P1/P2 ratio in subfertile patients. Publications showing correlations of protamine P1/P2 ratio with DNA damage, assisted
reproduction techniques outcome and seminal parameters.

Study

P1/P2 Ratio

Outcome

Correlation with DNA Damage

de Mateo et al. (2009) [42]

Ribas-Maynou et al. (2015) [75] Increased P1/P2 Increased DNA damage
Garcia-Peir6 et al. (2011) [44] Increased P1/P2 Increased DNA damage
Castillo et al. (2011) [45] Decreased P1/P2 Increased DNA damage
Simon et al. (2011) [46] Increased P1/P2 Increased DNA damage
Hammadeh et al. (2010) [41] Increased P1/P2 Increased reactive oxygen species
Aoki et al. (2006) [76] Altered P1/P2 Increased DNA damage
Torregrosa et al. (2006) [38] Decreased pre-P2/P2 Increased DNA damage
Aoki et al. (2005) [37] Decreased P1/P2 Increased DNA damage
Correlation with Assisted Reproduction Techniques
Simon et al. (2011) [46] Decreased P1/P2 Low fertilization rate (IVF)
Decreased P1/P2 Low fertilization rate (IVF); Low implantation rate (IVF and/or ICSI); Low preg-

nancy outcome (IVF and/or ICSI)

Decreased pre-P2/P2

Low implantation rate (IVF and/or ICSI); Low pregnancy outcome (IVF and/or ICSI)

Altered P1/P2 Low fertilization rate (IVF)
Aoki et al. (2006) [39]
Decreased P1/P2 Low chemical-pregnancy and clinical-pregnancy rates (IVF and/or ICSI)
Aoki et al. (2005) [36] Decreased P1/P2 Low fertilization rate (IVF and ICSI)
Nasr-Esfahani ez al. (2004) [77] Increased P1/P2 Low fertilization rate (ICSI); Low embryo quality score in day 3 (ICSI)
Khara et al. (1997) [78] Altered P1/P2 Low fertilization rate (IVF)
Carrell and Liu (2001) [33] No P2 Low sperm penetration ability (IVF)

Correlation with Seminal Parameters

Simon et al. (2014) [79]

Altered P1/P2

Lower sperm count; Lower semen volume

Hamad et al. (2014) [80]

Increased P1/P2

Lower sperm count; Lower sperm vitality

Decreased P1/P2

Lower sperm motility

de Mateo et al. (2009) [42]

Decreased pre-P2/P2

Lower sperm count; Lower sperm motility

Torregrosa et al. (2006) [38]

Decreased pre-P2/P2

Lower sperm count; Lower sperm motility; Abnormal sperm morphology

Aoki et al. (2005) [37] Altered P1/P2 Lower sperm count; Lower sperm motility; Abnormal sperm morphology
Mengual et al. (2003) [34] Increased P1/P2 Lower sperm count
Khara et al. (1997) [78] Altered P1/P2 Lower sperm count; Lower sperm motility; Abnormal sperm morphology

de Yebra et al. (1993) [31]

Altered P1/P2

Lower sperm count

No P2 Lower sperm count; Lower sperm motility; Abnormal sperm morphology
Altered P1/P2 Lower sperm count; Lower sperm motility; Abnormal sperm morphology
Aoki et al. (2005) [36]
Decreased P1/P2 Abnormal sperm head morphology
Carrell and Liu (2001) [33] No P2 Lower sperm motility; Abnormal sperm morphology
Bach et al. (1990) [63] Altered P1/P2 Altered seminal parameters
Lescoat et al. (1988) [62] Altered P1/P2 Altered seminal parameters

P1: Protamine 1; P2: Protamine 2; pre-P2: Protamine 2 Precursor; IVF: In vitro Fertilization; ICSI: Intracytoplasmic Sperm Injection.
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Acrylamide (Sigma-Aldrich)

Ammonium Persulfate (APS) (Serva)
DL-Dithiothreitol (DTT) (Sigma-Aldrich)
Ethanol Absolute (Merck Millipore)

Ethylenedinitrilotetraacetic acid, disodium salt dihydrate
(EDTA) (Merck Millipore)

EZBlue"" gel staining reagent (Sigma-Aldrich)
Guanidinium chloride (Merck Millipore)
HAM’s F10 1x (Gibco by life technologies)

Hydrochloric Acid (HCl) fuming 37% (Merck Milli-
pore)

Magnesium chloride hexahydrate (MgCl,) (Merck Mil-
lipore)

Methanol (Panreac)

N,N'-Methylene bis-acrylamide (Sigma-Aldrich)
Perchloric acid (PCA) (Merck Millipore)
(PMSF)

Phenylmethanesulfonyl  fluoride

Aldrich)
Phosphate buffered saline (PBS) (Sigma-Aldrich)
Pure Sperm” Buffer (Nidacon)

Tetramethylethylenediamine (TEMED) (GE-Healthcare
Life Sciences)

Trichloroacetic acid (TCA) (Merck Millipore)
Triton X-100 (Sigma-Aldrich)

Urea (Bio-Rad)

B-Mercaptoethanol (Merck Millipore)

(Sigma-

3.2. Instruments / Consumables

1.5-ml microtubes (If the objective is to purify pro-
tamines for mass spectrometry analyses, it is highly rec-
ommended to use low-binding tubes, otherwise it is not
required).

15-ml tubes

Calibrated imaging densitometer
Electrophoretic power supply

Freezer set at -20°C

Fume hood

Heater set at 37°C

Pipettes and tips (10 pl, 20 pl, 200 pl and 1000 pl)
Platform shaker

Refrigerated Centrifuge

Speed-Vacuum

Vertical mini gel electrophoresis system

Vortex shaker
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4. PROCEDURE

The protocol described in this review is based on the re-

ports from de Yebra and Oliva (1993), de Yebra et al. (1993)
and Mengual et al. (2003) [30,31,34].

4.1. Protamine extraction ® Timing 2h-3h

All solutions should be prepared fresh using ultrapure

water (milliQ), and all procedures need to be carried out in
ice, unless otherwise noted. m See NOTE 1.

1.

o

Centrifuge a total amount of 14x10° spermatozoa from
each sample to be analyzed at 8940 g for 5 min at 4 °C.
m See NOTE 2.

Wash the pelleted spermatozoa adding 300 pl of either
culture medium (e.g., HAM'S F10) or buffer (e.g. Pure
Sperm® Buffer, or phosphate buffered saline (PBS)).
Centrifuge at 8940 g for 5 min at 4 °C. This step may be
repeated in order to ensure the correct elimination of
seminal plasma leftovers; however, it is usually not nec-
essary.

Suspend the pellet with 200 pl of a solution containing
0.5% Triton X-100, 20 mM (pHS) Trizma® base HCI,
and 2 mM MgCl,. Centrifuge at 8940 g for 5 min at 4 °C
and remove the supernatant with a pipette. m See NOTE
3.

Suspend the pellet with 200 ul of 1 mM PMSF. Centri-
fuge at 8940 g for 5 min at 4 °C. m See NOTE 4.

» See PROTOCOL MODIFICATION 1

Suspend the pellet with 1 volume of a solution com-
posed by 20 mM EDTA, 1 mM PMSF, 100 mM (pHS)
Trizma® base HCIL. Mix it thoroughly with the pipette.
V CRITICAL STEP Check pH. If pH is not 8, centri-
fuge at 8940g for 5 min at 4 °C, and repeat this step as
many times as necessary to reach pH 8.

Add 1 volume of 575 mM DTT in 6 M guanidinium
chloride. ¥ CRITICAL STEP Mix it thoroughly shak-
ing by hand. It is very important to mix thoroughly or
otherwise the chromatin lysis may be incomplete. Do
not use pipette since the chromatin denaturation causes
the presence of a highly viscous mucus-like gel, which
sticks to the pipette tip with potential loss of material.
m See NOTE S.

» See PROTOCOL MODIFICATIONS 2, 3

Stop the reaction and precipitate chromatin by adding 5
volumes of cold absolute ethanol. Mix thoroughly by
inversion and vortex. It is possible to notice the appear-
ance of a white thread. Incubate at least 10 min at —20
°C. m See NOTE 6.

A PAUSE POINT (If necessary, the sample can be
stored at -20°C for several weeks)

Centrifuge at 12880 g for 15 min at 4 °C and decant to
remove the supernatant. Use absorbent paper to elimi-
nate supernatant leftovers remaining in the tube edge.
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9. Add 500 pl of 0.5 M HCI. ! CAUTION Do not use the
pipette to mix. Instead mix using vortex and incubate
during 5 min at 37 °C. Subsequently, mix using vortex
and incubate once more at 37 °C for 2 min. Centrifuge at
17530 g for 10 min at 4 °C. m See NOTE 7.

» See PROTOCOL MODIFICATION 4

10. Transfer the supernatant to a pre-cold tube containing
enough volume of 100% TCA to obtain a final concen-
tration of 20% TCA and mix thoroughly. m See NOTE
8.

11. Incubate 10 min at 4 °C, shaking the tubes every few
minutes.

12. Centrifuge at 17530 g for 10 min at 4 °C. Immediately,
remove the supernatant by decantation and use absorb-
ent paper to remove supernatant leftovers in the tube
edge. The pellet may not be visible at this step, since the
precipitated proteins are bound all along the tube wall.

13. ! CAUTION At room temperature under the fumehood,
wash the proteins bound to the tube wall by adding 500
ul of 1% B-mercaptoethanol diluted in acetone. Centri-
fuge at 17530 g for 5 min at 4 °C and discard the super-
natant. Perform this step twice. m See NOTE 9.

14. Dry the proteins in a speed-vacuum for 5-10 minutes
with the tube lids opened. Alternatively, allow the pro-
teins to dry overnight under a fume hood at room tem-
perature. Suspend the dried protamines in 20 pl of sam-
ple buffer containing 5.5 M urea, 20% P -mercapto-
ethanol and 5% acetic acid.

A PAUSE POINT (If necessary, the sample can be
stored at -20°C for several months)

4.2. Acid-urea Polyacrylamide Gel Electrophoresis
e TIMING 6h-7h

All procedures need to be carried out at room tempera-
ture, unless otherwise noted.

15. For 2 small polyacrylamide gels (6 cm length and 0.75
mm thickness), prepare 15 ml of a solution composed by
2.5 M urea, 0.9 M acetic acid, and 15% acryla-
mide/0.1% N,N’-Methylene bis-acrylamide. Degas the
solution for 30-40 min under vacuum and subsequently
add 80 pl of TEMED and 800 pl of 10% APS. m See
NOTE 10.

16. Add the solution, avoiding bubbles, between the two
glasses (previously washed with 70% ethanol and dried)
and insert the 15-wells comb.

17. Allow the solution to gelify during 1 h, at room tem-
perature.

18. Remove the comb and wash the wells with distilled
H,O.

4.2.1. Pre-Electrophoresis

19. Place the acid-urea gels in the electrophoresis chamber
and fill it with 0.9 N acetic acid buffer. ! CAUTION
Connect the electrodes with the correct polarity at the
electrophoresis chamber but with reversed polarity to
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the power supply. Make sure that the negative electrode
is placed at the bottom of the gel. m See NOTE 11.

20. Run the gel at 150 V during 1h 30 min and monitoring
periodically the amperage until it remains constant. m
See NOTE 12.

4.2.2. Electrophoresis

21. Remove the 0.9 N acetic acid buffer and fill the chamber
with fresh 0.9 N acetic acid buffer.

22. Wash the wells of the gels with 0.9 N acetic acid buffer
using a syringe.

23. Load 2-2.5 ul per well of each sample (i.e. protamines in
sample buffer, see step 14).

24. Add 3-5 pl of sample buffer with 100 pg/ul methyl
green in the first and the last wells to check the electro-
phoresis progression.

25. Run the gel at 150 V during approximately 55 min.
Check that the methyl green mark has progressed three
quarters of the gel!. CAUTION Connect the electrodes
with the correct polarity at the electrophoresis chamber
but with reversed polarity at the power supply. Posi-
tively charged protamines will migrate to the negatively
charge electrode at the bottom of the gel.

4.2.3. EZBlue" Gel Staining

26. Incubate the gel for 15 min with a solution containing
50% methanol and 10% acetic acid with gentle shaking,
in order to fix the proteins in the gel.

27. Incubate the gel for 15 min with milliQ H,O with gentle
shaking, in order to rehydrate the gel.

28. Incubate the gel for at least 1 h with EZBlue", avoiding
light exposure, with gentle shaking.

29. Wash the gel with milliQ H,O for 5 min with gentle
shaking. Repeat this step thrice, in order to eliminate
staining debris from the gel background.

4.3. Human Protamine P1/P2, Protamine/DNA and Pro-
tamine/Sperm Ratios Analyses

For protamine evaluation of the sperm samples, three
different ratios can be calculated: P1/P2 ratio, Pro-
tamine/DNA ratio, and Protamine/sperm ratio. In any case,
the optical densities of the bands corresponding to P1 and P2
family need to be quantified by scanning the gel with an ap-
propriate scanner and using an appropriate software (e.g.
Quantity One, Bio-Rad). Two main bands are observed in
the acid-urea gel: the upper one corresponds to P1, and the
lower band to P2 family in human (Figure 2A). Due to the
amino acid composition of P1 combined to its molecular
weight, it migrates slower than P2 family.

If protamine quantification is needed, the addition of a
protamine standard in each acid-urea gel is required [43, 45]
(see protocol modification 1; Figure 2A). P1/P2 ratios are
calculated by either using the protamine optical density
measurements or the absolute protamine quantification ob-
tained with the protamine standard. However, the P1/P2 ratio
shows two main limitations: (i) it does not provide informa-
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tion on whether a specific alteration is due to a deregulation
of P1, P2 or both protamines, and (ii) it does not provide
information on the overall protamine content in the sperm
cell. Alternative ratios have been proposed to solve those
issues, such as the Protamine/DNA ratio [45] (see protocol
modification 4), and the protamine/sperm ratio [32, 34, 36].

4.4. Protocol Modifications
= Protocol Modification 1: Histone Removal

Suspend the pellet obtained after step 4 in 500 pl 0.5 M
HCI. Vortex, and incubate for 10 min at 37 °C. Subse-
quently, centrifuge at 2000 g for 20 min at 4 °C. Repeat this
step thrice and proceed to step 5. Note: The supernatants
obtained from the HCI treatments should be stored and used
to verify that no protamines have been extracted. Allow his-
tones to precipitate with 20% TCA and visualize by acid-
urea gel electrophoresis (Figure 2B). This protocol modifica-
tion is recommended for the preparation of a protamine stan-
dard necessary for protamine quantification, as described in
Mengual et al. (2003) [34]. Briefly, the purified protamines
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after histone removal are quantified by amino acid analysis
using an Alpha Plus autoanalyzer (Pharmacia LKB Biotech-

nology).

=  Protocol Modification 2: Human Protamine
Alkylation with Iodoacetamide

After step 6, add 50 pl of 552 mM iodoacetamide to the
mixture, and vortex shortly. Incubate the solution avoiding
light exposure at room temperature for 30 min. Proceed to
step 7. This protocol modification is recommended to reduce
irreversibly the disulfide bonds. However, the iodoacetamide
treatment is not usually necessary for human sperm pro-
tamine analysis.

= Protocol Modification 3:
Alkylation with 4-Vinylpyridine

Mouse Protamine

After step 6, add 0.8% of 4-vinylpyridine and further
incubate the sample for 30 min at 37 °C, mixing by vortex
every 5 min. Proceed to step 7 [81, 82]. This protocol modi-
fication is recommended for the extraction of mouse pro-

Histones and
other basic -
proteins

e 1 1) |8

Histones and
other basic
proteins

ug protamine

Protamine Quantification

:j ] ¢ Protamine 1
12 y =0.0127x- 0.0581
1 R*=0.9866
g: = Protamine 2
04 1 y = 0.0204x+0.0224
0.2 1 R*=0.9831
0 . .
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Density Total-Background

1. 2
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W 1 other basic
proteins

Pland P2— W | — P2

Figure 2. Acid-urea gel electrophoresis of protamines. A) Human conventional protamine extraction procedure. Line 1: Protamine 1 (P1)
and protamine 2 family (P2) from a fertile male; line 2-5: increasing concentrations of a protamine standard described by Mengual et al.
(2003). In the right box it is shown the standard curve of P1 and P2 quantification. B) Human protamines extraction procedure with histone
removal protocol modification. Line 1: P1 and P2 after histone removal; line 2-4: supernatants containing histones. C) Mouse protamines
extraction with 4-vinylpyridine protocol modification. Line 1: P1 and P2 without protamine alkylation with 4-vinylpyridine; line 2: P1 and
P2 after protamine alkylation with 4-vinylpyridine. Note that the migration of P1 and P2 protamines is reversed when comparing human (A,

line 1; B, line 1) with mouse (C, lane 2) [81,82].
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tamines. Only one band corresponding to P1 and P2 together
is observed in the acid-urea gel electrophoresis, when the
regular protamine extraction protocol is followed with mouse
samples (Figure 2C). In order to allow differential electro-
phoretic migration of mouse P1 and P2, it is required the use
of 4-vinylpyridine, which modifies cysteine residues by add-
ing a positive charge (Figure 2C).

=  Protocol Modification 4: DNA Hydrolysis and
Quantification

Use the sediment obtained after step 9 to quantify the
amount of DNA of each sample. Briefly, add 500 pl of 0.5 N
PCA to the pellet, which contains the DNA. Do not use pi-
pette to mix. Vortex, although the pellet will not be dis-
solved, and centrifuge at 17530 g for 5 min at 4 °C. Discard
the supernatant and add 500 pl of 0.5 N PCA. Submit the
pellet to hydrolysis by incubation at 90 °C for 20 min with
gentle shaking. After the hydrolysis, place the tubes in ice.
Centrifuge at 4420 g for 10 min at 4 °C. Transfer the super-
natant to a new tube and determine the absorbance at 260
nm. To quantify the hydrolyzed nucleotides, multiply the
absorbance value by the extinction coefficient 38 ng/ul.

This protocol modification is recommended to compare
the amounts of P1, P2 and total protamine within samples.
After quantification of both protamines and DNA from the
same sample, the ratios of P1/DNA, P2/DNA and
(P1+P2)/DNA can be calculated.

4.5. Notes

. NOTE 1: If the objective is to purify protamines for
MS analysis, it is required to use appropriate pure
reagents and materials (e.g. ultrapure TCA and mini-
mized protein loss tubes).

. NOTE 2: The initial amount of sperm may be modi-
fied (a range of 5-20 million of sperm per sample is
recommended). Nevertheless, and in order to obtain
similar efficiencies, the volume of all the solutions
necessary for protamine extraction (except for the step
13 of this protocol) need to be adjusted proportionally.

. NOTE 3: The application of the detergent Triton X-
100 induces sperm membrane permeation, which con-
tributes to the cell lysis in the following step.

. NOTE 4: The suspension of the cells in water induces
osmotic stress, which causes cell lysis. The PMSF is a
protease inhibitor that is incorporated in order to
avoid protein degradation. Prepare freshly the PMSF
1 mM solution using a 100 mM PMSF in 2-propanol
stock solution (stored in aliquots at -20°C; before use,
aliquots should be warmed to room temperature and
verify that no PMSF crystals remain undissolved).

. NOTE S5: The application of EDTA, which is a
chelating agent with the ability to capture divalent
cations; DTT, which is a reducing agent with the abil-
ity to rupture disulfide bonds; and guanidine chloride,
which is a chaotropic agent with the ability of de-
naturize proteins, induces DNA denaturation. These
steps are necessary for the separation of the sperm
chromatin components from other cell fractions that
are carried out in the following steps.
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. NOTE 6: The ecthanol treatment allows chromatin
precipitation. For a correct precipitation, the samples
should be incubated at -20°C for at least 10 min.
However, there is no maximum time for this incuba-
tion, and the protocol can be paused at this point,
leaving the sample at -20°C.

. NOTE 7: Basic sperm nuclear proteins are extracted
and dissolved in 0.5 M HCI, which allows the separa-
tion of the proteins from the DNA. During this step,
check that the chromatin and DNA pellet is always in
contact with 0.5 M HCI, since it will not be dissolved
and it can bind to the tube cap during vortexing.

. NOTE 8: The treatment with 20% TCA allows pro-
tein precipitation. It is very important to mix thor-
oughly since 100% TCA stock solution is very dense
and if it is not mixed thoroughly it will tend to sink to
the bottom of the tube and will remain as a separate
stratum.

. NOTE 9: If the objective is to purify protamines for
intact protein MS analyses, it is highly recommended
to use acetone that is suitable for HPLC analysis in
this step. Be aware that the use of acetone could lead
to the formation of an artifact on the MS spectra.
However, TCA precipitation in conjunction with ace-
tone washes would minimize this risk [83]. For the
quantification of protamines and protamine PTMs by
mass spectrometry, the reader is referred to specific
publications [49, 50]

. NOTE 10: The 15% acrylamide/0.1% N,N'-
Methylene bis-acrylamide solution is prepared by us-
ing a solution containing 30% (w/v) acrylamide and
0.2% (w/v) N,N'-Methylene bis-acrylamide, which
should be previously filtrated, degassed for 3 hours
and stored at 4 °C. Take special precaution, protect
yourself with gloves and mask while working with
acrylamide, as it is toxic.

. NOTE 11: The pre-electrophoresis is required to en-
sure the elimination of any ions that could disturb the
proper development of the electrophoresis. In the sub-
sequent eletrophoresis the electrodes must be con-
nected to the power supply always with negative elec-
trode at the bottom of the gel, in order to allow the
top-down migration of the positive proteins.

. NOTE 12: During the pre-electrophoresis, the amper-
age first increases and then starts decreasing until it
remains constant (approximately 18 mA for 2 gels).
At this point, the correct ions elimination is ensured.
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3. Treballs

Caracteritzacio de les proteoformes de les protamines de I'espermatozoide
huma mitjancant la combinacioé de les técniques d’espectrometria de masses
top-down i bottom-up

Objectiu: Establir la metodologia per identificar la protamina 1 (P1) i els membres
de la familia de protamina 2 (P2) i les seves modificacions posttraduccionals (PTMs)
associades en mostres independents d’individus normozoospérmics, per tal de
determinar el perfil normal de proteoformes de les protamines.

Metodologia: S’han utilitzat dos técniques complementaries, la top-down
espectrometria de masses (MS) i la bottom-up MS basada en la digesti6 amb
proteinasa K de les protamines.

Resultats: La técnica de top-down MS ha permes identificar les formes canoniques
de les protamines, és a dir, P1, el precursor de P2 (pre-P2) i les formes madures de
P2 (HP2, HP3 i HP4). A més, s’han identificat proteoformes truncades de la pre-P2,
incloent tres que ja s’havien descrit préviament i tres de noves fins ara no descrites.
També s’ha descrit una proteoforma truncada per P1, no descrita préviament.
L’aproximacié de bottom-up MS ha permeés identificar péptids de pre-P2 i confirmar
la isoforma 2 de la P2 que no estava anotada a UniProtKB i que també I’hem validat
a nivell d’'RNA. Pel que fa ales PTMs de les protamines, mitjanc¢ant la técnica de top-
down MS s’ha identificat la P1 intacta, pre-P2 i les proteoformes madures de P2 i els
seus patrons de fosforilacio. Per la técnica de bottom-up MS s’han identificat PTMs
complementaries al top-down MS per la pre-P2. Tanmateix, la isoforma 2 de P2,
també ha estat identificada monofosforilada. Inesperadament, a través de la técnica
de top-down MS s’ha identificat un increment de +61 Da en diferents proteoformes.
Aquesta modificacio ha estat identificada sola o en combinaci6 a altres PTMs i
podria correspondre a 'addicié de Zn*". La determinacio dels ratios P1/P2 i pre-P2/P2
derivats de dades de top-down MS ha permes definir que el ratio P1/P2 es manté
estable entre els diferents pacients analitzats, mentre que el ratio pre-P2/P2 permet
estratificar els pacients en dos subgrups.

Conclusions: En aquest estudi hem demostrat que la combinacié de les técniques
de top-down i bottom-up MS és adequada i dona informacié complementaria amb
una baixa variabilitat interindividual entre els pacients analitzats. A més, s’han
identificat proteoformes truncades previament descrites i d’altres de noves, tan per
P1 com per pre-P2, algunes de les quals contenen residus modificats. Curiosament,
a més de la fosforilacid, ambdues protamines duen una modificacio de +61 Da, que
podria correspondre al i6 Zn**. A més, I'enfocament bottom-up MS ha permeés la
identificacio de forma inequivoca de la isoforma 2 de P2 no anotada préviament a
UniProtKB. L’avaluacié dels ratios P1/P2 i pre-P2/P2 mitjangant dades derivades de
MS en diferents fenotips infertils permetran identificar alteracions en proteoformes
especifiques.
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ABSTRACT: Protamine 1 (P1) and protamine 2 (P2) family
are extremely basic, sperm-specific proteins, packing 85—95%
of the paternal DNA. P1 is synthesized as a mature form,
whereas P2 components (HP2, HP3, and HP4) arise from the
proteolysis of the precursor (pre-P2). Due to the particular
protamine physical—chemical properties, their identification
by standardized bottom-up mass spectrometry (MS) strat-
egies is not straightforward. Therefore, the aim of this study
was to identify the sperm protamine proteoforms profile,
including their post-translational modifications, in normozoo-
spermic individuals using two complementary strategies, a
top-down MS approach and a proteinase-K-digestion-based
bottom-up MS approach. By top-down MS, described and
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novel truncated P1 and pre-P2 proteoforms were identified. Intact P1, pre-P2, and P2 mature proteoforms and their
phosphorylation pattern were also detected. Additionally, a +61 Da modification in different proteoforms was observed. By the
bottom-up MS approach, phosphorylated residues for pre-P2, as well as the new P2 isoform 2, which is not annotated in the
UniProtKB database, were revealed. Implementing these strategies in comparative studies of different infertile phenotypes,
together with the evaluation of P1/P2 and pre-P2/P2 MS-derived ratios, would permit determining specific alterations in the
protamine proteoforms and elucidate the role of phosphorylation/dephosphorylation dynamics in male fertility.

KEYWORDS: top-down proteomics, bottom-up proteomics, proteoforms, electron transfer dissociation, protamines, sperm,
post-translational modifications, phosphorylation, nonannotated proteins, male infertility

H INTRODUCTION

During the final phase of spermatogenesis, called spermio-
genesis, human sperm chromatin undergoes a marked
remodeling, in which histones are sequentially replaced by
specific histone variants, transition proteins, and, finally,
protamines.' This process results in a unique chromatin
structure with 85—95% of sperm DNA packed by protamines
and the remaining 5—15% attached to histones.' > Protamines
are small and extremely basic sperm-specific proteins rich in
positively charged arginine residues (50—70%). This particular
amino acid composition promotes the formation of highly
condensed toroidal complexes alongside the negatively charged
sperm DNA." In addition, protamines harbor cysteine residues

W ACS Publications  © 2019 American Chemical Society

able to form disulfide bonds among intra- and interprotamine
molecules that stabilize the nucleoprotamine structure.” It has
also been postulated that free thiol groups could bind to metals
such as zinc, allowing the formation of salt bridges, which
could further have a role in sperm chromatin dynamics.” All
together this leads to a highly compact chromatin structure
that protects sperm DNA from nucleases and contributes in
obtaining the required hydrodynamic shape for mature sperm

functionality."* ">
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In humans, protamines are encoded by a single copy of
protamine 1 (PRMI) and protamine 2 (PRM2) genes
clustered together with the transition nuclear protein 2
(TNP2) gene on chromosome 16p13.3.">'* Of note, although
both protamine genes are present in all mammals, PRM2 is
only translated in some species, including human and
mice.”"*™"” Two types of protamines have been described in
human at the protein level, the protamine 1 (P1) and the
protamine 2 (P2) family. Interestingly, while P1 is directly
synthesized as a mature protein of 51 amino acid residues, P2
mature proteoforms derive from a precursor (pre-P2) of 102
amino acid residues.'®"? By proteolysis, pre-P2 gives rise to the
three P2 mature proteoforms (HP2, HP3, and HP4),
comprising residues 46—102 (HP2), 49-102 (HP3), and
45—102 (HP4), differing among them only in the 1—4 amino
acid residues from the N-terminus end. HP2 is the most
abundant proteoform, followed by HP3 and Hp4. 11620722
Other studies have also identified pre-P2 intermediate
processed proteoforms, namely, HPI1, HPI2, HPSI, and
HPS2, which could give rise to the mature proteoforms.”’

The normal ratio between protein amounts of P1 and P2
members was established to be around 1 (0.8—1.2) through
acid—urea polyacrylamide gel electrophoresis (PAGE)-based
experiments. Alterations in this P1/P2 ratio have been
associated with male infertility, sperm DNA damage, and/or
impairments in fertilization and embryo development
(reviewed elsewhere**™>°). Nevertheless, Nanassy and col-
leagues established a normal P1/P2 ratio ranging from 0.54—
143 in a fertile population.”” Likewise, contrasting results
showing an association between the pre-P2/P2 ratio and an
impairment in sperm count, sperm motility, or implantation
rate and pregnancy outcome have been reported using PAGE-
based methods.”® ' The presence of different protamine
proteoforms, including truncated and/or proteoforms contain-
ing different post-translational modifications (PTMs), could
explain the variability in these results, since the deregulation of
specific proteoforms that could not be detected by standard
methods might be the cause of male infertility. Despite the fact
that only a small part of sperm DNA remains packed by
histones,"*** sperm histone proteoforms pattern, including
testes-specific histone variants and their corresponding PTMs,
have been widely studied, and their role as epigenetic marks
beyond fertilization has been postulated.***~*' In contrast, the
knowledge about protamine proteoforms pattern and their
associated potential regulatory activities is scarce.

It is known that during spermatogenesis, P1 and P2 mature
proteoforms are extensively phosphorylated by SRSF protein
kinase 1 (SRPK1) and calcium/calmodulin dependent protein
kinase IV (CAMK4), respectively.s’“_46 Noteworthy, CAMK4
knockout mice are infertile with spermatogenic defects due to
the specific loss of P2 and the long retention of TNP2 in
spermatids. These results indicate the importance of protamine
phosphorylation in the nucleohistone—nucleoprotamine re-
placement occurring in the late steps of spermatogenesis.’
However, once P1 and P2 mature proteoforms are tightly
bound to the DNA, an extensive dephosphorylation occurs
before spermatozoa enter the epididymis.***® Interestingly,
mice deficient in Hspa4l, a heat shock protein and chaperone
required for the recruitment of the phosphatase Ppplcc2 to
sperm chromatin, are infertile. This might be most probably
due to the low activity of this phosphatase resulting in an
abnormal increase of P2 phosphorylation in epididymal
sperm.” This hypothesis is supported by the rescue of the
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fertility state of this infertile mouse model when the
phosphorylatable P2 residue SS56 is substituted by the
nonphosphorylatable residue A56.** Nowadays few studies
based on either phosphoserine conversion followed by protein
sequencing or by mass spectrometry (MS) have provided
evidence of remaining g)rotamine phosphorylated residues in
human mature sperm.”’ > However, their regular pattern or
potential epigenetic role have never been addressed.

In order to perform a comprehensive and accurate
characterization of protamine proteoforms in human sperm,
advanced high-throughput proteomic techniques are required.
Due to the particular physical—chemical properties of
protamines (extreme basicity, amino acid sequence rich in
arginine and cysteine residues, small size, and high-similarity
among P2 mature proteoforms'), the use of classical
standardized bottom-up MS strategies based on trypsin
digestion to arginine and lysine residues is not straightfor-
ward.>® To overcome these pitfalls, technical modifications,
such as the use of other proteases, should be optimized.
Alternatively, a top-down MS strategy, which is based on intact
protein analysis, is also an appropriate option to be
considered.>* Moreover, a top-down MS approach offers
unique information over the classic bottom-up strategy, as it
can directly identify proteoform microheterogeneity and, thus,
report on the combinatorial effects of multiple PTMs,
sequence variations, or truncations occurring on the same
protein molecule.”” It has been described that a combination
of top-down and bottom-up MS strategies is optimal to
describe PTM patterns in proteins with similar characteristics
to protamines, for example, the histones.>® Remarkably, recent
studies have applied these two MS approaches to assess
protamine PTMs in mouse and human sperm.””*” However,
all these studies were performed in pooled samples and
therefore do not provide information about interindividual
variability.

The aim of this study was to set up the methodology to
identify P1 and P2 family members and their associated PTMs
in independent normozoospermic samples to establish the
regular protamine proteoforms profile. Two complementary
approaches have been used to accomplish our objective: (1) a
top-down MS approach with novel proteomic workflows and
data analysis pipelines and (2) a bottom-up MS approach
based on proteinase K-digestion of protamines. The
implementation of these complementary techniques and the
establishment of MS-derived P1 and P2 ratios in future
comparative studies including different subtypes of infertile
patients could resolve the impact of dysregulations in the
protamine proteoforms profile and the importance of their
balance in male fertility.

B EXPERIMENTAL PROCEDURES

Sample Collection

Human semen samples (n = 10) were obtained from patients
undergoing routine semen analysis at the Assisted Reproduc-
tion Unit from the Clinic Institute of Gynecology, Obstetrics
and Neonatology, at the Hospital Clinic of Barcelona, Spain.
All patients gave signed informed consent following the
Declaration of Helsinki. The ejaculates were collected by
masturbation into sterile containers after 3—5 days of sexual
abstinence. The evaluation of the seminal parameters was
performed using the automatic semen analysis system CASA
(Proiser, Paterna, Spain). After seminal analysis, all samples
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Figure 1. Overall strategy used for the identification of protamines and associated post-translational modifications (PTMs) in human sperm. After
removing histones from sperm samples, chromatin was decondensed and disulfide bonds were reduced. Afterward, chromatin was precipitated, and
purified protamines were obtained. For the top-down approach, disulfide bonds in intact protamines were rereduced, protected with iodoacetamide,
and subjected to liquid chromatography followed by mass spectrometry (LC—MS) after sample clean up. MS1 and MS2 were deconvoluted,
leading to the proteoform identification. For the bottom-up approach, purified protamines were digested with proteinase K, and protamine peptides
were subjected to LC—MS, which allowed the identification of protamine peptides and their associated PTMs. See Supporting Figure 1 for more

details.

were classified as normozoospermic according to World Health
Organization guidelines.”® Sperm samples were purified
through 50% Puresperm density gradient separation (NidaCon
International AB, Gothenburg, Sweden), following the

manufacturer’s instructions. Three samples were pooled for
the initial bottom-up MS experiments, and one individual
sample was employed for bottom-up MS validation. Five
samples were used individually for the top-down MS approach
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and one individual sample was employed for the RNA
experiments.

Human Sperm Protamine Purification

Protamine-enriched fraction from spermatozoa was purified as
previously described by Soler-Ventura et al. in 2018,> except
that histones and other basic proteins weakly associated with
DNA were removed from the sperm by 0.5 M HCI, vortexing
and incubation for 10 min at 37 °C, and centrifugation at
2000g for 20 min at 4 °C (three times) prior to suspending the
sperm pellet in 0.5% Triton X-100, 20 mM (pHS8) Trizma base
HC], and 2 mM MgCl,. Then, samples were processed as
described by Soler-Ventura et al.>> For the top-down MS
approach, protamine-enriched fractions equivalent to 15
million spermatozoa were dried at room temperature and
kept at —20 °C. Previous to liquid chromatography—mass
spectrometry analysis (LC—MS/MS), samples were recon-
stituted in 50 mM NHHCO;, reduced with 10 mM
dithiothreitol (DTT) for 45 min at 56 °C, alkylated for 30
min in the dark with 50 mM iodoacetamide (IAA), and further
desalted using PolyLC Cg filter tips (PolyLC Inc.). For the
bottom-up approach, the protamine-enriched fraction was
dried at room temperature and suspended with 20 uL of a
solution containing S0 mM Tris-HCl (pH 7.5), S mM CaCl,.
Subsequently, protamines were digested with proteinase K
(Promega, Madison, WI) during 4 h at 37 °C, and the reaction
was stopped with 5 mM PMSEF. For both the top-down and
bottom-up MS approaches, successful protamine purification
was monitored by acid—urea PAGE.>

Protamine Quantification

Purified extracts of protamines were quantified as described by
Soler-Ventura et al* Briefly, purified protamines for each
sample were separated by acid—urea PAGE together with
increasing amounts of a protamine standard obtained as
described elsewhere.” Intensities of each band were quantified
with Quantity One 1-D analysis software (BioRad, Hercules,
CA). The regression curve obtained from increasing amounts
of the protamine standard and their band intensities permitted
to calculate the approximate quantity of P1 and P2 for each
sample, as well as the derived P1/P2 ratio.

Protamine Characterization by High-Throughput Mass
Spectrometry-Based Proteomics

The overall procedure used to characterize protamine PTM:s is
schematized in Figure 1 and the general high-throughput
proteomics pipeline is summarized in Supporting Figure 1 of
the Supporting Information.

Top-Down Approach. For the top-down MS approach,
we employed a total of five biological replicates, and data were
integrated. Samples were reconstituted in a 3% acetonitrile
(ACN), 1% formic acid (FA) aqueous solution and injected
into the LC—MS/MS system.

LC—MS/MS analyses of intact protamines were conducted
on two different chromatographic systems [a Dionex Ultimate
3000 (Thermo Scientific, Waltham, MA) or a NanoAcquity
Ultra Performance system (Waters Corp., Milford, MA)]
coupled to an Orbitrap Fusion Lumos Tribrid Lumos mass
spectrometer (Thermo Scientific). Samples were loaded onto
C18 trap columns [100 ym X 2 cm Acclaim PepMapl00, S
um, 100 A (Thermo Scientific) or 180 ym X 20 cm Symmetry
100 A, 5 ym (Waters Corp.)] at a flow rate of 15 uL/min.
Protein content was eluted and separated using C18 analytical
columns [Acclaim PepMap RSLC 75 ym X 50 cm, nanoViper,
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C18, 2 ym, 100 A (Thermo Scientific) or BEH300 C18 75 um
X 25 cm, 1.7 um (Waters Corp.)] using a linear gradient from
3 to 55% solvent B in 60 min at a flow rate of 250 nL/min
(solvent A = 0.1% FA in water, solvent B = 0.1% FA in ACN).
The Advion TriVersa NanoMate (Advion) was used as the
nanospray interface with a spray voltage of 1.60 kV. The mass
spectrometer was operated in data-dependent acquisition
(DDA) mode. Survey MS scans were acquired on the Orbitrap
with the resolution (defined at 200 m/z) set to 120 000. The
top N (most intense) ions per scan were fragmented by
electron-transfer dissociation (ETD) and detected in the
Orbitrap at 120K. The ion count target value was 400 000 for
the survey scan and 1000 000 for the MS/MS scan (ETD).
Target ions already selected for MS/MS were dynamically
excluded for 30 s. RF lenses were tuned to 30%. The minimal
signal required to trigger the MS to MS/MS switch was set to
500 000.

Bottom-Up Approach. For the bottom-up MS approach,
an individual sample and the pooled samples (formed by three
individual samples) were treated as biological replicates, and
the data were integrated. After proteinase K digestion,
protamine peptides were diluted in 3% ACN/1% FA and
subjected to LC—MS/MS analysis on a Dionex Ultimate 3000
(Thermo Scientific) chromatographic system coupled to an
Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo
Scientific) using an Advion nanosource. Sample loading was
performed on a 300 gm X S mm PepMapl00, 5 um, 100 A,
C18 p-precolumn (Thermo Scientific) at a flow rate of 15 L/
min and peptides separation on a C18 analytical column
[Acclaim PepMap RSLC 75 ym X S0 cm, nanoViper, C18, 2
um, 100 A (Thermo Scientific)] at a 250 nL/min flow rate. A
linear gradient from 1 to 35% solvent B in 60 min was used
(solvent A = 0.1% FA in water, solvent B = 0.1% FA in ACN).
Survey MS scans were acquired on the Orbitrap with the
resolution (defined at 200 m/z) set to 120 000. The top-speed
(most intense) ions per scan were fragmented by high-collision
dissociation (HCD) and detected by the Orbitrap with a
resolution set to 30 000. The ion count target value was 400
000 and 10000 for the survey scan and the MS/MS scan,
respectively. Target ions already selected for MS/MS were
dynamically excluded for 15 s.

Proteomics Data Analysis

The mass spectrometry data have been deposited to the
PRIDE Archive (http://www.ebi.ac.uk/pride/archive/) via the
PRIDE partner repository with the data set identifier
PXD014618.

Top-Down Approach. To perform the MS data analysis
for proteoform identification and subsequent PTM location,
three different software/search node combinations were
employed: BioPharma Finder, ProSight PD, and TopPic.
The resulting search outputs were combined in a single
harmonized data set and the experimental deconvoluted
masses were classified using the density-based spatial clustering
of applications with noise (DBSCAN) algorithm.® Finally, we
assigned to each mass cluster a common proteoform leading to
the final proteoform characterization.

BioPharma Finder v 1.0 SP1 (Thermo Fisher Scientific) was
used to extract averaged mass spectra from detected chromato-
graphic peaks. Deconvolution was done using the auto Xtract
algorithm on resolved m/z charged species.“’62 The slice
window option was set on with a target average spectrum
width of 0.1 min. Protamine sequences were introduced to find
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Figure 2. Overall top-down mass spectrometry workflow. (A) Chromatogram resolving protamine 2 (P2) and protamine 1 (P1) at different elution
times. (B) Full MS1 spectra of P2 and P1. (C) Deconvolution of P2 with its mature forms unmodified HP3 and with one phosphorylation,
unmodified HP2 and with one phosphorylation, and unmodified HP4, and P1 with the phosphorylation pattern. (D) MS2 deconvoluted spectrum
for P1 + 2 X ph and its fragment map showing all detected ¢ and z ions and p-site localizations (phosphorylated amino acids are marked in blue).

a match between the experimental and theoretical masses. used for further protamine identification and PTM assignment.
Proteome Discoverer v 2.1.0.81 (Thermo Fisher Scientific) Database searches in ProSight were performed using an xml-
with ProSightPD v 1.1 node®® and TopPic Suite v 1.1.1°* were annotated database from SwissProt, containing P1 and P2
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entries. The annotated database was modified to include
phosphorylation modification to all STY residues, acetylation
in KS, methylation in KR, and dimethylation in KR. A three-
tier search (Absolute, Biomarker, and Absolute) was
performed with precursor mass tolerances of 2 Da/10 ppm/
500 Da, respectively, and fragment mass tolerances of 10 ppm.
Searches in TopPic were done using the TopFD tool for top-
down spectral deconvolution and a FASTA format database,
which contained P1 and P2 sequences. Common modifications
were included (oxidations in M, phosphorylation in STY,
acetylation in KS, methylation in KR, and dimethylation in
KR). Precursor and fragment mass tolerances were set to 15
ppm, and maximum mass shift was set to 500 Da. Proteoform
spectrum matches with FDR < 1% were considered for further
data integration and clustering analysis.

BioPharma Finder, ProSight, and TopPic search outputs
were integrated into a single data set, which unified all main
magnitudes provided by each software (retention time,
deconvoluted mass, intensity, scan number, proteoform
sequence, etc.). Then, the scale of experimental deconvoluted
masses was standardized, and the resulting samples were
classified through a DBSCAN algorithm with 0.004 as the
maximum sample distance and 3 as the sample minimum
number (detailed interpretation of the two DBSCAN
algorithm parameters is provided in ref 60). This clustering
algorithm is particularly convenient for large top-down
proteomics data sets with an arbitrary number of proteoforms
because is fast and it handles data sets with arbitrary cluster
number. After annotating the protein associated with each
cluster, the difference between the mass of the corresponding
unmodified protein and the average deconvoluted mass of each
cluster was computed. The resulting delta mass finally allowed
annotating the proteoform associated with each cluster.
Additionally, some of the proteoform PTM sites were further
validated using ProSight Lite.”> The average and individual
intensities for each proteoform and biological replicate were
calculated using data from BioPharma Finder and TopPic
outputs, since those correspond to the deconvoluted MS1
spectrum and LC—MS features, respectively, and correlate with
the number of proteoforms. In contrast, ProSight data
corresponds to MS2 intensities, which are not related to the
amount of a specific proteoform. MS log, (intensities) data of
P1, P2, and pre-P2 proteoforms were also used to calculate P1/
P2 and pre-P2/P2 ratios for each of the biological replicates.

Bottom-Up MS Approach. Database searches were
performed with Proteome Discoverer software v 2.3.0.480
(Thermo Scientific) with Sequest HT search engine and
PEAKS Studio software v 8.5 (Bioinformatic Solutions Inc.,
Waterloo, Canada) using the UniProtKB database [human,
release 2018_01 and contaminants]. Searches were run against
targeted and decoy databases to determine the false discovery
rate (FDR). Search parameters included no enzyme specificity.
Oxidation in M, phosphorylation in STY, and acetylation in
protein N-terminus were considered as dynamic modifications.
Peptide mass tolerance was set to 10 ppm and the MS/MS
tolerance was 0.02 Da. Peptides with a FDR < 1% were
considered as positive identifications with a high confidence
level. Peptides were filtered using a 0.4% FDR, ALC > 50%,
and PTM A-score > 20.

Confirmation of P2 Isoform 2 at the RNA Level

Purified spermatozoa from an ejaculate were prepared and
stored at —80 °C in RLT buffer (Qiagen, Hilden, Germany)
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and 1.5% pf-mercaptoethanol until further processing. Sperm
long-RNA fraction was extracted following the RNeasy Mini
Kit protocol (Qiagen) with some modifications previously
established by Goodrich et al. and Jodar et al.**®” High-quality
sperm RNA free of DNA and somatic RNA contamination®®®’
was employed for further analysis (Primers used for quality
controls are shown in Supporting Table 1). To validate the
presence of P2 isoform 2 at the RNA level, 50 ng of sperm
RNA was reverse-transcribed using Maxima RT (Thermo
Fisher Scientific) and random primers (Applied Biosystems),
followed by real-time PCR using PowerUp SYBR Green PCR
(Applied Biosystems) targeting a specific region of the P2
isoform 2 transcript (Supporting Table 1 and Supporting
Figure 2). PCR products were visualized in a 3% agarose gel at
90 V. After that, two bands were obtained, one showing the P2
isoform 2 predicted size and another one corresponding to a
product shorter in length (Supporting Figure 2). Both bands
were excised and eluted using the QIAEX II Gel Extraction Kit
(Invitrogen) according to the manufacturer’s instructions. The
new product was directly analyzed by direct sequencing
(Supporting Figure 2), whereas P2 isoform 2 required
seminested PCR using PowerUp SYBR Green real-time PCR
(Thermo Fisher Scientific) with specific primers (Supporting
Table 1) before direct sequencing (Supporting Figure 2).

B RESULTS AND DISCUSSION

The LC for the top-down MS strategy was able to separate P2
from P1 at different elution times (Figure 2). Subsequent MS/
MS analysis identified 45 different proteoforms, and
comparison of the five distinct biological replicates revealed
that, in terms of intensity, most abundant proteoforms were
detected in all biological replicates. Remarkably, interindividual
variability was quite low, since 60% of the proteoforms were
identified in all the individuals or in four out of five samples
(40% and 20%, respectively), 22.2% in three out of five
samples, 11.11% in two out of five samples, and only 6.67%
appeared in a unique biological replicate (Table 1 and
Supporting Figure 3). These results highlighted that almost
82% of the identified proteoforms was present in more than
half of the studied individuals, revealing reproducible high-
quality data acquirement. Using this approach, we were able to
identify intact unmodified P1; pre-P2 and P2 mature
proteoforms; previously described pre-P2 truncated proteo-
forms and two novel truncated proteoforms for both P1 and
pre-P2; and different combinations of PTMs for P1, pre-P2,
HP2, and HP3 (Table 1, Supporting Table 2, Figure 3, and
Supporting Figures 3—6).

Additionally, with the bottom-up MS workflow, we detected
a total of 156 peptide spectrum matches (PSMs) comprising
57 different peptides. Particularly, the detected peptides
corresponded to the intact unmodified pre-P2, as well as to
the mono- and di- phosphorylated pre-P2 forms. In addition,
peptides corresponding to the unmodified P2 isoform 2 and its
monophosphorylated proteoform were also found (Table 2
and Figure 4). Approximately 40% of the peptides were
identified in both the pooled samples and the individual
sample (Table 2). Of note, P1 and P2 mature proteoforms
were not detected by the bottom-up MS approach, probably
due to either the small size of P1 peptides after proteinase K
digestion or the high similarity among the sequences of P2
mature components, respectively.
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Table 1. continued

bs
24.43

b3 b4
24.47
25.87

log, (intensity)
25.04

b2

bl

total average log,

error (Da)  experimental mass shift (Da)  total counts

experimental
7698.074 + 0.003

mass (Da)

theoretical

proteoform®
HP3 + 2 X ph
HP4

protein

HP3
HP4
HP4

23.87

24.26

159.014 + 0.003

0.927
0.461

8061 + 2

7699.002

25.39
24.96

25.34
24.03

26.63

28.26
24.26

27.02
Proteoforms identified only with ProSight, which does not provide intensity information.

24.57

97

8122.7 + 14

8062.319

60.9 + 14

HP4 + 61

b

phosphorylated, pyroglu = pyroglutamic acid modified.

“Abbreviations: ph
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Novel Protamine Proteoforms

Using the top-down MS approach, the canonical protamines,
namely, P1 (P04553), pre-P2 (P04554), and P2 mature
proteoforms HP2, HP3, and HP4, were fully identified (Table
1 and Figure 3). Moreover, we identified previously described
pre-P2 truncated proteoforms, spanning residues 22—102
(HPI2), 34—102 (HPS1), and 37—102 (HPS2).°*""° Interest-
ingly, we detected four novel truncated proteoforms, one
spanning residues 8—51 of P1 and the others spanning residues
8—102, 38—102, and 39—102 of pre-P2 (Table 1, Figure 3, and
Supporting Figure 6). Although it has been proposed that pre-
P2 is highly proteolytically processed in a regulated
manner,”"’” the mechanisms and the specific team players
implicated in this processing have not yet been described.”® In
accordance with pre-P2 processing, similar post-translational
cleavage could proteolyze the truncated form of P1. In both
cases, the functions and roles of these truncated forms remain
to be clarified.

With the bottom-up MS approach, we identified peptides
corresponding to pre-P2 and P2 isoform 2 (P04454-2), which
is not annotated and was only validated at the RNA level
according to the UniProtKB database (https: //www.uniprot.
org/).”> Here, we identified with clear spectra two unique
peptides of P2 isoform 2 with 9 and 10 amino acid residues,
respectively, after proteinase K digestion (Table 2 and Figure
4). Remarkably, a unique peptide of P2 isoform 2 was found
annotated at Nextprot from 2016.”* Therefore, our findings
together with that previous evidence fully confirm the presence
of this P2 isoform 2 in human sperm at the protein level.

P2 isoform 2 arises from the splice site variant ENST00000-
4352452 and results in a 140 amino acid length protein
differing from pre-P2 by residue 91.”>”> The presence of P2
isoform 2 was also validated here at the RNA level in an
independent sperm sample. Surprisingly, two different
products were amplified using a specific set of primers for P2
isoform 2 (Figure S). Direct sequencing of each product
revealed two splice variants of P2, the already known P2
isoform 2 and a novel splice variant that we named here as P2
isoform 3 (Figure S and Supporting Figure 2). However, P2
isoform 3 was not detected at the protein level using either
top-down or bottom-up MS approaches, suggesting that either
this product is not translated or the employed techniques were
unable to identify it at the protein level. Looking in detail at
the intron nucleotide sequence of PRM2, the splice sites
corresponding to P2 isoform 2 and isoform 3 were solely
conserved among different higher primate species but not in
other mammals, such as Mus musculus and Rattus norvegicus,
suggesting that there is no specific evolutionary conservation of
these isoforms in mammals (Supporting Figure 7). Further
studies are necessary to elucidate the potential role of these
protamine isoforms.

Protamines Contain Multiple Post-Translational
Modifications

One of the biggest challenges in top-down proteomics studies
is PTM localization. Despite the better MS/MS protein
fragmentation efficiency with current instrumentation and the
improvements in top-down data analysis software, which
includes the identification of unknown PTMs, there is still a
lack of reliable PTM localization assignment. ProSight gives a
C-score related with proteoform characterization”® and TopPic
provides a PTM localization probability. PTM automatic
localization information was employed to get the phosphor-
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Figure 3. Protamine 1 (P1) and protamine 2 (P2) proteoform profile obtained by our top-down mass spectrometry approach. (A) Scatter plot of
the experimental mass shifts [Mass shift (Da)] versus the protamine family proteins (Protein). Thus, each dot represents a distinct protamine
proteoform (regardless the PTM localization site), their size being proportional to each proteoform relative intensity on a log, scale. The different
sets of PTM combinations are highlighted by using a sequential color scale in increasing mass shift order. (B) Schematic representation of P1 and
P2 proteoforms identified with their associated PTMs localizations. Phosphorylated, +61 Da, and pyroglutamic acid modified residues are indicated
in blue, orange, and gray, respectively. Scissors indicate the proteolytic site for mature forms (HP2 in green, HP3 in red, and HP4 in pink).
Question marks at the left indicate those PTMs without fragmentation information available. Question marks within the sequence schemes denote
those PTMs with not enough fragment pattern information to accurately localize them. Asterisks mark novel modified residues.

ylation localization in P1 and P2 proteoforms (Supporting
Figure 8). Nevertheless, TopPic only provides a PTM
localization probability for monomodified proteoforms of

known PTMs, and ProSight does not return a site localization

229

probability. In this regard, according to our cluster analysis
(Figure 3A), few identified proteoforms were successfully site-
localized by ProSight or TopPic. In order to validate and

complete the protamine proteoforms map, ProSight Lite® was
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Table 2. Protamine Peptides Identified with the Bottom-Up MS Approach”

no. of amino acid

residues
initial final
pre-P2 (P04554)
8 17
8 17
8 19
8 20
20 44
21 44
22 44
23 44
23 44
25 39
25 42
25 44
25 44
27 39
27 39
27 42
27 43
27 44
27 44
28 44
28 44
29 42
29 44
29 44
30 39
30 42
30 44
30 44
31 39
31 42
31 43
31 44
31 44
32 41
32 42
32 42
32 43
32 44
32 44
33 44
33 44
34 42
34 44
35 43
35 44
35 44
36 44
37 43
37 44
37 44
37 46
37 50
37 52
38 44
49 54
P2 Isoform 2 (P04554-2)
118 126
118 127
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sequence

R.SLSERSHEVY.R
R.SLSERSHEVY.R
R.SLSERSHEVYRQ.Q
R.SLSERSHEVYRQQ.L

QQLHGQEQGHHGQEEQGLSPEHVEVY.E
QLHGQEQGHHGQEEQGLSPEHVEVY.E
L.HGQEQGHHGQEEQGLSPEHVEVY.E
H.GQEQGHHGQEEQGLSPEHVEVY.E
H.GQEQGHHGQEEQGLSPEHVEVY.E

QEQGHHGQEEQGLSPE.H
QEQGHHGQEEQGLSPEHVE.V
QEQGHHGQEEQGLSPEHVEVY.E
QEQGHHGQEEQGLSPEHVEVY.E
Q.GHHGQEEQGLSPE.H
Q.GHHGQEEQGLSPE.H
Q.GHHGQEEQGLSPEHVE.V
Q.GHHGQEEQGLSPEHVEV.Y
Q.GHHGQEEQGLSPEHVEVY.E
Q.GHHGQEEQGLSPEHVEVY.E
G.HHGQEEQGLSPEHVEVY.E
G.HHGQEEQGLSPEHVEVY.E
H.HGQEEQGLSPEHVE.V
H.HGQEEQGLSPEHVEVY.E
H.HGQEEQGLSPEHVEVY.E
H.GQEEQGLSPE.H
H.GQEEQGLSPEHVE.V
H.GQEEQGLSPEHVEVY.E
H.GQEEQGLSPEHVEVY.E
G.QEEQGLSPE.H
G.QEEQGLSPEHVE.V
G.QEEQGLSPEHVEV.Y
G.QEEQGLSPEHVEVY.E
G.QEEQGLSPEHVEVY.E
QEEQGLSPEHV.E
QEEQGLSPEHVE.V
QEEQGLSPEHVE.V
QEEQGLSPEHVEV.Y
QEEQGLSPEHVEVY.E
QEEQGLSPEHVEVY.E
E.EQGLSPEHVEVY.E
E.EQGLSPEHVEVY.E
E.QGLSPEHVE.V
E.QGLSPEHVEVY.E
Q.GLSPEHVEV.Y
Q.GLSPEHVEVY.E
Q.GLSPEHVEVY.E
G.LSPEHVEVY.E

L.SPEHVEV.Y

L.SPEHVEVY.E

L.SPEHVEVY.E
L.SPEHVEVYER.T
L.SPEHVEVYERTHGQ.S
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modification

phosphorylation

phosphorylation

phosphorylation

phosphorylation

phosphorylation

phosphorylation

phosphorylation

phosphorylation

phosphorylation

phosphorylation

phosphorylation

phosphorylation

phosphorylation

phosphorylation

phosphorylation

phosphorylation

PSMs
amino acid residue modified pool rep 1
S13 1
1
1 1
1 1
1
1 2
2 2
S37 1
1 2
1
S37 1 1
3
S37 1
1
2 1
1
S37 3 1
4 3
S37 1
1 1
1
S37 1
2
2 1
1
S37 1
2 1
1
1
1
S37 2 1
3 1
1
S37 1
1
1
S37 3
S 1
§37 1
1 1
1
1
1
S37 3 1
8 1
2 1
3
S37 1
31 3
Y447 1 1
1 2
1
3
1
T124" 1
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Table 2. continued

“Abbreviations: P2 = protamine 2, S = serine residue, T = threonine residue, Y = tyrosine. residue. YNovel identified modified residues.
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Figure 4. Protamine peptides identified by the bottom-up mass spectrometry (MS) approach. (A) No peptides were identified in the P1 amino
acid sequence (upper box). The lower box shows part of the peptides located in the amino acid sequence of pre-P2 and P2 isoform 2, including
their associated phosphorylated residues, represented with blue squares. In light orange is highlighted the difference between the peptide sequence
of P2 and P2 isoform 2. Scissors indicate the proteolytic site for mature forms (HP2 in green, HP3 in red, and HP4 in pink). Asterisks mark novel
modified residues. (B) P2 isoform 2 spectra corresponding to the two unique peptides identified.

employed in an attempt to reassign nonlocalized modifications.
Figure 3B provides the best hits for site localization of each P1
and P2 family proteoforms. The corresponding fragmentation
maps supporting the overall proteoform characterization are
reported in Supporting Table 2 and Supporting Figures 4 and
S. However, in some cases, the detected fragment ions did not
allow an accurate site localization.

231

A phosphorylated pattern was established for P1 through the
top-down MS approach. In particular, MS1 identified, in
decrease count number, mono-, di-, and triphosphorylated P1
proteoforms, in addition to unmodified P1 (Table 1, Figure 2,
and Figure 3). Following this pipeline, MS2 analysis was able
to confirm for P1 the presence of monophosphorylations at
S11 or S13 and diphosphorylations at S11—S22 or S11-S29
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A

Canonical PRM2 (PRM2-201)

- ATCOCACABDEIgCoIgTECOC. suuissssssssavssssmssanussand cccgteccccaccecagagtecctaggtgaccecctcaaccagaactttctttcccaaaagGCTGCAG. ..

PRM2 Isoform 2 (PRM2-202)
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...ATCGCAGAGgtctgcctgegeccc...cecegtccccacccagAGTCCCTAGGTGACCCCCTCAACCAGAACTTTCTTTCCCAAAAGGCTGCAG. ..

PRM2 Isoform 3

3}

{ J

...ATCGCAGAGgtctgcctgegecece.................. cccgtceccacccagagteectaggtgacccectcaaccagAACTTTCTTTCCCAAAAGGCTGCAG. ..

B

Band excision

[ r——y ! PRM2 Isoform 2
) ! PRM2 Isoform 3

Agarose Gel PR e
- Semi-Nested PCR Direct Sequencing
\
|
v
PRM2 Isoform 3

y . .CGCAGAGAACTTTCTTTCCCAA..}

Direct Sequencing

PRM2 Isoform 2

Figure S. P2 isoform 2 (ENST00000435245.2) validated at the RNA level by direct sequencing. (A) Graphical representation of the two exons
comprising PRM2 gene with the two different transcripts derived from splice variants. Upper and lower cases correspond to exon and intron
regions, respectively, and red letters indicate the splice sites. (B) P2 isoforms 2 and 3 separated by a 3% agarose gel were excised, and while direct
sequencing directly sequenced P2 isoform 3, seminested PCR followed by direct sequencing was necessary to obtain the P2 isoform 2 sequence.
The yellow box and brown letters indicate the final part of exon 1 common in all transcripts, and the P2 isoform 3 and isoform 2 splice sites are

shown in the green and gray boxes, respectively.

(Supporting Table 2, Figure 3B, and Supporting Figure 4).
Moreover, we identified a monophosphorylation of S11 in the
truncated P1 proteoform (Figure 3B and Supporting Figure
6A). Additionally, pre-P2 was detected in its unmodified form
as well as containing several PTMs. Specifically, MS2
fragmentation showed a phosphorylation pattern for pre-P2,
including monophosphorylation, diphosphorylations, triphos-
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phorylations, and tetraphosphorylations. However, proteo-
form-specific modified residues were not localized (Supporting
Table 2, Figure 3B, and Supporting Figure 5). For P2 mature
proteoforms, S59 was detected as phosphorylated for both
HP2 and HP3 components, while no PTMs were identified in
HP4 (Supporting Table 2, Figure 3B, and Supporting Figure
5). Total counts confirmed that unmodified HP2 was the most
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Table 3. log,(intensities) for P1, P2, and pre-P2 and the P1/P2 and pre-P2/P2 Ratios Compared to the Conventionally

Acquired P1/P2 Ratio

log, (intensity)
P1 proteoforms P2 mature proteoforms pre-P2 proteoforms
bl 409.27 250.74 110.58
b2 325.38 187.39 384.20
b3 459.17 224.58 452.14
b4 374.71 222.28 427.27
bs 424.88 248.03 206.12
av 398.68 226.60 316.06
SD 51.00 25.50 149.87
CV (%) 12.80 11.30 47.40

P1/P2 ratio pre-P2/P2 ratio acid—urea PAGE P1/P2 ratio

1.63 0.44 0.95
1.74 2.0S 0.89
2.04 2.01 1.22
1.69 1.92 0.92
171 0.83 1.21
1.76 1.45 1.04
0.16 0.76 0.16
9.10 52.40 15.40

identified mature P2 proteoform, followed by unmodified
HP3, unmodified HP4, monophosphorylated HP2, and
monophosphorylated HP3. From the truncated P2 proteo-
forms, only HPS1 was detected harboring modified residues
(Table 1 and Figure 3). In particular, HPS1 proteoforms
included either a monophosphorylation at S59 or the
modification of the N-terminus Q34 to pyroglutamic acid
(Supporting Table 2, Figure 3B, and Supporting Figure S).
The modification of the N-terminus glutamine residue to
pyroglutamic acid is a reaction commonly found in plants and
animals, including humans, and it has been proposed to be
involved in the stabilization of proteins and peptides
structures.”” Complementary to these results, the bottom-up
MS approach identified modifications in the sequence of pre-
P2. Specifically, monophosphorylated peptides at S11, S37, or
Y44 residues were detected. Additionally, P2 isoform 2 was
found to be phosphorylated at the T124 residue (Table 2 and
Figure 4).

Our results are supported by previous publications
describing retained phosphorylated residues in protamines
from mature sperm through different approaches, such as
phosphoserine conversion followed by protein sequencing,
electrospray mass spectrometry, or by similarity from other
species. For instance, P1 has been described by others as
phosphorylated at S9, S11, and S29 residues and pre-P2 as
phosphorylated at S8, S10, S37, T47, SS1, S59, and
§73.5075278 A phosphorylation pattern for P1, including
mono-, di-, and triphosphorylation, as well as the presence of
methylations and acetylations in HP3, was previously
described through a top-down MS approach in human
sperm, although no specific localization of the modified
residues was provided.”” In mice, Brunner et al. described
different combinations of protamine PTMs using a combina-
tion of top-down and bottom-up MS approaches. Specifically,
they identified phosphorylated, methylated, and acetylated
residues for both protamines and confirmed their site location
by a peptide-based approach.”” Their results using the top-
down method also revealed that multiple PTMs co-occur on
individual protamines. In this respect, we have found different
combinations of PTMs on the intact molecules, and only the
most probable protamine proteoforms after performing a data-
clustering correction and a further validation with Prosight Lite
were annotated. In contrast to Brunner’s work, our results
highlight that phosphorylated proteoforms are predominant in
the protamine family, even without performing an acetylation,
methylation, or phosphorylation sample enrichment with
strong cation exchange chromatography.

The conventional analysis of protamines in infertile patients
includes the determination of relative protein quantities by
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acid—urea PAGE and generation of P1/P2 ratios. However,
this procedure is unable to detect protamine proteoforms,
despite some improvements using two-dimensional gel electro-
phoresis.79 Therefore, the proteomic strategies described here
are revealed as the most suitable to detect alterations in the
protamine proteoforms profile associated with male infertility.
Recently, the crucial role of P2 dephosphorylation in male
fertility has been described in a mouse model,” pointing out
the existence of a tightly regulated balance of phosphorylation/
dephosphorylation state during sperm maturation. Impair-
ments in this dynamic network could then be suggested as the
underlying cause of different types of infertile patients, which
demands future protamine proteoforms comparative studies in
order to elucidate its role. Likewise, our results showed that
unmodified proteoforms are more abundant than phosphory-
lated proteoforms, supporting the hypothesis that a high
dephosphorylation wave occurs during sperm maturation."**°
Remaining phosphorylated residues in mature human sperm
could either be simple spermatogenesis remnants randomly
found across some protamine molecules or, in contrast, act as
specific epigenetic marks during early embryo development.
Since the attachment of phosphorylated protamines to the
DNA is not as strong as for unmodified protamines, due to the
reduction of positive charge, phosphorylated protamines could
mark the preferential paternal protamine replacement by
maternal histones during early embryo development.’
However, the function of these retained phosphorylated
protamines beyond fertilization, if any, remains to be
elucidated.

Surprisingly, through the top-down MS approach a +61 Da
modification was widely identified solely or in combination
with other PTMs across P1, HP2, HP3, HPS1, and HPS2
(Table 1, Figure 3, and Supporting Figure 3). In particular,
MS2 fragmentation showed the localization of this modifica-
tion in residues C31 and/or C51 of P1, as monomodified or in
conjunction with mono-, di-, and triphosphorylation, and in
residues C82 of HP2 and HPS2, C74 of HP3, and C92 of
HPS1 (Supporting Table 2, Figure 3B, and Supporting Figures
4 and S). In HPS1, this modification was detected either solely
or in combination with the Q34 modification to pyroglutamic
acid (Figure 3B). The incorporation of 61 Da to the molecular
weight of protamines might correspond to the presence of a
Zn* jon attached to protamine molecules. It has been
demonstrated that low levels of Zn** in seminal plasma
negatively correlate with sperm quality and fertility.*”*"
Moreover, it has been also proposed that Zn** could aid the
stabilization of sperm chromatin.” The attachment of Zn** to
P2 has been previously demonstrated,”” and a stoichiometric
binding of one P2 molecule to one Zn** ion has been
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proposed.”® In addition, a zinc-finger motif in P2 (Cys2-His2)
has been described that could allow P2 proteins to act as zinc-
finger proteins.®” In the present study, we detected the +61 Da
modification in P1, although the attachment of Zn>* to P1 has
not been previously described. However, further studies based
on inductively coupled plasma (ICP) masses are required in
order to clarify whether the presence of this modification in
both protamines corresponds to Zn?* ion, as well as its
potentially related function.

Determination of the P1/P2 Ratio and the Pre-P2/P2 Ratio
Using Top-Down MS Data

The conventional P1/P2 ratio obtained by acid—urea PAGE-
based experiments has been widely evaluated to assess the
fertility state in andrology research. However, although it has
been linked to sperm penetration score, fertilization rates, and
pregnancy outcome,”*** controversial results are found.”
Conventional techniques based on acid—urea PAGE show
limitations, such as potential differences in the staining
affinities of the dyes, as well as the difficulty in discerning
between proteoforms that differ only by small mass or
isoelectric point changes. These limitations could be overcome
with top-down MS-derived data, including detailed proteoform
information. By using LC—MS intensities of P1 proteoforms
and mature P2 proteoforms, an average P1/P2 ratio of 1.76
with a standard deviation of 0.16 was revealed (Table 3). This
ratio is notably higher than the one calculated using the
conventional acid—urea PAGE P1/P2 ratio, for which an
average of 1.04 with a standard deviation of 0.16 was obtained
(Table 3). One potential explanation for this high MS-derived
ratio may be the better chromatographic efficiency and
ionization response of P1 proteoforms in comparison to P2
proteoforms, related to their particular physical—chemical
properties. Despite the technical limitations associated with
both techniques, P1/P2 ratios derived by MS and acid—urea
PAGE displayed similar values among normoozospermic
individuals, showing low standard deviation values across the
samples assessed in this study (Table 3). Taking into account
the valuable proteoform-specific information obtained when
applying the top-down based approach, the evaluation of
potential dysregulations in the MS-derived P1/P2 ratio in
different types of infertile patients, as previously done with
conventional approaches (reviewed in refs 24-26), is
demanded.

Alterations in pre-P2 have also been reported in infertile
patients using conventional approaches.””*¥**?1¥%5 gpecifi-
cally, an association between a high pre-P2/P2 mature
proteoforms ratio (pre-P2/P2) with alterations in seminal
parameters, specifically low sperm counts, low sperm motility,
and abnormal morphology, was established.”® Interestingly,
when assisted reproductive outcomes were evaluated, a low
pre-P2/P2 ratio was linked to poor pregnancy success.”” These
results suggest that the deregulation of specific immature
proteoforms not detected by standard methods could be the
underlying cause of pre-P2/P2 alterations. For that reason, the
ratio between the intensities of pre-P2 proteoforms and P2
mature proteoforms (pre-P2/P2) was also calculated here from
our top-down MS-derived data. The obtained MS-derived pre-
P2/P2 ratios ranged from 0.44 to 2.05, being on average 1.45
(Table 3). In contrast to the clear similarity of the MS-derived
P1/P2 ratio among our samples, the MS-derived pre-P2/P2
ratio differs among individuals, being established as two
different subgroups (Table 3). The first subgroup included 3
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out the 5 samples showing a pre-P2/P2 ratio of approximately
2, while the second subgroup was form by the remaining two
samples, showing a lower pre-P2/P2 ratio of around 0.6, due to
lower intensities of pre-P2 proteoforms. These results suggest
that normozoospermic infertile patients could be stratified on
the basis of the pre-P2/P2 ratio. However, it remains necessary
to elucidate whether a dysregulation of the MS-derived pre-
P2/P2 ratio might be associated with assisted reproductive
outcomes. Altogether this suggests the accuracy of the top-
down proteoform profile as an advantage to allow on to
determine alterations in specific proteoforms potentially
associated with different phenotypes of infertile men.

B CONCLUSIONS

In this study, we demonstrated that the combination of top-
down and bottom-up MS approaches is suitable to study the
sperm-specific protamine proteoform profile, giving comple-
mentary information with low interindividual variability among
the analyzed patients. These approaches have permitted, for
the first time, establishment of the normal phosphorylation
pattern for human protamines, by identifying known and novel
phosphorylated residues for P1, pre-P2, HP2, and HP3.
Remarkably, our top-down MS results suggest that the normal
protamine proteoform profile comprises unmodified P1 as the
most widely identified proteoform, followed by unmodified
mature HP2, monophosphorylated P1, unmodified HP3,
diphosphorylated P1, unmodified HP4, monophosphorylated
HP2, and monophosphorylated HP3. Moreover, previously
detected and novel truncated proteoforms have been identified
for both P1 and pre-P2, some of which containg modified
residues, possibly generated by post-translational proteolytic
cleavage. Interestingly, in addition to phosphorylation, both
protamines harbor a +61 Da modification that might
correspond to Zn** ion, although further specific analyses are
required to clarify this association. Furthermore, the
proteinase-K-based bottom-up MS approach unequivocally
identified the nonannotated P2 isoform 2. Since the utility of
the conventional P1/P2 ratio based on their relative quantity is
limited and it cannot identify alterations in specific protamine
proteoforms, our results increase the current knowledge of
human protamines by setting up the normal profile of
protamine proteoforms in human individual sperm samples
with normal semen parameters. Furthermore, we evaluated
P1/P2 and pre-P2/P2 ratios using top-down MS-derived data.
In contrast to the data obtained by using PAGE-based
methods, these ratios would aid to determine specific
proteoform alterations potentially related to different infertility
phenotypes. The study of proteoform dysregulations in
different types of patients, particularly phosphorylation/
dephosphorylation dynamics as well as alterations in P1/P2
and MS-derived pre-P2/P2 ratios, opens a window to
determine their potential role in male fertility, along with the
potential function of protamine modifications as epigenetic
marks beyond fertilization.
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forms shown in Supporting Figures 4 and S for P1 and
P2; Supporting Figure 1 shows the pipeline applied for
the top-down MS and the bottom-up MS approaches;
Supporting Figure 2 schematizes the overall strategy
employed to identify PRM2 isoform 2 at the RNA level;
Supporting Figure 3 shows with a scatter plot each
biological replicate proteoform profile; Supporting
Figures 4 and S show the fragmentation of the identified
proteoforms for P1 and P2, respectively; Supporting
Figure 6 displays spectra corresponding to the truncated
forms of P1 and P2; Supporting Figure 7 illustrates
“CLUSTAL O” alignment in different species of P2
isoform 2; and Supporting Figure 8 shows specific
modified residues for P1 and P2 employing two different
automatized engines (PDF)
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3. Treballs

Canvis proteomics de I'espermatozoide associats a la qualitat embrionaria
primerenca després de ICSI

Objectiu: Identificar proteines de l'espermatozoide que podrien tenir un paper
important en I'embriogenesi. Per dur-ho a terme, es va correlacionar 'abundancia
de les proteines de I'espermatozoide amb la qualitat dels embrions que deriven de
fecundacié in vitro amb injeccié intracitoplasmatica (FIV-ICSI), provinents
d’individus normozoospermics amb infertilitat d’origen desconegut.

Metodologia: Es van utilitzar les mostres de 27 pacients que se sotmetien a FIV-
ICS], en funcid de la qualitat embrionaria obtinguda en dia 2 de desenvolupament
embrionari, dividint embrions de bona qualitat (% A+B) i embrions de baixa qualitat
(% D). Els pacients inclosos a I'estudi van ser classificats en tres subgrups segons els
parametres seminals i les caracteristiques fenotipiques. Les proteines van ser
extretes, digerides i marcades mitjancant TMTioplex i subseqiientment es van
analitzar per cromatografia liquida bidimensional seguit d’espectrometria de masses
en tandem (2D-LC-MS/MS).

Resultats: Es van identificar un total de 1409 proteines amb almenys un péptid tnic
i després d’aplicar uns criteris de quantificacio estrictes i fiables, on només es té en
consideracio per les analisis posteriors aquells peptids quantificats per =2 peptide-
spectrum matches (PSMs) en totes les mostres amb un coeficient de variacié < 50 %
en almenys el 75 % de les mostres, 210 van ser utilitzades per a la comparacio
quantitativa entre mostres. En el subgrup de parelles amb infertilitat d’origen
desconegut, 2 proteines es trobaven correlacionades amb la bona qualitat
embrionaria (% A+B), mentre que 16 es trobaven correlacionades amb la baixa
qualitat embrionaria (% D). Notablement, un percentatge elevat de les proteines
correlacionades amb la baixa qualitat embrionaria estaven associades a l'alteracio
del chaperonin TCP-1 ring complex (TRiC), que presenta un paper important en el
plegament de moltes proteines. Algunes d’aquestes correlacions van poder ser
validades o bé a través de dades disponibles derivades d’estudis similars publicats
préviament o bé a través de noves determinacions fent servir les mostres amb factor
masculi o femeni conegut. A més, 7 / 18 proteines van ser quantificades amb més
d’un peptid i es va realitzar la seva respectiva correlacié amb la qualitat embrionaria
a nivell de peptid. Mentre que 2 / 7 proteines tenien tots els péptids correlacionats
amb la qualitat embrionaria, en les 5 restants no tots els péptids es trobaven
correlacionats. Aquesta heterogeneitat observada a nivell de peptid es podria
explicar per la preséncia de modificacions posttraduccionals (PTMs) o isoformes de
les proteines, plantejant un nou repte en estudis futurs de protedmica quantitativa.
Conclusions: Els resultats d’aquest estudi donen suport a que el proteoma de
I'espermatozoide presenta un paper en I'embriogénesi i alguna de les proteines
d’aquest estudi podrien acabar resultant utils com a potencials biomarcadors de
prediccio del resultat de tecniques de reproduccid assistida.
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KEY MESSAGE

Sperm proteins seem to play a role in the correct development of the preimplantation embryo such as
proteins of chaperonin-containing T-complex required for the correct folding of 10% of eukaryotic proteins.
Those sperm proteins could be further developed as relevant clinical biomarkers to the better counselling of
idiopathic infertile couples.

ABSTRACT
Research question: Do alterations of human sperm protein profile affect embryo quality?

Design: Sperm proteins from 27 infertile couples undergoing intracytoplasmic sperm injection (ICSI) were extracted

and digested. The resulting peptides were labelled using tandem mass tags, separated by two-dimensional liquid
chromatography, and identified and quantified using tandem mass spectrometry. Subsequently, sperm protein and
peptide abundance were statistically analysed for correlation with ICSl-derived embryo quality in the subset of idiopathic
infertile couples. Detected correlations were further assessed in the subset of infertile patients with a known factor.

Results: The abundance of 18 individual sperm proteins was found to correlate with embryo quality after ICSI. Of note,
a high percentage of poor-quality ICSl-derived embryos was associated with alterations in several components of the
eight-membered chaperonin-containing T-complex, which plays an important role in the folding of many essential
proteins. Additionally, the abundance of sperm proteins with known functions in embryogenesis, such as RUBVL], also
correlated with early embryo quality (r = -0.547; P = 0.028). Some of the correlations found in this study were validated
using either proteomic data from infertile patients with a known factor or data from similar published studies. Analysis at
the peptide level revealed the association of some correlations with specific post-translational modifications or isoforms.

Conclusions: Our results support the hypothesis that the sperm proteome plays a role in early embryogenesis.
Moreover, several sperm proteins have emerged as potential biomarkers that could predict the outcome of in-vitro
assisted reproductive technologies, leading to the possibility of improved diagnosis of couples with idiopathic infertility.
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INTRODUCTION

nfertility is an increasing health
problem, affecting 20% of couples
of reproductive age and directly
affecting a patient's quality of life
(Skakkebaek et al., 2015). Couples who
experience infertility, defined as being
unable to achieve pregnancy after 12
months of unprotected intercourse,
are advised to seek fertility treatment
(Skakkebaek et al., 2015). Although male
and female factors contribute about
equally to infertility (Krausz et al., 2015),
most current clinical studies of infertile
couples are focused on the woman. The
evaluation of infertility in men is mainly
restricted to the examination of semen
parameters, which only reveals gross
deficiencies in sperm count, motility and
morphology, and therefore has a limited
ability to predict the success of assisted
reproductive technologies (ART) (World
Health Organization, 2010).

Today, about 2.1% of children born in
Europe are conceived through ART (De
Geyter et al.,, 2018). Couples, however,
often face several ART cycles, a costly
and time-consuming process. Nowadays,
intracytoplasmic sperm injection (ICSI), in
which a single spermatozoon is injected
directly into a mature oocyte, is widely
used in-vitro fertilization (IVF) clinics. It

is used in almost one-half of IVF patients
and results in a pregnancy success rate
of 27% per cycle (De Geyter et al., 2018).
Although ICSI was initially recommended
to specifically treat infertile couples

with a known male factor, its use has
become increasingly popular even for
those couples with idiopathic infertility,
in whom no male or female factor has
been diagnosed. This has arisen because
of increasing expectations of successful
pregnancy from infertile couples. Some
idiopathic infertile couples, however, fail
to conceive after several ICSI cycles. A
priori, unsuccessful in-vitro ART cycles
are attributed to alterations in the oocyte
as, traditionally, oocyte cytoplasm has
been thought to contain all the factors
required for early embryogenesis (Swain
and Pool, 2008). Failed ICSI cycles,
however, have also been observed in
idiopathic infertile patients using donor
oocytes, suggesting that some male
molecular factors could contribute to
the developing embryo (Goudakou

et al., 2012). Indeed, several studies have
revealed that spermatozoa provide DNA
containing different epigenetic marks in
combination with a complex population
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of proteins and RNAs that might be
crucial for embryonic development
(Hammoud et al., 2009; Jodar et al.,
2013; Carrell et al., 2015; Castillo et al.,
2018). These findings emphasize the
need to develop alternative strategies
for accurate evaluation of male factors
potentially involved in the first steps of
embryogenesis.

A total of 6871 non-redundant proteins
have so far been identified in human
spermatozoa using high-throughput
proteomic strategies (Martinez-Heredia
et al., 2006; de Mateo et al., 2011;
Amaral et al., 2013; 2014a; Baker et al.,
2013; Wang et al., 2013; Castillo et al.,
2018). Although most of these proteins
are related to spermatogenesis and
sperm functionality (Amaral et al., 2014a;
2014b; Castillo et al., 2018), 1% of
sperm proteins seem to be involved in
fertilization, early embryo development
or regulation of gene expression after
embryonic genome activation (Castillo
et al., 2018). Recently, integrative
analyses of the human spermatozoon,
oocyte, and embryo proteomes and
transcriptomes have revealed a set of
embryo proteins that may be exclusively
paternal in origin. Some of these seem to
be crucial for early embryogenesis, such
as the centrosomal protein 135 (CEP135)
(Castillo et al., 2018). Supporting this
hypothesis, several studies have found
strong correlations between alterations
in the abundance of specific sperm
proteins and low fertilization rates,
blastocyst quality, as well as unsuccessful
IVF or ICSI cycles (Zhu et al., 2013;
Azpiazu et al., 2014; Frapsauce et al.,
2014; Légaré et al., 2014; McReynolds
et al, 2014; Liu et al., 2018). Except

for the study published by Zhu et al.
(2013), these comparative proteomic
studies were conducted using pools

of samples categorized according to
in-vitro ART outcomes. This strategy

of pooling samples assumes that the
underlying cause for the ART treatment
outcome is the same in each individual
sample. It is known, however, that
several variables, including underlying
unknown male, female factors, or both,
could result in low fertilization rates, low
blastocyst quality or unsuccessful ART
cycles. Therefore, the use of individual
samples could help to detect sample-
specific alterations contributing to an
unsuccessful ART cycle.

The aim of this study was to identify
sperm proteins that could have a role
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during the first steps of embryogenesis.
To achieve the objective, we correlated
the abundance of sperm proteins with
the quality of embryos derived from

an ICSI cycle from infertile patients
without any known male or female
factor (idiopathic infertile patients) who
underwent ICSI. Our results provide
insights into the role of specific sperm
proteins in early embryogenesis, which
could be further developed as potential
clinical biomarkers to predict the success
of in-vitro ART.

MATERIALS AND METHODS

Sample collection and embryo quality
assessment

Human semen samples were obtained
from 27 infertile patients undergoing
ICSI from the Assisted Reproduction
Unit of the Hospital Clinic of Barcelona
(FIV Clinic-ICGON, Spain). All human
samples were used in accordance with
the appropriate ethical guidelines and
Internal Review Board guidelines of the
Hospital Clinic of Barcelona (Spain;
International Review Board study number
R121031-096-2012/7942). International
Review Board approval was granted on
22 November 2012. Written informed
consent were obtained from all patients
in accordance with the Declaration of
Helsinki.

Semen samples were collected by
masturbation into a sterile container after
2-7 days of sexual abstinence. Patients
were classified according to their seminal
parameters in line with World Health
Organization guidelines (World Health
Organization, 2010) and phenotypic
traits as follows: idiopathic infertile
couples (n = 16) (taBLE1); infertile couples
with a known male factor according to
their seminal parameters (n = 4) (TABLE 1),
including men with asthenozoospermia
(<32% sperm progressive motility) or
men with oligoasthenozoospermia (<39
million of total sperm and <32% sperm
progressive motility); and infertile couples
with a known female factor, including
women aged over 40 years, with obesity
according to body mass index, or both

(n =7) (TABLE 1).

Spermatozoa were purified from seminal
plasma through a discontinuous density
gradient (90%, 70%, 50% PureSperm)
(Nidacon Laboratories AB, Gothenburg,
Sweden) by centrifugation at 400 g for
20 min. Pelleted sperm were carefully
recovered by direct aspiration of the
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TABLE 1 SAMPLE CHARACTERISTICS SHOWING SEMEN PARAMETERS FROM DIAGNOSTIC SEMINOGRAM, PHENOTYPIC
TRAITS AND REPRODUCTIVE CLINICAL INFORMATION

ART data
Diagnostic seminogram Embryo quality at day 2
Sample Male Sperm Sperm Sperm Female Recov- MiIl Fertilization A+ BC D  Total Pregnancy®
number age  concentration progressive morphology age ered Oocytes® rate (%) (%)* (%)° (%) embryos
(years) (106 sperm/ml) motility (% (% NF)° (years) oocytes analysed
a+b)?
Idiopathic infertility
1 42 >15 >32.0 >4 36 5 4 75.0 0.0 66.6 333 3 N
2 43 >15 >32.0 >4 <35" 16 16 68.8 91 636 273 N N
3 39 >15 >32.0 >4 38 7 7 85.7 167 50.0 333 6 N
4 40 >15 >32.0 >4 33 6 6 100.0 167 833 00 6 N
5 38 >15 >32.0 >4 39 8 8 62.5 20.0 20.0 60.0 5 N
6 34 >15 >32.0 >4 34 7 7 429 333 666 00 3 N
7 37 >15 >32.0 >4 37 9 7 857 50.0 333 167 6 N
8 39 >15 >32.0 >4 37 8 7 100.0 571 285 143 7 Y
9 37 >15 >32.0 >4 36 8 6 100.0 66.6 166 167 6 Y
10 37 >15 >32.0 >4 32 10 8 75.0 66.6 166 167 6 N
1l 37 >15 >32.0 >4 38 8 6 50.0 667 333 00 3 Y
12 32 >15 >32.0 >4 30 5 5 60.0 667 333 00 3 N
13 39 >15 >32.0 >4 <350 9 7 100.0 714 143 143 7 Y
14 38 >15 >32.0 >4 39 8 8 75.0 833 166 00 6 Y
15 37 >15 >32.0 >4 37 5 4 75.0 100.0 00 00 3 Y
16 36 >15 >32.0 >4 36 8 7 100.0 1000 00 00 7 Y
Male factor
1 36 <15 <32.0 >4 34 9 6 83.3 20.0 800 00 5 Y
2 38 <15 <32.0 >4 36 16 13 61.5 420 140 420 7 N
3 39 >15 <32.0 >4 39 15 7 85.7 66.6 167 166 6 Y
4 39 >15 <32.0 >4 38 17 13 84.6 818 181 00 M N
Female factor
1 44 >15 >32.0 >4 4 7 5 60.0 333 333 333 3 N
2 36 >15 >32.0 >4 45 6 5 83.3 40.0 20.0 400 5 N
3 39 >15 >32.0 >4 4 10 9 66.7 66.6 167 166 6 N
4 39 >15 >32.0 >4 39 14 6 100.0 666 333 00 6 N
5 40 >15 >32.0 >4 40 5 5 80.0 750 250 00 4 Y
6 42 >15 <32.0 >4 42 8 7 857 100.0 0.0 0,0 ¢ N
7 40 >15 >32.0 >4 40 12 9 333 1000 00 00 8 Y
2 % (a + b): sperm progressive motility percentage.
b % Normal forms (NF) percentage.
¢ Metaphase Il (Mll) oocytes.
9 % (A+B): top quality (A) and good but not suitable for elective single embryo quality transfer (B) percentage.
¢ % C: impaired embryo quality percentage.
f% D: embryos not recommended for transfer percentage.
& Pregnancy: presence (Y) or absence (N) of fetal heartbeats.
" Qocyte donation.
" Body mass index greater than 30.
pellet from the bottom of a conical tube, 400 g for 10 min. Finally, sperm pellets USA) and incubated for 20 min at
thus reducing possible contamination were prepared by the routine swim- 37°C in 7% of CO, and 7% of Oy,
from overlaying layers. Afterwards, up procedure. Briefly, sperm pellets allowing motile spermatozoa to swim
the pellet was resuspended in All grad were gently covered with 0.5 ml of into the medium. A small aliquot of
Wash® media (The LifeGlobal® Group, global® total® for Fertilization medium spermatozoa that migrated to the top
Connecticut, USA) and centrifuged at (The LifeGlobal® Group, Connecticut, of the medium was transferred to a new
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dish, and qualified operators selected
the best spermatozoa according to
sperm morphology. These sperm cells
were used for the ICSI procedure. The
surplus of sperm cells not used for ICSI
was assessed for absence of round cells
by optical microscopy, incubated with
CryoSperm (Origio, Malow, Denmark)
following manufacturer's instructions,
and cryopreserved in liquid nitrogen until
further processing for proteomic analysis
(FIGURE 1).

Embryo quality assessment (n = 150) was
conducted after the ICSI procedure in
accordance with the standard assisted
reproduction clinic protocol. Briefly,
fertilized oocytes were examined and only
those with two pronuclei were further
cultured in 20 ul drops of global® culture
media (The LifeGlobal® Group, Guilford,
CT, USA) under mineral oil. Embryos

at day 2 were scored based on the
morphological features according to the
embryo assessment criteria established by
the Spanish Society, Asociacién Espafiola
para el Estudio de la Biologia de la
Reproduccion (ASEBIR) (Alpha Scientists
in Reproductive Medicine and ESHRE
Special Interest Group Of Embryology,
2011). The embryo quality assessment
was mainly based on six parameters: the
number of blastomeres; symmetry of
the blastomeres; size and distribution of
the embryo fragmentation; presence of
multi-nucleation; cytoplasmic anomalies
such as the presence of vacuoles; and
zona pellucida irregularities. The ASEBIR
consensus scheme scores day-2 embryos
as (A) top quality, (B) good-quality but
not suitable for elective single-embryo
transfer, (C) impaired embryo quality
and (D) not recommended for transfer.
Our patients were classified according to
the percentage of good-quality embryos
(embryos graded as A or B) or poor-
quality embryos (embryos graded as D),
which are not recommended for transfer
after an ICSI cycle (1ABLE 1). Finally, as
established in the standard protocol

of the clinic, one or two good-quality
embryos were transferred to women on
day 3. The clinical outcome ‘pregnancy’
was evaluated by the presence of a fetal
heartbeat.

Protein purification and peptide
tandem mass tag-labelling

Sperm proteins were solubilized

by incubation of spermatozoa for
1h at room temperature with 1%
sodium dodecyl sulphate in 100 mM
triethylammonium bicarbonate. Cell
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lysates were centrifuged at 17,500 g for
10 min at 4°C and the supernatants
containing the soluble protein fraction
were quantified using Pierce™ Reducing
Agent Compatible BCA Protein Assay
Kit (Thermo Scientific, Waltham, MA,
USA) according to the manufacturer's
instructions. From each sample, 30 ug
of proteins were used for tandem mass
tag (TMT)-10 plex labelling by following
the manufacturer's instructions with
minor modifications, as described
elsewhere (Bogle et al., 2017). Before
peptide labelling, equivalent aliquots of
each individual sample (n = 27) were
merged in a single internal control.
Subsequently, each sample and the
internal control were individually labelled
with TMT reporter ions with intensities
from mass-to-charge ratios (m/z) 126:131;
TMT-126 was used for the internal
control and <127N, -127C, -128N,
-128C, -129N, -129C, -130N, -130C,
-131 for individual samples. To quench
the reaction, each tube was incubated
with 2.6 ul of 8% hydroxylamine for

15 min. After quenching, TMT-labelled
samples were combined at equal volume
in three different pools (A, B and C)
with nine samples and the internal
control each. The pooled samples

were dried in a speed-vacuum and,
subsequently, 20 ug of peptides from
each pool were cleaned-up with Pierce
C18 Spin Columns (Thermo Scientific,
Waltham, MA, USA), according to the
manufacturer's instructions.

Two-dimensional liquid
chromatography with tandem mass
spectrometry

A total of 10 pg of TMT-labelled peptides
from each pool (A, B and C) were
fractioned using a Zorbax 300 HILIC
column (1.8 um, 2.1 x 50 mm, 300 A)
(Agilent Technologies, Santa Clara, CA,
USA) coupled with a Surveyor MS Pump
(Thermo Finnigan, Waltham, MA, USA).
Two different buffers were used for
fractionation: Buffer A (97% acetonitrile
[ACN], 3% H20) and Buffer B (97% 50
mM ammonium acetate pH = 4.5, 3%
ACN). An elution gradient from 5% to
100% buffer B was run over 15 min, and
20 fractions were collected from each
pool. Each fraction was dried under a
speed vacuum, reconstituted and loaded
to a PepMap 100 trap column (300 um
x5 mm, 5 pm, 100 /&) (Thermo Fisher
Scientific, Waltham, MA, USA) to clean
and pre-concentrate the fractions. For
the liquid chromatography, a PepMap
was used with a 120 min linear gradient
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with buffer A (97% H,O, 3% ACN, 0.1%
formic acid [FA]) and buffer B (97%
ACN, 3% H,O, 0.1% FA) as follows: 0-4
min, 0% buffer B; 4-100 min, 32.5%
buffer B; and 100-120 min, 100% buffer
B. The tandem mass spectrometry
analysis was carried out using a nano-
LC ultra 2D eksigent (AB Sciex, Madrid,
Spain) attached to an LTQ-Orbitrap Velos
coupled with a nanospray ion source
(Thermo Fisher Scientific, Waltham, MA,
USA). The LTQ Orbitrap Velos (Thermo
Fisher Scientific, Waltham, MA, USA)
settings included 30,000 of resolving
power (full width half medium) for mass
spectrometry level 1 scans at 400 m/z
for precursor ions followed by 30,000 of
resolving power (full width half medium)
for mass spectrometry level 2 scans

of the 20 most intense precursor ions

at 400 m/z, in positive ion mode. The
mass range was set 300-1600 m/z. The
acquisition of tandem mass spectrometry
data was conducted using Xcalibur 2.2
(Thermo Fisher Scientific, Waltham,

MA, USA). Normalized collision energy
for higher energy collisional dissociation
(HCD)-MS2 was set to 42%.

Protein identification and
quantification

Tandem mass spectrometry data output
was analysed by Proteome Discoverer 1.4.
(ThermoFisher Scientific, Waltham, MA,
USA). For database searching, processed
data were submitted to the in-house
Homo sapiens UniProtKB/Swiss-Prot
database (last modified February 2014;
20,240 protein entries) using SEQUEST
version 28.0 (Thermo Fisher Scientific,
Waltham, MA, USA). Percolator search
node was also applied. Searches were
conducted using the following settings:
two maximum missed cleavages for
trypsin; TMT-labelled in N-terminus,
lysine, histidine, serine, tyrosine
(+229163 Da), and methionine oxidation
(+15.995 Da) as dynamic modifications,
and cysteine carbamidomethylation
(+57.021 Da) as a static modification; 20
ppm precursor mass tolerance, 0.05 Da
fragment mass tolerance, 5 mmu peak
integration tolerance, and most confident
centroid peak integration method.

Criteria used to accept protein
identification included a minimum

of one unique peptide matched per
protein, with a 1% false discovery

rate. The ‘enable protein grouping’
option was disabled to avoid possible
ambiguity in the identification of different
isoforms of the same proteins during
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27 normozoospermic samples selected on the = -
basis of the quality of the fertilized embryos

Protein solubilization, quantification, denaturation, reduction, alkylation, digestion

Differential labelling (TMT 10-plex: 126-131) and pooling

Two-dimensional liquid chromatography with tandem
mass spectrometry peptide identification and
quantification

One or more unique peptide quantified with two or more peptide-
spectrum matches in all samples with a coefficient of variation
less than 50% in at least 75% of the samples

511 peptides corresponding to 210 quantifiable proteins

|

Computational analysis n=16

l Idiopathic Infertile couples

% A + B embryos and % D embryos
Pearson’s correlation at protein level

Infertile couples with potential
male or female factor Computational

validation
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-

N

Correlated proteins :

% A + B and % D Pearson’s correlation at peptide
level
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FIGURE 1 Study design. Overall procedure used for the identification and quantification of proteins in the different types of patients through
tandem mass tag-10plex peptide labelling followed by two-dimensional liquid chromatography with tandem mass spectrometry, and subsequent
computational analysis. ART, assisted reproductive technology; ICSI, intracytoplasmic sperm injection; TMT, tandem mass tag.

quantification. For protein quantification Discoverer software from each identified samples were considered for further
data, normalized TMT quantitative values spectrum (Supplementary Figure 1), as statistical analyses (Barrachina et al.,
expressed as the ratio of the intensities previously described (Barrachina et al., 2019). Significant statistical differences
of reporter ions from HCD MS2 spectra 2019). Only those peptides quantified by between groups were evaluated after
from each individual sample (TMT-127 > 2 peptide-spectrum matches (PSMs) the normalization of the relative

to TMT-131) with the internal control in all the samples with a coefficient of proteomic quantification values by log,
(TMT-126) were obtained by Proteome variation < 50% in at least 75% of the transformation.
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FIGURE 2 Correlation between sperm protein abundance and percentage of good-quality embryos in idiopathic infertile patients. (A) Scatter plot
of normalized SPESP1 protein abundance generated by two-dimensional liquid chromatography with tandem mass spectrometry (log2 intensity
ratio of the proteins) versus per cent good-quality embryos (A + B) derived from intracytoplasmic sperm injection; (B) scatter plot of normalized
FHL1 protein abundance generated by two-dimensional liquid chromatography with tandem mass spectrometry (log2 intensity ratio of the proteins)
versus per cent good-quality embryos (A + B) derived from intracytoplasmic sperm injection. The Pearson correlation coefficient (r) and its P-value

are indicated for both correlations.

Statistical analyses

R software version 3.4.4 (http://
www.r-project.org) or GraphPad

Prism software version 7.01 (GraphPad
Software Inc., San Diego, USA) were
used for all data analyses. Multiple
Pearson correlation analyses between
log, transformed values of relative
proteomic quantification at both
protein and peptide levels with either
% A + B or % D embryos were
separately conducted for the three
groups: idiopathic infertile couples;
infertile couples with a male factor; and
infertile couples with a female factor.
P < 0.05 was considered statistically
significant. Additionally, the UniProt
Knowledgebase (https://www.uniprot.
org/) was used to identify possible
protein isoforms and post-translational
modifications.

To infer the functional involvement of the
sperm proteins correlated with embryo
quality, gene ontology enrichment
analysis was carried out using Gene
Ontology Consortium database (http://
www.geneontology.org/) based on
PANTHER v. 14 database (Released on
2019-01-01). This enrichment analysis
finds which gene ontology terms are
over-represented using functional
annotations from the Gene Ontology
Consortium database for target sperm
proteins. The significance of the
enrichment was calculated by Fisher's
exact test. P < 0.05 after Bonferroni
adjustment was considered statistically
significant.
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RESULTS

Identification and reliable
quantification of sperm proteins

In the present study, 1409 proteins
were identified, of which 727 were
detected in all the 27 sperm samples
assessed (Supplementary Table 1). From
those, 511 peptides derived from 210
proteins met our strict quantification
criteria (peptides with =2 PSMs
quantified and with a coefficient of
variation <50% in at least 75% of the
samples), and were used for further
correlation analyses (FIGURE 1 and
Supplementary Table 2). Gene ontology
enrichment analysis showed that

this subset of proteins is involved in
processes such as energy production,
spermatogenesis, sperm motility,
fertilization and telomere maintenance
(Supplementary Table 3).

Correlation of sperm proteins from
idiopathic infertile couples with
embryo quality after ICSI

The relative abundance of two sperm
proteins, the sperm equatorial segment
protein 1 (SPESP1) and the four and

a half LIM domains protein 1 (FHL1),
displayed significantly positive (r = 0.588,
P = 0.016) and negative correlations

(r = -0.581; P = 0.018), respectively
with the percentage of ICSI-derived
good-quality embryos (classed as A+B)
in idiopathic infertile patients (FIGURE 2).
Additionally, the abundance of 16 sperm
proteins was significantly correlated with
the percentage of ICS|-derived poor-

quality embryos (classed as D) (TABLE 2;
P-values shown in TaBLE 2, all <0.05).
Whereas 15 of the 16 sperm proteins
showed a negative correlation with the
percentage of poor-quality embryos, just
one sperm protein, the uncharacterized
protein C7orfé1, displayed a positive
correlation.

Correlations between sperm proteins
at the peptide level from idiopathic
infertile couples and embryo quality
Up to seven of the 18 sperm proteins
whose relative abundance correlated with
embryo quality were reliably quantified
with more than one peptide. Specifically,
these proteins are the protein T-complex
protein 1 subunit gamma (CCT3), the
protein T-complex protein 1 subunit theta
(CCT8), the enolase 1 (ENO1), the zona
pellucida binding protein (ZPBP), the
mitochondrial protein peroxiredoxin-5
(PRDX5), RuvB-like 1 (RUVBLI1) and
SPESP1 (TaBLE 3). Pearson correlation
analysis at the peptide level showed that
the abundance of one or more peptides
of all proteins assessed did not correlate
with embryo quality (TaBLE 3). This
heterogeneity observed at the peptide
level may be explained by the presence
of either post-translational modifications
(PTM) or protein isoforms (FIGURE 3). For
instance, only two out of three peptides
quantified for CCT3 showed a strong
correlation with poor-quality embryos.
Interestingly, the non-correlated peptide
contained a threonine (T) residue that
could be a target of phosphorylation
(FIGURE 3A). Similarly, only one out of
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TABLE 2 PEARSON CORRELATION ANALYSIS BETWEEN NORMALIZED RELATIVE SPERM PROTEIN ABUNDANCE AND
PERCENTAGE OF POOR-QUALITY EMBRYOS (D)?

Gene name UniprotKB Pearson correlation coefficient Significance (P-value)
(r-value)
C7orfé1 Q8Iz16 +0.502 0.048
CCT7 Q99832 -0.646 0.007
CCT2 p78371 -0.641 0.007
CCT3 P49368 -0.626 0.010
CCT8 P50990 -0.622 0.010
ENO1 P06733 -0.587 0.017
CA2 P0O0918 -0.580 0.019
PRDX6 P30041 -0.560 0.024
RUVBL1 Q9Y265 -0.547 0.028
TCP1 P17987 -0.544 0.030
CRISP2 P16562 -0.541 0.030
ZPBP Q9BS86 -0.520 0.039
GLBIL Q6UWU2 -0.516 0.041
DPCD Q9BVM2 -0.510 0.043
PSMA6 P60900 -0.507 0.045
PRDX5 P30044 -0.499 0.049

Normalized relative sperm protein abundance assessed by two-dimensional liquid chromatography with tandem mass spectrometry data.

2 Embryo assessment criteria established by the Spanish Society. Asociacién Espafiola para el Estudio de la Biologia de la Reproduccién (ASEBIR) (Alpha Scientists in Repro-
ductive Medicine and ESHRE Special Interest Group Of Embryology. 2011).

two peptides quantified for the PRDX5
was correlated with the percentage of
D embryos. The presence of different
isoforms, however, produced by
alternative splicing could explain this
observation. In this case, whereas the
non-correlated peptide is common in
all PRDX5 isoforms provided by UniProt
Knowledgebase, the correlated peptide
is exclusively absent in PRDX5 isoform
4. Therefore, these results suggest that
the abundance of all the PRDX5 isoforms
present in sperm except for the isoform
4 are correlated with embryo quality
(FIGURE 3B).

Validation of the identified
correlations between sperm proteins
and embryo quality in a different
subset of infertile patients

The 18 sperm proteins correlated
with embryo quality in idiopathic
infertile couples were assessed in a
different subset of infertile patients
with a known male or female factor
(n = M) for its validation. Although

a significant positive correlation was
observed between the abundance of
the uncharacterized protein C7orf61
and the percentage of D embryos

in infertile patients with known

male factor (r = 0.99; P = 0.01), no
correlations were found in patients with
a known female factor (Supplementary
Table 4), as was expected.

DISCUSSION

Traditionally, women have been the
focus of reproductive medicine. The
investigation of the male partner has
been largely restricted to evaluation

of seminal parameters. This is

reflected in the fact that, currently, no
pharmaceutical compounds are available
to prescribe to infertile males, or to
improve sperm quality in vitro. Similarly,
validated molecular tests based on the
study of semen to predict the success
of ARTs are lacking. The lack of tools
currently available for male infertility
diagnosis, prognosis and therapy is mainly
due to the incomplete understanding of
the father's contribution to his progeny.
Deciphering what molecular causes are
involved in male infertility may shed new
light on paternal components essential
for embryogenesis and may promote
the development of molecular tests that
would finally help to change the male
fertility diagnosis paradigm (Jodar et al.,
2015).

The use of comparative high-
throughput proteomics of individual
sperm samples is a good strategy for
the discovery of new physiological
and pathological mechanisms of
male fertility, as well as clinically
useful biomarkers (Jodar et al.,
2017). To avoid false-positive results,
however, it is essential to establish
strict criteria for both protein
identification and quantification. In
the present study, 18 sperm proteins
were correlated with ICSl-derived
embryo quality. It is interesting that
alterations in the abundance of seven
of those 18 sperm proteins has been
previously associated with in-vitro
ART outcomes in similar published
studies (Supplementary Table 5). This
is exemplified by the strong association
between blastocyst development

and the differential abundance of
cysteine-rich secretory protein 2
(CRISP2) and PRDX5 (McReynolds

et al,, 2014). Similarly, the abundance
of FHL1, RUVBL1, ENOT1, C7orfé1,
and ZPBP in spermatozoa was related
to the pregnancy outcome through
conventional IVF or ICSI (Azpiazu

et al., 2014; Légaré et al., 2014; Liu
et al., 2018).
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TABLE 3 PEARSON CORRELATION ANALYSIS BETWEEN EMBRYO QUALITY (% A + B EMBRYOS OR % D EMBRYOS) AND
NORMALIZED RELATIVE SPERM PEPTIDE ABUNDANCE (TWO-DIMENSIONAL LIQUID CHROMATOGRAPHY WITH TAN-
DEM MASS SPECTROMETRY) FOR THE SEVEN SPERM PROTEINS IDENTIFIED AS CORRELATED AT PROTEIN LEVEL AND
QUANTIFIED WITH MORE THAN ONE PEPTIDE. PEARSON CORRELATION COEFFICIENT (R-VALUE) AND P-VALUE ARE

PROVIDED.

% A+B

UniprotKB Gene name Peptide sequence and modifications Pearson's correlation (r-value) P-value

Q6UW49 SPESP1 aATVFNTLk N-Term (TMT10-plex); K9 (TMT10-plex) +0.5661 0.0222
sPVTTLDk ST(TMT10-plex); K8 (TMT10-plex) +0.4769 0.0618
sQLLPVGR S (TMT10-plex) +0.5014 0.0478
Protein level +0.588 0.0166

% D

Protein Gene name Peptide sequence and modifications Pearson's correlation (r-value) P-value

P49368 CCT3 iPGGIIEDScVLR N-Term (TMT10-plex); C10(Carbamidomethyl) -0.5017 0.0477
tLIQNcGASTIR N-Term (TMT10-plex); C6 (Carbamidomethyl) -0.3572 0.1745
vQSGNINAAK N-Term (TMT10-plex); K10 (TMT10-plex) -0.6326 0.0085
Protein level -0.6256 0.0095

P50990 CCT8 aLAENSGVk N-Term (TMT10-plex); K9 (TMT10Plex) -0.6596 0.0054
aVDDGVNTFk N-Term (TMT10-plex); K10 (TMT10-plex) -0.6368 0.008
IATNAAVTVLR N-Term (TMT10-plex) -0.3358 0.2035
Protein level -0.6225 0.01

P06733 ENO1 eGLELLk N-Term (TMT10-plex); K7 (TMT10-plex) -0.5593 0.0243
gNPTVEVDLFTSk N-Term (TMT10-plex); K13 (TMT10-plex) -0.6453 0.0069
IMIEMDGTENk N-Term (TMT10-plex); K11 (TMT10-plex) -0.4831 0.058
INVTEQEk N-Term (TMT10-plex); K8 (TMT10-plex) -0.4129 01m9
tIAPALVSk N-Term (TMT10-plex); K? (TMT10-plex) -0.1108 0.6842
yISPDQLADLYk N-Term (TMT10-plex); K12 (TMT10-plex) -0.5463 0.0286
Protein level -0.5866 0.0169

Q9Y265 RUVBL1 aVLLAGPPGTGk N-Term (TMT10-plex); K12 (TMT10-plex) -0.4906 0.0537
IDPSIFESLQk N-Term (TMT10-plex); K11 (TMT10-plex) -0.5013 0.0479
Protein level -0.5474 0.0282

Q9BS86 ZPBP aYVMLHQk N-Term (TMT10-plex); K8 (TMT10-plex) -0.4429 0.0858
fFNQQVEILGR N-Term (TMT10-plex) -0.1008 0.7103
iIVGSTSFPVk N-Term (TMT10-plex); K10 (TMT10-plex) -0.52 0.039
nAELIDPSFQWYGPk N-Term (TMT10-plex); K15(TMT10-plex) -0.5808 0.0183
Protein level -0.5199 0.039

P30044 PRDX5 ILADPTGAFGk N-Term (TMT10-plex); K11 (TMT10-plex) 0.04154 0.8786
vNLAELFk N-Term (TMT10-plex); K8 (TMT10-plex) -0.6012 0.0138
Protein level -0.4993 0.0489

TMT, tandem mass tag.

This concordance between our results conclude that applying our strict a negative correlation for FHL1 and

and those studies published by others criteria for protein identification and positive correlation with SPESP1, with

(around 40%) is much higher than quantification is a good approach to the latter being essential for sperm-egg

that observed when comparing other reduce false-positive associations. binding and fusion (Fujihara et al., 2010).

phenotypes. For instance, only 9% Although the ICSI procedure overcomes

of concordance has been observed The abundance of only two sperm the sperm-oocyte binding and fusion

between comparative high-throughput proteins was significantly correlated processes, it has been shown that Spesp]

sperm proteomics studies of patients with the percentage of good-quality disruption in mice causes aberrant

with asthenozoospermia (Jodar et al., (A + B) ICSI-derived embryos in distribution of various sperm proteins,

2017). This observation leads us to
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idiopathic infertile couples (FIGURE 2),

resulting in fertilized oocytes that do
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A) Part of the peptides quantified in a protein does not correlate due to the presence of post-translational

modifications

P49368| ccr3 (Correlated at the peptide level with % D embryos).
MMGHRPVLVLSQONTKRESGRKVQSGNINAAKTIADI IRTCLGPKSMMKMLLDPM.. ACNIALDAVKMVQFEENGRKEIDIKKYAR
VEKIPGGIIEDSCVLRGVMINKDVTHPRMRRY IKNPRIVLLDSSLEYKKGESQTDIEITREEDFTRILOMEEEYIQQLCEDIIQ
LKPDVVI..ERNLODAMOVCRNVLLDPQLVPGGGASEMAVAHALTEKSKAMTGVEQWPYRAVAQALEVI PRTLIQNCGAS TIRLL
TSLRAKHTQENCETWGV..LLLRIDDIVSGHKKKGDDQSRQGGAPDAGQE

P50990 | ccr8 (Correlated at the peptide level with % D embryos).
MALHVPKAPGFAQMLKEGAKHF..LEEMGHCDSVYLSEVGDTQVVVFKHEKEDGAT ST TVLRGSTDNLMDDIERAVDDGVNTFKY

LTRDKRLVPGGGATEIELAKQITSYGETCPGLEQYATIKKFAEAFEAT PRALAENSGVKANEVI SKLYAVHQEGNKNVGLDIEAE
VPAVKDMLEAGILDTYLGKYWAIKLATNAAVTVLRVDQIIMAKPAGGPKPPSGKKDWDDDQND

B) Part of the peptides quantified in a protein does not correlate due to the quantification of an isoform or

the canonical form of a protein.
(Correlated at the peptide level with % D embryos).

P30044 | PRDX5

MGLAGVCALRRSAGYILVGGAGGQSAAAAARRYSEGEWASGGVRSEFSRAAAAMAPIKVGDATPAVEVEFEGEPGNKVNLAELEKG
KKGVLEFGVPGAFTPGCSKTHLPGEVEQAEALKAKGVQVVACLSVNDAFVTGEWGRAHKAEGKVRLLADPTGAFGKETDLLLDDS

LVSIFGNRRLKRFSMVVQDGIVKALNVEPDGTGLTCSLAPNIISQL

FIGURE 3 Correlations of sperm proteins with embryo quality at the peptide level. (A) Two of the three quantified peptides of CCT3 were
correlated with the percentage of D embryos. Interestingly, the non-correlated peptide could contain a post-translational modification (a
phosphorylated residue in T459) as described in the Uniprot Knowledgebase. In contrast, only the peptides from CCT8 that could contain PSMs
(acetylated residue at K400 and a glycyl lysine isopeptide at K459) are correlated with percentage of D embryos. There is not any PTM described
by Uniprot Knowledgebase for the non-correlated peptide of CCT8 (B). Only one peptide of PRDX5 was correlated with the percentage of D
embryos, most probably due to PRDX5-isoforms sequence differences. All isoforms of PRDX5 contain the non-correlated peptide; in contrast, the
correlated peptide is missing in a specific isoform of PRDX5 (Isoform 4). Peptides with significant correlations are indicated in green (P < 0.05);
(Table 3) for more details) and peptides that do not reach significance are indicated in red. Underlined and enlarged amino acid residues indicate
the absence of a part of the amino acid sequence caused by an isoform or the presence of post-translationally modified residues.

not yield high-quality embryos (Fujihara
et al., 2010).

Interestingly, 15 sperm proteins were
negatively correlated and one positively
correlated with the percentage of
poor-quality ICSl-derived embryos
(TABLE 2). According to the Gene
Ontology Consortium Database, those
16 proteins are functionally enriched in
processes related to binding of sperm
to zona pellucida, protein folding and
telomere maintenance among others
(Supplementary Table 6). Of note,

five of those 15 negatively correlated
(t-complex protein 1 subunit; alpha
(TCP1); eta (CCTY7); beta (CCT2);
gamma (CCT3) and theta (CCT8)) are
components of the eight-membered
chaperonin-containing T-complex
(TRIC). This is essential for cell survival.
It is responsible for the correct folding
of 10% of the eukaryotic proteome
(Leitner et al., 2012). Among the proteins
that require TRIC for correct folding

is Cajal body protein 1 (TCABT), a
telomerase cofactor which is essential
for telomerase function (Freund

et al., 2014). Therefore, the negative
correlation among TRIC components
abundance and the percentage of poor

quality supports previous findings,

which positively correlated the sperm
telomere length with the quality of

early embryonic development and the
embryo morphology (Turner et al.,
2010). No correlation was found,
however, with pregnancy rates (Yang

et al., 2015; Torra-Massana et al., 2018).
Other sperm proteins, the abundance
of which was also negatively correlated
with the percentage of poor-quality
embryos, have been described previously
as essential in early embryogenesis.
These include RUBVLT, PRDX5, and
peroxiredoxin-6 (PRDX6). RUBVL1 is

a chromatin remodeller potentially
involved in the proliferation of the

inner cell mass and, for this reason,
RubvlT-null embryos do not reach the
blastocyst stage (Bereshchenko et al.,
2012). In contrast, PRDX5 and PRDX6
have essential antioxidant activity during
early embryogenesis (Leyens et al.,
2004). The possible role of the remaining
eight proteins that were correlated with
poor-quality embryos in the first steps
of embryogenesis has not yet been
elucidated. Of note, however, four of
them (CRISP2, C7orf61, ENOT1, and
ZPBP; Supplementary Table 5) have also
been detected with an altered abundance

in in-vitro ART outcomes, implicating
their involvement in crucial events in the
developing embryo (Azpiazu et al.,, 2014;
Légaré et al.,, 2014; Liu et al., 2018).

The strong correlation between the
abundance of C7orf61 protein with
embryo quality is maintained in

infertile patients with abnormal seminal
parameters but lost in infertile couples
with a known female factor, as expected.
These results validate the potential
predictive value of the sperm protein
C7orf61 to estimate the quality of the
in-vitro ART-derived embryos in infertile
couples without any known female factor
and regardless the presence of alterations
in the seminal parameters. The validation
of the predictive value of these sperm
protein biomarkers in a larger number of
infertile patients by targeted proteomics
or other techniques, e.g. western blot or
enzyme-linked immunosorbent assay, is
now needed to establish their relevance
and applicability to clinical practice. From
results presented here, derived from
proteomic analysis at the peptide level,
post-translational modification (PTM) and
different isoforms of the target proteins
should be also taken into consideration
before the design of further validation
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tests. Additionally, the analysis of single
sperm proteomic profile selecting
sperm using the same criteria as are
used for ICSI could also help to unravel
the role of sperm proteome in early
embryogenesis.

In conclusion, this high-throughput
proteomic analysis of idiopathic
infertile patients classified according
to the quality of ICSI-derived embryos
has thus provided insights into the
contribution of the sperm to early
embryogenesis and has suggested
novel potentially useful biomarker
leads for future clinical application. It
is important to note that the negative
correlation of several TRIC complex
components with poor embryo quality
supports the hypothesis that sperm
telomeres are important for correct
embryogenesis. Moreover, several
sperm proteins have emerged as
potential candidates to predict the
success of in-vitro ART technologies,
especially C7orfé1 protein, as it seems
to be associated with embryo quality
regardless of any alterations in the
seminogram. Taken together, these
factors indicate that our results might
be applicable to clinical practice,
potentially leading to improvements in
the diagnosis of infertile couples and
the prediction of success in ART.
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4. DISCUSSIO

Tradicionalment, la idea classica que es tenia sobre la funcio de 'espermatozoide era
que servia exclusivament pel transport del genoma haploide patern fins a 'oocit
madur. En part aquesta idea es derivava del fet que 'espermatozoide és una cél-lula
que no transcriu ni tradueix, degut a la pérdua de la major part del citoplasma per
la gota citoplasmatica i al fort empaquetament que li confereixen els toroides de
protamines, resultant, per tant, en una cel-lula genéticament “inerta” (Mezquita,
1985; Cooper, 2005; Oliva, 2006). En els ultims anys, gracies als avencos en les
técniques d’alt rendiment com soén la genomica, transcriptomica i la proteomica,
s’ha observat que la cél*lula espermatica madura també aporta altres components en
el moment de la fertilitzaciéo com s6n marques epigenetiques, RNAs i proteines, els
quals podrien ser claus en els primers estadis del desenvolupament embrionari
primerenc i la generacié d'un nou individu sa (Jodar et al., 2013; Castillo et al., 2018;
Jodar, 2019). Ja que l'espermatozoide madur és una célllula inerta a nivell
transcripcional i traduccional, el seu estudi representa un mirall de la contribucié
que aporta en el moment de la fertilitzacio. Tot i aixi, la major part dels components
moleculars de I'espermatozoide sén romanents de I'espermatogénesi i per tant,
reflecteix esdeveniments passats. Es a dir, en la céllula espermatica madura
conviuen molécules amb diferent funcionalitat, tan les molécules necessaries per la
correcta fertilitzaci6 i desenvolupament embrionari com romanents de
I'espermatogenesi que poden mostrar defectes passats durant el procés de
diferenciacio cel-lular i donar explicacio en alguns casos d’'infertilitat (Jodar et al.,
2017; Castillo et al., 2018).

Els estudis descriptius basats en la identificacio de diferents tipus moleculars
utilitzant tecniques d’alt rendiment, aporten coneixement de la composicid i
potencial funcio especifica de la cél-lula espermatica. D’aquesta manera, la
inferencia in silico de possibles rols i funcions de les molecules aportades ajuden a
la comprensié del seu paper en la funcionalitat de l'espermatozoide i la seva
contribucio6 a 'embrié en desenvolupament. De manera complementaria, els estudis
comparatius en individus normozoospermics amb infertilitat d’origen desconegut
associats a la qualitat embrionaria i a I'éxit de les TRAs, permeten atribuir funcions
especifiques i determinar alteracions en la contribucié paterna al zigot. En aquest
sentit, en aquesta Tesi Doctoral, en els treballs 1i 3 hem realitzat dues aproximacions
descriptives amb inferéncia in silico, mitjancant RNA-seq i top-down MS,
respectivament, mentre que en el treball 4 hem realitzat un estudi comparatiu
mitjancant protedmica comparativa amb marcatge diferencial. En tots ells, el
proposit ha estat augmentar el coneixement de la contribucié paterna a
I'embriogenesi primerenca.
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4.1. Contribucio del contingut de RNAs circulars
(circRNAs) de 'espermatozoide a I’embrié

A nivell d'RNA, I'Gs de microarrays i 'RNA-seq, com a eina descriptiva, han permeés
identificar una poblacié complexa i especifica d’'RNAs tan codificants com no
codificants de la cél-lula espermatica madura amb potencials rols més enlla de la
fertilitzacio (Ostermeier et al., 2002, 2004; Krawetz et al., 2om; Jodar et al., 2013;
Sendler et al., 2013; Johnson et al., 2015; Pantano et al., 2015; Schuster et al., 2016;
Jodar, 2019). Tot i que la majoria d’'RNAs codificants de 'espermatozoide madur es
troben fragmentats, segurament perque ja han realitzat la seva funcié durant
I'espermatogenesi, els RNAs codificants que es troben intactes es podrien traduir
utilitzant la maquinaria traduccional materna i presentar un paper durant les
primeres etapes del desenvolupament embrionari (Ostermeier et al., 2004; Krawetz,
2005; Boerke et al., 2007; Jodar et al., 2013, 2016a; Sendler et al., 2013; Schuster et al.,
2016; Godia et al., 2018; Estill et al., 2019; Jodar, 2019). A més dels RNAs codificants,
la ceéllula espermatica madura presenta una poblacié complexa d'RNAs no
codificants, que poden regular l'expressido genica i contribuir a 'embriogenesi
(Krawetz et al., 2o11; Jodar et al., 2013; Pantano et al., 2015).

Recentment, s’ha descrit un nou tipus d'RNA no codificant en altres tipus cel-lulars,
els circRNAs, que regulen l'expressido geénica tan a nivell transcripcional com
posttranscripcional (Salzman et al., 2012; Jeck et al., 2013; Memczak et al., 2013; Jeck
and Sharpless, 2014; Barrett and Salzman, 2016; Patop et al., 2019). Els circRNAs sén
sintetitzats per la RNA polimerasa I i es formen per backsplicing. El circRNA que en
resulta no té extrem 3’, la qual cosa li confereix més estabilitat que les formes lineals,
degut a la seva resisténcia a la degradacié per endonucleases i exonucleases i
presenten vides mitjanes més llargues que els RNAs lineals (Jeck et al., 2013;
Memczak et al., 2013; Barrett and Salzman, 2016; Enuka et al., 2016; Szabo and
Salzman, 2016). Les funcions que se li han atribuit als circRNAs sén la de fer
“d’esponja” de miRNAs o de ribonucleoproteines (RBPs), reclutar proteines, regular
I'splicing alternatiu i regular 'RNA polimerasa II (Hansen et al., 2013; Memczak et
al., 2013; Zhang et al., 2013, 2014; Kramer et al., 2015; Starke et al., 2015; Kristensen et
al., 2019). Recentment, alguns estudis també han proposats que certs circRNAs es
podrien traduir a peptids i podrien actuar com a proteines funcionals (Wang and
Wang, 2015; Pamudurti et al., 2017; Yang et al., 2017; Kristensen et al., 2019; Tang et
al., 2020). Tot i aixi, el seu potencial rol en la fertilitzaci6 i el desenvolupament
embrionari primerenc ha estat poc explorat (Dang et al., 2016; Chioccarelli et al.,
2019; Ragusa et al., 2019; Godia et al., 2020; Tang et al., 2020).

En el treball 1 d’aquesta Tesi Doctoral, vam descriure fins a 5830 circRNAs exonics
continguts a 'espermatozoide huma madur, dels quals 737 es trobaven a tots els
replicats biologics i estaven enriquits en termes d’ontologia génica com regulacio de
I'expressié genica. També, vam reportar per primera vegada que els IEs més
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abundants préviament descrits (Jodar et al, 2015) i que sén especifics
d’espermatozoide sén, de fet, circRNAs intronics. L'analisi de la resisténcia al
tractament amb RNasa R va determinar que els circRNAs de I'espermatozoide,
contrariament als circRNAs de les cél-lules somatiques en qué conviuen les formes
lineal i circular (Salzman et al., 2012), es troben exclusivament en la seva forma
circular. El fet de que les formes lineals daquests circRNAs continguts
exclusivament en forma circular a l'espermatozoide coexistissin de forma
majoritaria amb la forma circular en la mostra de testicle, suggereix que les formes
lineals es degraden al llarg de 'espermatogenesi i les formes circulars son retingudes
selectivament a 'espermatozoide huma madur, en concordanga al que s’ha descrit
en ratoli (Tang et al, 2020). L'estabilitat d’aquests circRNAs continguts
especificament en la seva forma circular, com el circRNA derivat de I'intro 14 del gen
tripartite motif-containing protein 66 (TRIM66), es podrien utilitzar com a
marcadors d'integritat de 'RNA de I'espermatozoide. La sensibilitat al tractament
amb RNasa R d’alguns d’aquests circRNAs en una mostra d’RNA permetria
determinar la baixa integritat d’aquesta, la qual cosa permetria suplir la manca
d’aquest tipus de controls de qualitat en el gameta masculi, similar a 1'as estes del
RIN en la cel-lula somatica (Schroeder et al., 2006). Tot i aixi, no tots els circRNAs
es mantenen intactes, sind que alguns presenten una descircularitzacid no aleatoria.
Aquest fenomen de descircularitzacié no estocastica condueix a pensar que els
circRNAs de la ceél-lula espermatica podrien coexistir amb la seva maquinaria de
renovacid, ja sigui a través de la preséncia de miRNAs o endoribonucleases (Hansen
et al., 2ou1; Kleaveland et al., 2018; Park et al., 2019) que causarien un trencament
selectiu d’alguns circRNAs durant la maduracié espermatica o del transit fins arribar
a l'oocit, tot i que el mecanisme exacte roman desconegut.

El fet de que alguns dels 648 SREs requerits per a la concepcio natural (Jodar et al.,
2015) corresponguin als circRNAs exonics descrits en el nostre estudi, posa de
manifest la potencial associacié dels circRNAs de I'espermatozoide a l'estat fertil de
I'individu, semblant al que s’ha descrit préviament (Chioccarelli et al., 2019; Godia et
al., 2020; Tang et al., 2020). De fet, els nostres resultats es troben recolzats per altres
estudis que han identificat circRNAs diferencialment expressats en mostres
d’elevada i baixa qualitat espermatica o bé en el fet de que el numero de circRNAs
en donants fertils és superior al de pacients infertils (Chioccarelli et al., 2019; Tang
et al., 2020). Per tant, desregulacions en el cargo de circRNAs de I'espermatozoide
madur podrien alterar la contribucio paterna al zigot i aixo veure’s reflectit en la
incapacitat d’obtenir descendéncia i per tant, provocar infertilitat. De manera
similar, s’ha proposat que els RNAs de I'espermatozoide madur podrien trobar-se
desregulats degut a estils de vida toxics, com ara I'obesitat i alterar la seva correcta
funcionalitat (Donkin et al., 2016; Swanson et al., 2020). En aquest sentit, alguns dels
487 SREs associats a obesitat, corresponen a alguns circRNAs (Swanson et al., 2020).
Aquests resultats apunten que alteracions en el perfil de circRNAs de

179



4. Discussio

I'espermatozoide madur, podrien alterar el correcte funcionament de la ceél-lula
espermatica i afectar al 'embriogenesi. A més, la identificacié de circRNAs
continguts al zigot i a 'espermatozoide, pero no a l'oocit, suggereix que alguns
circRNAs embrionaris podrien ser aportats exclusivament per la via germinal
paterna (paternally-derived circRNAs embrionaris), la qual cosa indica la potencial
necessitat d’aquests circRNAs en el correcte desenvolupament embrionari.

Tot i que la funcié més popular pels circRNAs és la d’actuar com “esponges” de
miRNAs (Hansen et al., 2013; Barrett and Salzman, 2016; Greene et al., 2017), els
nostres resultats apunten que no sembla que sigui una funcio principal en la cel-lula
espermatica. Una altra funcié que recentment esta guanyant importancia és la
traduccio dels circRNAs a péptids funcionals (Wang and Wang, 2015; Legnini et al.,
2017; Yang et al., 2017; Tang et al., 2020). De fet, s’ha proposat que els circRNAs de
I'espermatozoide es podrien traduir (Ragusa et al., 2019) i en ratoli s’ha demostrat
que la presencia de open reading frames (ORFs) intactes, juntament amb la
modificacié N6-metiladenosina (m®A) en el codé d’inici de circRNAs de les cél-lules
germinals masculines son traduits a peptids (Tang et al., 2020). Les nostres dades
recolzen aquesta hipotesi, ja que els circRNAs validats experimentalment i els
paternally-derived circRNAs embrionaris tenen almenys 1 ORF que permetria la
traduccié a peptids funcionals. Sorprenentment, la prediccié de traduccid dels
paternally-derived circRNAs embrionaris derivats dels gens mitochondrial ribosome
associated GTPase 1 (MTG1) i serine/threonine-protein kinase VRK1 (VRK1) sembla
que donarien lloc a proteines truncades de la regié catalitica. Com que en
I'espermatogenesi s’han descrit quinases truncades que poden realitzar la seva
funcié (Kierszenbaum, 2006), aquests circRNAs podrien ser capacos de generar
proteines truncades funcionals. El circRNA exonic VRKi, el qual també hem
demostrat la seva descircularitzacié no estocastica, podria dur a terme un potencial
rol més enlla de la fertilitzacié. La proteina VRK1 funcional, és una quinasa que
fosforila histones i estimula I'activitat telomerasa (Choi et al., 2012; Yan et al., 2017).
Ja que s’ha demostrat la importancia dels telomers en el desenvolupament
embrionari (Turner et al., 2010), seria possible que el circRNA derivat del gen VRK1
es trobés associat al manteniment de la mida dels telomers en I'embrié en
desenvolupament. Com que els circRNAs son més estables i resistents i posseeixen
vides mitjanes més llargues que les seves formes lineals, els circRNAs espermatics,
com el derivat de VRKi1, es podrien mantenir en la seva forma circular per protegir
funcions essencials fins al moment de la fertilitzacio i llavors ser traduits en les
primeres etapes del desenvolupament embrionari primerenc utilitzant la
maquinaria de 'oocit (Tang et al., 2020). Tot i aixi, estudis basats en peptidomica
buscant els peptids potencialment traduits dels circRNAs i estudis funcionals de
circRNAs especifics de I'espermatozoide permetran elucidar la seva contribucio
especifica a l'embrié en desenvolupament. El seglient pas en aquesta linia
d’investigacié sera realitzar estudis comparatius amb individus normozoospérmics
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amb infertilitat d’origen desconegut per tal determinar alteracions en el perfil de
circRNAs que puguin estar afectant la qualitat embrionaria i I'éxit o fracas de les
TRAs i, en conseqiiéncia el desenvolupament embrionari.

4.2. Contribucio del contingut de protamines i les seves
modificacions posttraduccionals (PTMs) de
I’espermatozoide a ’embrio

La contribucid potencial epigenética de 'espermatozoide al zigot, no sols ha estat
atribuida als RNAs de la cél-lula espermatica i a la metilacio del DNA, siné que també
s’ha vist que l'estructura de la cromatina (distribucio NH - NP en el genoma) i les
PTMs de les histones hi poden jugar un paper important. Les histones paternes
modificades, son aportades a 'embrid i s’ha proposat que tenen un paper en el
control epigenetic de 'embriogénesi (Arpanahi et al., 2009; Hammoud et al., 2009;
Oliva and Ballesca, 2012; Castillo et al., 2014a, 2015; Vieweg et al., 2015; Siklenka et
al., 2015; Terashima et al., 2015; Luense et al., 2016; Schagdarsurengin and Steger,
2016; Donkin and Barres, 2018). Per exemple, en el model muri, s’ha descrit que
alteracions en el patro de metilacio de les histones dels espermatozoides, perjudica
el desenvolupament i la supervivencia de la descendéncia (Van Der Heijden et al.,
2008), la qual cosa indica la importancia de l'epigenoma espermatic en el
desenvolupament embrionari i segurament en '’heréncia epigenetica (Siklenka et al.,
2015). Tot i aixi, poc s’ha estudiat el potencial rol que podrien tenir les protamines
que empaqueten del 85 — 95 % del DNA patern i les seves PTMs associades en les
primeres etapes del desenvolupament.

En el treball 2 d’aquesta Tesi Doctoral, primerament es va descriure el protocol
minucids per a la purificacié de proteines en mamifers basat en meétodes descrits
préviament (de Yebra and Oliva, 1993) i, les modificacions necessaries per a dur a
terme posteriors estudis per MS (Oliva et al., 2008, 2009; de Mateo et al., 2013;
Codina et al., 2015). Tanmateix, també, es va resumir breument els estudis que
relacionaven les alteracions a nivell de proteina del contingut de P11 de la familia de
P2 amb diferents tipus d’infertilitat mitjangant técniques convencionals acid - urea
PAGE (Lescoat et al., 1988; Balhorn et al., 1988; Bach et al., 1990; de Yebra et al., 1993,
1998; Khara, 1997; Bench et al., 1998; Carrell and Liu, 2001; Corzett et al., 2002;
Mengual et al., 2003; Aoki et al., 2005b, 20053, 2006b, 2006a; Torregrosa et al., 2006;
de Mateo et al., 2007, 2009, 2011¢, 2011b, 2013; Gazquez et al., 2008; Hammadeh et al,,
2010; Garcia-Peir6 et al., 2011; Simon et al., 201, 2014; Castillo et al., 2o11; Ribas-
Maynou et al, 2015). Endemés, aquestes aproximacions convencionals van
relacionar alteracions en el ratio P1/P2 i pre-P2/P2 a una baixa taxa d’éxit de les TRA
(Khara, 1997; Nasr-Esfahani et al., 2004b; Aoki et al., 2005a, 2006b; de Mateo et al.,
2009; Simon et al., 2011), indicant el potencial rol de les protamines a la fertilitzacio
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i el desenvolupament embrionari. Tot i aixi, els resultats d’'aquests estudis presenten
molta variabilitat i existeix discrepancia entre alguns d’ells, segurament degut a les
limitacions de les tecniques convencionals, les quals poden ser superades utilitzant
técniques d’alt rendiment.

Arran de la gran abundancia a I'espermatozoide i les particularitats fisicoquimiques,
fa que l'estudi de les protamines de 'espermatozoide sigui un bon model per a dur
a terme 'optimitzacié de la deteccié de les seves potencials PTMs. Aixo es pot assolir
a través de diferents combinacions d’estratégies protedmiques (top-down i bottom-
up MS) i en un futur poder-ho aplicar en identificar alteracions en PTMs de les
protamines en diferents fenotips infertils, aixi com poder utilitzar-ho també en
I'analisi de PTMs del conjunt de proteines de I'espermatozoide huma. En el treball
3, es van optimitzar les metodologies complementaries top-down MS i bottom-up
MS, utilitzant les protamines com a model experimental, per identificar P1 i els
membres de P2 i les seves PTMs associades en mostres independents d’individus
normozoospermics amb la finalitat d’establir el perfil normal de proteoformes de les
protamines. Per a I'estudi de les protamines, es requereix una aproximacio diferent
a les aproximacions classiques degut a les seves particulars caracteristiques: (i) son
extremadament basiques amb una seqiiéncia d’aminoacids extremadament rica en
residus arginina, amb diversos residus cisteina que poden formar ponts disulfur; (ii)
son de mida molt petita (uns 50 aminoacids); i (iii) les formes madures de P2
presenten una elevada similitud de sequiéncia entre elles. Si s’apliquessin només
estratégies de bottom-up MS basades en la digesti6 amb tripsina dels residus
aminoacidics arginina i lisina, les protamines quedarien degradades
majoritariament en mono- o di-peptids, degut a I’elevat contingut d’arginines, per la
qual cosa no seria possible la seva identificacié per MS. Per tant, per superar aquests
obstacles, es va modificar i optimitzar la digestio utilitzant proteinasa K, que talla
en menys llocs. A més, es va implementar la técnica de top-down MS, que es basa en
I'analisi de proteines intactes i ofereix informacié unica per sobre de les
aproximacions bottom-up MS, ja que detecta la microheterogeneitat de les
proteoformes i dona informaci6 de multiples PTMs, variacions de seqiiéncia i formes
truncades que ocorren en una mateixa molécula (Smith and Kelleher, 2018).
L’aplicacié de les tecniques de top-down MS ha estat possible a que les protamines

4

son molt petites i es poden identificar de manera “intacta” (sense digestié amb
proteases) per MS. Similarment, s’ha descrit préviament que la combinacio
d’ambdues metodologies és optima per descriure PTMs en proteines similars a les
protamines com serien les histones (Bonet-Costa et al., 2012). Malgrat que alguns
estudis han aplicat recentment 1'as de MS per estudiar les PTMs de les protamines
de 'espermatozoide en ratoli i huma (Brunner et al., 2014; Castillo et al., 2015), I's
de pools de mostres no dona informacioé sobre la variabilitat interindividual i sén

necessaris estudis amb mostres independents.
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En aquest treball hem demostrat que la combinacié de les técniques de top-down i
bottom-up MS és adequada per a l'estudi de les PTMs de les protamines i dona
informacié complementaria amb una baixa variabilitat interindividual entre els
pacients analitzats. En aquesta mateixa linia, I'Gs de top-down MS és la técnica que
dona més informacid i sembla ser idonia per establir el patré de proteoformesi PTMs
i poder, en un futur, detectar alteracions (Smith et al., 2013; Kelleher et al., 2014;
Smith and Kelleher, 2018). A través de top-down MS, s’han identificat proteoformes
truncades préviament descrites i d’altres de noves, tan per P1 com per pre-P2,
algunes de les quals contenen residus modificats. Pel que fa a les PTMs de les
protamines, mitjangant la técnica de top-down MS s’ha identificat la P1 intacta, pre-
P2 i les proteoformes madures de P2 i els seus patrons de fosforilacio. Per la técnica
de bottom-up MS s’han identificat PTMs complementaries al top-down MS per la
pre-P2. Sorprenentment, a més de la fosforilacio, ambdues protamines duen una
modificacio de +61 Da, que podria correspondre al i6 Zn**. A més, 'enfocament
bottom-up MS ha permeés la identificacio de forma inequivoca la isoforma 2 de la P2,
no anotada préviament a UniProtKB (www.uniprot.org) (Bateman, 2019), que també

hem validat a nivell d'/RNA. Tot i que no s’ha identificat a nivell de proteina el
transcrit de la potencial isoforma 3 de la P2, podria ser que aquest producte no fos
traduit a proteina o bé que mitjangant les aproximacions utilitzades no s’hagi
identificat.

En aquest treball, s’ha demostrat que la fosforilacié és la PTM més identificada en
I'espermatozoide huma madur, en concordanca amb estudis previs (Chirat et al.,
1993; Pirhonen et al., 1994b; Castillo et al., 2015). Recentment, en model muri, s’ha
descrit el rol crucial de la desfosforilacié de P2 (Itoh et al, 2019), senyalant una
dinamica de fosforilacié - desfosforilacid altament regulada. Alteracions en aquesta
dinamica podrien ser la causa subjacent d'infertilitat en diferents fenotips. De
manera semblant, els nostres resultats, han demostrat que les formes natives son
més abundants que les formes fosforilades. Aquest fet es recolza en la gran onada de
desfosforilacié que té lloc durant la maduraci6 dels espermatozoides (Gusse et al.,
1986; Carrell et al, 2007). Per tant, els residus que resten fosforilats a
I'espermatozoide madur podrien ser romanents de I'espermatogénesi sense cap
funcio o bé actuar com a marques epigenetiques a 'embrio en desenvolupament. Ja
que la unio6 de les protamines fosforilades al DNA és menys forta que les formes
intactes (Bjorndahl and Kvist, 2010), les protamines fosforilades podrien funcionar
com a marques epigenétiques i dirigir el reemplacament de les protamines paternes
per histones maternes en les primeres etapes del desenvolupament embrionari.
Donant suport a aquesta hipotesi, recentment s’ha demostrat que just després de la
fertilitzacio, les protamines que empaqueten el DNA patern s6n extensament re-
fosforilades per la SRPKi1 d’origen matern i la fosforilaci6 marca l'inici de la
reprogramacio genomica en qué les protamines paternes seran reemplagades per
histones maternes (Gou et al., 2020). Podria ser que les protamines paternes que
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romanen fosforilades marquessin i dirigissin aquesta re-fosforilacié després de la
fertilitzacio, pero queda pendent aclarir aquest rol.

Mentre que les mostres analitzades no presentaven diferéncies mitjangant I'as de la
técnica convencional acid - urea PAGE, I'avaluacio del ratio pre-P2/P2 mitjancant
dades derivades de top-down MS ha permes dividir els individus normozoospermics
en dos subgrups. Veient la utilitat d’aquests ratios derivats de top-down MS, el seu
estudi en diferents fenotips infértils permetra identificar-ne alteracions i la
desregulacié de proteoformes especifiques podria alterar el desenvolupament de
I'embrid. En aquesta direccid, recentment s’ha iniciat un nou estudi comparatiu per
tal de determinar alteracions en el perfil de les proteoformes de protamines i les
PTMs associades comparant diferents fenotips infertils utilitzant el top-down MS.
Concretament, s’han utilitzat individus normozoospérmics amb fertilitat provada,
amb infertilitat d’origen desconegut, obesos amb index de massa corporal (IMC) >
30 i d’edat avancada superior a 47 anys. Els resultats preliminars d’aquest estudi,
apunten a que tot i que no hi ha diferéncies significatives en el ratio P1/P2 obtingut
amb dades derivades de top-down MS, si que s’ha identificat un augment significatiu
del ratio pre-P2/P2 en individus normozoospérmics obesos i d’edat avancada. Tot i
aixi, és necessari I'ampliacié6 de la mida mostral per a tenir resultats solids i
conclusions fefaents i poder determinar alteracions en les proteoformes de
protamines i les PTMs associades que podrien ser la causa de la infertilitat d’origen
desconegut. La comparacio de pacients amb infertilitat d’origen desconegut amb
diferents resultats de TRAs ens ajudara a desxifrar com les diferents proteoformes
de les protamines poden afectar a la contribucié paterna al zigot.

4.3. Contribucio del contingut de proteines de
I’'espermatozoide a I’embrio

El contingut de proteines de I'espermatozoide que aporta en el moment de la
fertilitzacio a 'oocit sembla ser que es troben associats a la qualitat embrionaria
després de 1'as de les TRAs amb valor diagnostic i pronostic i presenten un rol clau
en el desenvolupament embrionari primerenc (Pixton et al., 2004; Frapsauce et al.,
2009, 2014; Xu et al., 2012; Zhu et al., 2013; Azpiazu et al., 2014; Légaré et al., 2014;
McReynolds et al., 2014; Jodar et al., 2018; Liu et al., 2018; Wang et al., 2018). En
aquesta mateixa linia, gracies a la compilacio del proteoma de 'espermatozoide
huma madur (6871 proteines) i la seva analisi, es va determinar que aproximadament
I'n1 % d’aquestes proteines podien presentar un paper fonamental en la fertilitzacié i
el desenvolupament embrionari i algunes d’elles ser aportades exclusivament per via
paterna (Castillo et al., 2018). Tot i aixi, la majoria dels estudis que comparen la
contribucio paterna a la qualitat embrionaria i I'éxit de les TRAs utilitzaven pools de
mostres, que tot i que homogeneitza les diferents mostres, emmascara les
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alteracions d’'una mostra concreta que pot ser que presenti un fenotip similar a altres
mostres pero l'etiologia sigui diferent. També, solament un estudi ha explorat la
determinacio d’alteracions del contingut de les proteines que donen lloc a embrions
d’elevada o baixa qualitat embrionaria després de FIV-ICSI provinents de mostres
d’individus normozoospérmics, concretament en I'estadi de blastocist (McReynolds
et al., 2014). No obstant, es creu que 'espermatozoide té un paper fonamental durant
els primers estadis del desenvolupament embrionari, abans de l'activacié del
genoma que té lloc entre els dies 2 i 3 entre I'estadi de 4 - 8 cél-lules (Niakan et al.,
2012). A més, I'Gs de mostres provinents de FIV-ICSI, permet descartar alteracions
espermatiques relacionades amb el procés de fertilitzacio, ja que aquesta técnica se
salta el reconeixement i fusio de la cél-lula espermatica amb l'oocit (Flaherty et al.,
1998). Tot i aixi, com s’ha demostrat en I'annex 3, I'as de FIV-ICSI també pot donar
explicacié en alguns casos de fallida de fertilitzacié on 'espermatozoide és incapa¢
d’activar l'oocit. Els resultats de I'annex 3 suggereixen l'existéncia d’'un procés
multifactorial amb mecanismes addicionals en l'activacié oocitaria a més dels
préviament descrits, en el qual alteracions especifiques ens proteines mitocondrials
podrien ser la causa subjacent d’aquestes fallides.

A part dels estudis descriptius amb inferéncia in silico, la comparacid
d’espermatozoides provinents d’'individus normozoospérmics amb la taxa d’éxit de
diferents tipus de TRAs sense un factor femeni conegut, permet caracteritzar i
diferenciar la contribucié espermatica en la fertilitzacio i les diferents etapes del
desenvolupament embrionari. Seguint aquesta estratégia, en el treball 4 de la
present Tesi Doctoral, es va realitzar un estudi comparatiu on es correlacionava
I'abundancia de proteines de I'espermatozoide amb la qualitat d’embrions en dia 2
derivats de FIV-ICSI de pacients normozoospérmics amb infertilitat d’origen
desconegut a través de protedmica comparativa amb marcatge diferencial. Per evitar
la deteccio de falsos positius, es va utilitzar la técnica d’identificacié i quantificacio
descrita a I'article de Barrachina i col-legues (Barrachina et al., 2019) que es basa en
uns criteris molt estrictes. A proposit d’aixo, el fet de que hi hagi una elevada
coincidencia entre els resultats obtinguts en aquest treball i en estudis similars,
implica que uns criteris d’identificacié i quantificacié estrictes permeten la
disminucié de la identificacié de falsos positius. Un percentatge elevat de les
proteines correlacionades amb la baixa qualitat embrionaria estaven associades a
I'alteracié del chaperonin TCP-1 ring complex (TRiC). Aquest complex presenta un
paper important en el plegament de moltes proteines, algunes d’elles relacionades
amb el plegament de proteines associades als telomers. Per tant, aquests resultats
recolzen la hipotesi de I'existéncia d'una correlacio positiva entre la llargada dels
telomers i la qualitat embrionaria (Turner et al., 2010). A més, alguna de les proteines
correlacionada amb la qualitat embrionaria podria ser un potencial biomarcador de
prediccio del resultat de TRAs en parelles que presenten infertilitat d’origen
desconegut, com la proteina uncharacterized protein Cyorfé61 (C7ORF61), la qual es
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correlaciona amb la qualitat embrionaria independentment de si es presenten
alteracions en els parametres seminals o no.

L’analisi a nivell de péptids va revelar una elevada heterogeneitat entre els peptids
que conformen una proteina i la seva correlaci6 amb la qualitat embrionaria. La
identificacio i caracteritzacio de péptids i proteines en MS es basa en I'obtencio de
la massa intacta de la molecula. Per tant, qualsevol modificacio de la forma nativa
del péptid, per exemple una variacié no-sinonima o la preséncia de PTMs, portara
com a conseqiiencia que el péptid intacte no sera identificat i quantificat. D’aquesta
manera, l'elevada heterogeneitat podria ser degut a la presencia de PTMs o
isoformes. Tot i aixi, els resultats d’aquest estudi donen suport a que les proteines
de l'espermatozoide presenten un paper en el desenvolupament embrionari
primerenc i poden afectar la qualitat embrionaria després de I'ts de les TRAs.

4.4. Contribuci6 de I'espermatozoide més enlla del
desenvolupament embrionari: Heréncia epigenetica

En aquesta Tesi Doctoral, s’ha demostrat la contribucio paterna a I'embrié en
desenvolupament a diferents nivells moleculars, ja siguin els circRNAs, les PTMs de
les protamines o proteines que afecten la qualitat embrionaria. Pero més enlla del
seu paper en la fertilitat i el desenvolupament embrionari primerenc a través de la
regulacio de 'expressio génica, recentment s’ha posat de manifest el rol que alguns
d’aquests factors moleculars de I'espermatozoide podrien participar en I'heréncia
epigenetica de fenotips associats a les exposicions ambientals i estil de vida del pare
(Rassoulzadegan et al., 2006; Rando, 2012; Dias and Ressler, 2014; Sharma and Rando,
2014; Gapp et al., 2014; Rodgers et al., 2015; Terashima et al., 2015; Grandjean et al,
2015; Chen et al., 2016b; Schagdarsurengin and Steger, 2016; Sharma et al., 2016;
Xavier et al., 2019; Zhang et al., 2019b; Jodar, 2019; Perez and Lehner, 2019; Galan et
al., 2020; Gou et al., 2020).

Per exemple, s’ha vist en espécies model que la injeccié de certs subtipus d’/RNAs o
RNAs totals d’espermatozoides de mascles exposats a estimuls ambientals, com
dieta o estressants, en zigots sans, indueix que la progénie presenti totalment o en
part les alteracions fenotipiques que presentava la descendéncia natural dels mascles
exposats, incloent canvis metabolics o de comportament (Xavier et al., 2019; Galan
et al., 2020). En huma, de forma interessant, alteracions en el cargo d' RNAs han estat
associats a trobar-se desregulats degut a I'estil de vida, com ara en I'obesitat, alterant
la correcta funci6 espermatica (Donkin et al, 2016; Swanson et al, 2020).
Recentment, s’han identificat SREs presents com a transcrit complet, en
I'espermatozoide en la comparaciéo dindividus obesos amb individus prims
(Swanson et al., 2020). Concretament, s’han identificat 16 cofactors de la
remodelacié de la cromatina, 11 positivament i 5 negativament correlacionats amb
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I'index de massa corporal (Swanson et al., 2020). Aquests SREs presents com a
transcrit complet podrien jugar un paper en el correcte funcionament de
I'espermatozoide i alteracions del perfil d’RNAs lligades a I'obesitat, podrien afectar
la funcio espermatica, tenir un paper fonamental durant les primeres etapes de
I'embriogenesi i potser modular I’heréncia epigenetica.

Tot i el potencial rol que poden jugar els RNAs codificants a '’herencia epigenética,
I'estudi dels RNAs no codificants ha estat clau per identificar el potencial rol de
I'espermatozoide en la salut de la descendéncia. Degut a les limitacions etiques que
presenta el model huma, la inferéncia de '’heréncia epigenetica per la via germinal
masculina per part dels RNAs no codificants ha estat feta a través de models animals,
principalment muri. La injeccié de 9 miRNAs abundants de I'espermatozoide de
mascles que patien estrés cronic en zigots sans, provocava la degradacié de mRNAs
materns, alguns d’ells implicats en la remodelacié de la cromatina i la seva
descendéncia patia desordres en el seu comportament associats a I'estrés (Rodgers
et al., 2015). Un altre estudi va demostrar que dependent de si s'injectaven small o
long RNAs de ratolins amb estrés traumatic a zigots sans, la descendencia adquiria
fenotips desiguals, suggerint rols diferencials segons els tipus d’/RNAs involucrats
(Gapp et al., 2014). Un dels models més empleats és 1'is de rosegadors sotmesos a
dietes poc sanes, ja siguin altes en greixos (high-fat diet; HFD) o baixes en proteines,
per tal de determinar '’heréncia epigenetica dels fenotips alterats associats a 'estil
de vida del pare. En un estudi, la injeccié del miR-19b provinent d’espermatozoides
d’individus sota una dieta HFD a zigots sans, provocava que la descendéncia fos
obesa i tingués intolerancia a la glucosa, la qual durava varies generacions
(Grandjean et al., 2015). També es va demostrar que una dieta baixa en proteines
altera el perfil de miRNAs, piRNAs i tRFs (Sharma et al., 2016). Els tRFs son porcions
provinents dels RNAs transferéncia (tRNAs) madurs i es troben enriquits a
I'espermatozoide (Peng et al., 2012; Godia et al., 2018). Solen contenir I'extrem 5’
entre el D-loop i el loop anticodo, perd en espermatozoide també s’han trobat
fragments que contenen l'extrem 3 (Jodar et al, 2013). En ratoli, s’ha vist que
I'espermatozoide augmenta el seu numero al llarg de la maduracié epididimaria
(Sharma et al., 2016) i s’ha proposat que presenten un paper clau en 'heréncia
epigenética de I'obesitat associada a la dieta paterna (Chen et al., 2016a; Zhang et al.,
2019b). La injeccio de tRFs provinents d’espermatozoides de ratolins HFD en zigots
WT provocava alteracions metaboliques a la descendencia, tot i que el fenotip no
era igual que la descendéncia natural del pares sotmesos a dieta HFD (Chen et al.,
2016a). Aixi doncs, ha estat validat el paper dels RNAs no codificants en '’heréncia
epigenetica de fenotips alterats associats a les experiencies paternes com dietes poc
saludables, traumes o estres (Rassoulzadegan et al., 2006; Rando, 2012; Grandjean et
al., 2015; Chen et al., 2016b; Schagdarsurengin and Steger, 2016; Sharma et al., 2016;
Zhang et al., 2019b).
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Pero no sols les marques epigenétiques del DNA i els RNAs semblen estar involucrats
en I'herencia epigenética per la via paterna, ja que proteines amb o sense PTMs de
I'espermatozoide amb funcié epigenética podrien modular 'expressio génica de
I'embrié i modular el fenotip de la progénie. Recentment, en l'estudi in silico de
Castillo i col-legues es van identificar 3 proteines (Eukaryotic Translation Elongation
Factor 1 Alpha 1 (EEF1A), CCR4-NOT Transcription Complex Subunit 1 (CNOT1) i
Elongator Acetyltransferase Complex Subunit 3 (ELP3)) implicades en I'expressio
génica que estaven desregulades en individus obesos (Castillo et al., 2018). A tall
d’exemple, la proteina ELP3 es troba relacionada amb la modificacio de tRNAs i és
una de les molecules encarregades de la desmetilacio del DNA patern després de la
fertilitzacio (Svejstrup, 2007; Okada et al., 2010; Castillo et al., 2018). En un altre
estudi recent, es van comparar les proteines de I'espermatozoide d’individus obesos
i individus prims. La comparacié va resultar en la identificacié en abundancia
disminuida en els individus obesos de les proteines eukaryotic translation initiation
factor 3 subunit F (EIF3F) i eukaryotic initiation factor 4A-II (EIF4A2) que es troben
involucrades en la iniciacid de la traduccié. EIF3F inhibeix la sintesi de proteines a
nivell traduccional, mentre que EIF4A2 es troba implicat en el silenciament de
mRNAs a través de miRNAs (Pini et al., 2020). Aquestes troballes, reforcen la idea
que les proteines també podrien tenir un paper rellevant tan en el desenvolupament
embrionari primerenc com en I'heréncia epigenetica. En el cas particular de les
protamines, recentment s’ha demostrat que la fosforilacio de les protamines marca
I'inici de la reprogramacié genomica en que les protamines paternes seran
reemplagades per histones maternes (Gou et al., 2020). Els resultats preliminars de
I'estudi comparatiu de les PTMs de les protamines humanes, han demostrat que
individus normozoospermics obesos i d’edat avancada presenten ratios de pre-P2/P2
derivats de top-down MS significativament diferents als obtinguts en el grup control
(dades no mostrades), donant suport a la hipotesi que alteracions en el perfil de
PTMs de les protamines, podrien aportar a I'embrié un perfil alterat, donar lloc a
una reprogramacio genomica aberrant i afectar la salut de la descendéncia, tot i que
és necessaria I'ampliacié del niimero de mostres.

Malgrat tots els estudis que recolzen que les exposicions ambientals i estil de vida
del pare pot afectar la salut de la descendéncia, la inferéncia de I'herencia
epigenetica al llarg de diferents generacions en huma, només s’ha pogut realitzar,
per motius obvis, mitjangant estudis retrospectius, que han validat, també, la
transmissio d’adaptacions ambientals per la linia germinal paterna, pero en els quals
no es poden determinar les molécules especifiques implicades. Estudiant époques
de fam i abundancia, es va determinar que una sobrealimentacié durant la infantesa
de 'home, provocava que els seus fills i néts tinguessin una esperanca de vida inferior
degut a 'augment de risc de contraure diabetis. Per contra, la fam durant la infantesa
de 'home, disminuia en els seus fills i néts el risc de mort per causes cardiovasculars
i diabetis (Bygren et al., 2001; Kaati et al., 2002). En un estudi més recent, es va
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concloure que una sobrealimentacié paterna a la infantesa provocava als néts un
increment en el risc de morir de cancer, pero no a les nétes (Vagero et al., 2018).

En conclusio, el conjunt de resultats dels diferents treballs d’aquesta Tesi
Doctoral, han permeés millorar la comprensié de la contribucio paterna al
desenvolupament embrionari primerenc. Els estudis descriptius han permeés
determinar que en el moment de la fertilitzacid, I'espermatozoide aporta a
I'oocit una poblacié complexa i unica de circRNAs alguns d’ells aportats
exclusivament pel llinatge patern, aixi com el DNA empaquetat amb
protamines que contenen PTMs associades amb potencials rols epigenetics.
L’estudi comparatiu ha contribuit a caracteritzar un conjunt de proteines
crucials relacionades amb la qualitat embrionaria i per tant, en
I'embriogenesi. Nous estudis comparant tan la poblacié de circRNAs com les
proteoformes de les protamines i les seves PTMs associades amb diferents
fenotips, permetra augmentar la comprensio sobre la seva contribucio a la
fertilitzacio, el desenvolupament embrionari i més enlla.
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Les conclusions derivades dels resultats obtinguts d’aquesta Tesi Doctoral son les
seglients:

1. L’espermatozoide conté una poblacié abundant i complexa d’'RNAs circulars
(circRNAs) tan exonics com intronics. De fet, els elements intronics (IEs) més
abundants i especifics d’espermatozoide detectats en estudis previs son
circRNAs intronics.

2. Adiferéncia dels circRNA identificats en les cel-lules somatiques, els circRNA
de 'espermatozoide s’han detectat principalment en la seva forma circular,
sense presencia dels seus equivalents lineals, que son degradats durant
I'espermatogeénesi.

3. Lestabilitat observada entre mostres dels circRNAs de I'espermatozoide
continguts Gnicament en la seva forma circular, com per exemple el circRNA
derivat de l'intrd 14 del gen tripartite motif-containing protein 66 (TRIM66),
suggereix que la resisténcia d’aquests circRNAs al tractament amb RNasa R
podria ser utilitzat com un test d'integritat de 'RNA d’espermatozoide,
suplint la manca de funcionalitat que presenta I'RNA integrity number (RIN).

4. La descircularitzacio no estocastica d’alguns circRNAs de I'espermatozoide,
suggereix que aquests circRNAs podrien coexistir amb la seva maquinaria de
renovacio a la cel-lula espermatica madura.

5. L’enriquiment en funcions de regulacid de I'expressié genica dels circRNAs
detectats en totes les mostres analitzades, sumant-se a que certs circRNAs es
troben associats a sperm RNA elements (SREs) requerits per aconseguir un
naixement i/o alterats en pacients obesos i que alguns circRNAs del zigot soén
aportats exclusivament per via paterna, suggereix que els circRNAs retinguts
especificament a l'espermatozoide poden estar implicats en la fertilitat
masculina, aixi com en la fertilitzacio i el desenvolupament embrionari
primerenc.

6. La preséncia de open reading frames (ORFs) intactes en els circRNAs de
I'espermatozoide reforca la hipotesi que els circRNAs del gameta masculi
podrien ser traduits a peptids funcionals per la maquinaria de l'oocit i
presentar rols putatius a 'embriogénesi.
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11.

12.

13.

14.

Conclusions

El protocol detallat d’extracci6 de protamines ha permes posar en
coneixement de la societat cientifica els passos critics d'aquest procediment.
També, hem descrit les modificacions necessaries per a realitzar estudis
d’espectrometria de masses (MS) posteriors a 'extraccid.

S’ha demostrat que la combinacio de les técniques de top-down i bottom-up
MS és adient per estudiar el perfil de proteoformes de les protamines
humanes, sobretot el top-down MS, ja que proporcionen informacio
complementaria entre elles i presenten una baixa variabilitat interindividual.

Mitjangant top-down MS s’ha establert el patré normal de fosforilacié de les
protamines humanes en individus normozoospérmics, aixi com de les
modificacions posttraduccionals (PTMs) addicionals.

L’aproximacié per bottom-up MS ha permeés la validacié inequivoca de la
isoforma 2 de P2 a nivell proteic, fins ara no anotada a UniProtKB.

L’estudi per top-down MS ha permeés també detectar per primera vegada una
addicio de 61 Da en algunes proteoformes, indicant que aquesta modificacio
podria ser la uni6 de Zn**. Endemés, s’han identificat noves formes truncades
tan per protamina 1 (P1) com pel precursor de la protamina 2 (pre-P2).

L’establiment dels ratios de P1/P2 i pre-P2/P2 derivats de dades de top-down
MS ha permes superar les limitacions que presenta I'is de técniques
convencional en els calculs d’aquests ratios. Sha demostrat que mentre que
el ratio P1/P2 derivat de dades de top-down MS roman estable entre els
pacients analitzats, el ratio pre-P2/P2 permet estratificar els individus
normozoospermics en subgrups, cosa que no permetia I'is de tecniques
convencionals.

La correlaci6 de l'abundancia de proteines de l'espermatozoide amb la
qualitat d’embrions derivats de fecundacié in vitro amb injeccid
intracitoplasmatica (FIV-ICSI) en dia 2 del desenvolupament embrionari
provinents de pacients sense cap factor masculi o femeni conegut,
contribueix a aprofundir la implicacié de 'espermatozoide en 'embriogénesi
primerenca.

La proteina uncharacterized protein Cyorfé61 (C7ORF61) de I'espermatozoide
podria ser utilitzada com a biomarcador de la prediccio de la taxa d’éxit de
diferents técniques de reproduccio assistida, ja que es correlaciona amb la
qualitat embrionaria independentment de si es presenten alteracions en els
parametres seminals.



15.

16.

17.

5. Conclusions

L’aplicacié de criteris estrictes d’identificacio i quantificaciéo de proteines
quan s'utilitzen tecniques d’alt rendiment redueix el nombre de falsos
positius, derivant en resultats més robusts i d’elevada coincidéncia amb

estudis similars.

L’analisi de les dades proteomiques a nivell de péptids ha revelat una elevada
heterogeneitat entre els peptids que conformen una proteina i la seva
correlaci6 amb la qualitat embrionaria. Es requereixen, doncs, noves
estratégies per complementar les dades proteomiques amb informacio de
PTMs i isoformes.

La combinacié de dos estudis descriptius amb inferéncia in silico i un estudi
comparatiu utilitzant técniques d’alt rendiment ha donat informacio
complementaria per determinar l'impacte de la cél-lula espermatica al
desenvolupament embrionari primerenc i a la generaciéo d’'un nou individu

Sa.
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Chapter 2
Sperm Nucleoproteins
(Histones and Protamines)

Ferran Barrachina, Ada Soler-Ventura, Rafael Oliva, and Meritxell Jodar

2.1 Introduction

Diploid spermatogonial stem cells differentiate into haploid spermatozoa by an
accurately controlled process termed spermatogenesis (Fig. 2.1). Spermatogenesis
comprises three distinct phases: a mitotic proliferation phase, a meiotic phase, and
the differentiation/maturation phase also known as spermiogenesis [1]. During this
last phase, the round spermatids undergo significant nuclear, morphological, and
cytoplasmic changes to end up becoming motile, haploid, and highly condensed
spermatozoa.

One of the most remarkable features of spermatogenesis is the chromatin
dynamics along the different phases (Fig. 2.1) [2-5]. Similarly to somatic cells, the
DNA in differentiating spermatogonia is packaged by nucleosomes. Spermatogonia
replicate by mitosis to ensure the maintenance of germinal stem cell population.
However, certain spermatogonia will enter into meiosis to halve its chromosome
content and give rise to haploid germ cells. In the prophase of the first meiotic divi-
sion, the homologous chromosome recombination occurs. One prerequisite for the
homologous recombination is the introduction of DNA double-strand breaks
(DSB) and its subsequent repair. A high number of DSB are induced in meiotic
cells, and only few of them will be resolved as chromosome crossovers, therefore
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Fig. 2.1 Cellular and chromatin changes during spermatogenesis and fertilization. The main
cellular changes (left) are represented together with the concomitant main chromatin changes
(right). Spermatogonia replicate and differentiate into primary spermatocytes, which undergo
crossing over at meiosis and genetic recombination, and give rise to the secondary spermatocytes
after division. Secondary spermatocytes will then divide and give rise to the haploid round sperma-
tids. The round spermatids possess a chromatin structure similar to that of the preceding cells and
somatic cells formed by nucleosomes. However, a differentiation process called spermiogenesis is
then initiated where the nucleosomal chromatin structure is disassembled and replaced by a highly
compact nucleoprotamine complex. The disassembly of nucleosomes changes the superhelicity of
the DNA and requires the action of topoisomerases. In the human sperm, about 92% of the chro-
matin DNA is condensed by protamines forming highly compact toroidal structures each packag-
ing about 50 KB of DNA, and about 8% of the chromatin is formed by nucleosomes. The genes
and repetitive sequences are specifically distributed in the nucleohistone and nucleoprotamine
structure, and this peculiar chromatin structure is transferred to the oocyte at fertilization. After
fertilization, the paternal chromatin must undergo the nucleoprotamine disassembly and the
de novo assembly of nucleosomes before paternal gene expression starts
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ensuring the genetic variability of the resulting germ cells [6]. In the meiotic and
postmeiotic germ cells, the canonical histones are replaced sequentially, first by
histone variants [7], subsequently, during spermiogenesis, by transition proteins
(TNPs), and, finally, by protamines, following a precise and well-established tim-
ing (see Chap. 1) [2, 3, 5, 8]. This process results in a dramatic reorganization of
the chromatin exchanging the nucleosomal histone-based structure in the diploid
spermatogonia to a nuclear structure tightly packaged by protamines in the haploid
spermatozoa, with a potential function in the sperm DNA protection [2, 3]. The
multistep procedure of histone exchange requires the contribution of histone vari-
ants, as well as histone posttranslational modifications (PTMs); chromatin readers,
for example, BRDT [9]; and the transient induction of DSB by topoisomerases to
probably eliminate DNA supercoils formed during histone removal [10]. Of rele-
vance, topoisomerases or topoisomerase activity also seems to be present in the
final sperm chromatin and may be related to sperm DNA integrity (see Chap. 3)
[11]. However, the underlying mechanisms of chromatin reorganization in devel-
oping spermatozoa are still poorly understood. Although most of the histones are
replaced by protamines during spermatogenesis, the human sperm retains approxi-
mately 5-15% of its genome packaged by histones [12]. After fertilization, when
the sperm nucleus enters into the oocyte cytoplasm, protamines are quickly
replaced by maternal histones, although this process is also poorly understood
[13]. However, it has been suggested that the sperm chromatin bound to histones
could act as an epigenetic signature with a pivotal role during the activation of
zygote genome in early embryogenesis, as well as on transgenerational epigenetic
inheritance [14-16].

In this chapter, we highlight the most relevant proteins present in mature sperma-
tozoa, the protamines, and histones, including their variants, their PTMs distribu-
tion in the sperm chromatin, and their potential correlation with male infertility.

2.2 Nucleoprotamine Complex in Sperm

Protamines are the most abundant sperm nuclear proteins in many species and in
human are packing approximately the 85-95% of the paternal DNA [2, 3, 17-19].
Protamines are small basic proteins rich in positively charged arginine residues,
allowing the formation of a highly condensed complex with the negatively charged
paternal DNA. Additionally, protamines are rich in cysteine residues, which allow
the formation of disulfide bonds and zinc bridges among intra- and inter-protamine
molecules resulting in the compact toroidal nucleoprotamine complex [20, 21]. In
mammals, two types of protamines have been described, the protamine 1 (P1) and
the protamine 2 (P2) family. All mammal species harbor P1 in spermatozoa, but the
P2 family, composed by the P2, P3, and P4 components, is solely expressed by
some mammal species, such as humans and mice [18, 22]. Typically, the genes
encoding protamines (PRM1 and PRM?) are clustered together. In human, the prot-
amine gene cluster is located in chromosome 16 together with the transition nuclear
protein 2 (TNP2) gene [23]. Whereas P1 is synthesized as a mature form, P2 family
is generated from the proteolysis of the protamine 2 precursor resulting in the
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different components of P2 family (P2, P3, P4), which differ among them only by
one to four amino acid residues on the N-terminal extension, being the P2 the most
abundant [17, 18].

Although several hypotheses of the P1 and P2 family functions have been pro-
posed [2, 3, 18], the most accepted protamine functions are:

(1) To tightly package the paternal genome in a more compact and hydrodynamic

nucleus required for a proper sperm motility

(i1) To protect the paternal genome from exogenous or endogenous mutagens or
nucleases potentially present in the male and/or female tracts

(i11) To compete with and remove transcriptional factors and other nuclear proteins
from the spermatid chromatin, leaving the paternal genome in a “blank state”
so that the paternal genome could be reprogrammed by the oocyte

(iv) To be involved in the imprinting of the paternal genome during spermatogen-
esis and to confer new epigenetic marks in certain areas of the sperm genome,
leading to gene reactivation or repression in the first steps of early embryo
development [3, 18]

2.2.1 Protamine Post-translational Modifications

In contrast to the well-known roles of histone PTMs, such as acetylation, methyla-
tion, and phosphorylation (see Sect. 3.2), relatively little is known about protamine
PTMs. The most well-studied protamine PTM has been phosphorylation (Fig. 2.1,
Table 2.1) [2, 3]. Protamines are quickly phosphorylated after their synthesis in
elongated spermatids, as a requisite for the proper protamine binding to sperm DNA
[17]. However, after the protamine-DNA binding, protamines are extensively
dephosphorylated except in some residues whose phosphorylation can still be
observed in the mature sperm (Fig. 2.2, Table 2.1) [24, 27-29]. Another type of
protamine PTM is the differential processing of protamine 2 precursors. In fact,
protamine 2 is synthesized as a long precursor protein which is then proteolytically
processed to give rise to the mature P2, P3, and P4 components [30]. More recently,
the use of mass spectrometry has allowed to identify additional PTMs in both prot-
amines, suggesting the existence of a protamine code similar to the histone code
[31, 32] that could be relevant for zygote epigenetic reprogramming [26, 33, 34]. In
mature human sperm, the analysis of the extracted intact protamines by mass spec-
trometry has enabled to identify mono-, di-, and tri-phosphorylations, di-acetylations,
and a mono-methylation for P1 [25]. Using the same strategy, only the intact P3
component could be identified from the P2 family with two potential PTMs (one
acetylation and one methylation) [25]. However, further studies are required in
humans including the amino acid sequencing by mass spectrometry in order to iden-
tify new protamine PTMs and localize the modified residues, as has been recently
described in mouse (Fig. 2.2, Table 2.1) [26].
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Table 2.1 Posttranslational modifications (PTMs) detected in human and mouse protamine amino

acid sequences

Amino Post-
acid translational
Specie | Protamine | residue modification Methodology Reference
Human | Protamine 1 | S8 Phosphorylation | Electrospray mass | Chirat et al. [24]
spectrometry
Phosphoserine Pirhonen et al. [29]
conversion and
protein sequencing
S10 Phosphorylation | Electrospray mass | Chirat et al. [24]
spectrometry
Phosphoserine Pirhonen et al. [29]
conversion and
protein sequencing
S28 Phosphorylation | Phosphoserine Pirhonen et al. [29]
conversion and
protein sequencing
ND Phosphorylation | Mass spectrometry | Castillo et al. [25]
ND Acetylation Mass spectrometry | Castillo et al. [25]
Protamine 2 | S50 Phosphorylation | Phosphoserine Pirhonen et al. [29]
conversion and
protein sequencing
S58 Phosphorylation | Electrospray mass | Chirat et al. [24]
spectrometry
Phosphoserine Pirhonen et al. [29]
conversion and
protein sequencing
S72 Phosphorylation | Phosphoserine Pirhonen et al. [29]
conversion and
protein sequencing
Mouse | Protamine 1 | S8 Phosphorylation | Mass spectrometry | Brunner et al. [26]
S42 Phosphorylation | Mass spectrometry | Brunner et al. [26]
S42 Acetylation Mass spectrometry | Brunner et al. [26]
T44 Phosphorylation | Mass spectrometry | Brunner et al. [26]
K49 Methylation Mass spectrometry | Brunner et al. [26]
K49 Acetylation Mass spectrometry | Brunner et al. [26]
N-terminal | Acetylation Mass spectrometry | Brunner et al. [26]
Protamine 2 | S55 Phosphorylation | Mass spectrometry | Brunner et al. [26]
S55 Acetylation Mass spectrometry | Brunner et al. [26]
K57 Acetylation Mass spectrometry | Brunner et al. [26]
K64 Acetylation Mass spectrometry | Brunner et al. [26]

The table shows the PTMs identified in human and mouse protamine 1 or protamine 2 amino acid
residues and the methodology performed

ND Not determined
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2 Sperm Nucleoproteins (Histones and Protamines) 37
2.2.2 Protamine Alterations in Infertile Patients

The relative ratio of the abundance of the protamine 1 (P1) and the protamine 2 (P2)
has been widely studied as a measure of sperm chromatin maturity and normality/
abnormality [18]. A prospective study in the general population proposed the pres-
ence of a wide range for P1/P2 ratio that can oscillate between 0.5 and 1.5 [35].
However, from a reproductive view, several groups proposed a P1/P2 ratio around 1
(0.8—1.2) for fertile males [36, 37]. An altered P1/P2 ratio (below 0.8 or above 1.2)
has been correlated among seminal parameter alterations, DNA damage, and low
success rate of assisted reproduction techniques (Table 2.2). A recent meta-analysis
comparing infertile and fertile patients, including data from nine different studies,
has demonstrated a significantly increased P1/P2 ratio in subfertile patients [57].

P2 deregulation occurs more frequently than P1 deregulation, indicating that a
P2 deregulation is normally responsible for the P1/P2 ratio alteration. Lower sperm
count and sperm motility and/or abnormal sperm morphology have been correlated
with abnormal P1/P2 ratio (Table 2.2) [38-45, 47, 48, 58, 59]. Furthermore, some
studies have shown that the total absence of P2 or the incomplete processing of the
P2 precursors reflected by a decreased pre-P2/P2 ratio is also linked to a lower
sperm count, a lower sperm motility, and an abnormal sperm morphology (Table 2.2)
[41, 44-46]. Additionally, an altered P1/P2 ratio or a decreased pre-P2/P2 ratio was
also linked to an increased sperm DNA damage or to an augmented reactive oxygen
species levels (Table 2.2) [41, 49-54, 58]. These studies suggest that an altered P1/
P2 ratio results in a sperm DNA more accessible to nuclease activity and, therefore,
DNA damage increases. A correct protamination, as a measure of a correct P1/P2
ratio, could be crucial for the DNA protection [49]. However, the meta-analysis
performed by Ni et al. could not establish an association between an altered P1/P2
ratio and DNA damage [57]. Otherwise, several studies have also correlated an
altered P1/P2 ratio with a low fertilization rate, a low implantation rate, a low
embryo quality score, and a low pregnancy outcome using in vitro fertilization
(IVF) with or without intracytoplasmic sperm injection (ICSI) treatments (Table 2.2)
[40, 43, 45, 52, 55, 59]. Likewise, a decreased pre-P2/P2 ratio has been correlated
to a low implantation rate and a poor pregnancy outcome [45], and the total absence
of P2 has been correlated to a low sperm penetration ability in IVF [46]. Taken
together, these results suggest that protamine deregulation could be involved in fer-
tilization and early embryo development processes. Other parameters such as men’s
age and smoking have been proposed to alter the protamine P1/P2 ratio (Table 2.2)
[38, 39, 54]. In addition, it has been reported that a mutation in the PRM1 gene
promoter (—191AA genotype) causes an increased P1/P2 ratio suggesting that
genetic mutations could be the cause of a defective protamination [56]. All these
studies suggest that a correct P1/P2 ratio is important for men’s fertility and for
proper embryo development.
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Table 2.2 Altered P1/P2 ratio in infertile patients

Study

| P1/P2 ratio

Outcome

Correlation with seminal parameters

Simon et al. [38] Altered P1/P2 Lower sperm count; lower semen volume
Hamad et al. [39] Increased P1/P2 | Lower sperm count; lower sperm vitality
Aoki et al. [40] Altered P1/P2 Lower sperm count; lower sperm motility;
abnormal sperm morphology
Torregrosa et al. [41] Decreased Lower sperm count; lower sperm motility;
pre-P2/P2 abnormal sperm morphology
Aoki et al. [58] Altered P1/P2 Lower sperm count; lower sperm motility;
abnormal sperm morphology
Mengual et al. [42] Increased P1/P2 | Lower sperm count
Khara et al. [43] Altered P1/P2 Lower sperm count; lower sperm motility;
abnormal sperm morphology
de Yebra et al. [44] Altered P1/P2 Lower sperm count
No P2 Lower sperm count; lower sperm motility;
abnormal sperm morphology
De Mateo et al. [45] Decreased P1/P2 | Lower sperm motility
Decreased Lower sperm count; lower sperm motility
pre-P2/P2
Aoki et al. [59] Altered P1/P2 Lower sperm count; lower sperm motility;
abnormal sperm morphology
Decreased P1/P2 | Abnormal sperm head morphology
Carrell and Liu [46] No P2 Lower sperm motility; abnormal sperm
morphology
Bach et al. [47] Altered P1/P2 Altered seminal parameters
Lescoat et al. [48] Altered P1/P2 Altered seminal parameters

Correlation with DNA damage

Ribas-Maynou et al. [49] | Increased P1/P2 | Increased DNA damage (SCD assay)

Garcia-Peir6 et al. [50] | Increased P1/P2 | Increased DNA damage (SCD assay)

Castillo et al. [51] Decreased P1/P2 | Increased DNA damage (alkaline comet assay)

Simon et al. [52] Increased P1/P2 | Increased DNA damage (alkaline comet assay)

Aoki et al. [53] Altered P1/P2 Increased DNA damage (TUNEL assay)

Torregrosa et al. [41] Decreased Increased DNA damage (TUNEL assay)
pre-P2/P2

Aoki et al. [58] Decreased P1/P2 | Increased DNA damage (SCSA assay)

Hammadeh et al. [54] Increased P1/P2 | Increased reactive oxygen species (ELISA assay)

Correlation with assisted reproduction techni

ques

Simon et al. [52] Decreased P1/P2 | Low fertilization rate (IVF)
De Mateo et al. [45] Decreased P1/P2 | Low fertilization rate (IVF); low implantation
rate (IVF and/or ICSI); low pregnancy outcome
(IVF and/or ICSI)
Decreased Low implantation rate (IVF and/or ICSI); low
pre-P2/P2 pregnancy outcome (IVF and/or ICSI)
Aoki et al. [40] Altered P1/P2 Low fertilization rate (IVF)
Decreased P1/P2 | Low chemical-pregnancy and clinical-pregnancy

rates (IVF and/or ICSI)
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Table 2.2 (continued)

Study P1/P2 ratio Outcome
Aoki et al. [59] Decreased P1/P2 | Low fertilization rate (IVF and ICSI)
Nasr-Esfahani et al. [55] | Increased P1/P2 | Low fertilization rate (ICSI); low embryo quality
score in day 3 (ICSI)
Khara et al. [43] Altered P1/P2 Low fertilization rate (IVF)
Carrell and Liu [46] No P2 Low sperm penetration ability (IVF)
Correlation with other parameters
Simon et al. [38] Altered P1/P2 Men’s age
Hamad et al. [39] Increased P1/P2 | Smokers
Hammadeh et al. [54] Increased P1/P2 | Smokers
Decreased P2 Smokers
Jodar et al. [56] Increased P1/P2 | Mutation in the PRM1 gene promoter (—191AA
genotype)

Correlation of protamine P1/P2 ratio with seminal parameters, DNA damage, assisted reproduc-
tion techniques outcome, and other parameters

SCD sperm chromatin dispersion, TUNEL terminal deoxynucleotidyl transferase dUTP nick end
labeling, SCSA sperm chromatin structure assay, ELISA enzyme-linked immunosorbent assay, IVF
in vitro fertilization, /CSI intracytoplasmic sperm injection

2.3 Nucleohistone Complex in Sperm

As mentioned before, the human spermatozoon retains approximately a 5—15% of
its chromatin packaged in nucleosomes [18]. The nucleosome structure in sperm
seems to be similar to that from somatic cells and consists on 147 base pairs of DNA
wrapped around an octameric histone core including two of each H2A, H2B, H3,
and H4 histones [60, 61]. Adjacent nucleosomes are interconnected by a linker
DNA that can be up to 80 bp long. Members of histone H1 family (linker histones)
are situated at the site of DNA entry and exit from the core particle binding around
20 nt of linker DNA. Apart from acting as a linker, histone H1 plays an important
role in the chromatin folding modulation. The final result is a constrained DNA that
approximately achieves a fivefold compaction. Despite the high degree of compac-
tion that nucleosomes confer, histone-packaged chromatin sperm is more open and
dynamic than the protamine-packaged chromatin and could be modulated and regu-
lated by the incorporation of histone variants [7, 62], histone PTMs [31], and nuclear
factors that modulate the DNA and histone interactions [3, 63].

2.3.1 Histone Variants

During spermatogenesis, some canonical histones are replaced by histone variants,
and a subset of those remains in the nucleus of mature spermatozoa. Several histone
variants have been identified in mature sperm by mass spectrometry, including the
histone H4, which is less diversified compared with the most diverse H2A and H2B
histones (Table 2.3). Despite the fact that histone variants have only small changes
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Table 2.3 Human sperm histone variants identified in mature sperm

3KO effect on
reproduction and
Protein name Gene name Localization | embryogenesis References
Histone HI family
Histone H1t HISTIHIT Testis Normal phenotype Lin et al. [64],
Fantz et al. [65]
Testis-specific HI | HIFNT Testis Oligozoospermia, Martianov et al.
histone (H1t2) asthenozoospermia, [66], Tanaka
teratozoospermia, et al. [67]
abnormal spermiogenesis,
reduced male fertility, and
impaired fertilization
Histone H1x HI1FX All tissues | ND -
Histone H1.2 HIST1HIC All tissues | Normal phenotype Fan et al. [68]
Histone H1.3 HISTIH1D All tissues | Normal phenotype
Histone H1.4 HISTIHIE All tissues | Normal phenotype
Histone H1.5 HIST1HIB All tissues | ND -
Histone H2 family
Histone H2A HISTIH2AG | Testis ND -
type 1
Histone H2A HISTIH2AA | Testis ND -
type 1-A (TH2A)
Histone H2B HIST1H2BA | Testis ND -
type 1-A (TH2B)
Histone H2AFBI1 Testis ND -
H2A-Bbd type 1
Histone H2AFB2 Testis ND -
H2A-Bbd type
2/3
Histone H2A HIST1H2AB |Enriched in | ND -
type 1-B/E testis
Histone H2A HIST1IH2AH |Enriched in | ND -
type 1-H testis
Histone H2B HIST1H2BB |Enriched in | ND -
type 1-B testis
Histone H2B HIST1H2BJ |Enriched in |ND -
type 1-J testis
Core histone H2AFY All tissues | Normal phenotype Changolkar et al.
macro-H2A.1 [69], Boulard
(mH2A1) etal. [70]
Histone H2A HIST1H2AC | All tissues |ND -
type 1-C
Histone H2A HIST2H2AA3 | All tissues | NP -
type 2-A
Histone H2A HIST2H2AC | All tissues | ND -
type 2-C
Histone H2A.V | H2AFV All tissues | ND -
Histone H2AX H2AFX All tissues | Seminiferous tubules Celeste et al.

reduced diameter, small
testes, male meiosis
arrest, and male infertility

[71]
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Table 2.3 (continued)

3KO effect on
reproduction and
Protein name Gene name Localization | embryogenesis References
Histone H2A.Z H2AFZ All tissues | Not viable Faast et al. [72]
Histone H2B HIST1H2BC | All tissues | ND -
type 1-C/E/F/G/1
Histone H2B HISTIH2BD | All tissues | NP -
type 1-D
Histone H2B HISTIH2BH | All tissues | ND -
type 1-H
Histone H2B HIST1H2BK | All tissues |ND -
type 1-K
Histone H2B HIST1H2BL | All tissues |ND -
type 1-L
Histone H2B HIST1H2BM | All tissues |ND -
type 1-M
Histone H2B HIST1IH2BN | All tissues |ND -
type 1-N
Histone H2B HIST1IH2BO | All tissues | NP -
type 1-O
Histone H2B HIST2H2BE | All tissues | KO not fertility related Santoro et al.
type 2-E [73]
Histone H2B HIST2H2BF | All tissues | NP -
type 2-F
Histone H2B HIST3H2BB | All tissues |ND -
type 3-B
Histone H2B H2BFS All tissues | NP -
type F-S
Histone H2A HISTIH2AD |- ND -
type 1-D
Histone H2A HIST2H2AB |- ND -
type 2-B
Histone H3 family
Histone H3.1 HIST1H3A Testis ND -
Histone H3.1 t HIST3H3 Testis NP -
(H3t)
Histone H3.3C H3F3C Testis NP -
Histone H3.2 HIST2H3A All tissues | ND -
Histone H3.3 H3F3A All tissues | Reduced male fertility Tang et al. [74]
Histone H3-like | CENPA All tissues | Not viable Howman et al.
centromeric [75], Kalitsis
protein A et al. [76]
(CENP-A)
Histone H4 family
Histone H4 HIST1H4L All tissues | ND -
Histone H4 HIST1H4A All tissues | ND -
Histone H4-like |HIST1H4G ND NP -
protein type G

Integrative table of the human sperm histone families combining the protein/gene name, GTEx
localization, and the knockout effect on reproduction/embryogenesis using Mouse Genome

Informatics database

ND no data, NP not present in mouse
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in their primary structure compared with the canonical histones, those little
differences can lead to major changes in the nucleosome structure, stability, and
function [62]. The destabilization of DNA-protein interaction by incorporation of
histone variants during spermatogenesis allows the transition from the nucleohis-
tone complex to the nucleoprotamine complex [7, 18, 62, 77].

Although there are histone variants widely expressed in all tissues, there are
some testis-specific variants that are essentially expressed in spermatocytes [78].
Targeting the individual histone variants in mouse models (knockouts) has revealed
which histone variants are crucial for male fertility and reproduction (Table 2.3).
Unfortunately, there is a lack of information about a set of histone variants that are
not present or have not been detected in mouse (NP) or the corresponding knockout
model has not been generated yet (ND). In addition, it is not possible to assess the
effect on male reproduction of some histone variants because the knockouts have
resulted in embryonic lethality [72, 75, 76], pointing out the need to generate con-
ditional knockout models to assess their importance in testes function (Table 2.3).

Knockouts of some histone variants display a normal phenotype without nega-
tive impact on fertility, for example, histone H1t, mH2A1, H2B type 2-E, H1.2,
H1.3, and H1.4, suggesting that they are not essential for male fertility (Table 2.3)
[64, 65, 68-70, 73]. However, it could be expected that different testis-specific his-
tone variants should have a major importance for proper fertility. As observed in
Table 2.3, the knockout models of some testis-specific histones or widely expressed
histone variants seem to result in reproductive failure. This is the case of a testis-
specific histone, the H1t2, and the widely expressed histones H2AX and H3.3. Each
knockout of these three different histone variants displayed male infertility although
due to different reasons. For example, H1t2 knockout displays an abnormal sper-
matogenesis, sperm defects, and impaired fertilization, because this histone is nec-
essary for DNA condensation and nuclear modulation during the last steps of
spermatogenesis [66, 67]. In contrast, the disruption of H2AX and H3.3 in mice
results in male meiosis arrest, since H2AX is crucial for meiosis because it facili-
tates the repair of induced DSBs [62, 71] and H3.3 is essential for chromosome
segregation that takes place during meiosis (Table 2.3) [74].

2.3.2 Histone Post-translational Modifications

The early events during the transition of histones to protamines throughout spermio-
genesis involve the incorporation of histone variants and histone PTMs, which
enable the chromatin remodeling and trigger the protamination. Both histones and
histone variants are modified by different PTMs [79]. The most known histone
PTMs are acetylation, methylation, phosphorylation, ubiquitination, sumoylation,
and ribosylation, among other forms [79]. The different combinatorial patterns of
the huge number of histone PTMs create a complex histone code that contributes to
chromatin organization and dynamics, as well as to gene expression [7, 60]. For
example, the massive increase of histone acetylation is one of the first signs that the
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protamine replacement during spermiogenesis will start [3, 18, 80-82]. Histone
hyperacetylation relaxes the chromatin and decreases the affinity of the sperm his-
tones to the DNA, allowing the removal and replacement of histones, firstly, by
TNPs and, finally, by protamines [3, 18, 63, 83]. Actually, histone H4 hyperacety-
lation in elongating spermatids is a prerequisite for the histone-to-protamine
replacement [84], and an aberrant H4 hyperacetylation pattern results in impaired
spermatogenesis [3, 18, 81, 85]. Apart from histone acetylation, there are other his-
tone modifications throughout spermatogenesis such as methylation, which could
also be associated with nucleosome dismantlement and histone eviction. Histone
methylation seems to modulate epigenetic signals necessary for spermatogenesis
[14, 60]. This is the case of H3K4me, a methylation mark that is necessary to turn
spermatogonia into spermatocytes [86, 87], and H3K9me and H3K27me, marks
that regulate gene expression during spermatogenesis [88].

Although histone variants and histone PTMs allow chromatin remodeling and
most of them are replaced by protamines during late spermatogenesis, some of the
modified nucleosomes are not replaced and are retained in the mature sperm. More
than 100 histone post-translational modifications have been identified in the remain-
ing histones present in human sperm, including acetylation, methylation, phosphor-
ylation, butyrylation, and crotonylation [31, 89, 90]. Surprisingly, some histone
PTMs found in human mature sperm showed a high degree of conservation with
mouse sperm, which further supports an evolutionary conserved role of histone
PTMs [31]. Those modified paternal histones maintained in the sperm are inherited
by the zygote, and they have been proposed to play a role in the epigenetic control
of embryogenesis [34]. For example, alterations in the histone methylation
(H3K4me?2) pattern in mice sperm impair the development and survivability of the
offspring, indicating the importance of the sperm epigenome in the health of the

progeny [91].

2.3.3 Histone-Bound Sperm Chromatin

Many studies suggest that the 5-15% retained nucleosomes in mature sperm are not
randomly distributed through the sperm genome but occupy specific loci [12, 14, 15, 19,
32, 89, 92, 93]. This is supported by recent sperm chromatin high-throughput genome-
wide dissection studies indicating that there is a differential distribution of genes and
repetitive sequences between nucleohistone and nucleoprotamine complexes.

The first studies using human sperm chromatin fractionation followed by micro-
arrays or high-throughput sequencing concluded that mature sperm histones are
associated with DNA enriched at gene regulatory regions and genes involved in
developmental processes, including promoters of embryonic transcription factors
and signaling pathway proteins, as well as miRNA clusters and imprinted genes
(Table 2.4) [19, 89, 92]. In contrast, protamines seemed to be enriched at olfactory
receptors genes and ZNF genes [92]. Interestingly, the use of sperm chromatin
immunoprecipitation (ChIP) of specific histone PTMs followed either by microarray

247



44

F. Barrachina et al.

Table 2.4 Sperm nucleosomal DNA distribution in healthy men

Study Methodology Main outcomes

Arpanahi Sperm salt extraction and Endonuclease-sensitive DNA regions are

etal. [92] endonuclease digestion or enriched in gene regulatory regions including
micrococcal nuclease (MNase) | promoter sequences involved in the
digestion followed by a development and CTCF-recognized sequences
microarray-based genome-
wide analysis. Additionally,
after digestion, ChIP-chip for
acH4 was also used

Hammoud Sperm MNase digestion Sperm nucleosomes are enriched at loci of

etal. [89] followed by either array developmental importance including imprinted
analysis or high-throughput gene clusters, miRNA clusters, HOX gene
sequencing. Additionally, clusters, and promoters of embryo
ChIP-chip and ChIP-seq for developmental transcription and signaling
H3K9me3, H3K27me3, factors. Histone modifications (H3K4me2/3 and
H3K4me2/me3, TH2B, and H3K27me3) localize to particular
H2A.Z were performed developmental loci

Brykczynska | Sperm MNase digestion Sperm nucleosomes are slightly enriched at

et al. [32] followed by mononucleosomal | TSS. H3K27me3 and H3K4me?2 are retained at

DNA isolation and ChIP for
H3K4me?2 and H3K27me3
combined with microarray
analysis or high-throughput
sequencing

regulatory sequences in mature human
spermatozoa and marks promoters of genes
related with spermatogenesis and early
embryonic development

Vavouri et al.
[15]

Reanalysis of the data from
Arpanabhi et al. [92],
Hammoud et al. [89], and
Brykczynska et al. [32]

Nucleosome retention, which is determined by
the base composition, occurs in both genic and
nongenic regions of the genome. Nucleosomes
at GC-rich sequences with high nucleosome
affinity are retained at TSSs and at
developmental regulatory genes, particularly
TSSs of most housekeeping genes. Also, there is
a link between nucleosome retention in sperm
and DNA unmethylated regions in the early
embryo

Samans et al.
(93]

Sperm cell fractionation by
micrococcal nuclease followed
by DNA high-throughput
sequencing of the nucleosomal
fraction

Sperm chromatin nucleosomes are enriched in
certain repetitive DNA elements, as centromere
repeats and retrotransposons (LINE1 and
SINES), and the majority of nucleosomal
binding sites are enriched in distal intergenic
regions. Nucleosome depletion was observed
within exons, the majority of promoters,
5’-UTRs, 3’-UTRs, TSS, and TTS. Function of
paternally derived nucleosomes in
postfertilization processes

Castillo et al.
[19]

Sperm chromatin fractionation
using salt extraction followed
by restriction enzyme
digestion or MNase digestion,
followed by high-throughput
sequencing and proteomic
analyses (LC-MS/MS)

Nucleosomal and subnucleosomal DNA regions
are highly enriched at gene promoters, CpG
island promoters, and linked to genes involved
in embryo development

TSS Transcription start site, 77'S Transcription termination site
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(ChIP-chip) or DNA sequencing (ChIP-seq) has revealed that H3K4me2 and
H3K4me3 are enriched at developmental promoters expressed in the four- to eight-
cell stage embryos, suggesting a potential epigenetic function of those modified
sperm histones in early embryogenesis [89]. The specific study of sperm mononu-
cleosomal DNA has shown slight differences, for example, H3K4me2 marks genes
involved in spermatogenesis and cellular homeostasis, while H3K27me3 marks
developmental regulators and HOX genes [32]. These differences could be attrib-
uted to different technical issues in the preparation of the human sperm mononu-
cleosomal DNA in contrast to all nucleohistone complex [32]. In silico analysis
from the studies mentioned above revealed that spermatozoal nucleosomes are
retained at GC-rich loci and that nucleosome retention in the sperm cell is linked to
demethylated DNA in the early embryo [15].

In contrast to the mentioned findings above, one study claimed that retained
nucleosomes in sperm are enriched in certain repetitive DNA sequences, such as
centromere repeats and retrotransposons (LINE1 and SINE), and the majority of
nucleosomal binding sites were enriched at distal intergenic regions [93]. However,
these contradictory observations are probably due to technical issues or differences
in the computational methodology used [94].

As a summary, there is huge evidence suggesting the existence of a differential
distribution between histone-packaged and protamine-packaged sperm chromatin,
which is involved in a potential sperm epigenetic signature transferred into the
oocyte. The sperm nucleosome enrichment at developmental regulatory genes and
gene regulatory sequences suggest that it could regulate the gene expression in early
embryogenesis when zygote genome activation occurs and indicate that sperm chro-
matin is much more complex than it was previously thought.

2.3.4 Histone Alterations and Male Infertility

In contrast to the vast number of studies assessing the potential correlation between
protamines (P1/P2 ratio) and male infertility (see Sect. 2.2), very few studies have
evaluated sperm histones in infertile patients. Early obervations already indicated
that a large proportion of the sperm samples with an altered P1/P2 ratio also had
increased levels of histones [3, 18, 44]. Focusing on specific histones, it has been
described that YH2AX levels are higher in the sperm of infertile patients than in
fertile men, and it has been correlated to an increased number of sperm DSBs [95].
It has also been reported that semen samples from infertile men have a significant
higher H2B/(P1+P2) ratio than do fertile men, suggesting that an alteration of H2B/
(P1+P2) ratio could reflect an abnormal chromatin structure that results in male
infertility [96-98]. Moreover, it has also been found an increased H2B/(P1+P2)
ratio in smokers [39], implying a negative effect between smoking cigarettes and
male fertility. Finally, a correlation has been found between alterations of a testis-
specific histone variant (TH2B) and male fertility, which indicates that TH2B is
involved in sperm chromatin compaction and male pronucleus development [99].
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Apart from the abovementioned alterations in histone content, the sperm of
infertile men has also shown an altered histone localization pattern [100]. The study
of these infertile men revealed a randomly distributed pattern of nucleosome
retention in the sperm chromatin [100]. This alteration in nucleohistone-bound
genome could be attributed to a disrupted chromatin remodeling machinery or due
to an improper histone hyperacetylation signaling during the histone exchange by
protamines [100]. On a different line of experiments, evidence for a substantial
deregulation of histones has been detected in normozoospermic sperm cells from
male infertile patients with failed assisted reproduction outcomes after ICSI [101].
Overall, these studies demonstrate the importance of an appropriate distribution of
genes in the sperm chromatin structure. Therefore, the potential side effects in the
embryo associated to an improper histone retention in the sperm are an aspect that
deserves further investigation in the future.

2.4 Concluding Remarks

Protamines have been largely studied and correlated with male infertility, specifi-
cally by P1/P2 ratio measurement. Similarly, alterations of specific histones have
also been associated with sperm defects. Recent studies support the idea that the
distribution of the nucleohistone and nucleoprotamine complexes in the sperm
chromatin is not random. The intracytoplasmic sperm injection (ICSI) of mouse
round spermatids, that did not complete the histone replacement yet, into mature
oocytes, derived in embryos with aberrant patterns of gene expression, thereby sug-
gesting that the paternal chromatin structure is important for the first steps of early
embryo development [5]. The complexity of sperm chromatin highlights the need to
perform further studies in sperm nucleoproteins content and distribution, including
the assessment of their variants and PTMs, in order to clarify the significance of the
sperm chromatin in male infertility and early embryo development as well as to
shed light into the possible effects across generations. Furthermore, it will be par-
ticularly interesting to determine the specific role of the hundreds of chromatin-
associated proteins present in the normal sperm chromatin, in addition to histones
and protamines, as derived from recent high-throughput proteomic studies
[102-104].
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sperm cells are simply a silent delivery vehicle of the male genome to the oocyte, the sperm cells in fact provide
both a specific epigenetically marked DNA together with a complex population of proteins and RNAs crucial for

embryogenesis. Similarly, —omic technologies have also enlightened that seminal fluid seems to play a much

gfg::g:gis greater role than simply being a medium to carry the spermatozoa through the female reproductive tract. In
Sperm the present review, we briefly overview the sperm cell biology, consider the key issues in sperm and seminal
Seminal fluid fluid sample preparation for high-throughput proteomic studies, describe the current state of the sperm and
Infertility seminal fluid proteomes generated by high-throughput proteomic technologies and provide new insights into
Sefﬂiﬂﬂl parameters the potential communication between sperm and seminal fluid. In addition, comparative proteomic studies
Epigenetics open a window to explore the potential pathogenic mechanisms of infertility and the discovery of potential bio-
markers with clinical significance.
Significance: The review updates the numerous proteomics studies performed on semen, including spermatozoa
and seminal fluid. In addition, an integrative analysis of the testes, sperm and seminal fluid proteomes is also in-
cluded providing insights into the molecular mechanisms that regulate the generation, maturation and transit of
spermatozoa. Furthermore, the compilation of several differential proteomic studies focused on male infertility
reveals potential pathways disturbed in specific subtypes of male infertility and points out towards future re-
search directions in the field.
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Fig. 1. Overview of the natural history of sperm generation, maturation and functional
activities. Spermatogonia replicate and differentiate into spermatocytes, where meiotic
recombination takes place. After meiosis a differentiation process called spermiogenesis
takes place in which the round spermatid experiences profound cellular, chromatin and
biochemical changes resulting in the generation of the highly differentiated sperm cell
in the testes. Testicular spermatozoa initiate then a maturation process through it transit
in the epididymis where they acquire the capacity to swim and additional membrane
and biochemical functionalities. During ejaculation the sperm cells are further mixed
with the seminal vesicles and prostatic fluids containing extracellular vesicles and with
the bulbourethral gland fluid. Once in the female tract the sperm cells are capacitated
acquiring hypermotility. Finally, acrosome reaction and fertilization takes place where
the male paternal genome with its imprinting through DNA methylation, chromatin
poising, RNAs and sperm protein cargo is transferred to the oocyte.

1. Introduction

Infertility is a growing problem that affects approximately 15% of the
couples at reproductive age [1]. The causes of infertility are almost
equally divided between male and female factors, each accounting for
approximately 40% of all cases of infertility, with the remaining 20% is
due to a combination of factors from both partners. The diagnosis of
male infertility is currently based on the study of sperm quality includ-
ing the analysis of seminal parameters such as sperm concentration,
motility and morphology. To date, a limited number of causes have
been associated with altered seminal parameters. This is exemplified
by the dramatic decrease of sperm count caused for the presence of
chromosome aberrations or microdeletions at the Y chromosome [2].
However, in the majority of male patients the molecular defect respon-
sible for the infertility, remains unknown [3]. The origin may be due to
the presence of genetic, epigenetic, systemic or environmental changes,
or a combination of those [3-7]. High-throughput techniques, including
genomics, epigenomics, transcriptomics, proteomics and metabolomics
hold the promise to provide insights into the basic molecular mecha-
nisms of sperm production and maturation as well as into the
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pathogenesis of male infertility [8,9]. Among all these levels, proteins
are the main effectors of the function in cells. Therefore, the present re-
view focuses on the recent application of proteomics to uncover the fun-
damental questions of the composition and function of the human
sperm cell and on the discovery of altered molecular proteins and path-
ways in the seminal fluid and sperm cells of infertile patients. In addi-
tion, we have compiled, analyzed and discussed the integrative
aspects of the currently available human testes, spermatozoa and sem-
inal fluid proteomes.

2. Sperm cell biology

Spermatozoa are the culmination of the complex hormonally con-
trolled process of spermatogenesis which takes place in the seminifer-
ous tubules of the testes (Fig. 1) [10]. Spermatogenesis comprises
three distinct phases: (i) During the first phase of mitotic proliferation,
the undifferentiated diploid male germ cell differentiates into two dif-
ferent types of spermatogonia. Spermatogonia type A replicate by mito-
sis to ensure the maintenance of the future spermatogonial population
while spermatogonia type B enter into meiosis and differentiate to-
wards spermatozoa. (ii) During the 2nd phase, cytoplasm in type B
cells increases, turning into primary spermatocytes. The spermatocyte
undergoes two consecutive meiotic divisions thus reducing by half its
genetic material and producing round haploid spermatids. (iii) Through
the final phase, referred to as spermiogenesis, the round spermatids un-
dergo significant nuclear, morphological and cytoplasmic changes to
become mature spermatozoa [11].

Nuclear changes include the general replacement of histones by
more basic nuclear proteins, the protamines [12-16]. This replacement
results in a very high condensation of the germ cell nucleus, effectively
blocking the transcription process. Two different morphological struc-
tures are formed during spermiogenesis, the acrosome and the sperm
tail. Golgi vesicles fuse into one large vesicle that flattens and then sur-
rounds two-thirds of the nuclear perimeter forming the acrosome. The
acrosome contains proteases and other hydrolytic enzymes required
to penetrate the zona pellucida during fecundation. Simultaneously,
the centrosome migrates towards the opposite pole of the nucleus
from the acrosome. Moreover, from one of the two centrioles present
in the centrosome starts the formation of the flagellum axoneme. At
the same time, mitochondria from round spermatids migrate primarily
to this region and locate themselves to surround the proximal part of
flagellum axoneme and form the mid part of the spermatozoa. Finally,
the excess of cytoplasm is removed in residual bodies. Most of the cyto-
plasm is phagocytized by Sertoli cells but a carryover cytoplasmic drop-
let remains attached to the neck of the testicular spermatozoa to be
removed during sperm maturation [17].

After successive stages of differentiation in the testes, the resultant
spermatozoon is still only an immature germ cell being as yet immotile
and lacking the ability to fertilize the oocyte on its own. Sperm matura-
tion, acquiring both motility and fertilization potential, progresses
through its transit along the epididymis over the span of one or two
weeks and to a further extent upon entry into the female tract (Fig. 1).

Testicular spermatozoa are stored in a coiled tube structure located
in the back of the testes, the epididymis, as well as in the proximal por-
tion of the vas deferens, near the epididymis, until ejaculation. The epi-
thelial cells of epididymis secrete vesicles, specifically named
epididymosomes, to the epididymis lumen which are rich in lipids, pro-
teins and RNAs that will interact with the sperm membrane resulting in
sperm surface changes and the acquisition of new proteins and RNAs
[18]. These sperm changes contribute to the acquisition of the potential
for sperm motility and the ability to fertilize the oocyte as well as prob-
ably to transfer epigenetic transgenerational information [19,20]. In ad-
dition to these maturation steps, the epididymis also provides a
complex microenvironment which maintains the sperm cell in a quies-
cent state during its epididymal storage and avoid a premature sperm
activation [21].
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During the ejaculation, sperm travels from the epididymis through
the vas deferens and arrive first at the ampulla, where secretions from
the seminal vesicles are added (~70% of seminal fluid volume). From
the ampulla, the seminal fluid flows through the ejaculatory ducts to-
wards the urethra, passes to the prostate gland where prostate secre-
tions are added (~20% of seminal fluid volume) and finally semen is
secreted outside the body. Seminal vesicles and prostate secretions con-
tribute with: (i) sugars essential for spermatozoa nutrition during its
transit to the oocyte [22], (ii) proteins required for the coagulation
and liquefaction of semen such as semenogelins I and II and kallikrein
3 proteins secreted from the seminal vesicles and prostate, respectively,
and (iii) immune components. Moreover, epithelial cells from prostate
gland also secrete a high number of vesicles named prostasomes with
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a cargo of different lipids, proteins, RNA and DNA. There are plenty of
evidences showing the role of prostasomes in sperm function as for ex-
ample the stimulation of the sperm motility [23], the regulation of the
capacitation timing and also the sperm protection against the immune
response in the female tract [24]. Bulbourethral and urethral glands se-
crete several mucoproteins representing a small percentage of the fluid.
These classes of proteins typically have roles in intercellular interaction
and determination of immune properties.

The last steps of sperm maturation occur within the female tract.
After ejaculation, the spermatozoa which survive the cervical mucus,
begin their ascension up to the oviduct. Exposure to different female se-
cretions within the vagina activates the sperm to initiate the process of
capacitation. During capacitation there are general changes in the
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Fig. 2. Basic methodological steps in the proteomic analysis of the sperm cells and other seminal components. Ejaculated semen is a mixture composed by a majority of sperm cells
(5 x 10°-10%/ml), a small proportion of somatic cells (leukocytes, epithelial cells), and the seminal fluid components including prostasomes and epididymosomes. So depending on
the experimental goal it is essential to purify first the desired components. This is usually accomplished through colloidal sillica density gradients centrifugation or through swim-up.
Also subcellular fractionation or seminal fluid fractionation is possible as alternatives. Once the desired target components have been purified the next step is to extract the proteins.
Proteins can then be separated by gel electrophoresis (left and center) and the desired proteins eluted and digested into peptides. Alternatively, the original protein mixture can be
directly digested into peptides. The final stage is to separate the peptides through liquid chromatography and to proceed to its identification using mass spectrometry.
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sperm surface including the loss of specific membrane proteins and the
modification of the cholesterol:phospholipid ratio [25]. All these chang-
es serve to increase the permeabilization of the sperm surface promot-
ing the hyperactive motility of spermatozoa and their ability to undergo
the acrosome reaction upon reaching the oocyte. The interaction of
sperm surface proteins complementary to zona pellucida proteins en-
ables the acrosomal reaction. The membrane surrounding the acrosome
fuses with the plasma membrane of the spermatozoa releasing the en-
zyme content responsible for the digestion of the oocyte membrane.
The membrane of the fertilizing spermatozoon fuses with the oocyte
membrane and the chromatin, RNA, and protein contents of the
sperm head are transmitted into the egg.

Proteomic studies on sperm and seminal fluid from different types of
patients could help to clarify some of the molecular mechanisms in-
volved in the generation of fertile spermatozoa. For example, the
semen proteomics studies on individuals with spinal cord injury shed
new light on prostate gland functions [23].

3. Sample preparation for semen proteomic studies

Semen is a complex fluid comprising a cellular and a non-cellular
fraction. The cellular components are mainly the spermatozoa which ac-
counts for approximately 5% of the semen volume, whereas the acellular
fraction or seminal fluid contains secretions from different accessory sex
glands which account for 95% of semen. Accessory sex glands not only
secrete fluid to semen, but also release trillions of extracellular vesicles
(10! to 10" particles) rich in DNA, RNA, lipids and proteins being the
prostate the major contributor [26]. Therefore, proteomics studies can
be performed on sperm, seminal fluid and seminal extracellular vesicles.

For sperm proteomics studies, the spermatozoa should be purified
from a minor proportion of somatic cell types such as leukocytes and
epithelial cells and immature germ cells usually present in semen
(Fig. 2). The common purification method used routinely in the clinics
is the sperm purification through centrifugation with colloidal silica
density gradients. Alternatively, depending on the desired goal, addi-
tional methods are available such as swim-up to isolate the motile
sperm cells, CD45-magnetic beads for leukocyte depletion, among
other alternatives [27-29].

In contrast, in order to obtain the seminal fluid, the sperm and other
potentially contaminating cells should be removed by simple centrifu-
gation. The extracellular vesicles present in human seminal fluid could
be collected from ejaculates removing the spermatozoa by simple cen-
trifugation followed by different ultracentrifugation steps of the super-
natant [30]. Most of these extracellular vesicles are secreted from the
prostate, for this reason, some studies that use this methodology, as-
sumes the isolation of a pure population of prostasomes. However, the
seminal fluid ultracentrifugation does not rule out the presence of extra-
cellular vesicles released by other glands.

Though it is known that the epididymis releases a high number of
extracellular vesicles specifically named epididymosomes which inter-
act with sperm membrane during epididymal storage, some studies
suggest that the epididymosomes do not contribute significantly to
the population of vesicles present in the ejaculate, at least in bovines
[31]. In order to isolate human epididymosomes, they should be collect-
ed from the open end of the scrotal portion of the vas deferens while a
vasectomy reversal surgery is done. In order to purify the
epididymosomes, contaminating cells and cellular debris should be re-
moved from the epididymal fluid by regular centrifugation. After this
step, the supernatant is then ultracentrifuged twice and the
epididymosomes are collected [32].

Once the biological material has been appropriately prepared
(sperm, seminal fluid or extracellular vesicles) the next step is to pro-
ceed to the extraction of the proteins and to their identification [33].
The separation of proteins or peptides is essential when performing
large scale assays of cell extracts or complex samples. This can be ac-
complished with SDS-PAGE separation, in which proteins are separate
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by their molecular weight in gels with ionic detergents such as SDS or
with proteins isoelectrofocusing. Both methods for protein separation
have a low resolution if applied independently. However, when com-
bined in the 2D-PAGE approach the resolution of separation increases
considerably. This method separates thousands of proteins as spots in
a 2D gel which can be isolated, in-gel digested and analyzed by mass
spectrometry.

These 2D-PAGE based approaches have been extensively used for
quantitative analysis in sperm studies but presently are being replaced
by higher throughput approaches. This approaches relies on the separa-
tion of peptides (rather than proteins) using liquid chromatography
(LC) followed by peptide identification using tandem mass spectrome-
try (MS/MS) [34]. In a LC-MS/MS experiment, the peptides generated
after a specific digestion of the proteins by proteases (such as trypsin),
are usually separated based on their hydrophobicity by using reverse
phase columns (RPLC) and, once eluted, they are identified using MS/
MS. More recently, additional chromatographic approaches have been
coupled prior to the LC-MS/MS such as ionic exchange chromatography,
which separates peptides by their charge prior to the RPLC and MS/MS.
The combination of methodologies based on different chemical proper-
ties is referred as two-dimensional liquid chromatography coupled to
MS/MS (2D-LC-MS/MS) [35].

4. Semen proteomics

Spermatozoa are a very suitable model for proteomic analysis since
they can be easily purified from semen. Furthermore, spermatozoa do
not generate new proteins encoded by nuclear genes, as they are tran-
scriptionally and translationally inert cells due to their high DNA com-
paction and ejection of the translation machinery during the late
stages of spermatogenesis. That fact, reduces the complexity of the
sperm proteome analysis [36]. In contrast, the composition of the sem-
inal fluid is very heterogeneous as it is formed by a mixture of proteins
released from different organs resulting in a cell-free fluid or in an en-
capsulated fluid as extracellular vesicles. The rapid changes that occur
in the seminal fluid after ejaculation, such as the coagulation-liquefac-
tion process, introduce further complexity to seminal fluid proteomic
studies. These caveats are reflected by the higher number of studies
assessing the spermatozoon proteome as compared to the seminal
fluid proteome, as it will be discussed below.

4.1. Spermatozoal proteome

Proteomic spermatozoa profiles for this review were acquired from
the comprehensive review of Amaral et al. (2014) [28] that included
thirty different proteomic studies performed on human sperm which
were available online until the end of 2012. The study covered the
whole sperm proteomics, subcellular proteomics, differential proteo-
mics involving sperm cells from infertile patients and functional prote-
omics such as proteins involved in the capacitation process [4].
Additionally, another proteomic characterization of head and tail
sperm subcellular fractions was included [37]. Sperm nuclei proteome
included the characterized sperm nuclei [38], the head subcellular frac-
tion [37], and the characterized soluble and insoluble chromatin prote-
ome [27]. In order to describe the sperm tail proteome, the combined
proteome of the fibrous sheath of the human sperm flagellar principal
piece [39] and the tail subcellular fraction [28,37] were incorporated.
Only proteins with experimental evidence of their existence were con-
sidered in the current review.

All proteomic studies included in this review have resulted in the
identification with high confidence of 6238 non-redundant proteins in
the entire spermatozoa. Whereas the majority of the proteins (3824)
were not identified in any of the proteomic studies from isolated
sperm subcellular fractions, approximately 40% of these proteins are ex-
clusively located in head (898 proteins) or tail (984 proteins) or indis-
tinctly in both subfractions (532 proteins) (Fig. 3A). Ontological
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Fig. 3. Overview of the proteomes corresponding to the testes, sperm cells and seminal
fluid. A: Currently available sperm cell proteome is formed by 6238 proteins and
includes the sperm head and sperm tail proteomes. B: A total of 2064 proteins have
been identified so far in the seminal fluid. Upon isolation and proteomic analysis of the
particles present in the seminal fluid a total of 120 have been reported in the
prostasomes and a total of 142 proteins have been identified in the epididymosomes. C:
Venn diagram of the intersection of the testicular, sperm and seminal fluid proteomes.

analysis of GO component, biological process, molecular function and
KEGG pathway were assessed using DAVID bioinformatics resources
v6.7 (https://david.ncifcrf.gov/) [40,41] for each subset of proteins
based on their subcellular localization (Supplementary Table 1). Only
the GO term and KEGG pathways significantly overrepresented after
the multiple test comparison correction (Bonferroni correction) were
considered (p < 0.05).

As expected, sperm proteins exclusively present in sperm head are
enriched in processes such as DNA packaging, RNA metabolism (splic-
ing and transport) and nucleocytoplasmic transport [42]. Surprisingly,
other processes known to be blocked in mature sperm such as DNA rep-
lication and DNA repair [43] are also highly enriched in sperm head,
most probably as remnants of spermatogenesis. In contrast, the proteins
found exclusively in the tail are enriched in processes required for the
generation of precursor metabolites and energy. Specifically, the oxida-
tive phosphorylation pathway (OXPHOS) that takes place in mitochon-
dria is the most overrepresented pathway, although other processes to
obtain energy such as citrate cycle (TCA cycle) and fatty acid metabo-
lism have also been found overrepresented, as described previously in
Amaral et al. (2014) [28]. Components from the cytoskeleton and
more specifically axonemal components and the associated proteins re-
quired for the flagella beating, such as the dynein complex, are also spe-
cifically enriched in sperm tail.

A small number of proteins (532 proteins) are indistinctively detect-
ed in sperm head and tail. On the one hand, these proteins could repre-
sent a nonspecific accumulation of sperm head and tail proteins during
the subfractionation process. This could be exemplified for proteins typ-
ically described as nucleosomal, mitochondrial or flagellar proteins. On
the other hand, this common population may indicate a broad localiza-
tion of the proteins along the sperm cell including its substructures. This
is the case of the ubiquitous ubiquitin-proteasome complex with crucial
roles in chromatin remodeling and biogenesis of sperm head and tail oc-
curred during spermatogenesis [44], as well as, through its participation
in sperm capacitation, acrosome reaction, egg-sperm interaction and
processing of sperm proteins and organelles after fertilization [45,46] .
Indirect immunofluorescence of specific proteins from ubiquitin-
proteosome complex validate this observations since they were detect-
ed in the sperm head, particularly in the post-acrosomal region [47], and
in the outer dense fibers of the sperm tail [48].

Proteins comprised in sperm ATP producing pathways - the glycoly-
sis and the citrate cycle (TCA) - are also located indistinctively in both
sperm head and tail fraction. Whereas it is known that glycolysis takes
place in sperm head and along the principal piece of flagellum [49],
the TCA cycle is commonly defined as a mitochondrial process. Howev-
er, it would not be surprising that some of these sperm proteins detect-
ed “out of the expected location” turn out to be genuine functional
proteins in those “ectopic” locations due to the extremely peculiar na-
ture of the sperm cell.

In addition to the proteins with a known sublocalization, a high per-
centage of the sperm proteins were not detected in neither the head or
the tail proteomes suggesting that they were lost during sperm head or
tails isolation processes. The enrichment of proteins usually associated
to the extracellular region corroborates this hypothesis (Supplementary
Table 1). Surprisingly, cytosolic ribosomal proteins also seem to be lost
during the subfractionation processes, most probably due to their asso-
ciation to membranes or vesicles.

4.2. Seminal fluid proteome

A review containing nine different studies was used as a source of
the seminal fluid proteome [50]. Only one study for each type of seminal
fluid extracellular vesicles (epididymosomes and prostasomes) was de-
tected after a systematic search with the following keywords
“prostasome proteomics”; “epididymosomes proteomics”; “prostasome
proteins”; “epididymosomes proteins” in the PubMed database [32,30].

A total of 2064 non-redundant proteins were identified in the sem-
inal fluid, however this number of proteins is considerably lower than
those identified in other body fluids, as for example the 10,000 proteins
detected in blood plasma. Preliminary results suggest that the 10 more
abundant proteins in seminal fluid including the semenogelins I and II
(SEMG1 and SEMG2) represent the 80% of all proteins bulk mass [51].
The large dynamic range of the protein abundance in the seminal fluid
may hinder the detection of the low abundance proteins. Therefore,
strategies to deplete high abundant proteins, could improve the prote-
ome characterization of seminal fluid, such as: (i) HPLC columns con-
taining antibodies to the most abundant proteins or (ii) protein
equalization methods to reduce the dynamic range of the proteins rath-
er than to deplete them. Until now, only one study used an equalization
method to assess the seminal fluid proteome indentifying 61 new pro-
teins [52].

A small percentage (10%) of detected seminal fluid proteins are
encapsulated in the seminal extracellular vesicles including those
ones released by epididymis (epididymosomes) and prostate
(prostasomes) (Fig. 3B). Enrichment analysis of GO terms summa-
rized in Supplementary Table 2 revealed that proteins commonly
enriched in prostasomes and epididymosomes are involved in mo-
lecular processes such as GTPase activity and calcium-dependent
phospholipid binding which are known to be important for the re-
lease, trafficking and fusion of extracellular vesicles [53]. Beside
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these basic pathways in the biogenesis of extracellular vesicles, other
processes were also overrepresented in both types of extracellular
vesicles as for example the glycolysis pathway. The known ability
of the prostasomes to produce extracellular ATP from carbohydrates
[54] suggest that seminal extracellular vesicles could act as an auxil-
iary instrument to provide energy to the sperm and thus promote
sperm motility [55]. Prostasomes and epididymosomes are also
enriched in antiapoptotic factors, although their potential role in ap-
optosis regulation was never assessed. Some proteins crucial for fer-
tilization such as Cysteine-Rich Secretory Protein 1 (CRISP1) [56]
were found exclusively in epididymosomes. These finding enhance
the idea that epididymis provide some proteins to sperm required
to fertilize the oocyte. In contrast, no unique enriched pathways
were detected for prostasomes, maybe reflective of the limitations
in the methodology used to isolate them. Whereas the
epididymosomes were isolated from epididymal fluid, the
prostasomes were purified from ejaculated samples by differential
ultracentrifugation. As mentioned above, this methodology is not
specific to isolate prostasomes since it does not rule out the presence
of extracellular vesicles released by other glands, apoptotic bodies or
other cell debris.

Additionally, a complex mixture of relevant biological pathways
is observed for the seminal fluid proteins not encapsulated in the
extracellular vesicles (Supplementary Table 2). Some of the
enriched pathways and processes have already been described as
specific from seminal fluid such as the overrepresentation of
complement and coagulation pathways [6]. However, biological
pathways usually enriched in spermatozoa were also enriched in
seminal fluid, suggesting a nonspecific contamination. Most proba-
bly, the presence of sperm proteins in seminal fluid is reflective of
sperm that undergone acrosome reaction or apoptosis. An integra-
tive analysis of sperm, seminal fluid and testes proteome presented
below might clarify the origin of these free proteins present in
seminal fluid.

4.3. Integrative analysis of testes, spermatozoa and seminal fluid proteome

The integrative analysis of testes, spermatozoa and seminal fluid
proteomes could be useful to provide new insights on the biology of
the generation and maturation of sperm cells as well as on the potential
communication pathways between sperm and its environment 6,57,
20]. A database based on the testes proteins described from a unique
healthy man was employed to describe the testes proteome [58]. As ob-
served in Fig. 3C the proteome of testes, spermatozoa and seminal fluid
was overlapped.

The junction of the three different proteomes enables to discern the
sperm proteins probably originated in the testes during spermatogene-
sis (sperm proteins also present in the testes proteome; 3901 proteins)
from those ones most likely imported from seminal fluid (Sperm pro-
teins absent in the testes but detected in seminal fluid proteome; 380
proteins) (Fig. 3C).

The presence of proteins in both sperm and testes proteomes (3901
proteins) reflect their selective retention in spermatozoa during sper-
matogenesis, likely for their potential role in sperm function. This is ex-
emplified by the enrichment of KEGG pathways related to the energy
production (OXPHOS, fatty acid metabolism and citrate cycle) and axo-
neme and centrosome components required for sperm motility and em-
bryo development [59], respectively. Approximately 30% of these sperm
proteins (1213 proteins), most of them related to acrosome and protea-
some complexes, are also present in the seminal fluid proteome sug-
gesting that they could be remnants in seminal fluid from sperm that
underwent the acrosome reaction or apoptosis. In contrast, proteins
that are not essential for sperm function as for example proteins in-
volved in blocked pathways in mature spermatozoa such as cell cycle,
DNA replication, DNA repair, RNA transcription and RNA processing
are exclusively detected in testes proteome (2513 proteins). An
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additional set of proteins appear as unique in the mature sperm (1958
proteins) suggesting that they could be either minor testicular proteins
undetectable in the testes through high-throughput proteomic studies
but selectively retained in sperm, or sperm proteins taken up from the
epidydimal fluid and acquired during the sperm maturation. Interest-
ingly, the majority of the proteins exclusively detected in the sperm pro-
teome are integral to the plasma membrane and are involved in calcium
signaling pathways essential for sperm motility [60] or ABC transporters
with a pivotal role in the cholesterol homeostasis during sperm matura-
tion in epididymis [61].

After the exclusion of the 1213 seminal fluid proteins detected in all
three proteomes (testes, sperm and seminal fluid) representing most
probably remnants of activated sperm, the remaining 861 seminal
fluid proteins could be divided in two different subgroups:

(i) 380 seminal fluid proteins also detected in the sperm proteome
suggestive of an active transport to sperm. The proteins poten-
tially incorporated to sperm from seminal fluid are enriched in
molecular processes such as calcium ion binding, secretory gran-
ule, defense response to bacterium, cell motility and peptidase
activity required for sperm motility and capacitation (Supple-
mentary Fig. 1).

(ii) 481 seminal fluid proteins absent in spermatozoa. Although 40%
of these proteins (198 proteins) were also detected in testes pro-
teome, these are enriched in the broad distributed complement
and coagulation pathways, likely participating in the semen
clotting and liquefaction. Seminal fluid specific proteins are
enriched in molecular processes such as peptidase inhibitor ac-
tivity and glycosaminoglycan (GAG) binding proteins specifically
for those ones binding heparin.

Semenogelin I and Il released by seminal vesicles are the predomi-
nant proteins of the semen and vest the gel matrix appearance
to semen coagulum after ejaculation. The proteolysis of these
semegenolins results in the liquefaction of semen [62]. A high number
of proteolysis regulators (proteases and their inhibitors), such as pepti-
dases, are detected in sperm and seminal fluid proteome. Whereas the
proteases are found in both sperm and seminal fluid, their inhibitors
are only enriched in the extracellular fraction. Seminal fluid specific pro-
teome also present an enrichment of glycosaminoglycan (GAGs) bind-
ing proteins, known to their ability to inhibit sperm capacitation [63].
Hence these observations suggest that the proteins solely detected in
seminal fluid are crucial for maintenance of spermatozoa in a quiescent
state during their storage.

The results from the integrative analysis are consistent with the view
that all sperm functions required for fertilization should be poised in the
mature spermatozoa but remain inactive until after ejaculation, where
liquefaction increases the fluidity of the seminal fluid and allows the ac-
tivation of all sperm functions necessary for successful transit and fertil-
ization of the oocyte.

5. Discovering potential causes of male infertility

Approximately 40-60% of infertile males present some alteration in
at least one of the seminal parameters (sperm concentration, motility
and morphology) [64]. Oligozoospermia is characterized by a sperm
concentration or total number of ejaculate sperm below 15 or 39 mil-
lions of sperm cells respectively, asthenozoospermia is considered
when <32% of the spermatozoa have progressive motility and terato-
zoospermia is diagnosed when <4% of the sperm have normal morphol-
ogy evaluated using Kruger's strict criteria [65]. Usually the alteration of
the three seminal parameters appears combined in a single individual;
e.g. oligozoospermia is often accompanied by poor motility (astheno-
zoospermia) and abnormal morphology (teratozoospermia). The com-
parative semen proteomic studies from infertile patients presenting
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suboptimal semen parameters might indicate different pathways
disrupted reflective of the altered semen parameters, therefore provid-
ing insight into the possible pathological mechanisms causing the dif-
ferent subtypes of male infertility.

A systematic search including the keywords “asthenozoospermia
proteomics”; “teratozoospermia proteomics”; “oligozoospermia proteo-
mics”; “oligoasthenoteratozoospermia proteomics”; “asthenozoosper-
mia proteins”; “teratozoospermia proteins”; “oligozoospermia
proteins”; “oligoasthenoteratozoospermia proteins” in Pubmed data-
base resulted in a total of 25 studies assessing differential proteins or al-
terations in the proteomic profile of spermatozoa (22) or seminal fluid
(3) from infertile patients presenting suboptimal seminal parameters
(Supplementary Table 3). Briefly, the initial studies using proteomic
technologies were based on several technical variations either in pro-
tein separation step including 2DE-SDS-PAGE and 2D-DIGE and in
their corresponding identification (MALDI-TOF or LC-MS/MS) [66-77].
Likewise, the immobilized metal ion affinity chromatography (IMAC)
method with a phosphoprotein enrichment kit followed by nano-
UPLC-MS was used to describe differentially expressed sperm proteins
in asthenozoospermic patients [78]. Proteomic analysis carried
out by differential labeling followed by LC-MS/MS, allowed to
increase the number of differentially expressed sperm proteins in
asthenozoospermic patients [79]. Alternatively, another non-proteomic
methodologies to detect differentially expressed sperm proteins were
also considered [80-88] such as an enzyme-Linked immunosorbent
assay (ELISA), immunofluorescence, enzymatic activity, flow cytometry,
immunochemistry and western blot.

Differential proteomic studies revealed that semen including sperm
and seminal fluid from oligozoospermic, asthenozoospermic and terato-
zoospermic patients present alterations of 16, 284 and 18 proteins, re-
spectively (Supplementary Table 4). The higher number of proteins
detected as differential in asthenozoospermia is reflective of the higher
number of studies assessing this phenotype (18 studies for astheno-
zoospermia, 3 for oligozoospermia and 1 for teratozoospermia; Supple-
mentary Table 3). Three additional studies evaluated combining
phenotypes such as oligoasthenozoospermic and oligoasthenoterato-
zoospermic patients identify 11 differential proteins (Supplementary
Table 4).

Table 1

From the 284 differential proteins detected in asthenozoospermia,
193 correspond to sperm and 91 to seminal fluid proteins (Supplemen-
tary Table 4). As observed in Table 1, altered sperm proteins in astheno-
zoospermia mainly reflect a disturbance in the generation of precursor
metabolites and energy, being the citrate cycle (TCA) the most affected
pathway as previously observed by metabolomics studies [89]. Accord-
ing to previous findings showing a higher rate of apoptosis and necrosis
in asthenozoospermia [90], differential proteomic studies in these type
of patients also identify alterations in some inhibitory apoptotic pro-
teins. Additionally, asthenozoospermic patients present alterations in
specific proteins involved in sexual reproduction, specifically for those
ones required for sperm motility as for example AKAP4, GAPDHS and
ODF2 [91-93] (Supplementary Fig. 2). Similarly, the proteomic changes
in the seminal fluid from asthenozoospermic patients are associated
with the energy production, but being the glycolysis and not the TCA
cycle the pathway affected [79]. Surprisingly, alterations in proteins
usually related to the acrosome structure are also detected in patients
with lower sperm motility (Table 1).

The low number of proteins detected as differential in oligozoosper-
mic and teratozoospermic patients does not enable the identification of
any disturbed pathway or process. Even so, it is interesting to note the
alteration of two members from the SPANX gene family in teratozoos-
permic patients which have been potentially related to spermatogene-
sis [94].

6. Clinical perspectives of semen proteomics

Nowadays, routine assessment of male fertility in reproductive
clinics is limited to examine semen parameters. Although assessment
of the sperm concentration, motility and morphology resolves some se-
vere male infertility factors, these are of little predictive value with re-
spect to pregnancy outcome of different assisted reproductive
technologies (ART). This observation emphasizes the need to develop
molecular biomarkers able to discern the male factor infertility and in
turn to be predictive of the success of different fertility treatments. So
far, high throughput proteomics technologies only can be used as a
biomarker discovery tool. However, once the clinical value for some of
the candidate biomarkers detected by proteomics is validated, it should

Pathways and processes affected in asthenozoospermic patients discovered by proteomic approaches. Differential sperm and seminal fluid proteins in asthenozoospermic patients re-
vealed several Gene Ontologies processes and KEGG pathways significantly altered (p < 0.05 after Bonferroni correction).

Number  p-Value Gene names Bonferroni
of genes correction
Asthenozoospermic differential sperm proteins
GO term
G0:0006091—generation of 24 1,30E-12 ALDOA, DLST, NDUFB5, ECH1, ACO2, ATP5B, PGAM2, DLAT, PDHB, NDUFA11, SDHA, GAPDHS, 1,96E-09
precursor metabolites and energy SDHB, GPI, TPI1, GOT1, GSK3B, SDHC, DLD, SDHD, GAA, IDH1, ATP50, FH
G0:0006916—anti-apoptosis 14 7,47E-07 CDK1, YWHAZ, EEF1A2, CLU, PRDX2, ANXA5, HSP90B1, SH3GLB1, APOE, GSK3B, IL1B, HSPB1, 1,13E-03
HSPAS5, ARHGDIA
G0:0019953—sexual reproduction 20 1,35E-06 SEMG1, PTGS2, PGAM2, THEG, ELSPBP1, GAPDHS, KRT9, SPANXB1, CCT6B, HSPA2, DYNLL1, 2,04E-03
ROPN1B, GPX4, DLD, ODF2, KDM3A, ODF1, RUVBL1, AKAP3, AKAP4
GO0:0006986—response to unfolded 9 1,50E-06 HSPAIL, HSP90AB1, HSP90AA1, HSPA2, HSPA6, CSNK2B, HSPB1, DNAJB6, HSPA8 2,27E-03
protein
KEGG pathways
hsa00020: citrate cycle (TCA cycle) 11 1,27E-10 SDHA, DLST, SDHB, ACO2, SDHC, DLD, SDHD, IDH1, DLAT, PDHB, FH 1,44E-08
hsa00190: oxidative 10 7,55E-04 SDHA, SDHB, NDUFB5, ATP5B, SDHC, SDHD, ATP50, COX6B2, COX5B, NDUFA11 8,18E-02
phosphorylation
hsa00010: 7 8,99E-04 ALDOA, GPI, TPI1, DLD, PGAM2, DLAT, PDHB 9,67E-02
glycolysis/gluconeogenesis
Asthenozoospermic differential seminal fluid proteins
GO term
G0:0006096—glycolysis 6 6,25E-06 ALDOA, GPI, LDHB, GAPDH, MDH1, ENO1 5,22E-03
G0:0006508—proteolysis 18 5,91E-05 CNDP2, LGMN, ANPEP, HP, NPEPPS, MYH9, QPCT, PRSS8, ACE, VCP, UBA1, PSMB2, KLK11, CTSB, 4,83E-02
ADAM?7, CTSH, DPP4, WFDC2
KEGG pathways
hsa04142: lysosome 10 1,58E-07 NAGLU, GM2A, IGF2R, LGMN, SORTT1, CTSB, CD63, CTSH, MANBA, GLB1 8,35E-06
hsa00010: 6 8,18E-05 ALDOA, GPI, LDHB, AKR1A1, GAPDH, ENO1 4,32E-03

glycolysis/gluconeogenesis

265
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be possible to develop cheaper and more feasible tests such as those
based on protein microarrays, mass spectrometry selective reaction
monitoring (SRM) or ELISA multiplexed to routinely test these specific
biomarkers in the reproductive clinics.

So far, only three comparative semen proteomic studies have identi-
fied potential protein biomarkers indicative of pregnancy outcome after
ART [95-98]. Further validation of these biomarkers could improve the
reproductive counseling of infertile couples. Additionally, semen prote-
omics studies might also help to predict the success of some clinical pro-
cedures as for example: (i) successful sperm retrieval after testicular
biopsy for azoospermic patients [99] or (ii) the improvement of
semen quality after varicocelectomy procedure [100-102].

7. Concluding remarks

Extensive and accurate proteomic analysis have been performed in
human spermatozoa resulting in the identification of a vast number of
sperm proteins corresponding to the entire sperm cell proteome or to
the different sperm substructures. However, until now only few studies
are focused in the proteomic analysis of the seminal fluid. Integrative
analysis of the testes, sperm and seminal fluid proteomes indicate the
presence of a “communication” between sperm and seminal fluid but
also a nonspecific mixture of the sperm and seminal fluid proteomes.
These seminal fluid proteins most probably derive from the sperm
cells that have undergone the acrosome reaction or apoptosis and may
be interfering with the characterization of the proteins released by ac-
cessory sex glands. Further proteomic experiments such as MALDI im-
aging mass spectrometry from different epididymal segments or the
proteomic characterization of the extracellular vesicles selected accord-
ing to their origin may improve the present understanding of the impact
of accessory sex glands on sperm maturation and male fertility. More-
over, integrative approaches comparing the proteins present in sperma-
tozoa with the transcriptomic profiles of the organs involved in the
production of semen may infer their origin and transcriptional timing
[6,52].

Comparative proteomics have revealed specific biological pathways
affected in infertile patients as for example the disturbance in the gen-
eration of energy mainly by the citrate cycle and also in the regulation
of apoptosis in asthenozoospermic patients. The knowledge of the
causes affecting the specific sperm parameters or the fertility could de-
rive in the design of new therapies to improve male fertility as well as
the discovery of molecular biomarkers with valuable clinical
significance.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jprot.2016.08.018.
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ABSTRACT:

Unexplained fertilization failure (FF), occurring in 1-3% of intracytoplasmic sperm injection
(ICSI) cycles, results in both psychological and financial burden for the patients. However,
the molecular causes behind FF remain largely unknown. Mass spectrometry is a powerful
technique to identify and quantify proteins across samples; however, no study so far has
used it to dissect the proteomic signature of sperm with FF after ICSI. The aim of this study
was to investigate whether sperm samples from patients suffering repetitive FF after ICSI
display alterations in their protein content. To that end, 17 infertile men were included: 5
patients presented FF in 23 consecutive ICSI cycles, while 12 patients had a fertilization
rate >75% (controls). Individual sperm samples were subjected to 2D-LC-MS/MS. Both
conventional and novel statistical approaches were used to identify differentially abundant
proteins. Additionally, analysis of mitochondrial and - proteasomal abundance and activity
were performed, using western blot, FACS analysis of JC-1 staining and AMC-peptide
fluorometric assay. Four proteins presented lower abundance (FMR1NB, FAM209B,
RAB2B, PSMAL1) in the FF group compared to controls, while five mitochondrial proteins
presented higher abundance in FF (DLAT, ATP5H, SLC25A3, SLC25A6, FH) (p<0.05).
The altered abundance of mitochondrial DLAT and proteasomal PSMA1 was corroborated
by Western-Blot. Of relevance, novel stable-protein pair analysis identified 73 correlations
comprising 28 proteins within controls, while different mitochondrial proteins (i.e. PDHA2,

PHB2, ATP5F1D) lost >50% of these correlations in specific FF samples pointing out
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specific mitochondrial deregulations. This is the first proteomic analysis of sperm from
patients who resulted in fertilization failure after ICSI. The altered proteins, most of them
related to mitochondrial function, could help to identify diagnostic/prognostic markers of
fertilization failure and could further dissect the molecular paternal contribution to reach
successful fertilization. In conclusion, sperm samples from patients with FF after ICSI

present altered abundance of different proteins, including mainly mitochondrial proteins.

INTRODUCTION

Intracytoplasmic sperm injection (ICSI) has become the most commonly used assisted
reproduction technigue in fertility clinics from Europe and USA, including patients with non-
severe male factor infertility (Kupka et al. 2014, Boulet et al. 2015). ICSI is very efficient,
with a mean fertilization rate around 70-80%; however, total fertilization failure (TFF) still
occurs in 1-3% of cycles, even when inseminating an appropriate number of oocytes
(Flaherty et al. 1998, Yanagida 2004). Total or low fertilization failure (FF) cannot be easily
diagnosed or predicted, resulting in difficult clinical management and counseling of these
patients, along with high economic and emotional burden. Since ICSI bypasses most of
the biological barriers involved in fertilization, the failure to induce oocyte activation has
been proposed as the most probable cause of FF after ICSI (Flaherty et al. 1998). For
instance, it is well established that calcium oscillations are essential at the onset of oocyte
activation (Yeste et al. 2016). However, little is known about other molecular mechanisms
involved in the fertilization process beyond sperm-oocyte fusion such as sperm
decondensation, polyspermy block, resumption of meiosis, formation of the pronuclei and
generation of the first mitotic spindle (Tosti and Menezo 2016).

Sperm defects such as poor nuclear chromatin condensation, centrosomal dysfunction, or
deficient sperm head—tail attachment may lead to diminished sperm fertilizing ability (Nasr-
Esfahani et al. 2007, Rawe et al. 2008, Terada et al. 2010). Indeed, it has been
demonstrated that oocyte activation is triggered by sperm-borne factors, and therefore the
male factor should explain some of the FF after ICSI (Yeste et al. 2016). For instance,
mutations in sperm phospholipase C zeta gene (PLCZ1) have been detected in patients
experiencing oocyte activation failure (Kashir et al. 2018, Torra-Massana et al. 2019).
However, knock-out mice for PLCZ1 are still able to generate offspring, suggesting that
additional sperm factors are required to achieve a successful fertilization (Nozawa et al.
2018). This hypothesis is also supported by recent findings of our group showing that
around half of the patients presenting FF after ICSI do not carry missense variants on
PLCZ1, nor show alterations in their protein content or localization (Ferrer-Vaquer et al.
2016, Torra-Massana et al. 2019). Therefore, other currently unknown sperm factors could

play important roles during the early fertilization events after ICSI.
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Up to date, around 7,000 proteins have been identified using high-throughput techniques
in sperm (compiled in (Castillo et al. 2018)). In addition, comparative proteomics analyses
have emerged as a useful approach to understand and characterize the mechanisms
underlying male infertility (reviewed in (Jodar 2017)). Alterations in the sperm proteome
have been analyzed in different infertile phenotypes, as for example, asthenozoospermia
(Amaral et al. 2014), globozoospermia (Liao et al. 2009), high oxidative stress (Sharma et
al. 2013), high DNA fragmentation (Intasqui et al. 2013) or varicocele (Fariello et al. 2012).
So far, four studies have addressed proteomic alterations in sperm samples from patients
with FF after conventional IVF, identifying proteins with differential abundance mainly
related to sperm motility and gamete interaction (Pixton et al. 2004, Frapsauce et al. 2014,
Légaré 2014, Liu et al. 2018). However, to the best of our knowledge, sperm factors
associated with fertilization failure after ICSI have not been previously assessed by
proteomics-based approaches.

In this study we aimed to identify novel male factors associated with defects in oocyte
activation and early fertilization events by comparing individual sperm samples from
patients with good fertilization rate (FR >75%) and repetitive FF (FR < 20 %) using high-
throughput proteomics approaches (LC-MS/MS). Some of the proteins and mechanisms
identified as altered in this study could be useful as clinical diagnostic and prognostic
markers for FF after ICSI.

MATERIALS AND METHODS

Ethical approval

This study has been done in accordance with the ethical principles stated in the
Declaration of Helsinki (1964), as revised in 2013. Approval to conduct this research was
obtained from the local Ethical Committee for Clinical Research (CEIm) of Clinica Eugin

before the beginning; written consent was obtained from all patients enrolled in the study.

Study population

Patients were recruited from January 2016 to January 2018. Men above 45 years old, with
<15 % sperm progressive motility or <10 million/ml sperm count, and couples with ICSI
cycles using oocytes from women older than 42 years old were excluded. A total of 17
couples was included in this study, all with similar clinical characteristics (Table 1 and
Table S1). Patients with an overall fertilization rate above 75 % after ICSI were included
in the control group (n = 12, C1-C12). Patients who experienced repetitive FF or poor FR

in at least 3 consecutive ICSI cycles (overall FR < 20 %), and without any previous IVF
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cycle with good fertilization rate, were included in the FF group (n=5, F1-F5). A total of at
least 6 oocytes were inseminated per patient.

For proteomic approaches and western blot validation, 8 controls and 4 FF samples were
used. After proteomic analysis was performed, additional samples (one for FF group and
4 for control group) were included (F5, C9-C12). For functional characterization of
mitochondrial and proteasomal function, 5 controls and 4 FF samples were included (as
shown in Table S2), while sample F2 could not be used to this aim due to insufficient

amount of protein extract.

Sperm sample collection

Semen samples were obtained in a sterile container by masturbation after four days of
abstinence, at mean (3 to 10 days; mean + SD; 4.17 + 1.74). After 30 minutes of
liquefaction at room temperature, sperm samples were analyzed with an integrated semen
analysis system (ISAS, Proiser, Paterna, Spain), and classified following standard criteria
(WHO. 2010). The ejaculate volume left after insemination by ICSI was cryopreserved the
same day in either straws or cryotubes using Sperm Cryoprotect Il (Nidacon International
AB, Gothenburg, Sweden) according to manufacturer’s instructions, and stored at -80 °C

until further processing.

Ovarian stimulation and ICSI procedure

Ovarian stimulation was based on either long agonist or antagonist protocol depending on
medical history, clinical characteristics, and ovarian reserve of the patient, while short
antagonist and GnRH agonist triggers were used for oocyte donors. ICSI was performed
following standard procedures on metaphase-Il oocytes (Palermo et al. 1992). Fertilization
was assessed between 16 to 19 hours post-ICSI by the presence or absence of 2 pronuclei

(PN) in the zygote.

Sperm processing and protein solubilization

The general strategy used in this study is depicted in Fig. 1. Sperm samples frozen on
straws and cryotubes were thawed for 5 minutes at 37 °C or for 3 minutes in a water bath
at 40 °C, respectively. Once thawed, sperm samples were centrifuged at room
temperature for 10 minutes at 500 g. Each sperm pellet was suspended in 1 ml
PureSperm® Buffer (Nidacon) and assessed for both sperm concentration and round cell
contamination. Sperm samples were then purified by density gradient centrifugation
(DGC) in 50 % PureSperm® (Nidacon) following manufacturer’s instructions. After DGC,
the recovered fraction (pellet) contained less than 1 % of contaminating round cells.

Samples were pelleted at 2,500 g for 5 minutes, and 25 ul of lysis buffer (2% SDS, 1 mM
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phenylmethylsulphonyl fluoride (PMSF), in PBS) were added to resuspend and lyse 10
million sperm. Protein extracts were stored at -80 °C until processing for proteomics and
Western Blot.

Sperm samples
]

Control Fertilization failure
(n=8) (n=4)
>75% fertilization Fertilization failure
rate after ICSI in = 3 ICSI cycles

1 !

Density gradient separation |

Sperm purification efficiency assessment (concentration, round cell contamination)

! !

Protein solubilization, quantification, reduction, alkylation

} !

Multiplex labeling 3x(TMT 6-plex: 126-131)

RUN 1 RUN 2 RUN 3
IC IC IC
F1 C4 c7
C1 F3 Cc8

TMT®-129 F2 TMTS-129 C6 TMTE-129 F4
TMT®-130 C2 || TMTS-131 C5
TMT®-131 C3

~ |

Sample clean up (Pierce™ C18 Spin Columns)

ool

| 2D — LC — MS/MS 5 fractions

Figure 1. Schematic representation of the strategy used for the identification of proteomic changes between
study groups (controls and FF). Samples were thawed and processed by density gradient in 50 %
PureSperm®. After quality assessment (concentration and round cell contamination), cells were lysed and
soluble proteins were quantified, digested, reduced, alkylated, and labeled with TMT 6-plex isobaric tags as
shown in Material and methods section. Prior to labelling, equal amounts of peptides from each sample
(including FF and controls) were pooled as internal control sample (IC) and loaded in all three independent
multiplex runs (RUN 1, 2, and 3). Labelled peptides were desalted and cleaned up before being separated by
liquid chromatography, 5 fractions were collected, and proteins were identified and quantified through MS/MS.
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Tandem Mass Tag (TMT) labelling

Protein extracts were thawed at room temperature for 10 minutes followed by 30 minutes
at 4 °C with continuous shaking, and total protein abundance was quantified using
microBCA™ Protein Assay Kit (Thermo Fisher Scientific, Rockford, IL, USA) following the
manufacturer’s instructions. Subsequently, TMT-6-plex (Thermo Fisher Scientific) labeling
was applied, following the manufacturer’s instructions with minor modifications. Briefly, 25
png of protein extract from each sample were diluted in 100 mM triethyl ammonium
bicarbonate (TEAB; pH 8.5, Thermo Fisher Scientific) to reach a final protein concentration
of 0.6 pg/ul. Afterwards, proteins were reduced in 9.5 mM tris(2-carboxyethyl) phosphine
(TCEP) for one hour at 55 °C, and alkylated in a solution containing a final concentration
of 17 mM iodoacetamide for 30 minutes in the dark. Proteins were precipitated overnight
at -20 °C by adding cold 100 % acetone to a final percentage of 87.5 %. Samples were
centrifuged at 4°C for 10 minutes at 17,500 g and precipitated proteins were dissolved in
50 mM TEAB to obtain a protein concentration of 0.6 pg/pl. Protein trypsinization was
performed overnight at 37°C with continuous shaking, in 1:20 protease-to-protein ratio.
Prior to labeling, one fifth of the processed sample (equivalent to 4.8 pug) was removed
from each sample and all combined, to establish the internal control sample (IC) used to
compare the results of the three different multiplexes (Fig. 1). Samples and internal control
were incubated for 1 hour with TMT-6-plex reagents previously dissolved in anhydrous
acetonitrile and reactions were quenched by incubating for 15 minutes in a final
concentration of 0.29 % hydroxylamine solution. TMT-labeled samples were combined at
equivalent amounts (10 pg per sample) within each multiplex, each one containing one IC,
and at least one FF sample and 2 controls (Fig. 1). Combined and labeled peptides were
dried in a speed-vacuum centrifuge and dissolved in a solution containing 0.5 %
trifluoroacetic acid (TFA) and 5 % acetonitrile. Afterwards, TMT-labeled mixtures were
desalted by using reversed-phase C18 Spin Columns (Pierce C18 Spin Columns, Thermo
Fisher Scientific) following manufacturer’s instructions, and eluted in 40 pl of 70 %

acetonitrile.

Strong-cation exchange (SCX) chromatography fractionation

TMT-labeled peptides from each multiplex were fractionated using an Oasis MCX 1 cc
Vac Cartridge (10 mg Sorbent per Cartridge, 30 um Particle Size, Waters, Milford, MA,
USA). Initially, the sorbent was activated by flowing through 1 ml of 100 % acetonitrile and
equilibrated with a solution (EqS) containing 5 mM ammonium formate (AF) and 25 %
acetonitrile (ACN) (pH = 3). 5 ul of each multiplex was loaded to the column and, after
washing twice with EgS, sequential elution steps were performed by gravity using a
gradient of ammonium formate solutions (200 mM AF / 25 % CAN; 350 mM AF / 25 %
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CAN; 1000 mM AF / 25 % CAN; 500 mM AF / 25 % ACN / 1500 mM KCI; and 1000 mM
AF / 50 % ACN). The collected fractions (5 fractions per multiplex, 15 fractions in total)
were desalted using a reversed-phase C18 Spin Columns (Pierce C18 Spin Columns,

Thermo Fisher Scientific) following manufacturer’s instructions.

Protein identification and quantification by liquid chromatography - tandem mass
spectrometry (LC-MS/MS)

Desalted fractions were brought to dryness under a speed-vacuum and reconstituted with
5 ul of 0.1 % formic acid and 4.5 pul from each fraction was loaded onto a trap column C18
(2 cm length (L), 200 pm inner diameter (ID), 5 um particle size, 120 A pore size;
Nanoseparations, Nieuwkoop, Netherlands). For separation, a linear gradient was applied
together with the analytical column (15 cm L, 75 um ID, 3 um particle size, 100 A pore
size, Thermo Fisher Scientific). Buffer A (97 % H20, 3 % acetonitrile, 0.1 % formic acid)
and buffer B (3 % H20, 97 % acetonitrile, 0.1 % formic acid) were used for a 80 minutes
linear gradient as follows (0-5 minutes 0 % to 0 % B, 5-60 minutes 0 % to 37 % B, 60-65
minutes 37 % to 100 % B, 65-80 minutes 100 % to 100 % B) for elution at a rate of 400 nl
/ minute to separate the peptides. The MS/MS analysis was performed by a nano-LC ultra
2D eksigent (AB Sciex,Baden, Switzerland) attached to a LTQ-OrbitrapVelos coupled to a
nanospray ion source (Thermo Fisher Scientific). The LTQ OrbitrapVelos (Thermo Fisher
Scientific) settings included 30,000 of resolution for the MS1 scans at 400 m/z for
precursor ions followed by 7,500 of resolution for the MS2 scans of the 15 most intense
precursor ions at 400 m/z, in positive ion mode. The mass range was set at 380-1,500
m/z. The acquisition of MS/MS data was performed using Xcalibur 2.2 (Thermo Fisher
Scientific). Normalized collision energy for higher-energy collisional dissociation (HCD)-
MS2 was set to 42 %.

LC-MS/MS data was analyzed using Proteome Discoverer 1.4.1.14 (Thermo Fisher
Scientific). For database searching, raw MS files were submitted to the Homo sapiens
UniProtKB/Swiss-Prot database (HUMAN_Uniprot_R_2017_06.fasta; released June
2017, 23,064 protein entries) with Sus scrofa Trypsin added to it using SEQUEST HT
version 28.0 (Thermo Fisher Scientific). For re-scoring, percolator search node was used.
Searches were performed using the following parameters: two maximum missed cleavage
sites for trypsin, TMT-labeled N-terminus and aminoacids (lysine, histidine, serine, and
threonine) (+229.163 Da) and methionine oxidation (+15.995 Da) as dynamic
modifications, cysteine carbamidomethylation (+57.021 Da) as static modification, 20
parts per million (ppm) precursor mass tolerance, 0.1 Da fragment mass tolerance, 10 milli
mass units (mmu) peak integration tolerance, and most confident centroid peak integration

method. Percolator was used for protein identification with the following identification

277



criteria: at least one unique peptide per protein with a FDR of <1 %. Different isoforms of
the same protein were treated as ungrouped to avoid any possible ambiguity (Amaral et
al. 2014, Bogle et al. 2017, Barrachina et al. 2019).

For protein gquantification data, normalized TMT quantitative values were obtained from
each identified spectrum derived from the ratio of the intensity of reporter ions from HCD-
MS2 spectra corresponding to each individual sample (TMT-127 to TMT-131) with the
internal control (TMT-126), obtained by Proteome Discoverer software. In order to obtain
reliable results, only those proteins with at least 1 unique peptide identified with FDR <1

%, quantified by = 2 peptide spectrum matches (PSM) in all the samples, and with a

coefficient of variation <50 % in at least 75 % of the samples were considered for further

statistical analyses.

Western blotting

Western Blot (WB) and relative semiquantification of protein abundance by comparative
densitometry were carried out as previously described (Ferrer-Vaquer et al. 2016).
Denatured protein extracts corresponding to 1 million sperm were used. Two different
proteins were selected as normalizers, a-tubulin (TUBA) as cytoplasmic and Succinate
Dehydrogenase Complex Flavoprotein Subunit A (SDHA; mitochondrial) as mitochondrial
normalizers, using specific antibodies at indicated dilutions: mouse monoclonal anti-TUBA
antibody (1:5,000; clone DM1A; T6199, Sigma-Aldrich, St. Louis, MO, USA) and rabbit
polyclonal anti-SDHA antibody (1:5,000; ab14715, Abcam, Cambridge, MA, USA).

To validate proteomics results in terms of relative abundance, we used specific antibodies
raised against Proteasome Subunit Alpha 1 (PSMA1) (rabbit polyclonal; 1:2,000;
HPAO037646, Sigma-Aldrich) and dihydrolipoyllysine-residue acetyltransferase component
of pyruvate dehydrogenase complex (DLAT) (mouse monoclonal; 1:1,000; ab110333,
Abcam), which were normalized by re-blotting against TUBA (mouse monoclonal; 1:5,000;
T6199, Sigma) and SDHA (mouse monoclonal; 1:5,000; ab14715, Abcam). Immunoblot
detection was performed with peroxidase labeled anti-mouse (NIF825, GE Healthcare Bio-
Sciences, Marlborough, MA, USA) or anti-rabbit (NIF824, GE Healthcare Bio-Sciences)
as secondary antibodies at 1:10,000. Immunoreactivity was detected using
chemiluminescent substrate (Luminata Classico, Millipore) and exposure to X-ray films.
Densitometric quantification was performed using a specific plug - in of ImageJ software

(National Institutes of Health, Bethesda, MD).
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Determination of mitochondrial DNA copies per genome in sperm

Total DNA, including genomic (JDNA) and mitochondrial (mtDNA) was extracted from 2
million sperm after 50 % DGC processing and quantified as previously described (Torra-
Massana et al. 2018). The relative abundance of mtDNA copies per genome was
determined by real-time quantitative PCR (qPCR). Two different mitochondrial genes,
Mitochondrially Encoded NADH:Ubiquinone Oxidoreductase Core Subunit 1 (MT-ND1)
and 4 (MT-ND4), were assessed and quantified against the nuclear gene Beta-2
Microglobulin (B2M). Primer sequences are listed in Table S3. Each qPCR reaction
included 1 ng of total DNA, 10 pl of 2x SsoAdvanced Universal SYBR Green Supermix
(BioRad, Hercules, CA, USA), and 0.1 pl of each primer (from a 100 uM stock), to a final
reaction volume of 20 ul. The gPCR program used consisted of an initial denaturation step
of 30 s at 95 °C and 40 cycles of 95 °C for 5 s and 60 °C for 30 s. All gPCRs were carried
out in triplicate using CFX96 (BioRad). The mitochondrial genes MT-ND1 and MT-ND4
were normalized against B2M using the AACq method. Primer pair efficiencies were
considered for the analysis, which were evaluated using sequential dilutions of human
total DNA from sperm.

Analysis of mitochondrial membrane potential by flow cytometry

Sperm mitochondrial membrane potential (MMP) was measured by using JC-1 (Thermo
Fisher Scientific), as previously described (Fernandez and O'Flaherty 2018). Briefly, 2
million sperm purified by 50 % DGC were stained with 2 yM JC-1 in PBS for 15 minutes
in the dark at 37°C. Immediately before applying the sample to flow cytometry evaluation,
SYTOXTM Blue (Thermo Fisher Scientific) was added at 1 mM. All samples were analyzed
using a Sony SA3800 flow cytometer (Sony Biotechnology, San Jose, CA, USA), and data
analyzed using FlowJo software v. 10.5.2 (LLC, Ashland, OR, USA). SYTOXTM Blue
staining was used to distinguish the live sperm population and, within this population, JC-
1 staining identified the sperm population presenting MMP (green+/red+ population). For
each sample, the MMP was expressed as the ratio between the mean intensity of red
fluorescence and green fluorescence within live sperm population, expressed as relative
units (RU).

Determination of sperm proteasome activity

Proteasome activity in sperm samples was determined using the Proteasome Activity
Assay Kit (ab107921, Abcam) following the manufacturer’s instructions. Briefly, for each
individual sample, 2 million sperm after 50% DGC were lysed in 20 yl of 1 % NP-40 by
gentle pipetting and centrifuged for 15 minutes (4°C) at 15,800 g, to recover the detergent-

soluble native protein complexes (supernatant). A standard curve was prepared using
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AMC standard provided by the manufacturer, and all samples were assayed in duplicate,
with and without proteasome inhibitor (MG-132, Abcam), in a 96-well black-opaque plate.
The proteasome activity kinetics was determined by incubating the extracts with an AMC-
tagged peptide at 37 °C during 70 minutes in a FLx800™ microplate reader (BioTek,
Winooski, VT, USA). The AMC release was monitored by measuring AMC fluorescence
every 10 minutes (Aex = 360 nm; Aem = 460 nm). Proteasome activity is expressed as
proteasome activity units (PAU), where one unit is defined as the amount of extract from

10° sperm which generates 1 nmol of AMC per minute at 37 °C.

Statistical analyses

Statistical analyses were conducted using R software version 3.4.4 (http://lwww.r-
project.org) and statistical package IBM SPSS 18.0 (New York, USA). Statistical
significance was set at p < 0.05.

The sperm proteomic differences between controls and FF were determined by group
analysis, using a two tailed Student’s t-test (p<0.05) on normalized (log2 transformation)
relative quantification proteomic data at both the protein and the peptide levels. After this
analysis, a post-hoc power analysis was conducted using G*Power 3 software (Faul, F.,
et al. 2007) to assess the sample-size for validation. Additionally, FF-specific altered
proteins were determined in individual FF samples, by two different statistical approaches.
The first approach was based on identifying alterations of the stable-correlated proteins
established in the control population in individual patients (FF) as previously described
(Barrachina et al. 2019). Briefly, the intensity values from HCD-MS2 spectra
corresponding to each control sample were used first to establish the stable-protein pair
pattern for control group. Specifically, stable-protein pairs were determined by applying
the statistical principle of 2 proteins (with more than 1 peptide quantified under strict criteria
for each one; n=113 proteins) were highly correlated when = 75 % of the possible peptide
combinations had a Pearson correlation coefficient = 0.9 (Fig. S1). Afterwards, in order
to determine alterations in individual samples, stable-protein pairs analysis for the control
group was repeated by adding one FF patient once at a time. Only those proteins which
lost >50 % of correlations previously determined in the control group were considered as
altered in a particular FF sample. The second approach was based on the identification of
proteins with an extreme high or low abundance for specific samples through the
application of high strict ROUT’s test (0.2 % threshold).

Student’s t-test was used to compare the mean of Western Blot protein semiquantification,
MMP, proteasome activity and mtDNA copies per genome between controls and FF

samples. Statistical significance was set at p < 0.05.
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RESULTS

Semen parameters and clinical outcomes

Individual demographic and seminal parameters, as well as fertilization outcomes for all
patients included in the study are indicated in Table S1. The unique significant difference
between both groups was the mean fertilization rate (83.19 % in controls vs. 3.05 % in FF)
(Table 1). All patients were normozoospermic, except for F4 and C4, which presented mild
asthenozoospermia and teratozoospermia, respectively (Table S1). All samples presented

<1 % contaminating cells after 50 % DGC processing (Table 1).

General sperm proteome analysis

By using TMT labelling and high-resolution 2D-LC-MS/MS analysis, a total of 6,662 unique
peptides with <1 % FDR were identified, comprising 1,394 different proteins. As an
example, the spectrum for peptide GIDLTQVK of protein DLAT is shown in Fig. S2. A total
of 231 sperm proteins were quantified in high confidence according to our previously
established strict quantification criteria and only those ones were considered for

subsequent statistical analyses (Table S4).

Group analysis identifies differentially abundant proteins related to mitochondrial
and proteasomal function

In order to identify potential biomarkers for FF, a comparison of relative protein
guantification values between FF and control groups was performed. This analysis
identified 9 proteins presenting changes in their abundance between FF and control
groups (t-test, p<0.05) (Table 2). Four of these proteins presented lower levels in the FF
group: FMR1 Neighbor (FMR1NB), Family with Sequence Similarity 209 Member B
(FAM209B), Ras-related protein Rab-2b (RAB2B) and Proteasome subunit alpha 1
(PSMA1, a protein essential for proteasome function). Additionally, five mitochondrial
proteins were found more abundant in FF samples: Dihydrolipoyllysine-residue
acetyltransferase component of PDH (DLAT), ATP Synthase Peripheral Stalk Subunit D
(ATP5H), Solute Carrier Family 25 Member 3 (SLC25A3), Solute Carrier Family 25
Member 6 (SLC25A6), and Fumarate Hydratase (FH).

Of the 9 proteins detected with an altered abundance in FF samples, 3 of them were
reliable quantified with more than 1 peptide (DLAT, FAM209B and FH). Whereas just
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one of the peptides quantified presented differential abundance for FAM209B (1 out of 2
peptides) and FH (1 out of 4 peptides), all the peptides of DLAT (2 out of 2 peptides)

showed significant differential abundance between controls and FF (p< 0.05), (Fig. S3).

Analysis of mitochondrial protein abundance and membrane potential in FF
samples

The significant increase in the abundance of five mitochondrial proteins in FF patients
was initially validated by WB against DLAT (which showed significant differential
abundance for the 2 identified peptides) using TUBA as normalizer (The sample-size
calculation for a power >80% predicted the inclusion of a minimum of 3 and 7 samples
for FF and control groups, respectively). Additionally, in order to evaluate whether
observed differences in mitochondrial proteins abundance between samples could be a
general reflect of the number of mitochondria, the abundance of DLAT was assessed
relative to a specific mitochondrial protein, the mitochondrial protein SDHA (Fig. 2A and
Fig. S4). The highest abundance of DLAT was observed independently of the use of
either general or mitochondrial specific normalizer. Complementary, in order to assess
whether high protein abundance in FF samples associates to alterations in mtDNA
content, the mean value of mtDNA per sperm genome (gDNA) was determined by gPCR.
However, no significant differences were observed between controls and FF samples
(Fig. 2B), suggesting that the higher abundance of specific mitochondrial proteins
observed in FF samples was not associated with mtDNA content.

As the differentially abundant mitochondrial proteins detected participate in the
mitochondrial tricarboxylic acid cycle (TCA cycle), mitochondrial membrane potential
(MMP) in sperm was further assessed by flow cytometry to gain insight into mitochondrial
dysregulations in FF samples. We specifically assessed MMP on live sperm population
(SYTOX™ Blue negative population). In FF patients there was a lower percentage of
sperm presenting MMP (59.1 + 12.0 %) compared to controls (72.0 = 20.3 %), but this
difference did not reach statistical significance (p = 0.274) (Fig. 2C). However, the mean
values of MMP within this population, (SYTOX -, red+/green+) did not present significant
differences between controls and FF: 132.5 + 47.9 RU vs. 115.8 £ 9.5 RU, respectively
(Fig. 2D).
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Figure 2. Analysis of mitochondrial protein abundance and function in controls and FF human sperm
samples. Red dots represent outliers. A. Mitochondrial protein abundance was analyzed by semiquantitative
Western Blot. The differential abundance observed for DLAT protein in controls (n = 7; C1 and C3-C8) and
FF samples (n = 4; F1-F4) was validated using two independent normalizers, the mitochondrial protein
SDHA and the cytoplasmic protein TUBA. Values are expressed as the ratio of semiquantitative
densitometric units measured using ImageJ. Asterisk indicates significant difference (t-test, p < 0.05). B.
Relative mtDNA abundance of controls (n = 5; C7 and C9-C12) and FF samples (n = 4; F1 and F3-F5). Two
mitochondrial genes (MT-ND1 and MT-ND4) were normalized against a nuclear gene (B2M) using the AACq
method. C. Box plot representing the percentage of live sperm by SYTOX™ Blue assay SYTOX (SYTOX
negative). D. Box plot representing the mean MMP values, expressed as the ratio red / green JC-1
fluorescence within live sperm population; relative units, RU) in FF (n = 4; F1 and F3-F5)) and control (n =

5; C7 and C9-C12) samples.
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Analysis of proteasome protein abundance and activity in FF samples

in accordance with the proteomics results, significant lower levels of PSMA1 were
detected in FF samples by WB (Fig. 3A and Fig. S4), although due to sample limitation,
not enough samples could be assessed to reach a power > 80 %. Since PSMA1 belongs
to the 20S proteasomal core, we tested whether the low abundance of PSMAL in FF
samples could affect proteasomal activity in sperm from controls and FF samples by
means of a fluorometric assay. Proteasome activity in sperm was depleted when
incubated in presence of MG132 inhibitor (Fig. S5), indicating that the measure
performed corresponds to specific proteasome activity in sperm. Although sperm
samples showed high variability in the proteasome activity levels, no significant
differences were observed between controls and FF samples (0.633 + 0.264 and 0.382
+ 0.136 PAU, respectively, p = 0.131) (Fig. 3B).
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Figure 3. Analysis of proteasomal protein levels and proteasome activity in sperm. Red dots represent
outliers. A. Validation by Western Blot of the differential abundance observed for PSMAL in controls (n = 7;
C1 and C3-C8) and FF samples (n = 4; F1-F4), using TUBA as normalizer. Semiquantitative ratios are
expressed as relative units. Asterisk indicates significant difference (t-test, p < 0.05). B. Box plot showing
proteasome activity levels for samples with good fertilization rates (controls, n = 5; C7 and C9-C12) and
fertilization failure (FF, n = 4; F1 and F3-F5) after ICSI. Results are expressed as proteasome activity units
(PAU), which are defined as the amount of extract in 1,000,000 sperm which generates 1 nmol of AMC per

minute at 37°C.
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Stable-protein pairs and outlier’s profile analysis identifies specific alterations in
each individual sample

Although group analysis pointed out that sperm mitochondria were relevant for oocyte
fertilization, further insights were obtained with the analysis of individual FF samples by
the establishment of stable-protein pairs and outliers on proteomics results. A total of 73
stable-protein pairs involving 28 different proteins (related to sperm structure,
metabolism and fertilization) were identified for the control group with high fertilization
rates (Table S5). The reassessing of these stable-protein pairs in control group but
adding one FF sample once a time revealed that F1 maintained all the stable-protein
pairs established previously in the control population. In contrast, several stable-protein

pairs were lost for the other FF patients (F2, F3 and F4) (Table 3). Interestingly, all

Table 3. Altered stable-protein correlations in individual FF patients compared to control population (= 75%
fertilization rate after ICSI; n=8).

Proteins that lost 2 50 %

Sample Number of correlations Proteins involved ]
correlations
F1 93 32 -
PDHA2, ACRV1, PHB2,
RUVBL1, ZPBP, ASRGL1,
F2 47 19 NUP210L, FAM209B,
DECR1, ATP5F1D,
PDHB, TEKT2
RPLP2, PHB2, FAM209B,
F3 57 24
ATP5F1D, TEKT2
CD59, OXCT1, NUP54,
CCT3, ACRV1, SPACA4,
RPLP2, PHB2, RUVBL1,
F4 42 21

MPC1L, NUP210L,
FAM209B, DECR1,
ATP5F1D, PDHB, TEKT2

correlations established in the control population for another mitochondrial protein
related to energy production, the ATP Synthase F1 Subunit Delta (ATP5F1D), a member
of the ATP synthase family as ATP5H, were lost in F2, F3 and F4 samples (Table 3).

The outliers’ analysis also provided valuable information about proteins with extremely
altered levels in individual FF samples, indicating the high molecular heterogeneity
leading to a similar phenotype (Table S6). Whereas none of the control samples

displayed an extremely altered abundance in any of the proteins identified and
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quantified, 5 outliers were identified in 2 of the 4 FF samples (F1 and F4). For instance,
two proteins involved in the mitochondrial electron transport chain, cytochrome c oxidase
subunit 5B (COX5B) and cytochrome b-cl complex subunit 2 (UQCRC2), showed
extreme high levels in samples F1 and F4, respectively. Additionally, F1 also displayed

extreme high levels of the protein sperm acrosome-associated protein 7 (SPACATY).

DISCUSSION

To the best of our knowledge, this is the first study using comparative proteomics in
individual sperm samples to identify markers for fertilization failure after ICSI due to a
male factor. Our study, which combines conventional (group) and novel (individualized)
approaches to analyze quantitative proteomic data, such as the recent established
stable-protein pair analysis (Barrachina et al. 2019), aims to contribute to the elucidation
of the molecular and cellular mechanisms behind FF. The combination of both grouped
and individualized statistical analysis identified certain alterations in protein levels in FF
samples related to sperm metabolism and spermatogenesis.

Mitochondria participate in various cellular functions, including ATP production, calcium
homoeostasis and generation of reactive oxygen species (ROS), which are crucial for
mammalian sperm. However, its exact role in the mammalian fertilization has not been
elucidated yet. It is well-known that the oxidative respiration taking place in mitochondria
is essential for sperm motility and capacitation (Rogers et al. 1977, Ramio-Lluch et al.
2014), and functional mitochondrial parameters have been clearly correlated with human
sperm fertilization ability (reviewed in (Amaral et al. 2013). Moreover, alterations in
mitochondrial function have also been associated with higher sperm apoptosis rates,
impaired sperm calcium signalling, and higher sperm DNA damage, therefore,
compromising the formation of male pronucleus after the spermatozoon enters into the
oocyte cytoplasm (Reyes et al. 1993). Herein, we show for the first time that sperm from
male patients presenting FF after ICSI could have alterations in the levels of specific
mitochondrial proteins.

Mitochondrial proteins, such as DLAT, ATP5H, SLC25A3, SLC25A6 and FH, displayed
significant higher amount levels in the FF group. Additionally, other mitochondrial
proteins such as ATP5F1D, PDHA2, PDHB, PHB2 or OXCT1 appeared in altered
abundance in 3 out the 4 FF patients assessed by after the stable-protein pair analysis
approach. All these proteins are directly linked to the oxidative phosphorylation network
(OxPHOS). For instance, among these altered mitochondrial proteins, PDHA2, PDHB
and DLAT are part of the pyruvate dehydrogenase complex (PDC), a component of the
pyruvate and citric acid cycle. PDC is organized in three main complexes: (i) pyruvate
dehydrogenase (E1 subunit: PDHAL, PDHA2, PDHB), (ii) dihydrolipoyltransacetylase
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(E2 subunit: DLAT), and (iii) dihydrolipoamide dehydrogenase (E3 subunit: DLD). One
of the main causes of mitochondrial dysfunction could rely on defects on the regulation
of the mitochondrial pyruvate metabolism and PDC, which acts as modulator of
metabolic homeostasis (Gray et al. 2014, Jeoung et al. 2014). Moreover, the disruption
of PDC function in hamster sperm results in fertilization failure due to the inability to elicit
calcium oscillation in the oocyte (Siva et al. 2014). Additionally, FH is involved in NADH
and FADH2 production (by TCA cycle), while ATP5H and ATP5F1D belong to Complex
V of the respiratory chain to produce ATP and SLC25A3 and SLC25A6 to Pi and
ATP/ADP transport, respectively. All these processes lead to the establishment of a
mitochondrial membrane potential (MMP) needed to maintain the correct mitochondrial
function. While previous studies showed association between conventional sperm
parameters and MMP values (Sousa et al. 2011, Zhang et al. 2016), no correlation with
fertilization rates have already been described. As it has been described in mammalian
sperm that freeze-thaw procedures can affect viability and MMP values (Castro et al.
2016), we decided to analyze live sperm in both, controls and FF patients, after thawing
procedures. Altogether, our results suggest a slight disturbance on the percentage of live
sperm presenting MMP in FF samples, although no statistical differences were observed.
Different studies have revealed that mitochondria and proteasome are closely related by
maintaining a crosstalk: abnormal mitochondrial function may be linked to a reduced
proteasome system activity and vice versa, causing cellular dysfunction, cellular stress
and impaired cellular homeostasis and viability (Maharjan et al. 2014, Segref et al. 2014,
Ross et al. 2015, D'Amico et al. 2017). Proteasome dependent proteolysis plays key
roles not only during spermatogenesis, but also in sperm capacitation, sperm
intracellular calcium signaling, acrosome reaction and oocyte fertilization in mammals
(Sutovsky 2011, Kerns et al. 2016, Zigo et al. 2018). Inside the oocyte, proteasomal
function is required for the degradation of mitochondrial piece and tail connecting piece,
the release of sperm centrosome, the proper aster formation and pronuclear
development in both bovine and human models. In addition, half of the oocytes that fail
to be fertilized after ICSI seem to present an abnormal accumulation of proteasomes
near the non-decondensed male nucleus, which also fail to develop PN (Rawe et al.
2008). Interestingly, PSMAL1, a component of the proteasome core, showed lower levels
in the FF patients. Although no significant differences in sperm proteasomal activity
between controls and FF samples were detected, post-hoc power and sample-size
calculations indicated that further research is needed to confirm whether sperm
proteasomal activity is a factor that affects the fertilization ability after ICSI.

Three additional proteins (FAM209B, FMR1NB and RAB2B) were also found reduced in

abundance in FF patients, the first one also confirmed as dysregulated in 3 FF patients
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through the stable-protein pair analysis. Two of them, FAM209B and FMR1NB are highly
expressed in testicular tissue according to The Human Protein Atlas database (Uhlen et
al. 2015), but their cellular function has not been described. FMR1NB-KO mice do not
show fertility problems (Miyata et al. 2016). However, we cannot discard that, in humans,
alterations in their expression levels during spermatogenesis could be a cause of FF.
Moreover, RAB2B is a member of the GTPase family, which participates in the regulation
of Golgi morphology in human cells (Aizawa and Fukuda 2015). Therefore, as the
acrosome is an exocytotic organelle derived from the Golgi apparatus, RAB2B deficiency
may lead to abnormal acrosomal formation, as well as some structural defects, which
could compromise sperm fertilization ability after ICSI.

In addition to group analysis, individual analyses based on the stable-protein pairs and
outlier's profiles have provided valuable information about each specific FF patient. For
instance, although patient F1 maintained all the stable correlations found in patients with
high fertilization rate, suggesting a similar general proteomic signature, the outliers’
analysis revealed three proteins with extreme higher levels in this specific patient. First,
mitochondrial COX5B (belonging to Complex 1V), corroborating our hypothesis about the
importance of mitochondrial respiration for a successful fertilization even after ICSI.
Second, SPACA7, an acrosomal protein previously related to fertilization in mouse and
with unknown functions after sperm penetration (Nguyen et al. 2014). Third, HSPE1, a
mitochondrial chaperonin with important roles during capacitation in mouse sperm
(Walsh et al. 2008).

For the other 3 FF samples (F2, F3 and F4), in contrast, stable-protein pairs analysis
uncovered dysregulated proteins which were stable within the control group analysis,
such as the aforementioned FAM209B and components of the PDC and ATP synthase.
Stable-protein pairs analysis also showed an impairment in the levels of PHB2, which is
essential for sperm mitochondria ubiquitination and mitophagy inside the oocyte
(Sutovsky et al. 1999); TEKTZ2 the expression levels of which were positively associated
with fertilization rates after ICSI (Bhilawadikar et al. 2013); and NUP54 and NUP210L,
two proteins associated with the nuclear envelope which are required for pronucleus
formation and interaction with sperm aster during oocyte fertilization (Payne et al. 2003).
We recognize that our study has some limitations. First, due to cases of repetitive
fertilization failure after ICSI that accomplished the inclusion and exclusion criteria
indicated in the study design are very rare, our sample size was limited to 5 idiopathic
FF samples. We performed post-hoc power and sample-size calculations based on
proteomic results and realize that additional samples would be beneficial to be included
to validate some of the putative markers. However, similar sample sizes have been

employed by others to identify specific molecular causes of infertility by high-throughput
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proteomics (Frapsauce et al. 2014, Guo et al. 2019, Murdica et al. 2019). Second, since
during sperm capacitation several proteins, and specifically mitochondrial proteins, are
reported to undergo post-translational modifications (PTMs) (Shivaji et al. 2009),
complementary studies targeting protein PTMs (Castillo et al. 2019), as well as other
modifications such as gene sequence variants, or alternative splicing, will be useful to
understand all the mechanisms potentially involved in sperm-dependent ICSI fertilization
failure. Finally, the female factor cannot be ruled out in FF after ICSI. Some oocyte
factors, such as nucleus-cytoplasmic maturation asynchrony and spindle defects may
explain some cases of FF after ICSI (Swain and Pool 2008, Yeste et al. 2016).

In conclusion, our study reveals additional mechanisms potentially involved in male-
related fertilization failure after ICSI, and suggests the process is indeed multifactorial.
In addition, we reinforce the idea that molecular and cellular events occurring in sperm
before and during oocyte fertilization, such as sperm capacitation or mitochondrial
metabolism, could have profound effects not only on sperm ability to reach and penetrate
the oocyte, but also on oocyte activation and early embryo development. Likewise,
specific alterations in mitochondrial proteins could be the underlying cause in some FF
cases. Further studies are also required to define the value of the suggested proteins as

diagnostic and prognostic biomarkers for fertilization failure after ICSI.
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ANGLICISMES






A

Acid - urea PAGE

ACRBP
ADAM
ADAMi1B
ADAM2
ADAM3
ADAM7y
AKAP3
AKAP4

B

Backsplicing
Bottom-up MS

C

C7ORF61
CAMK4
cAMP
Cargo
CASA
CatSper
CATSPER:1
CDg
cDNA
circRNA
CNOT1
CNV
CpG
CRISP1

D

DGCRS8
DICER1
DLAT

DNA
DNasa
DNMT
DNMT1
DNMT3A
DNMT3B
DROSHA

8. Abreviatures i anglicismes

8. ABREVIATURES I ANGLICISMES

Electroforesi en gel de poliacrilamida acid - urea

Acrosin binding protein

Disintegrin and metalloproteinase domain-containing protein
Disintegrin and metalloproteinase domain-containing protein 1b
Disintegrin and metalloproteinase domain-containing protein 2
Disintegrin and metalloproteinase domain-containing protein 3
Disintegrin and metalloproteinase domain-containing protein 7
A-kinase anchor 3

A-kinase anchor 4

Enllag covalent entre I'extrem 3’ i 5" d'un RNA
Espectrometria de masses basada en peptids

Uncharacterized protein Cyorf61
Calcium/calmodulin dependent protein kinase IV
Monofosfat d’adenosina ciclic

Carrega

Computer-Assisted Sperm Analysis

Canals de cations de 'espermatozoide
Cation channel sperm-associated protein 1
CDg antigen

Acid desoxiribonucleic complementari
RNA circular

CCR4-NOT Transcription Complex Subunit 1
Copy number variation

Dinucleotids citosina-fosfat-guanidina
Cysteine-rich secretory protein 1

DGCRS8 Microprocessor Complex Subunit
Endoribonuclease Dicer
dihydrolipoyllysine-residue acetyltransferase component of pyruvate
dehydrogenase complex

Acid desoxiribonucleic
Desoxiribonucleasa

Metiltransferasa

Methyltransferase 1

DNA (cytosine-5)-methyltransferase 3A
DNA (cytosine-5)-methyltransferase 3B
Ribonuclease 3
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8. Abreviatures i anglicismes

E

EEF1A
EIF3F
EIF4A2
ELP3

F

FIV convencional
FIV-ICSI

FPKM

FSH

G

GnRH
GTPasa

H

Hi
Hit2
H2A
H2B
H3
Hy
HCl
HFD
HP2
HP3
HP4
HPIx
HPI2
HPS1
HPS2
HSPA4L

I

IE

IT1A

IMC

Imprinting

In-gel digestion
In-solution digestion
INTS1

1P,

IZUMO1

J

JUNO
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Eukaryotic Translation Elongation Factor 1 Alpha 1
Eukaryotic translation initiation factor 3 subunit F
Eukaryotic initiation factor 4A-11

Elongator Acetyltransferase Complex Subunit 3

Fecundacio in vitro convencional

Fecundaci6 in vitro amb injeccid intracitoplasmatica
Fragments per kilobase of exon model per million reads mapped
Hormona estimuladora de fol-licle

Hormona alliberadora de gonadotropina
Activitat guanosina trifosfatasa

Histone Hi

Testis-specific H1 histone
Histone H2A type 2-A
Histone H2B type 1
Histone H3.1

Histone Hy4

Acid clorhidric

High-fat diet

Forma madura HP2
Forma madura HP3
Forma madura HP4

Basic nuclear protein HPI1
Basic nuclear protein HPI2
Basic nuclear protein HPS1
Basic nuclear protein HPS2
Heat shock 70 kDa protein 4L

Element intronic retingut

Inseminacio intrauterina artificial
Index de massa corporal

Impremta génica

Digesti6 dels péptids en el gel

Digestio dels péptids directa en solucio
Integrator complex subunit 1

Inositol trifosfat

Izumo Sperm-Egg Fusion 1

Sperm-eggq fusion protein Juno



K

KIAA0586
KO

L

Label-free
LC
LC-MS/MS

LEFTY1
LH

LINE
LINE1
Long RNA
Loop

LTR

M

m°A

Microarray

miRNA

Missing protein
mitoRNA

Mobilitat de tipus A
Mobilitat de tipus B
Mobilitat de tipus C
Mobilitat de tipus D
mRNA

MS

MTG1

mtRNA

N

ncRNA
NGS
NH

NP

ORF

8. Abreviatures i anglicismes

Protein TALPID3
Knock-out; genoanul-lat

Sense marcatge
Cromatografia liquida

Cromatografia liquida acoblada a espectrometria de masses en

tandem

Left-right determination factor 1
Hormona luteinitzant

Long interspersed nuclear element

Class 1long interspersed nuclear element
RNA de > 200 nt

Bucle

Long terminal repeat

Modificacié N6-metiladenosina

Micro-matriu

microRNA

Proteina predita perd no validada experimentalment
RNA mitocondrial

Espermatozoides amb mobilitat progressiva rapida
Espermatozoides amb mobilitat progressiva lenta
Espermatozoides amb mobilitat no progressiva
Espermatozoides immobils

RNA missatger

Espectrometria de masses

Mitochondrial Ribosome Associated GTPase 1

Small RNA derivat del mitocondri

RNA no codificant

Next generation sequencing
Domini nucleohistona
Domini nucleoprotamina

Open Reading Frame
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8. Abreviatures i anglicismes

P

P1

P2
Paired-end
Paternally-derived
circRNA embrionari
PCR

PCSK4

PGC

PIP,

piRNA

PIWI

PKA

PLC

PLCC

PLCZ1

Poli (A)
Pool
PPP1CC2
Pre-miRNA
Pre-P2
Primers
Pri-miRNA
PRM1

PRM2
Protein spot
PSM

PTM

PTPRC

R

RBP
Read
Reporterion
RIN
RNA
RNasa R
RNA-seq
ROS
RPKM
RPSA
rRNA
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Protamina 1
Protamina 2
Seqiienciacio pels dos extrems

circRNA embrionari aportat exclusivament per la via germinal

paterna

Reaccid en cadena de la polimerasa
Proprotein convertase subtilisin/kexin type 4
Primordial germ cells
Fosfatidil-inositol-4,5-bifosfat

P element-induced wimpy testes-interacting (piwi-interacting) RNA
Protein PIWI

Protein kinase A

Phospholipase C

Phospholipase C-zeta

Phospholipase C-zeta-1

Poliadenilacio

Conjunt / Barreja de mostres
Serine/threonine-protein phosphatase PP1-gamma catalytic subunit
Precursor de miRNA

Precursor de la protamina 2

Encebadors

Precursor del precursor de miRNA

Gen de la protamina 1

Gen de la protamina 2

Punt proteic

Peptide spectrum match

Modificacid posttraduccional

Receptor-type tyrosine-protein phosphatase

Ribonucleoproteina

Lectura

16 informador

RNA integrity number

Acid ribonucleic
Ribonucleasa R
Seqiienciacié massiva d RNA
Especies reactives d’oxigen
Reads per kilo base per million mapped reads
40S ribosomal protein SA
Ribosomal RNA



S

SDS - PAGE
SINE
Single-End
siRNA
Small RNA
snoRNA
SNP

snRNA
SOF1

Somatic cell

buffer
SPACAG6
SPESP1
Splicing
SRE
SRPK1
Swim-up

T

Tag

TCA
TMEMos5
™T™

Top-down MS

TRA
TRBP

tRF
tRNA
TRiC
TRIM66
TSSK2

U

UniProtKB
UTR

\%

VRK1

\4%

WHO
WT

Y

YRNA

8. Abreviatures i anglicismes

Sodium dodecyl sulfate polyacrylamide gel electrophoresis
Short interspersed nuclear element

Seqiienciacio per un extrem

Small interfering RNA

RNA de < 200 nt

Small nucleolar RNA

Single nucleotide polimorphism

Small nuclear RNA

WD repeats and SOF1 domain containing

Tampd de lisis cel-lular somatica

Sperm acrosome membrane-associated protein 6
Sperm equatorial segment protein 1

Tall i unié

Sperm RNA element

SRSF protein kinase 1

Técnica de seleccid espermatica

Marca / Etiqueta

Acid tricloroacetic

Transmembrane protein 95

Tandem mass tag™

Espectrometria de masses basada en proteina intacta
Técnica de reproduccio assistida

Human immunodeficiency virus transactivating response RNA-binding
protein

Transfer RNA fragment

RNA transferéncia

Chaperonin TCP-1 ring complex

Tripartite motif-containing protein 66

Testis-specific serine/threonine-protein kinase 2

UniProt knowledgebase (https://www.uniprot.org/)
Untranslated region

Serine/threonine-protein kinase VRK1

World Health Organization
Wild-type

RNA derivat de Y
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8. Abreviatures i anglicismes

Z

Zinc finger
ZP1

P2

ZP3

P4

ZP3R
ZPBP1
ZPBP2

ALTRES

1D
2D
2D-LC-MS/MS

°C
Hg
pm
bp
Da
fg

m
m/s
m/z
ml
ng
nt

kb
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Dit de zinc

Zona pellucida sperm-binding protein 1

Zona pellucida sperm-binding protein 2

Zona pellucida sperm-binding protein 3

Zona pellucida sperm-binding protein 4

Zona pellucida sperm-binding protein 3 receptor
Zona pellucida-binding protein 1

Zona pellucida-binding protein 2

Monodimensional
Bidimensional

Doble separacio per cromatografia liquida seguit d’espectrometria de
masses en tandem

Graus Celsius / centigrads
Microgram

Micrometre

Parell de Bases

Dalton

Femtogram

Metre

Metre / segon

Massa / carrega
Mil-limetre

Nanogram

Nucleotid

Quilobase
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