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1.1. ANEUPLOIDIES CROMOSOMIQUES EN HUMANS

1.1.1. Incidéncia i efectes de les aneuploidies cromosomiques

Les alteracions del nombre de cromosomes presents en una cél-lula
es coneixen amb el nom d’aneuploidies cromosomiques. La majoria de les
aneuploidies es caracteritzen per tenir un cromosoma de més (trisomies) o
un cromosoma de menys (monosomies). Els cromosomes afectats poden
ser tant els cromosomes sexuals, els gonosomes, com la resta de

cromosomes, els autosomes.

Les aneuploidies cromosomiques son la causa més frequent
d’avortaments i de defectes en el creixement i desenvolupament mental
entre els nadons. En humans, la incidencia de les aneuploidies varia

depenent del periode vital analitzat (Hassold and Hunt 2001):

- S’estima que entre el 10% i el 30% dels ovuls fecundats presenten
un nombre erroni de cromosomes, essent la majoria trisomies o

monosomies.

- En avortaments espontanis detectats clinicament entre la sisena i
vintena setmana de gestacié, la incidéncia d’aneuploidies varia
segons els estudis analitzats i van des d'un 35% fins a un 87% (Boue
et al. 1985; Strom et al. 1992; Ribas 2002; Ferro et al. 2003; Philipp
et al. 2003).

- En fetus avortats espontaniament entre la vintena i la quarantena
setmana de gestacid, la incidéncia d’aneuploidies és aproximadament
d’'un 4%.

- En nounats, la incidéncia passa a ser d’un 0,3%.

Partint d’aquestes dades, i assumint que un 15% dels embarassos
clinicament reconeguts avorten espontaniament i un 1-2% moren en els
darrers mesos de I'embaras, es pot estimar globalment que, en humans,

almenys un 5% de les concepcions son aneuploides.
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Aixi com la incidencia de les aneuploidies varia segons el periode de
desenvolupament estudiat, els cromosomes implicats també varien. En

humans, les aneuploidies més comunes en avortaments espontanis soén:

- Monosomia X (45,X0).
- Trisomia 16 (47,XX,+16).
- Trisomia 21 (47,XX,+21).

- Trisomia 22 (47,XX,+22).
En canvi en nounats, les aneuploidies més comunes sén:

- Trisomia 21 o sindrome de Down (47,XX,+21).

- Trisomia 18 o sindrome d’Edwards (47,XX,+18).

- Trisomia 13 o sindrome de Patau (47,XX,+13).

- Trisomia X (47,XXX).

- Disomia XX en mascles o sindrome de Klinefelter (47,XXY).

- Disomia YY en mascles (47,XYY).

A continuaciéo es descriuen alguns dels trets caracteristics de les
aneuploidies autosomiques més comunes en nadons humans, aixi com la

seva incidéncia en la poblacid i els seus diferents origens:

- Trisomia 21: La relacié entre la trisomia 21 i la sindrome de Down
la va establir Lejeune et al. (1959). La seva incidéncia en paisos
desenvolupats és d'un de cada 750 nadons. Entre el 93% i el 96%
del afectats per la sindrome de Down tenen un cariotip 47,XX,+21, la
resta es deuen principalment a mosaicismes o a translocacions
desequilibrades del cromosoma 21. La presencia d’'un cromosoma 21
de més és Il'aneuploidia cromosomica que genera una
simptomatologia menys severa; per aquest motiu és [|'Unica
aneuploidia autosoOmica compatible amb una esperanca de vida
significativament inferior, pero semblant als individus euploides. Aixi

doncs, aquesta és la causa més freqlent de minusvalues psiquiques
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en humans. Els trets més caracteristics sén retard mental, hipotonia,
estatura baixa, extremitats curtes, un 40-50% pateixen cardiopaties
congénites, anomalies intestinals, anomalies del sistema immunitari,
etc. L'esperanca de vida actualment esta al voltant dels 60 anys, tot i
que és freqlent |'afectacié d’Alzheimer a partir dels 40 anys. La
principal causa de mort esta relacionada amb problemes cardiacs,
cancer i infeccions. L’analisi de I'origen del cromosoma extra ha estat
un camp en qué s’ha investigat molt. Els resultats obtinguts (taula
1.1, pag. 7) revelen que només en el 8% dels casos estudiats el
cromosoma 21 de més provenia del pare; la qual cosa representa el
3% dels casos, errors originats durant la primera divisio de la
meiosi, i en el 5% restant, produit per errors de la segona divisid
meiotica. La implicacié materna és molt més elevada: el 88% dels
casos estudiats, essent el 63% produit per errors en la primera
divisié meiotica i un 23% en la segona. D’altra banda, un 3% dels
casos analitzats s’ha vist que sén originats per errors en les primeres

divisions mitotiques de I'embrié (Hassold and Hunt 2001).

Trisomia 18: Edwards et al. (1960) van ser els primers a descriure
la simptomatologia associada a la trisomia 18. Aquest genotip
comporta l'aparici6 d’anomalies severes del sistema neurologic i
cardiac, a més de defectes a d’altres organs. Aquesta sindrome
també es caracteritza per un retard en el creixement intrauteri. El
80% dels pacients amb sindrome d’Edwards tenen trisomia 18, un
10% sbén mosaics mentre que el 10% restant tenen trisomies parcials
fruit de translocacions desequilibrades del cromosoma 18. Al voltant
del 50% dels nadons amb sindrome d’Edwards no sobreviuen al
primer més de vida, i només el 10% arriben als 12 mesos, sobretot a
causa de les importants anomalies cardiagues que presenten. En les
societats occidentals, la incidéncia d’agquesta malaltia és d’'un de cada
6000 nadons. En aquest cas, els estudis realitzats per establir
I'origen del cromosoma 18 extra han revelat una nul-la implicacié de
la gametogeénesi masculina. Mentre I'11% dels casos es deuen a
errors en divisions postzigotiques, el 89% restant sén deguts a

disfuncions de la gametogenesi femenina. En concret, un 33% dels

5
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casos sén produits per errors en la primera divisié meiotica, i un 56%
per anomalies de la segona divisi6 meiotica (Hassold and Hunt
2001)(taula 1.1, pag. 7).

- Trisomia 13: La simptomatologia associada a aquesta aneuploidia
també es coneix com a sindrome de Patau, ja que van ser (Patau et
al. 1960) qui la van descriure per primer cop a principis dels anys 60.
En paisos desenvolupats, la trisomia 13 té una incidéncia d'un de
cada 10000 nadons. Els trets més caracteristics del fenotip sén
microftalmia, polidactilia postaxial i enfonsaments orofacials. El 90%
dels afectats moren durant el primer any de vida, i rarament superen
els 2 anys de vida. En aquest cas, la implicacié femenina en l'origen
del cromosoma extra 13 també és sensiblement major a la
masculina. En un 88% dels casos estudiats, el cromosoma 13 de més
provenen de l'oocit, mentre que només en I'11% dels casos, la
trisomia és causada per |'espermatozoide (Nicolaidis and Petersen
1998) (taula 1.1, pag. 7).

1.1.2. Origen de les aneuploidies

Tal com ha quedat explicit en la descripcié de les sindromes de Down,
d’Edwards i Patau, la majoria de les aneuploidies es deuen a errors en la
meiosi que generen gametes amb un cromosoma de més (disomics) o de
menys (nul-lisomics). Aquests gametes seran els causants de lI'aneuploidia
guan participin en la fecundacié. Tot i aix0, i tal com ja s’ha citat, els errors
en les primeres divisions mitotiques de I'embrid també poden originar

aneuploidies, tot i que sén forca menys frequents.

Com que la majoria de monosomies sén incompatibles amb la vida,
es disposa de poca informacié sobre quin és el seu origen. L'Unica que s’ha
pogut estudiar és la monosomia X (45,X0), i precisament en aquest cas,
s’ha observat un origen patern en el 70-80% dels casos (Jacobs et al.
1997). En canvi, la majoria de les trisomies permeten cert grau de

desenvolupament fetal, de manera que en les trisomies s’ha pogut estudiar

6
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més ampliament l'origen del cromosoma extra (taula 1.1, pag. 7). Tot i la
gran variacié existent en funcié del cromosoma causant de I’'aneuploidia, en
tots els casos predominen els errors produits en I'oogénesi, i principalment
en la primera divisié meiotica (vegeu l'apartat 1.3.2). La major participacié
de la meiosi femenina en |'origen de les aneuploidies es posa de manifest
quan s’analitza la proporcié d’espermatozoides i d’oocits I i II aneuploides.
Mentre que només al voltant d'un 6% dels espermatozoides so6n
aneuploides (Vidal et al. 2001), en oocits II s’ha estimat que la taxa
d’aneuploidia és aproximadament d’'un 20% (Volarcik et al. 1998); encara

gue aquests percentatges varien molt en funcié de les fonts i I'origen de les

mostres.
Origen (%)
Patern Matern Mitosi
Trisomia MeiosiI MeiosiII MeiosiI Meiosi Il postzigotica
2 28 - 54 13 6
7 - - 17 26 57
13 12 88 -
15 - 15 76 9 -
16 - - 100 - -
18 - - 33 56 11
21 3 5 65 23 3
22 3 - 94 3 -
XXY 46 - 38 14 3
XXX - 6 60 16 18

Taula 1.1. Origen de les trisomies en humans, modificada de Nicolaidis
and Petersen 1998 i Hassold and Hunt 2001.

1.1.3. Errors que condueixen a l'aparici6 de les aneuploidies
cromosomiques

La meiosi és un procés complex (vegeu l'apartat 1.3) en el qual es
ddéna una sola ronda de replicacido del DNA prévia a dues divisions cel-lulars
seguides. La meiosi, entre altres esdeveniments, comporta I'aparellament

dels cromosomes homolegs, la sinapsi, l'intercanvi de material hereditari

7
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(recombinacié) i una primera divisi6 en que se separen cromosomes
homolegs, en lloc de cromatides germanes com succeeix en la mitosi. La
complexitat d’aquests processos fa pensar que la seva evolucié i el seu
control poden ser susceptibles d’errors que generin gametes aneuploides.
Es a dir, es considera l'origen de gametes aneuploides com el possible
resultat de defectes en I'aparellament dels cromosomes homolegs, errors en
la recombinacié o problemes en la segregacié dels cromosomes cap als pols
durant I'anafase I o II. En general, la segregacié anomala dels cromosomes

homolegs en una divisid cel-lular es coneix com a no-disjuncié (ND).

La principal implicacié de la dona en l'origen de les aneuploidies, aixi
com el marcat efecte de I'edat materna en aquest fenomen, fa de la meiosi
femenina un tema d’investigacid prioritari, ja que les particularitats de la
formacié de les gametes femenines (vegeu l'‘apartat 1.2) no permeten
I'extrapolacié de la informacié obtinguda en estudis fets en mascles. Es a
dir, actualment la recerca s’encamina cap a la deteccié de les diferéncies
existents entre la formacié dels espermatozoides i dels oodcits per tal
d'esbrinar les possibles causes de la major produccié de gametes

aneuploides per part de les dones.

Classicament, s’han fet pocs estudis per esbrinar la implicacié dels
processos d’‘aparellament i sinapsi dels cromosomes homolegs amb la
produccié de gametes aneuploides. Tot i que alguns treballs de mitjan els
60 relacionen la persistencia del nucleol durant la profase meiotica en oodcits
I amb un incorrecte procés d’aparellament dels cromosomes acrocéntrics
(Eichenlaub-Ritter 1996), en aquests tipus d’estudis hi va haver poca
continuitat, i avui en dia, pel que fa a l'aparellament dels cromosomes

homolegs, se’n coneix poca cosa de la seva eficiencia.

D’altra banda, des de fa temps, en diferents models estudiats (S.
pombe, S. cerevisae, D. melanogaster, C. elegans o M. musculus) s’ha
observat com taxes de recombinaci6 més baixes del que es considera
habitual per a aquestes espécies, tendeixen a generar un augment d’errors
en la disjuncid dels cromosomes homolegs durant la primera divisié

meiodtica o de cromatides germanes en la segona divisi6 meiodtica (Lynn et
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al. 2004). Altrament, s’ha vist que no només el nombre de cops que
recombinen un parell de cromosomes és important: la posici6 d’aquests
punts de recombinacid també intervé a I'hora de permetre la correcta
segregacio dels homolegs (Ross et al. 1996). En humans, sembla ser que
I'origen de les trisomies podria ser causat tant per l|'abséncia de
recombinacié en un parell d’homolegs, com per les disminucions en la taxa
de recombinacié o en posicions erronies dels punts de recombinacié (Lynn
et al. 2004).

El procés de recombinacié pero, en linies generals, és més o menys
universal i, per tant, les seves caracteristiques sembla que no poguin
explicar la major produccié de gametes aneuploides per part de la oogenesi
en comparacido a |'espermatogenesi. Aixi doncs, quines son les
particularitats de génere que podrien explicar aquest fenomen? Existeixen
grans diferencies entre la gametogénesi, incloent-hi la meiosi, femenina i
masculina (taula 1.2, pag. 13, i apartats 1.2 i 1.3). Actualment es creu que
les causes més importants a I’'hora d’explicar I'alta freqtiéncia de produccid
d’oocits aneuploides serien |'abséncia d’un sistema eficient de control de
I'evolucié de la meiosi en I'00cit, aixi com I’'envelliment de l'odcit al llarg de
la vida reproductiva de la dona i els desequilibris hormonals al voltant de la

menopausa.

Els processos cel-lulars que sén crucials per a la supervivencia de la
cel-lula, i en ultim terme, de l'organisme, tenen uns sistemes de control
(checkpoint) que garanteixen que el cicle cel-lular no avanci fins que el
procés que controlen no s’ha produit segons estava previst. Si aquests
detecten un error, aturen la progressido del cicle cel-lular fins que no és
reparat. I si aixd no és possible, poden conduir la cél-lula cap a una mort
programada (apoptosi). La meiosi té sistemes de control durant la profase
meiotica (checkpoint de paquité) i durant la transicié metafase/anafase
(checkpoint de metafase; vegeu l'‘apartat 1.3.2). Es coneix que aquests
processos son funcionals en la meiosi masculina, pero, per contra, sembla
gue aquests no funcionen amb la mateixa eficiencia en oocits (Hunt and

Hassold 2002); d’aquesta manera es permet aixi la generaci6 de gametes
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aneuploides.

La meiosi en dones comencga durant |'etapa fetal i queda bloquejada
al final de la profase meiotica abans del naixement de I'individu. A partir de
la pubertat, en cada cicle menstrual, un cert nombre d’oocits reprendran la
meiosi, finalitzara la primera divisid, comencara la segona divisié meiotica i
el dominant quedara de nou aturat a I'estadi de metafase II. Aquest oocit II
no completara la meiosi si no és fecundat per un espermatozoide (vegeu
I'apartat 1.2). Aixi doncs, els oocits generats durant la vida fetal restaran
aturats en la profase meiotica uns quants anys i aniran reprenent la meiosi
durant tota la vida fertil de la dona. Aixd implica que hi haura oocits que
quedaran bloquejats aproximadament 11 anys mentre que d’altres ho
estaran fins a uns 50 anys. Aquest temps que passa |'00cit aturat sembla
que influeix decisivament en l'aparici6 de les aneuploidies. En aquest
sentit, tot indica que el risc de tenir descendéncia amb alguna trisomia ve
incrementat en funcié de I'edat materna (Morton et al. 1988). L'efecte de
I'edat materna podria ser produit per un procés que requereix dos
esdeveniments (“two hit model”, (Lamb et al. 1996). En el primer, que es
donaria durant |'etapa fetal, es produiria un bivalent que no hauria
recombinat o que presentaria un punt de recombinacié inapropiat, és a dir,
un punt de recombinacid localitzat en una posicid proxima als telomers.
Aquesta localitzacié de l’'entrecreuament no és favorable per a la correcta
segregacid dels cromosomes homolegs durant la primera divisi6 meiotica.
El segon esdeveniment seria el processat erroni d’aquest bivalent durant la
metafase I, en l'ovari adult. Aquest model suposava que l'ovari més vell
era menys eficient ja que segregaria bivalents conflictius. Recentment
pero, alguns grups suggereixen que canvis fisiologics que es donin en l'ovari
adult poden alterar els processos de la primera divisio meidtica (Champion
and Hawley 2002). D'aquesta manera, s’entén que el problema no rau en
I'edat cronologica de l'ovari, sind en la proximitat de la dona a la
menopausa (Kline et al. 2000) o, dit d’'una altra manera, en l'edat fertil

relativa de l'ovari.
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1.2. GAMETOGENESI

La gametogénesi és el procés de formacid, desenvolupament i
maduracié de les cel-lules germinals. Implica una serie d’esdeveniments

cel-lulars, entre els quals s’inclou la meiosi.

En humans, al voltant dels 20 dies de desenvolupament embrionari
es comencen a formar les cél-lules germinals primordials (CGPs) en el sac
vitel-li. A la sisena setmana de gestacid, aquestes migren cap a les crestes
genitals, gracies a fenoOmens mecanics, com poden ser moviments
ameboides, i fenoOmens quimiotactics. Seguidament, quan I'embrié assoleix
una longitud de 7-9 mm, les CGPs comencen a proliferar alhora que
envaeixen els plecs genitals de les gonades primordials, la qual cosa
comporta, juntament amb una proliferacié del teixit somatic de I'0rgan, un

creixement de la gonada indiferenciada.

La diferenciaci6 sexual no comenca fins a les 7-10 setmanes de
gestacid. Aquest procés comporta la diferenciacié de les gonades, alhora
que les CGPs també es diferencien en cél-lules germinals de mascle o

femella, en funcié del sexe de I'embrio.

1.2.1. Espermatogénesi

El procés de diferenciacié cel-lular pel qual s‘obtenen els
espermatozoides es coneix com a espermatogenesi, altrament dita
gametogenesi masculina. Aquest procés conclou amb [|‘obtencié d’una

cel-lula altament especialitzada com és I'espermatozoide.

En els mascles dels mamifers, durant els primers estadis de
desenvolupament embrionari la gonada es diferencia formant els testicles.
Durant aquest estadi, les CGPs es diferencien en espermatogonies. Aquesta
diferenciacio, pero, queda aturada i aix0 significa el final de I'etapa prenatal
de I'espermatogenesi cap a les 16-18 setmanes de gestacié. Quan s’assoleix
la maduresa sexual, i a causa de l'‘acci6 de les gonadotropines, les

espermatogonies es divideixen mitoticament de manera constant, la qual
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cosa afavoreix la producci6 de gametes en l'adult de manera quasi
il-limitada. Algunes de les espermatogonies, es transformen en
espermatocits, entren en meiosi, i es generen espermatocits I. Aquests
completen la primera divisi6 meiotica (vegeu l'apartat 1.3) i esdevenen
espermatocits II. Un cop han acabat la segona divisié meiodtica, s'anomenen
espermatides. Aquestes cel-lules ja sén haploides i hauran de succeir
importants canvis morfologics i de composicié citoplasmal i al nucli a fi que
les espermatides es converteixin en espermatozoides. Aquest ultim procés

es coneix com a espermiogenesi.
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Figura 1.1. Esquema on es mostren algunes de les diferéncies entre
I'oogénesi i I'espermatogénesi en humans. Modificat de Hassold and
Hunt 2001.

1.2.2. Oogenesi

La producci6 de gametes femenines, o oogenesi, és sensiblement
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diferent de I'espermatogenesi, com queda resumit a la taula 1.2 (pag. 13) i
a la figura 1.1 (pag. 12) En aquest cas, el procés conclou amb |'obtencié
d’'una cél-lula molt particular, ja que presenta la paradoxa de ser una
cel-lula altament diferenciada que no ha perdut la seva capacitat totipotent,

un cop és fecundat.

En l'oogenesi, l'etapa prenatal és més llarga que en

I'espermatogénesi i té una especial importancia.

1.2.2.1. Etapa prenatal

En les dones, la meiosi comenca durant l'etapa fetal (Zuckerman
1951; Ohno et al. 1961).

ESPERMATOGENESI OOGENESI
Des de la pubertat, les espermatogonies Les oogonies perden la capacitat
mantenen la capacitat proliferativa. proliferativa durant el periode fetal.
Es genera un nombre il-limitat Es genera un nombre maxim finit
d’espermatozoides. d’oocits, fixat als 6-7 mesos de vida

fetal.

La meiosi s’inicia en arribar a la La meiosi s’inicia durant la vida fetal.
pubertat.
Un espermatocit I genera 4 Un oocit I genera 1 Unic oocit II
espermatozoides. fecundable.
La meiosi és un procés continu. La meiosi és discontinua: bloqueig a

dictioté i a metafase II.

Les histones es canvien per protamines. No existeix canvi d’histones.

Cromosomes sexuals: XY Cromosomes sexuals: XX
- Inactivats durant la profase I. - Transcripcionalment actius.
- Homologia restringida a les - Homologia completa entre ells.

regions PAR entre els
cromosomes X i Y.

Taula 1.2. Diferéncies més importants entre I'oogenesi i
I'espermatogénesi. Modificat de Martinez-Flores 1997.
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Cap a la 9a setmana de gestacid, les CGPs comencen a diferenciar-
se en oogonies. Al voltant del segon mes de gestacid es troben unes
600.000 CGPs i oogonies en les gonades acabades de formar. El nombre de
cel-lules germinals va variant al llarg de l'estadi de desenvolupament de
I'individu, essent maxim al voltant dels 5/6 mesos de gestacido (quan
s’assoleix un pic aproximat de 6.800.000 oocits). Al final del periode fetal
s’observa una gran quantitat de fol-licles en degeneracid que contenen
oocits atrésics. Aixi doncs, al naixement, el nombre d’oocits es veu
drasticament disminuit fins a 2.000.000 (cal saber que el 50% d’aquestes
cel-lules sén també atrésiques). A I'edat de 7 anys, només sobreviuen uns
300.000 oocits (Baker 1963). Aquest nombre s’estima que tampoc no es
manté constant fins a la menarquia, tot i que existeix certa controvérsia

sobre aquest aspecte (vegeu el final d’aquest mateix apartat).

Cap a les 10 setmanes de gestacid les oogonies comencen a dividir-
se mitoticament i generen cumuls de cél-lules que preserven ponts
intercel-lulars que permeten una sincronia regional i la transmissid
d'informacié durant la gametogénesi entre elles. Actualment, s’entén la
interaccid entre els oodcits en aquest estadi com una nurseria, on es doéna
una relacié de simbiosi entre els oocits, on les cél-lules més avancades en el
desenvolupament s’encarreguen de guiar les altres en el procés tot

facilitant-lo.

Pels volts de l'onzena/dotzena setmana de gestacio, les primeres
oogonies es diferencien en oocits I. Es a dir, les primeres oogonies es
converteixen en oocits i comencen la meiosi (Ohno et al. 1962; Garcia et al.
1987). A partir d’aquest punt i de manera asincronica, durant les seglients
setmanes de gestacid les oogonies es van diferenciant en oocits que entren
en meiosi. La primera divisi6 meiotica queda aturada, pero, al final de la
profase (estadi de dictioteé) fins que en lindividu adult s’assoleixi la

maduresa sexual (vegeu els apartats 1.2.2.2 i 1.3).

A partir de les 22 setmanes de gestacié s’observen els primers
fol-licles primordials. Aquests estan formats per oocits I, aturats a I'estadi

de dictiote, envoltats per una capa de cel-lules fol-liculars planes no
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proliferatives ni diferenciades.

A partir del sise mes de gestacié es deixen d’observar oogonies en
I'ovari fetal. Es a dir, totes les oogonies s’hauran transformat en oocits i
aquests hauran comencat la meiosi. Aixi doncs, durant el periode fetal es
comenca la gametogenesi femenina i, encara més important, s’estableix el
nombre maxim de cél-lules germinals que una dona tindra durant la seva
vida fertil. Tot i aix0, un estudi recent realitzat en ratoli descriu 'existencia
d’oogonies actives en ovaris d’individus adults i proposa que gracies a
aquestes gonies es manté la fertilitat de l'individu, ja que les oogonies en
I'adult contraresten |'efecte de l'alta atrésia fol-licular existent en I'ovari
postnatal (Johnson et al. 2004). Aquestes observacions, pero, encara no ha
estat corroborades per cap altre grup i actualment estan sota un important
debat, havent-hi posicionaments a favor i en contra (Greenfeld and Flaws
2004; Spradling 2004; Telfer 2004).

1.2.2.2. Etapa postnatal

Després del naixement, la gametogenesi femenina continua. Els
fol-licles primordials sén reclutats en fol:-licles primaris, i posteriorment
aquests es transformen en secundaris. El reclutament comporta creixement
i diferenciacio de les cel-lules de la granulosa. Aquest procés és independent
d’estimulacié gonadotropica, de manera que s'inicia durant l'etapa fetal,
s’accentua en la infancia de forma paulatina sobretot a partir dels sis anys
d’edat, s’‘incrementa amb la pubertat, s’alenteix amb |'embaras i la
lactancia, perd no s’interromp fins a I'esgotament de fol:-licles primordials

formats en I'etapa prenatal de I'oogénesi.

Quan els fol:-licles primaris entren en la fase de reclutament, I'o0cit
creix i les cel-lules que I'envolten proliferen i adopten una forma cubica, sén
les cel-lules de la granulosa. Aquest fol-licle s'anomena fol:-licle preantral.
Fins a aquest punt, la gametogenesi és independent de I'accié hormonal de
gonodotropines o hormones esteroidals. En aquest estadi, |'oocit encara

resta aturat a la primera divisié meiodtica. Tot i aix0, aquest és un periode
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de gran activitat metabodlica, en el qual I'oocit acumula proteines, lipids i
RNAs. Alhora, a l'ovari es forma una estratificacid dels fol-licles, se situen
els més madurs en el cortex intern, mentre els fol-licles primordials estaran

a la part més externa del cortex.

Perque la gametogénesi femenina continui, es necessita que, entre
d’altres esdeveniments, el fol-licle es faci sensible a les hormones. Aixo
s’aconsegueix amb |'aparicié de receptors de la FSH i estradiol en les
cel-lules de la granulosa, aixi com |'aparicié de receptor de la LH en un altre
tipus cel-lular del fol-licle, les cél-lules de la teca, que son les que

constitueixen la part més externa del fol-licle.

Durant els primers anys de vida, els ovaris aniran augmentant de pes
i mida, principalment a causa del creixement de |'estroma ovaric. Durant

aquest temps, els valors plasmatics de gonadotropines sén baixos.

Amb la pubertat, la concentracid6 de gonadotropines en sang
augmenta i s’estableixen els cicles hormonals tipics de la dona adulta que

marcaran l'oogénesi d’'aleshores en endavant.

El cicle menstrual comporta la maduracié del fol-licle i de I'o0cit I aixi
com la seva capacitacio, que el conduira a continuar la meiosi fins a oocit II.
El nombre de fol-licles que maduraran per cada cicle esta en funcié del
nombre de fol-licles existents. La maduracié fol-licular comporta el
creixement del fol-licle i la formacié d’'una cavitat, anomenada antre, en el
seu interior. Aquest fet es deu principalment a augments dels nivells FSH
en sang. Aleshores, el fol-licle s‘Tanomena fol:-licle antral. En aquest estadi
I'oocit també madura, tot i que ja no augmenta de mida. De tots els
fol-licles que responen al cicle menstrual, el que sigui més gran sera
seleccionat com a fol-licle dominant. Aquest, mitjancant processos de
retroinformacié negativa, regula la produccid de gonadotropines i deixa
sense estimuls els altres fol:-licles menys desenvolupats. El fol-licle dominant
continua, pero, madurant fins a convertir-se en un fol-licle preovulatori. Per

contra, la resta de fol-licles inicien un procés d’atrésia.
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En aquest moment |'oocit del fol-licle preovulatori reprén la meiosi.
Aix0 es fa sota l'estimul de les gonadotropines (en concret un pic de
I'hnormona luteinitzant, LH). La maduracié de |'oocit es basa en el
trencament de la vesicula germinal (definicid citologica del nucli de I'oocit I
aturat a dictioté), l'orientacié dels bivalents a la placa metafasica, la
separacié dels homolegs i la complecié de la primera divisié meiodtica, que té
com a resultat la formacié del primer corpuscle polar. A continuacio,
comenca la segona divisié meiotica, pero de nou, queda bloguejada, aquest
cop a l'estadi de metafase II. En aquests moments, |'o0cit esta preparat per
ser oocitat. Un augment en la proporcié de LH fa que I'oocit II s’alliberi del
fol-licle junt amb algunes cel-lules de la granulosa. Les restes fol-liculars
retingudes a l'ovari passen a convertir-se en el cos luti. Aquest sera
I'encarregat de mantenir les concentracions hormonals Optimes per
permetre la fecundacié de l'oocit i posterior implantacié de I'embrié a I'Gter
matern. En les femelles de mamifers, la meiosi només s’acabara quan
I'o0cit sigui fecundat per un espermatozoide. Aix0 reactivara novament la
segona divisid meiodtica, la qual cosa facilita la separacié de les cromatides

germanes i I'expulsioé del segon corpuscle polar.
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1.3. MEIOSI

La meiosi és la divisié reduccional del genoma per la qual s’obtenen
gametes haploides, provinents d’una cel-lula diploide, que garanteixen la
diploidia de I'espécie en la formacié d’un zigot per rad de la fecundacié d’'un

oocit per un espermatozoide.

La meiosi, tal com ja I'hem definida amb anterioritat, consisteix en
una divisid especialitzada en qué es produeixen dues divisions cel-lulars
precedides per una Unica ronda de replicacié del DNA (figura 1.2, pag. 18).
De les dues divisions destaca la primera, que és en la qual es déna la
divisio reduccional del genoma. Al final de la primera divisid6 meiotica
s’obtenen dues cel-lules haploides ja que se separen cromosomes homolegs
i no cromatides germanes. La segona divisid, en canvi, és analoga a una

divisié mitotica classica en que se separen cromatides germanes.
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Figura 1.2. Representacié esquematica de la meiosi.
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Aquest és un procés altament conservat en l’'evolucié, ja que es
troba en tots els organismes que es reprodueixen sexualment, com son per
exemple els llevats (per exemple: Saccharomyces cerevisae), les plantes
(p. ex.: Arabidopsis thaliana), els insectes (p. ex.: Drosophila

melanogaster) o els mamifers (p. ex.: Mus musculus).

De totes maneres, i malgrat que es poden trobar algunes diferencies
entre la manera com diferents especies duen a terme la meiosi (Champion
and Hawley 2002), en tots els casos hi ha uns fenomens especifics d’aquest

tipus de divisié cel-lular, com sén ara:

1. L'aparellament dels cromosomes homolegs i la seva sinapsi. Els
cromosomes homolegs entren en contacte fisic entre ells gracies a

una estructura proteica anomenada complex sinaptinemal (SC).

2. L'intercanvi de material entre els cromosomes homolegs, altrament
dit recombinacié. Mitjancant lintercanvi de material entre els
cromosomes homolegs s’augmenta la variabilitat genética de
I'especie. A més, des del punt de vista fisic, gracies a la
recombinacid, els dos cromosomes homolegs queden lligats entre
ells, la qual cosa facilita la seva segregacid en la primera divisié
meiotica.

3. La segregacié dels cromosomes homolegs en la primera divisid
meiotica. A fi de garantir la correcta segregacié dels cromosomes
homolegs en la primera divisi6 meiotica cap a pols diferents, els
centromers de les dues cromatides germanes de cada homoleg, al
contrari del que passa en la mitosi, han d’orientar-se cap al mateix
pol (vegeu l'apartat 1.3.2.2). Amb la segregacié independent de
cada cromosoma també s’augmenta substancialment la variabilitat

de I'espécie.

1.3.1. Esdeveniments previs a l'inici de la meiosi

Alguns dels esdeveniments necessaris per a la correcta execucié de la
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meiosi es produeixen durant la fase S de I'Ultim cicle cel-lular anterior a la
meiosi. Durant la fase S del cicle cel-lular es produeix la replicacié del DNA.
En aquest estadi, la cel-lula germinal té 46 cromosomes i cada cromosoma
té una Unica cromatide. Amb la replicacié del DNA es genera una copia del
genoma de la cel-lula; al final del procés s’obtenen 46 cromosomes,
cadascun amb dues cromatides identiques, anomenades cromatides
germanes. Aquestes es mantenen unides gracies a una estructura proteica

anomenada genéricament amb el nom de cohesines.

Les cohesines sén un complex proteic compost de diferents
subunitats que uneixen les cromatides germanes des de la fase S del cicle
cel-lular fins a la metafase, que tenen per funci6 assegurar la correcta

segregacio de les cromatides germanes en la divisid cel-lular.

Mantenir les cromatides germanes unides és necessari per a la
correcta segregacié cromosomica tant durant la mitosi com en la meiosi. En
la mitosi s’ha observat com la cohesié6 cromosOmica intervé en el procés
d’orientacidé dels cromosomes en la placa metafasica, contrarestant la tensié
originada pel fus acromatic (Tanaka et al. 2000). La destruccié de les
cohesines quan tots els cromosomes estan correctament alineats a la placa
metafasica condueix a la separacid de les cromatides germanes cap als
diferents pols de la cel-lula en la transicié metafase-anafase (Uhlmann et al.
2000).

En les cel-lules somatiques el complex de cohesines conté les
proteines seglents (Toth et al. 1999; Tomonaga et al. 2000) (figura 1.3,
pag. 21):

- Heterodimer de SMC1 (Structural Maintenance of Chromosomes 1) i
SMC3 (Structural Maintenance of Chromosomes 3). Formen un llag

gue atrapa les dues cromatides germanes.

- SCC1, que presenta un homoleg en humans anomenat RAD21. Es la
proteina que tanca tot el complex; la seva destruccié desencadena la

separacié de les cromatides germanes.
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- SCC3, en humans trobem dos ortolegs, STAG1 i STAG2. Participa en

el complex de cohesines unint-se a RAD21.

Figura 1.3. Proteines que intervenen en el complex de cohesines en les
cel-lules somatiques (A) i en els gametes (B). N: extrem N terminal.
C: extrem C terminal.

Les cohesines es comencen a dissociar dels cromosomes entre els
estadis de profase i prometafase, i resten principalment als centromers dels
cromosomes. Al mateix temps, unes altres proteines, les condensines,
comencen a associar-se a les cromatides, conferint-li la forma de
cromosoma idonia per completar la divisié cel-lular. Les cohesines que es
mantenen en els centromers dels cromosomes sén les responsables de
mantenir les cromatides germanes unides mentre els cromosomes
s’‘orienten a la placa metafasica durant l'estadi de prometafase. Un cop
estan orientades correctament en el fus acromatic s’activa una via
enzimatica que condueix a l'activacié de la proteina separasa, que degrada
la RAD21 i allibera el complex de cohesines dels centromers dels
cromosomes. Aquest fet desencadena la transicid entre la metafase i

I'anafase (Nasmyth 2002) i condueix a la separacid de les cromatides
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germanes.

En la meiosi també hi intervenen les cohesines, perd no totes sén les

mateixes (taula 1.3, pag. 22, i figura 1.3, pag. 21).

Subunitats de les cohesines

S. cerevisae SMC1 SMC3 SCC1 SCC3
PSM1 PSM3 RAD21 PSC3

5. pombe RECS8 REC11
HIM1 COH1,2

C. elegans RECS

. SMC1 SMC3 RAD21 STAG1, STAG2

H. sapiens

SMC18 SMC3 RAD21/REC8 STAG3

Taula 1.3. Subunitats del complex de cohesines descrites en diferents
organismes emprades en la mitosi (negre) i la meiosi (blau).

En mamifers, les cohesines meiotiques, SMC1B, SMC3 (Eijpe et al.
2000), RECS8 (Eijpe et al. 2003) i STAG3 (Pezzi et al. 2000; Prieto et al.
2001), apareixen durant I'Gltima fase S abans de comencar la meiosi i
rapidament, durant el primer estadi de la profase de la primera divisid
meiotica, s’estructuren en uns elements que seran els precursors del

complex sinaptinemal (vegeu l'apartat 1.3.2.1).

A més de l'inici dels processos que conduiran a la sinapsi dels
cromosomes homolegs, durant la fase S del cicle cel-lular, s’inicia un altre
procés especific de la meiosi, com és la recombinacid. En totes les espécies
estudiades la recombinacié comenca gracies a l'accié6 d'una transesterasa
relacionada amb la topo II, anomenada SPO11, que fa talls de doble
cadena de DNA (Double Strand Breaks, DSBs) (Bergerat et al. 1997;
Keeney et al. 1997; Keeney et al. 1999). Estudis recents han demostrat
que, almenys en llevats, SPO11 s’associa al DNA durant I'Ultima fase S del
cicle cel-lular que precedeix l'inici de la meiosi (Baarends and Grootegoed
2003), tot i aix0, tant en llevats com en ratoli, els DSBs no apareixeran fins

al principi de la primera divisi6 meiotica abans que comenci |'aparellament
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(Mahadevaiah et al. 2001; Smith et al. 2001).

1.3.2. Primera divisio meiotica

Aqguesta és la divisi6 més especialitzada de les dues divisions que
intervenen en la meiosi. S’hi produeixen els fenomens caracteristics de la
meiosi com son ara l|'aparellament dels cromosomes homolegs, la
recombinacio i l'orientacié dels centromers de les cromatides germanes de
cada cromosoma cap al mateix pol (figura 1.2, pag. 18). A causa de tots
aquests processos, les cel-lules resultants de la primera divisié meiotica

son haploides, per tant, aquesta és la divisié reduccional del genoma.

En general, en les divisions meidtiques, igual que en les mitotiques,

es poden distingir els estadis de profase, metafase, anafase i telofase.

1.3.2.1. Profase

La profase de la primera divisi6 meiotica és un estadi molt
especialitzat de la meiosi en el qual els cromosomes homolegs s’aparellen i
recombinen. Per rad de a seva peculiaritat, aquest estadi classicament s’ha
subdividit en: leptote, zigote, paquite, diplote i diacinesi (figura 1.2, pag.
18, i 1.4). Alguns autors defineixen fins i tot un estadi anterior dins la

profase meiodtica, que és el preleptote.

1.3.2.1.1. Preleptoté

Aqguest estadi, des del punt de vista citologic, es defineix per l'inici de
la compactacié dels cromosomes. En espermatocits humans, durant 'estadi
de preleptote, es ddéna una reestructuracié dels dominis cromosomics, i aixo

fa que els cromosomes passin de tenir I'aparenca globular tipica dels nuclis
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interfasics a

un aspecte més allargat caracteristic d’aquest estadi

(Scherthan et al. 1998). Alhora, en espermatocits de ratoli i huma, la

distribucié de les seqliéncies de DNA repetitiu alfa, situades principalment

en els centromers dels cromosomes, es modifica. En els nuclis interfasics,

aquestes seqliéncies es troben distribuides a I'atzar, mentre que en I'estadi

de preleptote es localitzen a la periferia del nucli (Scherthan et al. 1996).

Etapa Cel-lular

Mitosi i
Premeiosi

v
Inici
Meiosi I
(Profase)

v

Leptote

v

Zigote

Paquite

v

Diploté

:

Final
Meiosi I

Meiosi I1

Relacions Cromosomiques

Interaccions Inestables

Desaparareixen Interaccions
Inestables

Restauracié d’'Interaccions
inestables

Interaccions Estables

Visualitzacié dels quiasmes

Successos Moleculars

Aparicié dels trenca-
ments de doble
cadena (DSBs)

Aparici6 intermediaris
de recombinacio

Maduracié dels noduls
de recombinacié
Conversi6 geénica

i Entrecreuament.

Evolucid Eixos Proteics

Incorporacié Cohesines

Estructuracié Cohesines
Aparicio AEs

Aparicié LEs i SCs

Formacié SCs

Ajustament sinaptic

Desorganitzacié SCs

Figura 1.4. Relacié dels successos més rellevants durant les primeres

etapes de la meiosi. Modificat de Martinez-Flores 1997.

1.3.2.1.2. Leptote

Durant l'estadi de leptote, els cromosomes homolegs comencen
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individualitzar-se, és a dir, es passa de la visié de nucli interfasic compacte,
on els cromosomes sén indistingibles, a una imatge de nucli on cada
cromosoma es pot seguir, mentre confereix al nucli una aparenca de cabdell
de llana (figura 1.2, pag. 18). En aquest estadi, els cromosomes sén llargs i
prims. A mesura que la profase avanci, els cromosomes s’aniran fent més

curts i gruixuts.

| INTERFASE g LEPTOTE ZIGOTE PAQUITE DIPLOTE DICTIOTE

( @ Cohesines ~= SYCP2iSYCP3 SYCP1, FKBP6 i DIO2 )

Figura 1.5. Evolucié del complex sinaptinemal al llarg de la profase
meiotica.

A |'estadi de leptote, les cohesines de cada cromosoma s’estructuren
en forma de filament sobre el qual s’‘organitzen els element axials (AEs)
(Prieto et al. 2004). Els AEs uneixen les cromatides germanes de manera
lineal sobre un eix proteic, del qual surten llagos de cromatina (figura 1.5,
pag. 25). Els AEs estan compostos per una base de cohesines, incorporades
a l'dltima fase S premeiotica (vegeu punt 1.3.1), sobre la qual es dipositen
dues proteines estructurals: SYCP2 (Synaptonemal Complex Protein 2,
també anomenada SCP2, (Offenberg et al. 1998) i SYCP3 (Synaptonemal
Complex Protein 3, també dita SCP3, (Lammers et al. 1994). Els elements

25



Introducdid

axials sén la base per a la formacié del complex sinaptinemal (SC) en
estadis posteriors (Fawcett 1956; Moses 1956) (vegeu l'apartat 1.3.2.1.3).
La proteina SYCP3 és essencial per a la formacid dels complexos
sinaptinemals, ja que ratolins mascle modificats geneticament en els quals
se suprimeix el gen que codifica per a la SYCP3 (knockout), la meiosi
s’atura a l'estadi de zigoté sense que s’observi la formacié dels AEs o del
SC (Yuan et al. 2000). Per contra, en ratolins femella deficient de SYCP3, la
meiosi es pot completar en abséncia de AEs, tot i que en aquests casos
s’observa una major freqiéncia de bivalents sense recombinacid i d’oocits II

aneuploides (Yuan et al. 2002).

Actualment es creu que les principals funcions dels AEs sén les que

es descriuren a continuacié (Page and Hawley 2004):

- Els AEs promouen la compactaci6 cromosomica durant la profase
meiotica, ja que els ratolins deficients de SYCP3 tenen cromosomes
dos cops més llargs que els ratolins normals (Yuan et al. 2000; Kolas
et al. 2004; Liebe et al. 2004).

- Intervenen en [|'aparellament dels cromosomes homolegs. Els
espermatocits de ratolins knockout per a SYCP3 presenten un
aparellament retardat i mai no assoleixen els nivells d'aparellament
observat en ratolins control (Liebe et al. 2004). Aquestes dades, pero
han estat posades en dubte per altres investigacions que asseguren
gue els homolegs assoleixen un correcte alineament en espermatocits
de ratolins knockout per SYCP3 (Kolas et al. 2004).

- Estudis realitzats en Drosophila melanogaster suggereixen que els
AEs o els elements laterals (LEs, vegeu l'‘apartat seglient) poden

intervenir en la reparacio del DSBs.

- Alguns autors també proposen la implicacié dels AEs o dels LEs en el
control de la distribucidé dels entrecreuaments (fenomen conegut com
a interferéncia, i que descriu que la posici6 d'un punt
d’entrecreuament en un lloc del SC impedeix la localitzacié d‘altres

entrecreuaments a la vora) (Kleckner et al. 2003).
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- Classicament es creia que els AEs o els LEs ajudaven a la confeccid
del SC i permeten I'ensamblatge dels filaments transversals (vegeu
I'apartat 1.3.2.1.3). Els estudis realitzats en ratolins knockout per a
SYCP3 han demostrat, pero, que en absencia d’AE, i només amb els
seus precursors (els eixos de cohesines meiotiques) es pot permetre
I'ensamblatge dels filaments transversals i la formacié d’'un element
central (Kolas et al. 2004, Liebe et al. 2004).

Estudis fets en espermatocits humans han demostrat que durant
I'estadi de leptote els homolegs estan separats i que, per tant, per tal
d'assolir un alineament que permeti el posterior aparellament dels
cromosomes homolegs, es necessiten moviments cromosomics a gran
escala (Scherthan et al. 1998). Una de les estrategies que la cél-lula usa per
afavorir l'aparellament dels cromosomes homolegs és l|'acumulacié dels
teldomers en una petita regid de I'embolcall nuclear. Aquesta polaritzacié
nuclear s'anomena bouquet (vegeu la revisid historica: Scherthan 2001).
Igual que en la majoria d’especies estudiades (Zickler and Kleckner 1998),
tant en espermatocits de ratoli com en huma, aquesta polaritzacié
coincideix amb l'inici de I'aparellament cromosomic. Aixi doncs, |'aparicié del
bouguet només es pot observar durant la transicié entre |'estadi de leptote i
zigote (Scherthan et al. 1996) En mamifers, la durada del bouguet sembla
ser espécie especifica, ja que, en contrast amb el que passa en humans i
ratolins, en espermatocits de vedell la conformacié de bouquet és present
fins a l'estadi de zigote tarda (Pfeifer et al. 2001). A més a més, s’ha
observat una diferéncia de la durada del bouquet en funcié del genere, ja
que en el vedell, el bouguet dura més en ooOcits que en espermatocits
(Pfeifer et al. 2003).

En mamifers, com en la majoria d’eucariotes, exceptuant-ne
mosques i cucs (Champion and Hawley 2002), els processos que conclouran
en entrecreuaments comencen a l'estadi de leptoté i, per tant, abans que
s‘inicii la sinapsi entre els cromosomes homolegs. Com ja s’ha dit
anteriorment, lintercanvi de material entre els cromosomes homolegs

comenca amb l|'aparicié dels DSBs produits per SPO11 (Bergerat et al.
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1997; Keeney et al. 1997; Keeney et al. 1999). Estudis realitzats en ratolins
knockout per SPO11 han demostrat que aquests trencaments soén
indispensables per a la correcta sinapsi cromosomica durant la profase

meiotica (Romanienko and Camerini-Otero 2000).

En les cél-lules somatiques s’ha observat que en les regions limitrofes
als DSBs, produits pel mateix metabolisme cel-lular o per accié d’agents
mutagens, apareix una forma fosforilada de la histona H2AX, que
s'anomena yH2AX, (Rogakou et al. 1999). Aixi doncs, el seguiment
d’'aquesta yH2AX permet la localitzacié de forma indirecta dels DSBs. La
fosforilacio de la H2AX la fan els membres d’una familia de proteines amb
activitat quinasa, semblants a la fosfatidilinositol-3-quinasa (FI3K). Entre

els quals es troben:

La proteina mutada en |'ataxia telangectasia (ATM).

La proteina relacionada amb I’ATM i la Rad3 (ATR).

La proteina relacionada amb I’ATM quinasa (ATX).

La proteina quinasa depenent de DNA (DNA-PK).

Aquestes proteines, d’alguna manera, detecten els DSBs i aleshores
fosforilen determinats residus de les histones H2AX que envolten el tall
(Fernandez-Capetillo et al. 2004). Aquesta fosforilacid facilita I'acumulacio
de proteines involucrades en el procés de reparacié del DNA a la zona de la
lesid. A més, la fosforilacid de la H2AX podria fer canviar I'estructura de la
cromatina que envolta el DSB a fi de mantenir el extrems del trencament
proxims i evitar possibles reorganitzacions cromosomiques (Fernandez-
Capetillo et al. 2003).

El coneixement de l'aparicié de la forma fosforilada de la histona
H2AX a la mitosi ha permeés detectar l'aparici6 de DSBs en la meiosi de
ratolins (Mahadevaiah et al. 2001). Aquests autors proposen que en
espermatocits de ratoli existeixen dos tipus de patrons d’aparicid de yH2AX.
El primer, relacionat amb la formacié de DSBs originada per la proteina

SPO11, on yH2AX apareix de manera més o menys uniforme en tot el nucli

28



Introduccio

a l'estadi de leptote, i a mesura que la profase meiotica avanca va
desapareixent; el segon patrd, que es posa en evidéncia a l'estadi de
paquite, on només resta yH2AX a la vesicula sexual, formada pel parell XY.
L'aparicié6 d’aquest segon patré de yH2AX és independent de SPO11
(Mahadevaiah et al. 2001) i sembla estar involucrada en processos de
condensacié cromosomica i inactivaciod transcripcional (Fernandez-Capetillo
et al. 2004).

LEPTOTE
RAD50
SPOTT e
FI3K NBS
RAD51 BLM
DMC1
AE  AE R
RAD51/DMC1
[ ¥ YH2AX 0 RAD51/DMC1 0 o ]
ZIGOTE PAQUITE
RAD51 RPA
DMC1 BLM
MSH4 MLH3 ks
MSH5
sC
RAD51/DMC1 o RPABLM . '1*’& ;HB4L/'\5/I . TiAHL‘L/g
+RPA +BLM + MSH4/5 i T MLHT

Figura 1.6. Evolucidé del procés de recombinacido en espermatocits de
ratoli.
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L'aparici6 de DSBs a l'estadi de leptote posa en marxa el procés de
reparacid del DNA que, en alguns casos, perd no tots, concloura amb la
recombinacido entre els cromosomes homolegs. En la resta, es produira el
fenomen de conversid genica, que no implica intercanvi de material entre
els homolegs. El processament dels DSBs comenca amb |'eliminacié dels
fragments 5’ per l|'activitat exonucleasa del complex RAD50/MRE11/NBS
(Krogh and Symington 2004) (Figura 1.6, pag. 29), deixant cadenes de
DNA senzilles (ssDNA) amb terminacions 3’. Proteines homologues de RecA
(Recombinase A d’E. coli), com RADS51 i DMC1, s’uneixen a la cadena
senzilla de DNA (Ashley et al. 1995; Terasawa et al. 1995). Aquestes
proteines s’agrupen formant cimuls sobre els AEs i, posteriorment, sobre
el complex sinaptinemal, que s’anomenen foci. En espermatocits de ratoli,
el nombre de foci de RAD51 i DMC1 presents a |'estadi de leptoté és d’uns
250. Aquest nombre és 10 cops superior al nombre de punts de
recombinacid, la qual cosa suggereix que es generen més DSBs que punts
de recombinacid, i per tant, la majoria d’aguests trencaments seran
reparats sense necessitat per exemple de comportar un fenomen
d'intercanvi de material entre els homodlegs (Ashley et al. 1995).
Seguidament, en el mateix estadi de leptote, la proteina RPA (replication
protein A), que és una altra proteina d’unié al DNA de cadena senzilla,
apareix als llocs on hi ha RAD51 i DMC1 (Plug et al. 1997). Al contrari del
gue passa amb RAD51 i DMC1, el nombre de foci de RPA té un maxim cap
a mitjans de zigote, i es troben fins a 250 foci per nucli d’espermatocit de
ratoli (Moens et al. 2001) i després va disminuint progressivament fins a
desaparéixer a l'estadi de paquite. Aquestes proteines, en la transicié
entre el leptote i lI'estadi de zigote, promouen la invasié de la cadena
senzilla de DNA dins de la doble helix de l'altre cromosoma homoleg,
buscant el maxim grau d’homologia possible. L'associacié de proteines
sobre els cromosomes meiodtics formen els noduls de recombinacidé, que en
aquest estadi de la profase s'anomenen noduls de recombinacio

primerencs.

En llevats, s'ha observat que abans que els homolegs s’aparellin,

aquests estan alineats i units entre ells per unes associacions que contenen
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RAD51 i DMC1 (Hunter and Kleckner 2001). Aquesta observaciéo sumada al
gran nombre de foci de RAD51 i DMC1 que es troben en espermatocits de
ratoli (vegeu el paragraf anterior) comparat amb els punts de recombinacio,
ha conduit a alguns autors (Moens et al. 1997; Tarsounas et al. 1999) a
proposar que els acumuls de RAD51, DMC1 i RPA participin també en la
cerca d’homologia intervenint d’aquesta manera en el procés
d’aparellament dels cromosomes homolegs. Treballs recents fets en llevats
(Borner et al. 2004), semblen ratificar aquest fet ja que suggereixen que
I'inici de la sinapsi pot ser regida per les interaccions entre els dos homolegs

degudes als processos de reparacié del DNA.

La reparacid dels DSBs continuara a l'estadi de zigoté, on se
sintetitzara DNA de reparacid, copia de laltre cromosoma homoleg.
Seguidament a l'estadi de paquite, I'extrem sintetitzat sera capag d’unir-se
a I'extrem 5’ del costat oposat del DSB i d’aquesta manera formara una
doble unié de Holliday (Svetlanov and Cohen 2004). Cap a finals de
I'estadi de paquité, aquesta unid es resoldra (Page and Hawley 2004). I,
depenent de com es resolgui, originara recombinacid, procés que implica
intercanvi de material entre els homolegs, o conversié génica, que només
comporta la copia per part d'un homoleg de la seqiéncia de l'altre, sense

intercanviar material entre ells.

1.3.2.1.3. Zigoté

Durant l'estadi de zigoté es produeix |'aparellament i la sinapsi dels
cromosomes homolegs. Primerament, els homolegs es disposen molt
proxims i alineats 'un al costat de l'altre, aquest procés es coneix com
aparellament. Seguidament, en les regions aparellades entre els dos
homolegs apareix el complex sinaptinemal (SC) (Fawcett 1956; Moses

1956), d’aquesta manera es completa la sinapsi cromosomica.

El SC és una estructura proteica tripartida formada per dos elements
laterals (LEs, que son els AEs que apareixen a |'estadi de leptoté per cada

cromosoma homoleg) i un element central (CE) que actua com de

31



Introducdid

cremallera unint els dos homolegs (figura 1.4, pag. 24). L'element central
del SC esta format basicament per SYCP1 (també anomenada SCP1,
(Meuwissen et al. 1992)), tot i que recentment s’han descobert altres
proteines que també formen part d’aquesta regié del SC, com ara FKBP6
(Crackower et al. 2003) i DIO2 (I. Prieto i J. L. Barbero, resultats no
publicats). Els LEs estan compostes per les mateixes proteines que fan els

AEs, és a dir, SYCP3, SYCP2 disposades sobre una base de cohesines.

La funcié basica del SC és estabilitzar la unidé entre els dos homolegs
a mesura que la profase meiotica progressa (Page and Hawley 2003). Tot i
aix0, l'accié del SC no és universal, ja que en determinades espécies, com
el llevat S. Pombe, aquesta estructura entre els homolegs no s’organitza
(Page and Hawley 2004).

Una altra funcié del SC és participar en la maduracié dels
intermediaris de recombinacié a punts d’entrecreuament. Estudis recents
proposen que el SC proporciona la conformacié torcional necessaria per

permetre |'intercanvi entre els cromosomes homolegs (Borner et al. 2004).

Els pocs estudis fets en oocits de mamifers han permeés observar que
I'inici de l'aparellament és diferent en mascles i femelles. De manera
analoga al que s’ha observat en rata (Martinez-Flores et al. 2003), en
espermatocits humans la sinapsi comenga basicament per les regions
subtelomeriques (Rasmussen and Holm 1978); mentre que en oocits
I'aparellament, tot i ser basicament subterminal, també és intersticial
(Bojko 1983; Garcia et al. 1987). Una altra diferéncia de génere que es pot
observar en mamifers, i que pot tenir a veure amb la particularitat femenina
esmentada anteriorment, és la diferent mida dels cromosomes en
espermatocits i en oodcits. Tant estudis de citogenética clasica, com estudis
de mapatge genétic han demostrat que en els 00cits els cromosomes estan
menys condensats que en els espermatocits (Lynn et al. 2002; Martinez-
Flores et al. 2003) amb tot el que aquest fet implica d’interrelacions

heterologues, entrecreuemants, etc.

També segons dades obtingudes a ratoli, el processat dels DSBs
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continua durant l'estadi de zigoté (com es mostra a la figura 1.6, pag. 29).
La helicasa BLM (proteina que quan muta causa la sindrome de Bloom)
s‘uneix als foci de RAD51, DMC1 i RPA. El nombre de foci de BLM
incrementa durant l'estadi de zigoté fins a paquite mitja (Moens et al.
2000), mentre que a mesura que avanca l'estadi de zigote, els foci
corresponents a RAD51 i DMC1 van desapareixent (Ashley and Plug 1998).
En aquest estadi, a aquests noduls de recombinacié se’ls coneix com a
noduls de recombinacié tardans. A aquests se’ls uneixen un heterodimer
proteic de MSH4-MSH5 imprescindible per tal que el sistema de reparacio
de mismatch (MMR) actui correctament en futurs estadis (Cohen and Pollard
2001). MSH4-MSHS5, juntament amb altres proteines del sistema com MLH1
i MLH3 (vegeu l'apartat 1.3.2.1.4), que reconeixen anomalies de la doble
helix del DNA (Kolas and Cohen 2004), estaran presents fins a lI'estadi de
paquite.

En espermatocits de ratoli, durant I'estadi de zigote es troben sobre
els AEs i els SCs dues quinases, ATM i ATR, que formen part de la familia de
quinases semblant a la FI3K (vegeu l'apartat 1.3.2.1.1), i que sembla que
estan involucrades en processos de control de la progressid del cicle
cel-lular. També en espermatocits de ratoli s’ha intentat relacionar la
localitzacié d’ATM i ATR amb la seva funcid en la profase meiotica (Keegan
et al. 1996; Moens et al. 1999; Baart et al. 2000), pero de moment la seva
funcié no és del tot clara. Actualment, es creu que ATM és la proteina que
fosforila la histona H2AX (Fernandez-Capetillo et al. 2004) i inicia d’aquesta
manera el processat dels DSBs durant la profase meiotica, ja que ratolins
deficients d’ATM (knockout d’ATM) presenten alteracions en la localitzacié
dels foci de RAD51 i DMC1 (Barlow et al. 1996), a més de problemes
d’aparellament i un allargament significatiu de I|'estadi de bouquet
(Scherthan et al. 2000a).

Al ratoli mascle a l'estadi de paquité, ATR es localitza preferentment
en els cromosomes que triguen més a aparellar i en la vesicula sexual, el
parell XY. Aquestes dades suggereixen que ATR podria exercir la funcié de

control de la progressié de I'aparellament dels homolegs durant I'estadi de
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zigote (Keegan et al. 1996; Moens et al. 1999). Altrament i sense que sigui
contradictori, un estudi recent (Perera et al. 2004) en el qual es descriu la
colocalitzaci6 d’ATR amb una altra proteina involucrada en processos de
replicaci6 del DNA i que participa en lactivacid dels checkpoints que
controlen els danys al DNA, TOPBP1 (Makiniemi et al. 2001), suggereix que
ATR, juntament amb TOPBP1, monitorarien la recombinacié meiotica i
serien necessaris per a l'activacio del checkpoint de paquité (vegeu l'apartat
1.3.2.1.4).

1.3.2.1.4. Paquité

En aquest estadi els cromosomes homolegs estan completament
sinapsats, és a dir, els homolegs estan units per un SC, i formen els
bivalents. En els mascles, els cromosomes sexuals, X i Y, tenen només dues
petites regions d’homologia, les regions pseudoautosomiques (PAR), per les

quals s’aparellen.

A |'estadi de paquite, s’acaba el procés d’intercanvi de DNA entre els
homolegs (figura 1.6, pag. 29). En espermatocits de ratoli s’ha observat
que, en els noduls de recombinacié tardans, o noduls meiotics, s’hi uneix la
proteina MLH3 (Lipkin et al. 2002). Aquesta és una proteina del sistema de
MMR (Kolas and Cohen 2004), que actua principalment formant un
heterodimer amb altres membres d’aquest sistema de reparacié, com
MLH1, que s’uneix a MLH3 formant els noduls meiotics (Baker et al. 1996).
En aquest sentit, s’'ha observat que MLH1 és un marcador de punts de
recombinacid, ja que estudis realitzats en espermatocits de ratoli,
estimulats amb acid ocadaic per fer progressar la profase meiotica fins a
I'estadi de diplote, es trobaven foci de MLH1 en els quiasmes
(representacié citologica del intercanvis existents entre els homolegs
observables Unicament a l'estadi de diplote, vegeu l'apartat 1.3.2.1.5.)
(Marcon and Moens 2003).

Aixi doncs, el nombre de foci de MLH1 que apareixen per bivalent

estaria relacionat amb la seva llargada. Ara bé, tots els bivalents han de
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presentar almenys un punt de recombinacid, la qual cosa fa que els SCs
més petits presentin més punts de recombinacié del que s’esperaria per la
seva mida (Froenicke et al. 2002). En total, es troben de l'ordre de 24 foci
de MLH1 en espermatocits de ratoli (Baker et al. 1996; Froenicke et al.
2002) i uns 27 en oocits de la mateixa espécie (M. Lenzi, A. Svetlanov, N.K.
Kolas i P.E. Cohen, dades no publicades). Les diferéncies de génere quant al
nombre de punts de recombinacioé sén presents en moltes espécies animals.
En algunes espécies els espermatocits tenen més punts de recombinacid,
per exemple en ovelles, mentre que en altres, sén els oocits els que en
presenten més, per exemple en gos o porc. A més a més, hi ha espécies en
que els nivells de recombinacid sén semblants en ambdds generes, per

exemple en vedells (Lynn et al. 2004).

Aqguesta diferéncia de genere també s’observa en humans. Analisis
que s’han fet revelen que el nombre mitja de foci de MLH1 en oocits és
superior al que es troba en espermatocits. En espermatocits es troben una
mitjana de 51.6 foci per nucli (Barlow and Hultén 1998), mentre que en
oocits alguns estudis han observat una mitjana de 95 foci per oocit (Barlow
and Hultén 1998) mentre que en d’altres estudis, se'n citen uns 70.3 foci
per cél-lula (Tease et al. 2002). A més, la seva localitzacié també sembla
dependre del génere. En espermatocits, els punts de recombinacié
tendeixen a estar en posicions terminals, proxims als telomers, mentre que
en oocits, la majoria de foci de MLH1 observats son intersticials (Barlow
and Hultén 1998; Tease et al. 2002).

Estudis fets amb ratolins knockout han posat de manifest I’'existéncia
d’'un procés de control pel qual les cel-lules que no han completat
satisfactoriament la profase meidtica no progressen. Aquest procés ja
anomenat es coneix com a checkpoint de paquite. En mamifers, les cel-lules
que activen el checkpoint entren en apoptosi i moren (Roeder and Bailis
2000). Sembla que els elements que poden activar el checkpoint de paquite
poden ser DSBs no reparats o altres intermediaris de recombinacié (Hunt
and Hassold 2002), tot i que sembla que, defectes en la sinapsi també hi

poden intervenir (Roeder and Bailis 2000). En aquest cas, en mamifers,
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també existeix una diferéncia de |'eficiencia del procés en funcié del genere
estudiat. EI mateix tipus d’alteracions que en els mascles poden conduir a
I'activacié del checkpoint de paquite i, per tant un bloqueig meiotic, en les
femelles poden no comportar una aturada ni un alentiment de la meiosi
(Hunt and Hassold 2002). Aix0 indica que l'oogénesi és més robusta que
I'espermatogénesi, tot i que aquesta solidesa pugui tenir un cost, que, com
s’ha vist a l'‘apartat 1.1, es pot traduir en un augment en la taxa
d’aneuploidies (Hunt and Hassold 2002).

1.3.2.1.5. Diploté-diacinesi

A |'estadi de diploté, els cromosomes homolegs se separen i queden
units pels quiasmes, i el SC es desorganitza (figura 1.5, pag. 25). Tal com
ja s’ha comentat, els quiasmes soén la manifestacid citologica dels llocs on hi
ha hagut recombinacié. El nombre de quiasmes ila seva localitzacid en els
bivalents son imprescindibles per a la correcta segregacio dels cromosomes

homolegs durant la primera divisié meiotica (Lynn et al. 2004).

En les femelles dels mamifers, la gametogenesi és discontinua (vegeu
I'apartat 1.2.2). Agquest fenomen també afecta la divisi6 meiotica. Aixi, els
oocits de mamifers queden aturats quan arriben a l'estadi especialitzat de
diploté, anomenat dictioté, que pot durar fins a uns 50 anys en el cas dels
humans. Durant aquest temps, tot i que la meiosi esta interrompuda, I'00cit
no esta quiescent (vegeu l'‘apartat 1.2.2); per anomenar alguns dels
multiples processos que tenen lloc durant aquest periode, els cromosomes

tenen una especial activitat transcripcional.

1.3.2.2. Metafase

En aquest estadi I'embolcall nuclear desapareix, i els cromosomes
homolegs es disposen en la placa equatorial orientant els centromers dels

homolegs cap a pols diferents. L’orientacidé cap al mateix pol dels
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centromers de les cromatides germanes, al contrari del que passa en les
divisions mitotiques, és crucial per a la cosegregacié de les cromatides
germanes de cada cromosoma i, per tant, per separar els cromosomes
homolegs al final de la primera divisid meiotica. Aquest procés sembla que

és independent de la unio fisica que existeix entre els homolegs.

La segregacié dels homolegs durant la metafase I depén de tres

factors:

1. Els homolegs han d’estar units almenys per un quiasma.

2. Els cinetocors de les cromatides germanes han de coorientar-se

cap al mateix pol.

3. Les cromatides germanes han d’estar unides mitjangant

cohesines.

En aquest estadi també existeix un sistema de control, el checkpoint
de la transicid metafase-anafase. Aquest, és funcional en espermatocits de
mamifers alentint la transicié entre la metafase i I'anafase si no es déna una
correcta alineacié de tots els bivalents a la placa metafasica (Burke 2000).
Sorprenentment, les poques dades que es tenen de femella fins al moment
indicarien que aquest sistema de control no funcionaria correctament en els
oocits de mamifers, la qual cosa condueix a la produccié d’aneuploidies amb
més freqliéncia que en els mascles (Hunt et al. 1995; LeMaire-Adkins et al.
1997).

1.3.2.3. Anafase i telofase

Durant l'anafase els homolegs se separen, dirigint-se cadascun cap
als pols oposats. Aquest procés esta mitjancat per una proteina, I’APC.
L'activacié d’aquesta comporta, a través de diferents efectors, la destruccid
de REC8 del complex de cohesines dels bracos dels cromosomes, i les
cohesines només queden a les zones pericentromériques de cada

cromosoma. Aix0 facilita la separacid dels homolegs, perd impedeix la
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separacié de les cromatides germanes.

Finalment, a la telofase els cromosomes es reagrupen a cadascun
dels pols de la cel-lula i es produeix la citocinesi, és a dir, la divisio de la
cel-lula en dues cél-lules germanes. Les cel-lules resultants sén haploides,
és a dir, cadascuna té 23 cromosomes, per0 encara cada cromosoma té

dues cromatides germanes.

Posteriorment, les cél-lules poden entrar en una interfase molt breu,
que des del punt de vista genetic es caracteritza per no tenir una fase S de
replicacié del DNA. En alguns casos, sobretot en femelles de mamifers, es
pot donar una transicidé molt rapida i directa des de la primera metafase fins

a la metafase de la segona divisié meiotica.

1.3.3. Segona divisié meiotica

La segona divisi6 meidtica, que no presenta profase en femella
humana, es caracteritza per ser una divisié analoga a una mitosi, amb
I"nica particularitat que la cél-lula que es divideix, en lloc de tenir 46
cromosomes amb dues cromatides cadascun, en té 23. Aixi doncs, al final
d’aquesta divisié s’obtenen normalment dues ceél-lules filles amb 23

molécules de DNA, és a dir haploides.
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Oocit a I'estadi de leptoté hibridat amb sonda WCP 13



Objectius

Aqguest treball continua la linia de recerca que des de finals dels anys
vuitanta s’ha dut a terme a la unitat de Biologia Cel-lular i Genetica Médica
de la Facultat de Medicina de la Universitat Autonoma de Barcelona dirigida
a l'analisi de I'oogenesi en mamifers; concretament en rata (Pujol et al.
1988; Cusidé et al. 1995; Martinez-Flores et al. 2001; Martinez-Flores et al.
2003) i en humans (Garcia et al. 1987; Garcia et al. 1989). Aquesta linia
de recerca té com a objectiu central coneixer com es desenvolupa la

profase meiotica en els odcits de mamifers.

A causa de les particularitats que presenta la gametogénesi femenina
en mamifers (vegeu l'apartat 1.2), la major part de la recerca feta en
meiosi de mamifers s’ha fet en espermatocits. De manera que, fins molt
recentment, i sistematicament, s’han inferit les dades trobades en mascles
per explicar la meiosi en femelles. Ultimament, perd, alguns autors han
comencat a reivindicar les particularitats de la meiosi femenina que la fan
Unica i impossible d’entendre sense estudiar-la directament (Hunt and
Hassold 2002).

A més a més, ja que en humans, la majoria de les aneuploidies
s’originen per errors en l'oogénesi (Hassold and Hunt 2001), i que els
estudis meiotics fets en oocits humans so6n molt escassos, I‘objectiu
principal d’aquest treball ha estat caracteritzar, amb el major detall
possible, el procés de I'aparellament i de sinapsi dels cromosomes homolegs
gue es dona en la profase meiodtica en oocits humans, amb la finalitat de
poder relacionar els resultats trobats amb el que s’ha descrit en
espermatocits. S’esperaven poder trobar particularitats en el
desenvolupament d’‘algun dels processos que intervenen en la profase
meiotica femenina que poguessin aclarir les grans diferéncies existents

entre mascle i femella en l'origen de les aneuploidies en humans.
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Aquest objectiu general es va concretar en els punts seglents:

42

2.1.

2.2.

2.3.

Estudiar detalladament els processos que condueixen a
I'aparellament i la sinapsi dels cromosomes homolegs durant la
profase meiodtica femenina a fi de caracteritzar-la el maxim

possible.

Analitzar com es produeix [|‘aparellament i la sinapsi del
cromosomes homolegs en oo0cits humans quan hi ha un

cromosoma extra, és a dir, en oocits aneuploides.

Desenvolupar un metode de cultiu que promogui la progressio
meiotica dels oocits facilitant d’aquesta manera |'estudi de la

primera divisid meidtica en oocits humans.
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Materials 1 Méetodes

Oocit a I'estadi de leptoté marcat mitjancant immunofluorescencia
SYCP3 (verd) i TIN2 (vermell)



Materials i Metodes

3.1. MATERIAL BIOLOGIC

Ates que els primers estadis de la gametogenesi femenina es duen a
terme durant el segon i tercer trimestre de gestacio, per tal d’estudiar la

profase meidtica en oocits humans s’han d’emprar ovaris fetals.

En aquest estudi s’han fet servir 33 mostres procedents de quatre
centres: Academisch Ziekenhuis van de Vrije Universiteit Brussel de
Brussel-les, la Clinica Tutor Médica de Barcelona, |'Hospital Clinic de
Barcelona i de I'Hospital de la Vall d’Hebron, també de Barcelona. En tots
els centres, les mostres han estat recollides préevia autoritzaciéo del Comité
d’Etica de cada centre i el consentiment signat dels progenitors (taula 3.1,
pag. 46).

Les mostres han provingut d’avortaments terapeutics. De cada cas
s’ha anotat el diagnostic que permetia la interrupcié de I'embaras, aixi com
I'edat de gestacid, calculada per ecografia o per I'Gltim periode menstrual.
La mesura plantar de cada fetus també s’ha apuntat com a marcador de
I'estat de desenvolupament fetal. A la taula 3.1 (pag. 46) es detallen tots

els casos que s’han fet servir per aquest treball experimental.

En aquells casos en que encara no es tenien dades sobre Ia
localitzacié d’una proteina o de la dinamica d’un determinat esdeveniment
en mascle huma, a més de l'analisi en oocits humans, també s’ha realitzat
I'estudi en espermatocits humans procedents d’un individu de fertilitat
contrastada (Scherthan et al. 1996). Les mostres han estat recollides i
processades pel grup de recerca liderat pel Dr. Harry Scherthan, del Max
Planck Institute for Molecular Genetics de Berlin, Alemanya, seguint els
protocols descrits en treballs publicats anteriorment (Scherthan et al.
2000b).
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Cas SG MP Diagnc‘)stic Cariotip
F3 17 - Raé social 46,XX
F15 18 - Sindrome de Down 47 ,XX,+21
T10 15 2.0 Raé social -

T14 16 1.8 Raé social -
C1 20 2.5 Sindrome de Turner 45,X0
C2 13 1.0 Sindrome de Down 47 ,XX,+21
C3 18 - Sindrome d’Edwards 47 ,XX,+18
c4 15 1.9 Sindrome de Down 47 ,XX,+21
V44 21 3.3 Rad social 46,XX
V54 19 2.4 Cardiopatologia -

V55 20 2.8 Polimalformat -

V56 20 3.0 Anencefalia -

V57 19 2.5 Sindrome Arnold Chiari -

V58 18 2.4 Sindrome de Down 47 ,XX,+21
V59 21 2.2 46,XX,del(9)(q31-qter) 46,XX,del(9)(q31-qter)
V60 19 - Sindrome de Down 47 ,XX,+21
V61 22 3.7 Oligoamnios -

V62 21 2.5 Sindrome d’Edwards 47 ,XX,+18
V63 20 2.6 Sindrome d’Edwards 47 ,XX,+18
V64 22 2.8 Transfusié fetofetal -

V65 22 4.5 Transfusié fetofetal -

V66 22 3.2 Sindrome de Turner 45,X0
V67 22 3.9 Transfusié fetofetal -

V68 22 3.6 Transfusié fetofetal -

V69 20 3.0 Alteraci6 tub neural -

V70 19 2.4 Sindrome d’Edwards 47,XX,+18
V80 22 3.5 Polimalformat 46,XX
V84 22 3.9 Polimalformat 46,XX
Vo3 19 2.8 Osteocondrodisplasia 46,XX
Vo4 20 - Alteracié tub neural 46,XX
V98 19 3.2 Distrofia muscular 46,XX

V106 21 - Encefalocele 46,XX

V107 19 - Cardiopatologia 46,XX

Taula 3.1. Relacié dels casos emprats per a la realitzacié de I'estudi.
SG: setmanes de gestacid; MP: mesura plantar, expressada en
centimetres. F: mostres d’Academisch Ziekenhuis van de Vrije
Universiteit Brussel, T: mostres de la Clinica Tutor Médica, C: mostres
de I'Hospital Clinic i V: mostres de I’'Hospital de la Vall d’Hebron.

-: sense dades.
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3.2. METODES

3.2.1. Obtencio dels ovaris

L'obtenci6 de la mostra s’ha dut a terme en les mateixes

instal-lacions on es produia

la interrupcié de I'embaras. Normalment, els

ovaris han estat recollits en menys de dues hores des de I'expulsié del

fetus.

3.2.1.1. Reactius i equip

0O 0O 0O 0o 0 O O

PBS (Sigma)

Penicil-lina/estreptomicina (Gibco-Life Technologies)
Criotubs (Nunc)

Pinces de rellotger

Bisturi

Tisores de disseccio

Sutura esteril (Sutures Arago)

3.2.1.2. Protocol

ol

Farem una incisid a uns 2 cm per sobre de cada cresta iliaca.
Accedirem a la cavitat abdominal.

Localitzarem i extreurem els ovaris.

Dipositarem els ovaris en PBS amb 1"1%

penicil-lina/estreptomicina.

5. Suturarem les incisions.

Mesurarem la longitud de la planta del peu del fetus.

3.2.2. Processament dels ovaris

Un cop s’han obtingut els ovaris,

de

aquests s’han traslladat als
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laboratoris de la Unitat de Biologia Cel-lular i Genética Médica de la Unitat
Docent de Ciencies Mediques Basiques de la Facultat de Medicina de la
Universitat Autonoma de Barcelona, on es continua el processament de la
mostra. De cada parell d’ovaris i en alguns casos, I'un s’ha destinat a
I'extraccid dels oocits en fresc i l'altre s'’ha congelat sencer per a ser

analitzat posteriorment tal com es mostra a la figura 3.1, pag. 49.

3.2.2.1. Reactius i equip

Pipetes Pasteur

Filtres de 22 um (Milipore)
Tubs conics de centrifugadora
Bisturi

Pinces de rellotger

PBS (Sigma)

Isopenta (Fluka)

Pot esteril de 50 ml

Vidre de rellotger

Microscopi estereoscopic (Wild Heerbrugg)
Centrifugadora (Janetzki)
Agulles entomologiques
Criotubs (Nunc)

0o 0o 0 OO0 U 00U 0 0 0 O O

3.2.2.2. Protocol

1. Rentarem els ovaris en un vidre de rellotger amb PBS esteril i
filtrat.

2. Netejarem els ovaris de les restes de teixits adjacents en el
microscopi estereoscopic.

3. Transferirem els ovaris nets a un altre vidre de rellotger amb PBS

esteril i filtrat.
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Obtencié de preparacions
amb morfologia nuclear
preservada

Inclusié en parafina

paraformaldehid

Obtencid de preparacions
amb morfologia nuclear

preservada
Extraccio s
) Extensio d'oocits en
G2l carno
oocits y
\ 4

; Extensio d'odcits en

Extensio d'odcits en

E‘ paraformaldehid

|
S—
i.?‘
7\

¢$X}( A
Congelacio de Obtencié de Congelacié de
cel-lules en cultiu metafases material fixat

Figura 3.1. Processament habitual dels ovaris fetals al laboratori.
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Si l'ovari es destina a ser congelat, cal:

1. Transferirem |'ovari a un pot amb isopenta a —70°C.
2. Un cop estigui congelat, el transferirem a un criotub rotulat.

3. Emmagatzemarem el criotub a -80°C.

Si l'ovari es destina a l'obtencid d’oocits en fresc, cal:

Punxarem |'ovari amb agulles entomologiques.
Recuperarem el PBS i els transferirem a un tub de centrifugadora.
Afegirem més PBS i punxarem de nou l'ovari.

Recuperarem el PBS i els transferirem a un tub de centrifugadora.

A

Repetirem els punts 3 i 4 fins que no s’obtinguin més oodcits.
(Mantindrem les restes d'ovari per tal de fer-ne un cultiu
d’estroma ovaric; apartat 3.2.3).

6. Centrifugarem la solucié cel-lular a 600 G durant 7 minuts.

7. Decantarem el sobrenedant.

8. Resuspendrem el boté cel-lular amb PBS filtrat.

3.2.3. Cultiu d’estroma ovaric

Com que les mostres provenen d‘avortaments terapeutics, Ila
possibilitat d’emprar fetus amb anomalies cromosomiques per caracteritzar
el normal desenvolupament de la profase meidtica en oocits humans és
elevada. Per evitar-ho, s’ha desenvolupat una técnica de cultiu cel-lular que
permet obtenir cel-lules somatiques en estadi de metafase a fi de cariotipar
cada mostra que forma part de l'estudi i coneixer aixi la férmula
cromosomica de cada cas. A la figura 3.1 (pag. 49) es detalla I'estratégia

seguida per obtenir material que permet coneixer el cariotip de cada cas.
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3.2.3.1. Reactius i equip

o 0o 0o o 0 O 0O OO0 0D O 0 O O O

o 0o 0 OO0 000D 0 O O

Pipetes Pasteur

Filtres d’esterilitzacid (Milipore)

Tubs conics de centrifugadora
Portaobjectes (Knittel glaser)

Plaques de Petri (Nunc)

Flascons de cultiu (Corning)

Bisturis

Xeringues

Puntes per a micropipetes

Pots esterils de 50 i 100 ml

Criotubs (Nunc)

Carnoy (metanol:acid aceétic, 3:1)

Clorur de potassi (KCl, Merck)

Dimetil sulfoxid (DMSO, Sigma)
Dulbeco’s modified Eagle’s medium (DMEM, Gibco-Life
Technologies)

AmnioMax™ (Gibco-Life Technologies)
Tripsina (Difco)

EDTA (Sigma)

Serum fetal bovi (FBS, Gibco-Life Technologies)
KaryoMax® (Gibco-Life Technologies)
PBS (Sigma)

Incubador (Forma Scientific)
Centrifugadora (Janetzki)

Cambra de flux laminar (Telstar BH-100)
Micropipetes (Eppendorf)

Microscopi invertit (Olympus CK2 )

3.2.3.2. Protocol

1.
2.

Precalentarem el medi (AmnioMax™ ) i el PBS a 37°C.
Triturarem les restes de teixit ovaric (protocol 3.2.2.2) amb un

bisturi amb 200 ul de PBS esteril per obtenir una suspensid
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10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.
21.

22.
23.

24,

25.

cel-lular.

. Recuperarem la suspensié cel-lular amb PBS i la transferirem a un

tub de centrifugadora.

. Centrifugarem a 600 G durant 10 minuts.

Llencarem el sobrenedant i resuspendrem el boté cel-lular en 0.75
ml de medi de cultiu AmnioMax™.

Sembrarem la mostra en una placa de Petri petita.

Deixarem a l'estufa a 37°C amb el 5% de CO, durant tres dies.
Afegirem medi AmnioMax™ fins a un volum final de 2 ml.
Controlarem diariament I'evolucié del cultiu.

Quan assoleix la confluéncia, rentarem el cultiu amb PBS.
Afegirem 1 ml de tripsina-EDTA.

Observarem al microscopi invertit com es van desprenent les
cel-lules.

Recollirem la solucié cel-lular i la transferirem a un tub de
centrifugadora.

Hi afegirem 6ml de medi DMEM amb el 10% de FBS.

Repetirem el procés si encara queden cél-lules adherides a la
superficie de cultiu.

Centrifugarem durant 10 minuts a 600 G.

Decantarem el sobrenedant.

Resuspendrem el boté i ho diluirem amb 6 ml de medi
AmnioMax™.

Sembrarem la mostra en dues plaques de Petri mitjanes (3 ml per
placa).

Controlarem I'evolucid del cultiu.

Quan un dels dos cultius assoleixi la confluéncia, el rentarem amb
PBS.

Afegirem 1 ml de tripsina-EDTA.

Observarem al microscopi invertit com es van desprenent les
cel-lules.

Recollirem la solucié cel-lular i la transferirem a un tub de
centrifugadora.

Hi afegirem 6ml de medi DMEM amb el 10% de FBS.
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26.

27.
28.
29.

30.
31.

Repetirem el procés si encara queden cél-lules adherides a la
superficie de cultiu.

Centrifugarem durant 10 minuts a 600 G.

Decantarem el sobrenedant.

Resuspendrem el boté i el dilurem amb 6 ml de medi
AmnioMax™,

Sembrarem la mostra en un flasco de cultiu mitja.

Observarem l’evolucio del cultiu.

Quan el cultiu assoleix la confluéncia, s’extreu per tal d’obtenir cél-lules en

estadi de metafase.

1.

v d W N

Afegirem KaryoMax® al cultiu (10 pl per cada 1 ml de medi).

Ho deixarem a l'estufa a 37°C durant 2-3 hores.

Rentarem el cultiu amb PBS.

Afegirem 1 ml de tripsina-EDTA a la placa.

Observarem al microscopi invertit com es van desprenent les
cél-lules.

Recollirem la solucié cel-lular i la transferirem a un tub de

centrifugadora.

7. Hi afegirem 6ml de medi DMEM amb el 10% de FBS.

8. Repetirem el procés si encara queden cél-lules adherides a la

12.
13.
14.
15.

16.
17.
18.

superficie de cultiu.

. Centrifugarem durant 7 minuts a 600G.
10.
11.

Decantarem el sobrenedant.

Resuspendrem el boté i hi afegirem una solucié hipotonica de KCI
0.075 M gota a gota, tenint cura que no s’hi formin grumolls.
Deixarem que |'hipotonic actui a 37°C durant 27 minuts.
Centrifugarem 7 minuts a 600 G.

Decantarem el sobrenedant.

Resuspendrem el botd i ho diluirem amb carnoy fresc gota a gota,
procurant que no es formin grumolls.

Centrifugarem 7 minuts a 600 G.

Decantarem el sobrenedant.

Rentarem dos cops més el botd cel-lular amb carnoy fresc.
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19.
20.
21.

Farem extensions en cambra humida.
Comprovarem la qualitat de les preparacions.
Congelarem les extensions i la soluci6 a -20°C, llevat que s’usi

immediatament.

L'altre cultiu es reserva (figura 3.1, pag. 49) per a ser congelat seguint el

protocol seglent:

1.
2.
3.

Rentarem el cultiu amb PBS.
Afegirem 1 ml de tripsina-EDTA a la placa.
Observarem al microscopi invertit com es van desprenent les

cel-lules.

. Recollirem la solucido cel-lular i la transferirem a un tub de

centrifugacié.

5. Afegirem 6 ml de medi DMEM amb el 10% de FBS.

. Repetirem el procés si encara queden cél-lules adherides a la

superficie de cultiu.

7. Centrifugarem durant 7 minuts a 600 G.

8. Decantarem el sobrenedant.
9. Resuspendrem el boté amb FBS amb el 10% de DMSO.

10.
11.
12.

Transferirem la solucioé cel-lular a criotubs de 2 ml.
Emmagatzemarem a -80°C durant almenys 4 hores.

Transferirem els criotubs al tanc de nitrogen liquid.

3.2.4. Tinci6 de les preparacions de céllules en estadi de metafase

Amb la finlaitat d’extreure el cariotip de cada cas, les preparacions

obtingudes a partir del cultiu d’estroma ovaric s’han tenyit mitjancant la

tecnica de bandes G descrita per Seabright (1971).

3.2.4.1. Reactius i equip

a

a
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Solucié Wright (colorant Wright (Sigma): tampé Sorensen, 1:3)
20xSSC (NaCl 0.3M, citrat trisodic 0.3M en aigua tridestil-lada)
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0O 0o O 0O O

Aigua

Bany (Precisterm)

Cubetes de vidre

Pipetes graduades

Microscopi de camp clar i fluorescéncia (Olympus AX70, Olympus
Optical Co)

Cytovision (Applied Imaging)

3.2.4.2. Protocol

N O A LN

Envellirem les preparacions 2 o 3 dies a temperatura ambient.
Submergirem durant 5 minuts el portaobjectes en 2xSSC a 65°C.
Rentarem els portaobjectes amb aigua.

Deixarem assecar a laire.

Tenyirem la preparacié amb solucié Wright durant 3 minuts.
Rentarem els portaobjectes amb aigua.

Deixarem assecar a l'aire.

Observarem la preparacié al microscopi de camp clar i capturarem

les imatges desitjades.

3.2.5. Extensio6 d’oocits en fresc per a I'analisi citogeneética

Els oocits extrets seguint el protocol descrit anteriorment (secci

3.2.2) s’han processat per a |‘'obtencié de preparacions per realitzar-hi

tecniques de citogenética molecular.

3.2.5.1. Reactius i equip

0O 0O O 0O O

PBS (Sigma)

Clorur de potassi (KCl, Merck)
Carnoy (metanol:acid acétic; 3:1)
Aigua tridestil-lada (MiliQ)

Pipetes Pasteur
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Citocentrifugadora (Hettich)
Portaobjectes (Knittel glaser)
Cubetes de vidre

Xeringues

0O 0o O 0O O

Filtres d’esterilitzacié (Milipore)

3.2.5.2. Protocol

1. Precalentarem una solucié hipotonica de KCI (0,88% en aigua
tridestil-lada) a 37°C.

2. Muntarem els portaobjectes dins del complex per anar a la
citocentrifugadora.

3. Afegirem vuit gotes de la solucid hipotonica de KCI (0,88% a

37°C) i una gota de la suspensié cel-lular obtinguda en el punt 8

del protocol 3.2.2.2.

Deixarem reposar durant 25-30 minuts.

Citocentrifugarem a 115 G durant 15 minuts.

Deixarem reposar 10 minuts.

Alliberarem els portaobjectes del complex de citocentrifugacio.

Deixarem reposar 10 minuts.

VO N O U bk

Immergirem 2 cops els portaobjectes en carnoy fresc durant 10
minuts.
10. Deixarem assecar a l'aire.

11. Congelarem els portaobjectes a —20°C fins a usar-los.

3.2.6. Amplificacié i marcatge de sondes DNA

En determinats casos, s’han generat sondes per a ser aplicades en
protocols d’Hibridacié In Situ Fluorescent (FISH) a partir de DNA genomic
(sonda pan-centromeérica) o de DNA obtingut de YACs (Yeast Artificial
Chromosome) seguint els protocols descrits per Weier et al. (1991) i

Telenius et al. (1992) respectivament.
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3.2.6.1. Reactius i equip

O 0o 0o O 00O 0O 00D 0 O O O

Taq DNA polimerasa (Pharmacia)
Encebador 6-MW:
5’-CCG ACT CGA GNN NNN NAT GTG G-3'
Encebador WAL i WA2:
WA1 5'-GAAGCTA (A/T) (C/G)T(C/A)ACAGAGTT(G/T)AA-3’
WA2 5'-GCTGCAGATC (A/C)C(A/C)AAG(A/T/C)AGTTTC-3’
DNTP-Mix (dATP, dCTP, dGTP 2.5mM i dTTP 1.6mM) (Boehringer)
Biotin-dUTP (Gibco)
Cy3-dUTP (Amersham biosciences)
Aigua tridestil-lada (MiliQ)
20x W1 (Sigma)
DNA Cot-1 (Vysis)
Etanol (Merck)
Acetat de sodi (Merck)
Tampé d’hibridacié (Cambio)
Termociclador (Biometra)
Bany (Precisterm)
Eppendorfs
Puntes per micropipetes

Micropipetes (Eppendorf)

3.2.6.2. Protocol d’amplificacié, marcatge i precipitacio de la sonda 18q
subtelomeérica

L’amplificacié i marcatge de la sonda de DNA s’ha fet usant la reaccié

en cadena de la polimerasa (PCR) que empra com a encebadors

oligonucleotids degenerats (técnica de la DOP-PCR) (Telenius et al. 1992).

1.

Farem una mescla de PCR que contingui:
- 100 ng de DNA del YAC que es vol amplificar i marcar.
- 2,5 ul de 10x tampd de la tag DNA polimerasa.
- 1,5 pl de dNTP-Mix.
- 1 pl de dUTP marcat amb Biotina.
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- 2,5yl d’encebador 6-MW.
- 1,25 pl de 20xW1.
- 0,5 ul de taq polimerasa.
- Afegir-hi aigua tridestil-lada fins a completar un volum
final de 25 pl.
2. Farem la PCR en el termociclador seguint els cicles:
- 1 cicle de 3 minuts a 94°C.
- 30 cicles de 1 minut a 94°C, 1 minut a 62°C i 1,5 minuts
a 72°cC.
- 1 cicle de 8 minuts a 72°C.
3. Desarem el producte de PCR a -20°C fins que es faci servir.
4. Barrejarem:
- X Ml del producte de DOP-PCR.
X pl de DNA Cot-1.
- 6X pul d’etanol.
- 2 Ml d’acetat de sodi 3M.

Ho deixarem almenys 90 minuts a -20°C.

Centrifugarem a 10000 G durant 30 minuts.
Decantarem el sobrenedant i assecarem completament el boto.

Afegirem 2X pl de tampd d’hibridacio.

© © N O W

Ho deixarem 30 minuts a 45°C.
10. Ho desarem a -20°C.

3.2.6.3. Protocol d’obtencié, amplificaci6 i marcatge de la sonda pan-
centromerica

L'obtencid de la sonda pan-centromerica s’ha fet seguint el protocol
descrit per Weier et al. (1991) en el qual es fan servir encebadors
especifics per amplificar les seqliencies de DNA repetitiu o, present en les

regions centromeriques del tots els cromosomes.

1. Cal fer una mescla de PCR que contingui:
- 100 ng del DNA genomic total.
- 2,5 ul de 10x Tampo de la taq polimerasa.
- 1,5 pl de dNTP-Mix.
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1 pl de dUTP marcat amb Cy3.
- 2,5 pl d’encebadors WAL.
- 2,5 Jl d’encebadors WA2.
- 0,5 ul de taq polimerasa.
- Afegir aigua tridestil-lada fins a completar un volum final
de 25 pul.
2. Farem la PCR en el termociclador seguint els cicles:
- 1 cicle de 3 minuts a 94°C.
- 30 cicles de 2 minuts a 94°C, 1,5 minuts a 45°C i 2
minuts a 72°C.
3. Desarem el producte de PCR a -20°C fins que es faci servir.
4. Barrejarem
- X Ml del producte de DOP-PCR.
- 6X ul d’etanol.
- 2 yl d’acetat de sodi 3M.
Ho deixarem almenys 90 minuts a -20°C.
Centrifugarem a 10000 G durant 30 minuts.
Decantarem el sobrenedant i assecarem completament el botd.

Afegirem 2X pyl de tampd d’hibridacio.

© © N o WU

Ho deixarem 30 minuts a 45°C.
10. Ho desarem a -20°C.

3.2.7. Hibridacié in situ fluorescent sobre preparacions d’oocits
fixats amb carnoy

Per analitzar l'aparellament dels cromosomes homolegs durant la
profase meiodtica s’ha utilitzat la técnica de FISH fent servir llibreries de
sondes que comprenen tot un cromosoma (Whole Chromosome Probe;
WCP) i sondes que marquen regions especifiques de determinats

cromosomes (Locus Specific Identification probe, LSI).
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3.2.7.1. Reactius i equip

60
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PBS (Sigma)
Solucié BT de bloqueig:
o Aigua tridestil-lada (MiliQ)
o 1,24% NaHCO; (Merck)
o 0,05% Tween 20 (Sigma)
o 0,2% Sérum amb albumina bovina (BSA, Sigma)
o 0,2% Gelatina (Sigma)
Clorur de magnesi (MgCl,, Merck)
1xPBD (detergent en tampd fosfat): carbonat sodic (Sigma)/NP-40
(Sigma)
Formaldehid (Panreac)
Formamida (Scharlau)
20xSSC  (Clorur de sodi 0,3M, citrat trisodic 0,3M en aigua
tridestil-lada)
Tween 20 (Sigma)
Etanol (Merck)
DNA Cot-1 (Vysis)
WCP 18 (Vysis i Cambio)
WCP 13 (Vysis, Cambio i no comercial cedida pel Dr. R. Stanyon,
NCI, EUA)
LSI 13q14/21g22 (Oncor)
LSI 18pter conjugada amb biotina (sonda no comercial; protocol
3.2.6.2)
Avidina conjugada amb FITC
Kit de deteccié de biotina (Oncor)
DAPI (Sigma)
Vectashield (Vector)
Aigua tridestil-lada (MiliQ)
Cubetes
Cobreobjectes (20x20 mm) (Menzer-glaser)
Cambra humida

Agitador



Materials i Metodes

0o 0o 0o 0o 0o o 0 o O

Estufa (Shel lab)

Centrifugadora (Eppendorf)

Banys (Precisterm)

Pipetes Pasteur

Pinces

Puntes per micropipetes

Micropipetes (Eppendorf)

Microscopi de fluorescencia (Olympus AX70, Olympus Optical Co)
Cytovision (Applied Imaging)

3.2.7.2. Protocol per a sondes WCP Vysis

1.

Banyarem el portaobjectes (obtingut a l'apartat 3.2.5) en 2,3 ml
de MgCl; (1M) en 50 ml de PBS en agitacié durant 5 minuts.

. Fixarem 10 minuts el portaobjectes en 2,5 ml de MgCl, (1M) i 1,5

ml de formaldehid en 50 ml de PBS en agitacio.

Banyarem 5 minuts el portaobjectes en PBS en agitacio.

. Desnaturalitzarem el portaobjectes en 70% de formamida en

2XSSC a pH 7-7,2 a 70-71°C durant 3-3,5 minuts.

. Deshidratarem la preparacioé en solucions d’etanol a -20°C (70%,

85% i 100%) 1 minut per a cadascuna.

6. Deixarem assecar el portaobjectes a l'aire.

Barrejarem 1 ul de sonda amb 2 ul aigua tridestil-lada i 7 ul de

tampo d’hibridacid.

8. Desnaturalitzarem la sonda a 73£1°C 5 minuts.

9. Afegirem 10 pul de sonda sobre la regid desitjada del

10.
11.
12.
13.
14.

15.

portaobjectes.

Afegirem un cobreobjectes de 22x22mm.

Segellarem el cobreobjectes amb cola.

Hibridarem almenys 24 hores a 37°C en cambra humida.

Treurem el cobreobjectes.

Rentarem amb 0,4xSSC amb el 0,3% de Tween 20 a 73°C durant
2 minuts.

Rentarem amb 2xSSC amb el 0,1% de Tween 20 durant 1 minut.
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16.
17.

18.

Deixarem assecar a l'aire.

Afegirem 8 pjl d’una solucié que contingui 0,1 pg/ml de DAPI en
Vectashield.

Observarem al microscopi de fluorescéncia i capturarem les

imatges desitjades.

3.2.7.3. Protocol per a sondes WCP no comercials amb marcatge indirecte
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Barrejarem 2 pl de sonda amb 1 pyl de DNA Cot-1 i 11 pl de
tampo d’hibridacid.

Desnaturalitzarem la sonda a 72°C durant 10 minuts.
Renaturalitzarem la sonda a 37°C durant 90 minuts.

Seguirem el protocol 3.2.7.2. fins al punt 6.

Afegirem 13 pul de sonda sobre la regié desitjada del

portaobjectes.

6. Afegirem un cobreobjectes de 22x22mm i ho segellarem.

7. Ho deixarem hibridar almenys 24 hores a 379C en cambra

humida.

8. Treurem el cobreobjectes en 2xSSC a 45°C.

9. Rentarem amb 50% de formamida en 2xSSC a 45°C durant 2

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

minuts.

Rentarem amb 2xSSC a 45°C durant 2 minuts.

Rentarem amb PBD durant 2 minuts.

Afegirem 30 pul del 1er anticos del kit de deteccié de la biotina.
Incubarem a 37°C durant 15 minuts en cambra humida.
Rentarem dos cops durant 2 minuts en PBD en agitacio.
Afegirem 30 ul del 2on anticos del kit de deteccid de la biotina.
Incubarem a 37°C durant 15 minuts en cambra humida.
Rentarem dos cops durant 2 minuts en PBD en agitacio.
Afegirem 30 ul del 3er anticos del kit de deteccié de la biotina.
Incubarem a 37°C durant 15 minuts en cambra humida.
Rentarem dos cops durant 2 minuts en PBD en agitacio.
Deixarem assecar.

Afegirem 8 pul d’una solucié que contingui 0,1 pg/ml de DAPI en
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Vectashield.
23. Observarem al microscopi de fluorescencia i capturarem les

imatges desitjades.

3.2.7.4. Protocol per a sondes comercials Cambio juntament amb sondes LSI
amb marcatge directe

1. Cal seguir el protocol 3.2.7.2 fins al punt 6.
2. Desnaturalitzarem 10 pl de sonda WCP Cambio i 10 ul de sonda
LSI a 75°C durant 5 minuts.
3. Afegirem 10 pl de cadascuna de les sondes sobre la regio
desitjada del portaobjectes.
4. Afegirem un cobreobjectes de 22x22mm i ho segellarem amb cola.
5. Ho deixarem hibridar almenys 24 hores a 379C en cambra
humida.
6. Rentarem amb 50% formamida en 2xSSC a 45°C durant 7
minuts.
7. Rentarem amb 2xSSC a 45°C durant 5 minuts.
8. Rentarem amb 4xSSC amb el 0,05% de Tween 20 a 45°C durant
5 minuts.
9. Rentarem amb 4xSSC amb el 0,05% de Tween 20 a temperatura
ambient durant 5 minuts.
10. Deixarem assecar a l'aire.
11. Hi afergirem 8 ul d’una solucié que contingui 0,1 pg/ml de DAPI en
Vectashield.
12. Observarem al microscopi de fluorescéncia i capturarem les

imatges desitjades.

3.2.7.5. Protocol per a sondes comercials Cambio juntament amb sondes LSI
amb marcatge indirecte

1. Cal seguir el protocol 3.2.7.2 fins al punt 6.
2. Desnaturalitzarem 10 pl de sonda LSI a 75°C 5 minuts.

3. Renaturalitzarem la sonda LSI a 37°C durant 30 minuts.
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Mentrestant, desnaturalitzarem 10 pl de sonda WCP Cambio a

750C durant 5 minuts.

. Afegirem 10 pl de cadascuna de les sondes sobre la regid

desitjada del portaobjectes.

6. Afegirem un cobreobjectes de 22x22mm i ho segellarem.

7. Ho deixarem hibridar almenys 24 hores a 379C en cambra

11.

12.

13.

14.

15.

16.

17.

humida.
Rentarem amb 50% de formamida en 2xSSC a 45°C durant 7

minuts.

. Rentarem amb 2xSSC a 45°C durant 5 minuts.

10.

Rentarem amb 4xSSC amb el 0,05% de Tween 20 a 45°C durant
5 minuts.

Rentarem amb 4xSSC amb el 0.05% de Tween 20 a temperatura
ambient durant 5 minuts.

Rentarem amb solucié BT de bloqueig a 37°C durant 10 minuts.
Aplicarem 100 pl d'avidina conjugada amb FITC (1/150).
Incubarem durant 35 minuts a 37°C.

Rentarem tres cops amb solucié BT de bloqueig a 37°C durant 10
minuts.

Afegirem 8 pul d’una solucidé que contingui 0,1 pg/ml de DAPI en
Vectashield.

Observarem al microscopi de fluorescéncia i capturarem les

imatges desitjades.

3.2.8. Obtencié de preparacions d’oocits amb morfologia nuclear
preservada

A fi d’analitzar la dinamica dels centromers i de formacié del complex

sinaptonemal durant la profase meiotica, s’ha usat una técnica de fixacid

cel-lular que preserva l'estructura nuclear.
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3.2.8.1. Reactius i equip

Formaldehid (Merck)
Triton X-100 (Sigma)
PBS (Sigma)
Glicina (Sigma)
Glicerol (Sigma)
PTBG:
o PBS (Sigma)
o 0.2% BSA (Sigma)
o 0.2% Gelatina (Sigma)
o 0.05% Tween 20 (Sigma)

Portaobjectes Super Frost

o 0 0 0 0 O

Puntes per micropipetes
Micropipetes (Eppendorf)
Bisturi

Cubetes

0o 0o 0o 0o 0 O

Agitador

3.2.8.2. Protocol

(Treballarem a 4°QC)

1. Tallarem un tros d’ovari congelat a —80°C sobre un portaobjectes
Super Frost.

2. Disgregarem el material.

3. Afegirem 60 pl de PBS amb el 2% de formaldehid i el 0,05% de
Triton X-100.

4. Estendrem la solucié pel portaobjectes amb I'ajut d’una punta de
pipeta.

5. Ho deixarem reposar 15 minuts.

(Treballarem a temperatura ambient)

6. Deixarem assecar fins que estigui practicament sec.

7. Rentarem 10 minuts en PBS amb el 0,5% de glicina.

8. Rentarem amb PTBG durant 10 minuts.

9

. Farem una immunoflourescéncia  (protocol 3.2.10.2) o
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emmagatzemarem el portaobjectes submergit en PBS amb un
80% de glicerol a -20°C.

3.2.9. Extensio d’oocits

Per observar i caracteritzar I'aparicio i el desenvolupament durant la
profase meiotica de les proteines del complex sinaptonemal, aixi com de
proteines involucrades en el procés de recombinacid meiodtica, s’han fet
servir metodes per estendre al maxim els oocits seguint els protocols
descrits per Liebe et al. (2004) si partiem de mostres congelades o per

Martinez-Flores et al. (2003) quan partiem d’ovaris en fresc.

3.2.9.1. Reactius i equip

Paraformaldehid (Aldrich)
Formaldehid (Merck)
Sacarosa (Merck)

Triton X-100 (Sigma)
Lypsol

Borat de sodi (Merck)
Agepon (Agfa)

PBS (Sigma)

Aigua tridestil-lada (MiliQ)
Portes Super Frost
Bisturi

Puntes per micropipetes
Micropipetes (Eppendorf)
Cubetes

Agitador

o o 0o o 0o U 0O 00 0 DO O O O O O

Citocentrifugadora (Hettich)
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3.2.9.2. Protocol d’extensié d’odcits a partir de mostres congelades

1.

Tallarem un tros d’ovari congelat a —80°C sobre un portaobjectes
Super Frost.

Disgregarem el teixit (afegirem aproximadament 20 ul de PBS si
és necessari per queé no s’assequi).

Repartirem aproximadament 5 pl de la solucié cel-lular obtinguda
pel portaobjectes.

Afegirem 80 pl d’una solucidé hipotonica que contingui un 1% de
Lypsol en aigua (10-15 minuts).

Afegirem 90 pl fixador (1% de paraformaldehid, 10% de borat de
sodi 50 mM i 0,15% de Triton X-100 en aigua a pH=9,8).
Assecarem durant almenys 2 hores en cambra humida (no

completament tancada).

7. Rentarem 4 cops en 1% d’Agepon en aigua durant un minut.

Farem immunofluorescéncia (protocol 3.2.10.4.) o ho desarem a
-200°C.

3.2.9.3. Protocol d’extensié d’oocits a partir d’ovaris frescos

. Afegirem un portaobjectes al complex de citocentrifugacio.

Afegirem 0,5 ml d’una solucié hipotonica de sacarosa 0,1 M i una

gota de suspensid cel-lular (punt 8 protocol 3.2.2.2).

3. Centrifugarem a 115 G durant 10 minuts.

Treurem el complex de cintocentrifugacié i deixarem reposar les
preparacions en cambra humida durant almenys 2 hores.
Afegirem 0,6 ml de fixador (9% de formaldehid en aigua a
pH=10), 10 minuts en cambra humida.

Deixarem semiassecar els portaobjectes a temperatura ambient.

7. Rentarem 4 cops en 1% d’Agepon en aigua durant un minut.

8. Farem immunofluorescencia (protocol 3.2.10.4.) o ho desarem a

-20°C.
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3.2.10. Immunofluorescéncia

La localitzaciéd i aparici6 de determinades proteines al llarg de la

profase

meiotica han estat analitzades mitjancant tecniques

d'immunofluorescencia (IF).

3.2.10.1. Reactius i equip
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Tween 20 (Sigma)

Glicina (Sigma)
Formaldehid (Merck)
PBS (Sigma)

PTBG:
o
o
o

O

PBS (Sigma)

0,2% BSA (Sigma)

0,2% Gelatina (Sigma)
0,05% Tween 20 (Sigma)

Anticossos primaris (dilucié i condicions emprades):

O

Anti-MLH1 de ratoli (1/50, tota la nit a 4°C) (BD
Pharmingen)

Anti-REC8 de ratoli (1/200, tota la nit a 4°C) (anticos cedit
pel Dr. J.L. Barbero, DIO/CNB, Espanya)

Anti-RPA de ratoli (1/100, tota la nit a 4°C) (Calbiochem)
Anti-TRF2 de ratoli (1/100, tota la nit a 4°C) (Abcam)
Anti-TIN2 de ratoli (1/100, tota la nit a 4°C o 3 hores a
37°C) (Imgenex)

Anti-SCP3 de conill (1/100, tota la nit a 4°C) (anticds cedit
per la Dra. C. Heyting, WAU, Holanda)

Anti-SCP1 de conill (1/100, 3 hores a 379C o tota la nit a
40C) (anticos cedit per la Dra. C. Heyting, WAU, Holanda)
Anti-yH2AX de conill (1/100, tota la nit a 4°C) (Upstate)
Anti-ATR de conill (1/100, tota la nit a 4°C) (Abcam)
Anti-REC8 de conill (1/100, tota la nit a 4°C) (anticos cedit
pel Dr. J.L. Barbero, DIO/CNB, Espanya)
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a
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Anticossos secundaris (tots sé6n de Jackson ImmunoResearch
Laboratories) (dilucié i condicions emprades):
o Anticonill FITC de cabra (1/100, 35 minuts a 37°C)
o Anticonill Cy5 de cabra (1/100, 35 minuts a 37°C)
o Anticonill Cy3 de cabra (1/100, 35 minuts a 37°C)
o Antiratoli FITC de cabra (1/100, 35 minuts a 37°C)
o Antiratoli Cy5 de cabra (1/100, 35 minuts a 37°C)
o Antiratoli Cy3 de cabra (1/100, 35 minuts a 37°C)
o Anticonill Cy5 de burro (1/1000, 35 minuts a 37°C)
o Fragment Fab anticonill de cabra (1/100, 35 minuts a 37°C)
DAPI (Sigma)
Vectashield (Vector)
Cobreobjectes (Menzel-glaser)
Parafilm (Pechiney)
Eppedorfs
Cubetes
Puntes per micropipetes
Micropipetes (Eppendorf)
Centrifugadora (Janetzki)
Agitador
Estufa (Shel lab)
Nevera
Microscopi de fluorescencia Olympus BX (Olympus Optical Co)

Programari Smart Capture (Vysis)

3.2.10.2. Protocol per a preparacions fresques d’oocits amb morfologia
cel{ular preservada

1.

Aplicarem I'anticos primari (dilucié i temps segons lindicat a
I'apartat de reactius, 3.2.10.1).

Rentarem 4 cops durant 3 minuts amb PTBG a 37°C en agitacid.

3. Aplicarem I'anticos secundari (dilucié i temps segons l|‘anticos

usat, vegeu l'apartat 3.2.10.1).

Rentarem 4 cops durant 3 minuts amb PTBG a 37°C en agitacio.
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5. Fixarem el senyal amb un 1% de formaldehid en PBS durant 10
minuts.

6. Rentarem amb PBS amb el 0,5% de glicina en PBS durant 5
minuts en agitacio.

7. Rentarem 10 minuts en PTBG a 37°C en agitacio.

8. Afegirem 30 pl d’una solucié que contingui 0,1 pg/ml de DAPI en
Vectashield.

9. Ho observarem al microscopi de fluorescéncia i capturarem les

imatges desitjades.

3.2.10.3. Protocol per a preparacions congelades en PBS amb el 80% de
glicerol d’oocits amb morfologia cel dular preservada

1. Rentarem dos cops durant 5 minuts en PBS en agitacid.
2. Rentarem durant 15 minuts en PTBG a 37°C en agitacié.

3. Seguirem amb el protocol 3.2.10.2.

3.2.10.4. Protocol per a extensions fresques d’oocits

1. Rentarem durant 10 minuts en PTBG a 37°C en agitacio.

2. Seguirem amb el protocol 3.2.10.2.

3.2.10.5. Protocol per a extensions congelades a —20°C d’oocits

1. Descongelarem el portaobjectes a temperatura ambient 2-3
minuts.

2. Rentarem 5 minuts en aigua.

3. Rentarem durant 10 minuts en PTBG a 37°C en agitacié.

4. Seguirem amb el protocol 3.2.10.2.

3.2.11. FISH sobre portes tractats amb IF

En alguns casos, a fi d’identificar algun cromosoma en concret, s’ha

fet una hibridacié in situ fluorescent sobre preparacions en que previament
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s’havia practicat immunofluorescéncia, seguint el protocol descrit per

Scherthan et al. (1996) amb lleugeres modificacions.

3.2.11.1. Reactius i equip

Formamida (Scharlau)

20xSSC (NacCl 0,3M, citrat trisodic 0,3M en aigua tridestil-lada)
Tiocianat de sodi (NaSCN , Merck)
Etanol (Merck)

Sonda LSI 18qter (protocol 3.2.6.2.)
Avidina conjugada amb FITC

Aigua tridestil-lada (MiliQ)

DAPI (Sigma)

Vectashield (Vector)

Bany (Precisterm)

Cambra humida

Centrifugadora (Janetzki)

Cubetes

Puntes per micropipetes
Micropipetes (Eppendorf)

Cobreobjectes (Menzel-glasser)

o o 0o o 0o O OO 0O 000D DO O O O

Agitador

3.2.11.2. Protocol

1. Rentarem el portaobjectes durant dos minuts en aigua.

2. Deixarem assecar a l'aire.

3. Desnaturalitzarem el portaobjectes en 70% de formamida en
2xSSC a 70°C durant 5 minuts.

4. Rentarem un minut en aigua.

5. Aplicarem uns 100 pyl de NaSCN 1 M al portaobjectes durant 3
hores en cambra humida a 65°C.

6. Deixarem assecar a l'aire.

71



Materials i Metodes

10.
11.
12.

Desnaturalitzarem el portaobjectes en 70% de formamida en
2XSSC a 70°C durant 5 minuts.

. Deshidratarem el portaobjectes en solucions del 70%, 80% i

100% d’etanol a —-20°C durant 1 minut en cadascuna.

. Aplicarem la sonda préeviament desnaturalitzada (vegeu els punts

3-5, del protocol 3.2.7.5).
Hibridarem a 37°C almenys 72 hores en cambra humida.
Rentarem amb 0,05xSSC a 45°C en agitacié durant 5 minuts.

Seguirem els punts 12-16 del protocol 3.2.7.5.

3.2.12. Inclusié d’ovaris en blocs de parafina

A fi d’observar la situacido dels centromers i telomers, aixi com la

dinamica d’aparellament cromosomic durant la profase meiodtica s’han

inclos trossos de teixit ovaric en parafina, per al posterior processament de

la mostra.

3.2.12.1. Reactius i equip

o 0o 0o o0 O 0O 00O 0 O O O
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Formaldehid (Merck)

PBS (Sigma)

20xSSC (NacCl 0,3M, citrat trisodic 0,3M en aigua tridestil-lada)
Etanol (Merck)

Penta (Sigma)

Parafina

Portaobjectes Super Frost
Motllos petits

Pipetes Pasteur
Eppendorfs

Estufa (Shel lab)

Bany (Precisterm)
Microtom

Placa calenta (Hybrit, Vysis)
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3.2.12.2. Protocol

1.

Fixarem un tros d’ovari durant 4 hores en 4% de formaldehid en
PBS.

. Rentarem 3 cops durant 5 minuts en PBS.

3. Rentarem 5 minuts en 1xSSC.

. Deshidratarem el teixit amb banys successius de 30 minuts

cadascun en solucions de 70%, 80% i 90% d’etanol.

5. Farem 3 banys de 10 minuts en etanol al 100%.

6. Submergirem la mostra durant 20 minuts en una solucié a parts

iguals d’etanol i penta.

7. Submergirem la mostra en penta durant 20 minuts.

8. Submergirem la mostra en una solucid a parts iguals de penta i

13.
14.
15.
16.

17.

parafina a 60°C durant 30 minuts.

. Submergirem la mostra en parafina a 60°C durant tota la nit.
10.
11.
12.

Abocarem la mostra amb nova parafina a 60°C dins un motllo.
Deixarem refredar la parafina.

Treurem el bloc de parafina del motllo, un cop estigui fred, i ho
desarem a 4°C.

Tallarem el bloc fent seccions de 5 a 10 um de gruix.

Dipositarem els talls en un bany d'aigua a 37°C.

Recollirem els talls sobre un portaobjectes.

Deixarem el portaobjectes al damunt d’una placa calenta durant
unes hores.

Desarem les preparacions a temperatura ambient fins que s’hagin

de fer servir.

3.2.13. FISH sobre talls de parafina

El processament de les preparacions amb talls de parafina s’ha fet

seguint el protocol descrit per Scherthan et al. (1994) amb algunes

variacions.

73



Materials i Metodes

3.2.13.1. Reactiu i equip

0O 0o o o OO OO 0 U O UD O D O 0 O O DO

3.213.2
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1.

Xilol (Panreac)

Isopropanol (Panreac)

Etanol (Merck)

Aigua tridestil-lada (MiliQ)

Tiocianat de sodi (NaSCN, Merck)

PBS (Sigma)

20xSSC (NacCl 0,3M, citrat trisodic 0,3M en aigua tridestil-lada)
Formaldehid (Merck)

Pepsina (Sigma)

Acid clorhidric (HCI, Merck)

Sonda PNA pan-telomerica conjugada amb FITC (Dako)

Sonda pan-centromeérica conjugada amb Cy3 (protocol 3.2.6.3)
DAPI (Sigma)

Vectashield (Vector)

Puntes per micropipetes

Micropipetes (Eppendorf)

Bany (Precisterm)

Estufa (Shel lab)

Placa calenta (Hybrit, Vysis)

. Protocol

Rentarem dos cops els portes en xilol a 60°C durant 5 minuts.

2. Rentarem amb isopropanol durant 5 minuts.

Hidratarem les preparacions amb banys successius de 5 minuts en
100%, 80% i 55% d’etanol en aigua tridestil-lada.

Rentarem amb aigua tridestil-lada durant 5 minuts.

5. Aplicarem al porta 100 pl de NaSCN 1 M a 60°C durant 1-2 hores

en cambra humida.

Rentarem amb aigua tridestil-lada durant 5 minuts.

7. Rentarem amb 1xSSC durant 5 minuts.
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8. Rentarem amb aigua tridestil-lada 5 minuts.

9. Digerirem en una solucid de HCl (pH=2) a 37°C que contingui

10.
11.
12.
13.
14.
15.

16.

17.

18.

19.

pepsina (1 mg/ml) .

Aturarem la digestié en PBS durant 5 minuts.

Fixarem la preparacio en 1% de formaldehid en PBS.

Rentarem amb 0,05% de glicina en PBS.

Aplicarem 2 pul de la sonda desitjada sobre el tall histologic.

Hi posarem un cobreobjectes i ho segellarem amb cola.
Desnaturalitzarem el portaobjectes i la sonda alhora en una placa
calenta a 75°C durant 5 minuts.

Deixarem hibridant a 37°C durant almenys 72 hores.

Rentarem la hibridaci6 amb 0,05xSSC a 42°C durant 5 minuts.
Afergirem 30 pl d’una solucié que contingui 0,1 pg/ml de DAPI en
Vectashield.

Observarem al microscopi de fluorescéncia i capturarem les

imatges desitjades.

3.2.14. Tecnica de cultiu d’ovaris fetals

S’ha aplicat una técnica de cultiu, descrita a continuacié, amb la

finalitat de facilitar I'estudi de la profase meiodtica en oocits humans.

3.2.14.1. Reactius i equip

o 0 0 O 000 o O

Medi «MEM (Gibco BRL)

Medi L15 (Gibco BRL)

Sérum fetal bovi (FBS, Sigma)

Serum huma amb albumina (HSA, Grifols)
Dimetil sulfoxid (DMSO, Sigma)
Penicil-lina/estreptomicina (Gibco BRL)
Insulina (Gibco BRL)

Seleni (Gibco BRL)

Transferrina (Gibco BRL)
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Q

O 0O 0O 0O O

3.214.2

1.

Medi de cultiu llarg:

o oMEM

o 2% HSA

o 5 ng/mlinsulina

o 5 pg/ml transferrina

o 5 ng/ml seleni

o 1% penicil-lina/estreptomicina
Plaques cultiu organs (Falcon)
Plaques cultiu teixit (Falcon)
Tubs de 5 ml (Falcon)
Estufa (Shel lab)

Bany (Precisterm)

. Protocol per a trossos d’ovari congelats.

Prepararem el medi «MEM amb 10% de FBS i l'equilibrarem a
I'estufa a 37°C i 5% CO.,.

. Treurem el criotub del tanc de nitrogen liquid.

3. Liquarem el tub en un bany a 39°C (maxim 1 minut).

4. Passarem el contingut del tub a medi L15 amb DMSO 1,5M en un

10.
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bany de gel.

. Transferirem els trossos d’ovari a medi L15 amb DMSO 1M

durant 5 minuts.

. Transferirem els trossos d’ovari a medi L15 amb DMSO 0,5M

durant 5 minuts.
Transferirem els trossos d’ovari a medi L15 a 37°C durant 15

minuts.

. Ho posarem en les plaques de cultiu d’organs amb medi a«MEM

amb el 10% de FBS a 37°C i 5% CO, i deixar-ho tota la nit.

. Prepararem el medi de cultiu llarg abans d’usar-lo i el deixarem

equilibrant-se a I'estufa a 37°C i 5% CO..
Posarem un maxim de 4 trossos d’ovari per tub amb 5 ml de
medi de cultiu llarg equilibrat, farem tants tubs com el doble de

setmanes que es vulgui mantenir els ovaris en cultiu.
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11. Ho deixarem a l'estufa a 37°C i 5% CO:..

12. Passada una setmana, canviarem la meitat del medi de cultiu per
medi fresc equilibrat.

13. Extreurem dos tubs per setmana de cultiu i processarem els ovaris

en fresc o els congelarem a -80°C.

3.2.14.3. Protocol per a ovaris en fresc

Netejarem l'ovari dels teixits adjacents.
Fraccionarem cada ovari en uns 10 trossos d’igual mida.

Barrejarem els trossos de tots dos ovaris.

ol

Introduirem el trossos d’ovari de dos en dos en els tubs de cultiu
amb medi de cultiu llarg equilibrat anteriorment, farem tants tubs
com el doble de setmanes que es vulgui mantenir el cultiu.

5. Separarem 4 trossos d’ovari per a l'analisi de la mostra a temps
zero.

6. Continuarem el protocol 3.2.14.2 a partir del punt 11.
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Capitol 4

Resultats

Oocit a I'estadi de zigoté marcat mitjancant immunofluorescencia
SYCP1 (verd) i TIN2 (vermell)



Resultats

Els resultats originats en aquest estudi han conduit a la produccio
dels seglients treballs que han estat publicats en revistes cientifiques
d’ambit internacional, excepte un manuscrit que en el moment de dipositar

la tesi és en periode de revisid.
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Abstract

Some studies have been carried out to analyze human female first meiotic prophase. Most of them use samples
from foetuses collected after legal interruption of pregnancy. In some cases, a control population is needed and
foetuses aborted for non-chromosomal reasons are used. The assumption of these samples as being euploids could
perhaps represent an error. In this article, we describe an easy methodology to certify the euploidy of foetal
ovarian tissue using an one-week somatic culture. Using this protocol, we have obtained a primary culture in
88.2% of the studied cases, material usable for being karyotyped in 93.3% of the cases, and a cytogenetic
diagnosis was performed in 100% of these cases. Finding the same karyotype in cultured cells in cases in which we
had a prenatal cytogenetic diagnosis has validated the technique, and in applying this protocol we have been able
to check our prophase meiotic-study control population.

Introduction

Aneuploidy is one of the most frequent causes of
spontaneous abortions and newborns with severe
anomalies. Chromosomal aneuploidy has an inci-
dence of 0.3% in newborns (Hassold et al. 1996). It
mainly originates before fecundation, during gameto-
genesis, due to meiosis non-disjunction. Although
many differences in terms of maternal-origin per-
centage have been found regarding the analyzed
chromosome (Zaragoza et al. 1994), most of the
published studies mention a predominant maternal
origin (Hansmann and Probeck 1979; Kupke and
Miiller 1989; Nothen et al. 1993; Ya-gang et al. 1993;
Zaragoza et al. 1994; Fisher et al. 1995; Eggermann et
al. 1996; Bugge et al. 1998; Nicolaidis and Petersen
1998). The cause of this difference in parental-origin
in the etiology of some aneuploidies has been a topic
of discussion amongst geneticists involved in human
reproduction.

To study first meiotic stages or the pairing process
of homologous chromosomes in the human female is
one way to know about these reasons and implies the
use of foetal samples. Meiosis starts around the 12th
gestational week and it is blocked when it arrives at
the dictyotene stage, also during the foetal time-
period. In the majority of the human female meiosis I
studies performed, samples are collected from in-
duced therapeutic abortions (Speed 1984; Garcia et al.
1987, 1989; Cheng and Gartler 1994; Cheng et al.
1995; Barlow and Hultén 1997a, 1997b, 1998; Cheng
et al. 1998, 1999; Hartshorne et al. 1999; Tease et al.
2002). This means that most of the aborted foetuses
have an anatomical, physiological, genetic or chromo-
somal abnormality. Because a control population is
needed (Cheng and Gartler 1994; Cheng et al. 1995;
Barlow and Hultén 1997a, 1998; Cheng et al. 1998;
Hartshorne et al. 1999; Tease et al. 2002) foetuses
aborted for non-chromosomal reasons are used as
controls. To assume that foetuses aborted, due to
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non-chromosomal reasons, are euploids could cause
some errors in the definition of ‘normality’ by clas-
sifying cases which may not be 46,XX as normal.

The aim of this work is to develop a suitable and
reproducible technique that would allow us to classify
as euploid, samples about whose karyotype we knew
nothing, using samples of ovarian tissue available
after extraction of oocytes. Cases, where the
karyotype was known, were used as controls to check
the efficiency of this technique. In addition, the cul-
tures were used to establish cryopreserved stocks of
somatic cells for future studies.

Materials and methods

Biological material

For the present study 17 foetuses were used (Table 1),
all of which were collected after ethical approval for
interruption of pregnancy: with permission of the
family and according to the Ethical Rules Committee
from the Hospital Vall d’Hebron and the Hospital
Clinic of Barcelona, Spain. Gestational age was
calculated from the last menstrual period, where
available, by foot length and by ecography. In 11
cases a prenatal cytogenetic diagnosis was known.

Establishment of primary cultures

Ovaries were collected at the hospital in Phosphate
Buffer Solution (PBS) 1% penicillin-streptomycin
(Gibco-Life Technologies; Paisley, UK) within the
first 6 hours after delivery and samples were trans-
ported within 30 min to the laboratory. The ovaries
were dissected under sterile conditions from adjacent
tissues and washed in PBS.

After extracting oocytes by needle puncture (Mar-
tinez Flores et al. 2003), the ovaries were disaggre-
gated mechanically in PBS solution. The cellular
solution was centrifuged for 7 min at 600 g and the
supernatant removed. The cellular pellet was dis-
solved in pre-warmed AmnioMax ™ medium (Gibco-
Life Technologies; Paisley, UK) with and without 1%
Fungizone (Gibco-Life Technologies; Paisley, UK)
(Table 1) and 1.25 ml of the solution was cultured in a
Petri dish (Nunc; Roskilde, Denmark) in 5% CO,/
95% air at 37 °C.

Evolution of the culture was observed every day
under an Olympus CK2 inverted microscope
(Olympus Optical Co.; Hamburg, Germany). On the
second day of culture, new medium was added up to a
final volume of 2.5 ml.

Obtaining material for cytogenetic analysis

After 7-8 days of culture, confluence was reached

Table 1. Relation of the cases used to apply the protocol. Origin, foot length, gestation weeks, the culture medium, the therapeutic abortion
reason and karyotype obtained from the study of the stromal ovarian culture are shown per each one. Note that in some cases prenatal
karyotype was known.

Case Foot length® G.W. Culture Medium Clinical Diagnosis Stromal Culture Karyotype
V54 2.4 19 AmnioMax ™ 1% Fungizone Cardiopathology 46,XX

V57 2.5 19 AmnioMax ™ Arnold Chiari S. 46,XX

V58 2.4 18 AmnioMax ™ 1% Fungizone 47,XX,+21 47,XX,+21

V59 2.2 21 AmnioMax ™ 1% Fungizone 46,XX,del(9)(q31-qter) 46,XX,del(9)(q31-qter)
V60 - 19 AmnioMax™ 1% Fungizone 47,XX,+21 47, XX,+21

V61 3.7 22 AmnioMax ™ Oligoamnios; 46, XX 46,XX

V62 2.5 21 AmnioMax ™ 47,XX,+18 47, XX,+18

V63 2.6 20 AmnioMax ™ 47,XX,+18 47, XX,+18

V64 2.8 22 AmnioMax ™ Foeto-foetal transfusion 46,XX

V65 4.5 22 AmnioMax ™ Foeto-foetal transfusion 46,XX

V66 3.2 22 AmnioMax ™ 45,X0 45,X0

V67 3.9 22 AmnioMax ™ Foeto-foetal transfusion 46,XX

V68 3.55 22 AmnioMax ™ Foeto-foetal transfusion 46,XX

Cl 2.5 20 AmnioMax™ 1% Fungizone 45,X0 45,X0

Cc2 1 13 AmnioMax ™ 1% Fungizone 47,XX,+21 -

C3 - 18 AmnioMax ™ 1% Fungizone 47,XX,+18 —

C4 1.9 15 AmnioMax™ 1% Fungizone 47.XX,+21 —

V: samples from Hospital de la Vall d’Hebron. C: from Hospital Clinic. GW.: Gestational Weeks. * Foot length measured in centimetres.



and the culture was then divided into two parts. A
smaller portion (around 30%) was cultured in a Petri
dish (Nunc; Roskilde, Denmark) to freeze the cells
and the remainder was transferred to a Falcon culture
bottle (Corning Coastor Corporation; Cambridge,
USA) in order to obtain metaphase stage cells from
which to obtain the karyotype. Twenty-four hours
after the transfer, extraction of the culture was per-
formed. KaryoMax® Colcemid (Gibco-Life Tech-
nologies; Paisley, UK) was first applied for a period
of 2 hours to the Falcon culture bottle followed by
extraction and processing to obtain metaphase-cell
‘spreads’ using conventional cytogenetic procedures.

Preservation and recovery of somatic cells

Once a confluent monolayer was achieved in the Petri
dish, extraction of the secondary culture was per-
formed and the cells obtained were suspended in
Foetal Calf Serum (Gibco-Life Technologies; Paisley,
UK) with 10% dimethyl sulfoxide (Sigma Chemical
Co; St. Louis, USA) and aliquotted in cryotubes
(Nunc; Roskilde, Denmark). These aliquots were
placed at —80 °C for at least four hours and then
transferred to storage in liquid nitrogen.

Some frozen material was thawed in order to check
the survival rate. A cryotube of frozen cellular sus-
pension was thawed at 37 °C and DMEM medium
(Gibco-Life Technologies; Paisley, UK) with 10%
FCS was added to a final volume of 10 ml. After
centrifugation, the cellular pellet was resuspended in
fresh, pre-warmed AmnioMax ™ (medium and cul-
tured in 5% CO,/ 95% air at 37 °C.
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The freezing protocol was applied in all cases in
which a primary culture had been obtained. The
thawing protocol was applied in 4 cases (V54, V57,
V64 and C1) to check for survival of frozen cells.

Karyology

Slides were G-banded as described by Seabright
(Seabright 1971) with slight modifications and ana-
lyzed in an Olympus AX70 brightfield photomicros-
cope (Olympus Optical Co.; Hamburg, Germany).
Images were captured and produced by a Cytovision
system (Applied Imaging; Sunderland, UK). At least
10 full karyotype cells were analyzed per case.

In some cases, FISH was performed to assess
chromosomal abnormalities (V58) or to check chro-
mosome morphology and particular banding pattern
(V54), first found in G-banding analysis, using direct-
ly labelled whole-chromosome probes (Cambio;
Cambridge, UK).

Results

Using the previously mentioned protocol, a primary
culture was obtained from 15 ovaries out of 17
processed cases (88.2%) (Table 1). Morphology of
the cultured cells was primarily fibroblast-like (Figure
1), although some round-shaped cells were present.

Material appropiated for karyology was obtained
from 93.3% of the cultures performed. In addition a
cytogenetic diagnosis was realized in 100% of the

Figure 1. Image of a cell culture from case V64, 2 days after thawing, at 100 X magnification (A). Detail of a group of fibroblast-like cells at

200 X magnification (B).
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cases for which metaphase spreads were achieved
(Table 1).

The efficiency with which primary cultures were
obtained in the presence or absence of Fungizone
showed significant differences. Efficiency of the cul-
ture technique appeared to be enhanced without Fun-
gizone (x°=4.098, p=0.043). However, other factors
controlling primary culture establishment (see Discus-
sion) could also explain these differences.

In general, a minimal cellular concentration of
approximately 620,000 cells per milliliter was enough
to initiate a primary culture. Attached cells were
usually observed on the second or third day of culture.
After one week of culture, a monolayer of attached
fibroblast-like cells was present in the primary culture
Petri dish covering approximately 90% of the surface.

The higher amount of cells in the metaphase stage
was captured 24 h after the last transfer to the Falcon
culture bottle and after applying colcemid treatment
for 2 h.

In all cases in the trial a cryopreserved culture was
established. In four cases (V54,V57,V64 and C1) the
thawing protocol was applied, yielding a culture
covering approximately 90% of the culturing surface
in less than 4 d although some non-attached cells were
present in the medium (Figure 1).

In all cases (V54 and V58) in which FISH was
performed, the same results were achieved using G-
banding analysis and chromosome painting.

Discussion

This paper, describes for the first time a somatic
culture protocol to obtain material for Karyology from
ovarian stroma collected from foetal samples after
legal interruption of pregnancy. This methodology is
straightforward, reproducible and suggests that an
exact karyotype may be obtained from samples whose
chromosome complement is unknown. Although
there is still a small risk of diagnostic error originating
in the different embryologic origin of somatic ovary
cell-lines and germ cells, knowledge of the karyotype
from ovarian stromal cells minimizes possible mis-
interpretation caused by the presence of a mosaicism
in cytogenetic studies performed in oocytes I.

The establishment and evolution of the culture are
subject to common factors like quality of the sample,
cellular density, pH, osmolarity, temperature, chro-
mosome complement of the cultured cells, etc. In this

particular case, some of the more critical factors are
cell density and specimen quality.

In order to obtain a successful primary culture a
minimal cellular density is needed in order to allow
cellular paracrine interactions to work. We have seen
that a concentration of about 620,000 cells per millili-
ter is enough to establish a primary culture. We think
this could be one reason to explain why we were
unsuccessful in obtaining a primary culture from
cases C2 and C4 (Table 1). The availability of a small
amount of tissue, due to the early developmental
stages, added to a division of the cellular suspension
in several fractions in order to perform different kinds
of culture techniques (data not shown), did not permit
the minimal critical cell density required to establish
primary cultures.

In terms of specimen quality, the time between
delivery and processing of the sample is an important
factor. The ovary, in the foetal stage, is porous and
capable of absorbing surrounding solutions. There-
fore, once the foetus is expelled, the ovary must be
removed as quickly as possible to prevent it from
coming into contact with internal solutions, which
could damage it irreversibly. These observations
agree with what is published announcing the freshness
of the ovaries as a critical factor for obtaining a high
hybridization efficiency rate in oocyte I when Fluores-
cent in situ Hybridization (FISH) is performed
(Cheng and Gartler 1994).

The influence of the presence of Fungizone in the
medium is not yet clear. It may seem that the fun-
gicide could be toxic for some cultures, but the data
presented here are not sufficient to confirm this. A
variety of factors relating to specimen quality and in
vitro culture may influence data from primary cul-
tures. However, for the diagnosis of our meiotic
prophase study samples, we have excluded Fungizone
from the culture medium.

The identification of the same karyotype in cells
from foetal ovarian stromal cultures and clinical
cytogenetic diagnosis (V58,V59,V60,V61,V62,V63,
V66 and C1) (Table 1) has enabled us to propose this
technique as an easy way to detect the euploidy of
samples which enter a female meiotic prophase study.

Using this protocol, we have been able to classify
different cases as control, which had an anatomical
anomaly (V54,V57,V64,V65,V67 and V68). In this
sense, we believe that it is very important to be able to
certify the euploidy of a sample in order to define how
meiotic prophase takes place in ‘wild type’. More-
over, this is the case when an interchromosomal effect



has been postulated to interact with the normal evolu-
tion of meiosis in some aneuploidy cases.

This protocol is a further step towards better under-
standing of what happens in female meiotic prophase.
Other developmental, physiological and anatomical
factors, which may affect the evolution of first meiotic
stages, must be detected in order to increase our
knowledge of human female meiotic prophase.
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SUMMARY

BACKGROUND: Studies on human oocytes in prophase | are limited due to
the difficulty of obtaining the sample. However, a complete study of meiotic
prophase evolution and the homolog pairing process is necessary to try to
understand oogenesis implication in the origin of human aneuploidy.
METHODS: In this paper a complete analysis of meiotic prophase
progression comprising the long developmental time-period during which
meiotic prophase takes place, based on the analysis of a total of 8603
oocytes in prophase | from 15 different cases is presented. The pairing
process of chromosomes 13 and 18 is also described.

RESULTS: Results significantly relate for the first time the evolution of the
meiotic prophase to fetal development. Although for both chromosomes 13
and 18 a high pairing efficiency is found, pairing failure at the pachytene
stage has been observed in 0.1% of oocytes. However, errors at the
diplotene stage are substantially increased, suggesting that complete,
premature disjunction of the homologs commonly occurs. Moreover, pre-
meiotic errors are also described.

CONCLUSIONS: Our findings show that homologous chromosomes pair
very efficiently, but the high frequency of complete, premature homolog
separation found at diplotene suggests that mechanisms other than the
pairing process could be more likely to lead to the high aneuploidy rate

observed in human oocytes.



KEY WORDS: human oocytes, fetal development, meiosis, aneuploidy and synapsis.



INTRODUCTION

Gametogenesis implies the reduction of the chromosome complement to
haploidy, to restore diploidy after fertilization. This process is accomplished
by meiosis, in which the search for homology, recognition and exchange of
genetic material occurs between homologous chromosomes.

In the human female, meiosis starts during the fetal stage. Therefore,
samples are seldom available. For this reason studies performed in human
oocytes in prophase | have been scarce. However, the involvement of
oogenesis in the origin of aneuploidy is crucial (Hassold and Hunt, 2001).
Several researchers have studied the early meiotic stages in human female
gametogenesis using classical approaches (Ohno et al., 1962; Baker, 1963;
Blandau, 1969; Kurilo, 1981; Bojko, 1983; Speed, 1985; Garcia et al., 1987,
Garcia et al., 1989), fluorescent in situ hybridization (FISH) (Cheng and
Gartler, 1994; Cheng et al., 1995; Cheng et al., 1998; Cheng et al., 1999;
Cheng and Naluai-Cecchini, 2004) and more recently, immunofluorescence
(IF) (Barlow and Hultén, 1997; Hartshorne et al., 1999; Tease et al., 2002;
Roig et al., 2004; Lenzi et al., 2005; Roig et al., 2005). These studies have
allowed the observation of diverse female meiotic particularities which may
be responsible for the high rate of chromosome non-disjunction found in

human oocytes.

The main goal of this study is to analyze meiotic prophase over a long

period of fetal developmental to characterize meiotic prophase timing in



depth. Synapsis of chromosomes 13 and 18 has also been studied in human

oocytes.



MATERIALS AND METHODS

Biological material

For the present study, 15 fetuses were used (Table I), all of them collected
after legal interruption of pregnancy. Informed consent was obtained from
the parents according to the Ethical Rules Committee of the Hospital Vall
d’Hebron and Clinica Tutor Médica, Barcelona, Spain. Gestational age was
calculated based on the last menstrual period, foot length and echography,

when available.

Oocyte spreading

Ovaries were collected at the hospital in Phosphate Buffer Solution (PBS)
with 1% penicillin-streptomycin (Gibco-Life Technologies; Paisley, UK) within
the first 6 hours of delivery and transported within 30 minutes to the
laboratory. Under sterile conditions, ovaries were dissected from adjacent
tissues and washed in PBS.

Spreading of the oocytes was performed as previously described (Roig et
al., 2005). In order to know the karyotype of the sample, in most of the
cases (12/15) a somatic culture of the stromal ovarian tissue was performed
after extracting the oocytes, following the protocol set up in our laboratory

(Roig et al., 2003).

Fluorescent “in situ” Hybridization
Chromosome painting was performed in all cases using different commercial

(Vysis; Groove, USA, and Cambio; Cambridge, UK) and non-commercial



(kindly donated by Dr. R. Stanion) whole-chromosome 13 and 18 probes and
Locus Specific Identification (LSI) probe 13/21 (Oncor; Gaithersburg, USA).
Hybridization protocol was performed as described in a previous, published
study (Roig et al., 2005). DNA was counterstained applying an antifade
solution (Vector Laboratories; Peterborough, UK) containing 0.1ug/ml of DAPI
(4',6'-diamidino-2-phenylindole; Sigma; Tres Cantos, Spain).

Oocytes were sub-staged according to morphological criteria described in
previous articles (Garcia et al., 1987; Roig et al., 2005). In summary, at
leptotene, oocytes start condensation and individualization. At the zygotene
stage, homologs pairing starts and thickening of the bivalents is visible
where synapsis is completed. At pachytene, bivalents are completely paired,
and thus they appear thicker than in the rest of the stages. Finally, at
diplotene, homologs separate and remain close only joined by the

chiasmata.

Microscopy and Image Analysis

Slides were analyzed in an Olympus AX70 fluorescent photomicroscope
(Olympus Optical Co.; Hamburg, Germany). Images were captured and
produced by a Cytovision system (Applied Imaging; Sunderland, UK), and

were processed using Adobe Photoshop for publishing purposes.



RESULTS

Ovarian culture reveals a euploid karyotype of the cases studied.

In all cases where an ovarian culture was set up (Table 1), a euploid
karyotype (46,XX) was obtained, validating these cases as chromosomally
normal in order to be used as controls to study the normal meiotic

progression and homolog synapsis in human oocytes in prophase I.

Meiotic prophase progresses as the ovary develops.

In this study, fetal foot length was used as a developmental marker. For
fetuses aged between 15 and 22 weeks of gestation, foot length ranged
from 1.8cm to 4.5cm (Table 1 and Figure 1).

The proportion of meiotic prophase substages was scored for each case on
the basis of morphological criteria described before (see above). In total,
8603 oocytes were analyzed. Oocytes at the different stages of meiotic
prophase were found in all cases, except for T10, where there was an
absence of oocytes at the diplotene stage (Fig 1.) Results, shown in Figure
1, clearly demonstrate that the values obtained for each meiotic prophase
substage can be significantly related to the fetal developmental stage.
Thus, in this particular time-frame, the leptotene percentage significantly
follows an inverse correlation to foot length (Fisher F=31.208; p=0.0001)
leading to a decrease of the leptotene proportion as the ovary develops. The
pachytene stage significantly increases with time, adjusting to a cubic plot
(F=12.544; p=0.0007), achieving a maximum percentage at the end of the

period analyzed, around 4.5 cm foot-length. Diplotene stage percentages



also increase with time, but following a logarithmic curve (F=10.402;
p=0.0066), suggesting that the maximum percentage of the diplotene stage
in meiotic prophase does not coincide with this time-frame.

Zygotene proportions are similar in all cases analyzed; percentages range
from 19% to 34%. However, zygotene figures do not significantly adjust to
any curve. Nevertheless, the best correlation is obtained using a quadratic
curve (F=1.778; p=0.2106). According to this correlation, a maximum
proportion of zygotene cells is found when the fetus foot length is around
3cm, coinciding with the decrease of the leptotene-stage proportion and the

increase of the pachytene-stage proportion.

Chromosome-13 and -18 pairing distribution throughout meiotic
prophase.

In cases T14, T10, V54, V56, V44 and V61, the pairing process of
chromosomes 13 and 18 was analyzed in a total of 4885 oocytes (Figure 2
and Table 2).

For chromosome 13, at leptotene, 92% of the oocytes have two separate
chromosomes (two chromosome 13 signals)(Figs. 2A-B); the remaining 8%
of the studied oocytes at this stage had an already-paired bivalent 13 (one
chromosome 13 signal).

At zygotene, 41% of the oocytes had two separate chromosome 13s (Fig.
2C), while the other 59% had an already-paired or a still-pairing bivalent 13
(one signal)(Fig. 2D). At pachytene, almost all oocytes showed a bivalent 13
(Fig. 2E). However, we found one oocyte out of 1231, representing 0.1% of

the studied pachytenes, in which both chromosome 13s failed to pair. At
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diplotene, all oocytes studied had a desynapsing bivalent 13 (recorded as a
single signal in Table 2)(Fig. 2F).

Chromosome 18 results were not statistically different from the ones
obtained for chromosome 13, with the exception of the leptotene stage in
which 86% of the analyzed oocytes had two separated chromosome 18s,
13% an already-paired bivalent 18 and, surprisingly, 0.6% had three
chromosome 18s. These results are significantly different from those
described before for chromosome 13 (x*=12.757; P=0.002). At zygotene,
37% of the oocytes had two separated chromosome 18s, while the majority
(63%) had an already-paired bivalent 18. At pachytene 99.8% of the oocytes
had a bivalent 18, while 0.2% failed to produce the bivalent. No trisomic
oocytes were observed at this stage. At diplotene, 97% of the oocytes
showed a desynapsing bivalent 18, and 3% had two separated chromosome

18s.

Chromosome 13 pairing-process dynamics

Once chromosome 13 distribution through the meiotic prophase had been
analyzed, the dynamics of the chromosome-13 pairing process during the
zygotene stage was studied in depth. Thus, we classified how chromosome
13s behaved during the zygotene stage in all cases studied. Oocytes with
two separated chromosomes 13 (unpaired) were found (Fig. 2C), some in
which chromosome 13 synapsis had started (the synapsed portion of the
chromosome was less than half; these were classified as “started pairing” in
Table 3), some in which synapsis had almost finished (Fig. 2D), and finally

oocytes with a completely paired bivalent 13. Results, presented in Table 3,
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show that there is no relationship between the pairing process and foot

length or percentage of oocytes at the zygotene stage.
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DISCUSSION

In this paper, results covering most of the developmental frame in which
human female meiotic prophase takes place are presented. The range of
samples used in this study was defined for the accessible material. The low
availability of fetuses younger than 15 weeks and the legal limitation
existing in Spain to interrupt pregnancy within the first 22 weeks of
gestation limited the developmental frame in which the study was
performed.

Data presented in this study can be extremely useful as a guide to
understand how meiotic prophase evolves in the human ovary during fetal
development. Moreover, this is the first study in which a statistically
significant relationship between distribution of meiotic prophase substages
in the ovary can be related to the fetal developmental stage. In this sense,
foot length, instead of gestational age, was found to be a better marker for
fetal developmental stages (see above). Although most of the samples had
pathologies, all fetuses were found to follow a normal fetal development
(data not shown).

In the developmental frame studied herein, the proportion of leptotene
tends to decrease from 49.5% to 12%. Absence of leptotene oocytes was
not detected in any ovary, suggesting that initiation of meiosis starts before
the 15th week of gestation, in agreement with previous studies where
leptotene was first found at around 11-12 weeks of gestation (Ohno et al.,

1962; Baker, 1963; Garcia et al., 1987). Our data also suggest that
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leptotene oocytes are still present beyond the 22nd week of gestation, as
suggested before (Speed, 1985; Baker et al., 1996).

The proportion of zygotene oocytes tends to be similar in all developmental
times studied, ranging from 20% to 35%, with a slight tendency to achieve
a peak at around 20-21 weeks of gestation. For this reason, no significant
statistical correlation was found between the zygotene-stage proportion and
the fetal developmental stage. On the contrary, the pachytene-stage
proportion was clearly found to increase with foot length. In young fetuses,
the pachytene proportion was low (around 25%); in older ones the
proportion reached 58.5%. These figures suggest that the first pachytene
oocytes can be observed before 15 weeks of gestation, in agreement with
what has been published (Ohno et al., 1962; Baker, 1963; Garcia et al.,
1987). Results also suggest that the maximum pachytene proportion is not
achieved in this developmental frame, in contrast with Baker (1963), who
described this phenomenon at the fifth month of gestation (around 21-22
weeks). This point would be clarified if studies in older fetuses could be
performed. However, the need of collecting samples as fresh as possible,
because this is a critical factor to obtain informative preparations, prevents
us from working with spontaneous abortions.

Surprisingly, diplotene-stage oocytes were commonly found in the present
study, even in young fetuses, in contrast with what had been published
before (Ohno et al., 1962; Baker, 1963; Wallace and Hulten, 1985). The
diplotene-stage proportion in the time-period analyzed is always low
(around 10%), but a significant progression can be observed with the fetal

developmental stage, increasing from 2% to 10%. Our results imply that
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the first diplotene oocytes would appear around the 15th-16th week of
gestation, in agreement with a previous study (Garcia et al., 1987), but in
contrast with other studies in which the first diplotene oocytes were seen at
the 17th (Baker, 1963), 18th (Wallace and Hulten, 1985) and 19th gestation
weeks (Speed, 1985).

Results obtained in this study and in the other published studies (Ohno et
al., 1962; Baker, 1963; Speed, 1985; Wallace and Hulten, 1985; Garcia et
al., 1987; Cheng and Gartler, 1994) show a high heterogeneity of meiotic
prophase evolution related to fetal age. This can be easily explained if we
take into account that most of the studies are performed on therapeutically
aborted fetuses, which may have a developmental delay due to their
pathology. However, if an objective parameter that describes fetal
developmental progression, like foot length, is used, a better statistical
correlation between meiotic prophase substages and fetal development can
be achieved. Nevertheless, inter-individual differences have been clearly
observed in this study, as demonstrated by the different meiotic prophase-
stage proportions found in cases V55 and V64, or cases V84 and V67,
which have the same foot length (Figure 1).

The pairing process of chromosome 13 was studied in detail because it
causes the third most common autosomal trisomy in live births, and a
complete analysis of this chromosome-pairing process during meiotic
prophase had not been previously performed. The meiotic pairing process
of chromosome 18, however, has been published (Cheng et al., 1995); thus,
this chromosome was chosen as a marker in order to compare data

obtained in our laboratory with previously published data.
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The pairing process of chromosomes 13 and 18 demonstrates the existence
of a high pairing efficiency, coinciding with what has been reported in
studies that used FISH (Cheng and Gartler, 1994; Cheng et al., 1998), but in
contrast with other observations in which synaptonemal complexes (SC)
were analyzed (Speed, 1985). Differences found between these studies may
be due to the different technical approaches used.

For both chromosomes 13 and 18, pairing was observed to start during the
leptotene stage (Table 2). This phenomenon, which has already been
described for chromosome 18 (Cheng et al., 1995), confirms a recent study
that found bouquet topology (known to facilitate homolog synapsis) at the
leptotene/zygotene transition (Roig et al., 2004). Nonetheless, Cheng et al.
(1995) found a large proportion (48%) of leptotene-stage oocytes with an
already-paired bivalent, which substantially differs from our data (13%).
The proportion of paired chromosome 18s at the zygotene stage found in
this study also differs from published results (63% and 93%, respectively).
All of these differences may be attributable to inter-individual differences,
but different sub-staging criteria cannot be excluded.

The pairing process of chromosome 13 seems to be analogous to that
described for chromosome 18. However, a lower proportion of paired
chromosome 13s at leptotene was found when compared to chromosome 18
(8% and 13%, respectively; Table 2). This may be related to the different
length of chromosomes which would enable the shorter chromosome 18 to
pair faster than the longer chromosome 13.

In any case, this different pairing speed observed does not affect the pairing

efficiency of any of the chromosomes studied. Pairing anomalies found for
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chromosomes 13 and 18, like pachytene oocytes with unpaired
chromosomes, are not statistically different. These are present in 0.13% of
the total number of oocytes analyzed for both chromosomes (n=2352).
These numbers are consistent with results found by Cheng et al. (1994;
1998) for the X chromosome and for chromosome 21, but differ from results
obtained for chromosome 18 (0%), although this could be related to the low
number of oocytes analyzed by Cheng et al. (1995) as compared to this
study.

Surprisingly, anomalies found at the diplotene stage (2 out of 149 studied
diplotene-stage oocytes, representing 1.3%) are significantly higher than at
pachytene. This figure includes oocytes that have failed to pair their
homologs and oocytes in which premature homolog disjunction has
occurred, either by failure to establish chiasmata, or by the precocious
resolution of chiasmata.

The presence of two univalents implies independent segregation of the
homologs at the first meiotic division which may lead to unbalanced
oocytes.

The ten-fold-higher pairing-anomaly rate found at the diplotene stage
compared to the one found at the pachytene stage means that premature
homolog disjunction at diplotene is a more important factor in terms of
producing abnormal chromosome segregation during meiosis rather than
bivalent formation during the zygotene and the pachytene stages. In fact, in
the male the most common anomalies limited to the germ-cell line are the
complete (presence of univalents) or partial (desynaptic bivalents)

separation of homologs at diplotene (Egozcue et al., in press).
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The anomaly rate found at the diplotene stage is similar to the frequency of
aneuploid pregnancies found in young mothers (approximately 2% in
women under the age of 25; Hassold and Hunt, 2001), suggesting that this
phenomenon, observed in the present study, may be an important factor in
promoting aneuploidy in humans.

Bivalent 18 was found to be more prone to complete disjunction at the
diplotene stage than bivalent 13 (Table 2). This may be due to the fact that
the long arms of the acrocentric chromosomes (13, 14 and 15) typically
have two chiasmata (the cytological image of a crossing-over). Moreover,
these chromosomes have a higher recombination frequency than similar-
sized non-acrocentric chromosomes (reviewed by Lynn et al., 2004). This
fact supports previous findings leading to the conclusion that the high
aneuploidy rate found in human oocytes seems to be attributable to
recombinational errors rather than to an inefficient homolog-pairing process.
In fact, our data suggest that pairing errors seem to affect all chromosomes
similarly, while some chromosomes seem to be more susceptible to
recombinational errors, as has already been proposed by Lynn et al. (2004).
Surprisingly, we found four leptotene-stage oocytes (0.6%) with three
chromosome 18s. The presence of aneuploid oocytes in euploid fetuses has
also been observed for the X chromosome (Cheng and Gartler, 1994).
Nevertheless, this phenomenon was not observed for chromosome 13 . The
extra copy of chromosome 18 seems to come from a pre-meiotic non-
disjunction, and suggests an increased tendency to non-disjunction for
chromosome 18 as compared to chromosome 13. This excess could indicate

that cells with a trisomy 18 are subject to a less negative selection than
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cells with a trisomy 13, which agrees with the milder symptomatology
presented in Edward’s syndrome (trisomy 18) compared to Patau’s
syndrome (trisomy 13).

Results from chromosome 13 pairing-process dynamics show that pairing
occurs quickly, as demonstrated by the preferential finding of oocytes with
unpaired or completely paired chromosome 13s instead of bivalents in
which the pairing process is underway. In this sense, we have not been able
to relate the dynamics of the chromosome 13 pairing process to either foot
length or percentage of oocytes at the zygotene stage, suggesting that the
pairing process of chromosome 13 may be related to other factors. More

studies should be carried out in order to clarify these questions.

Results obtained in this study show that chromosomes pair efficiently. The
pairing process in human female oocytes has also been studied in abnormal
cases where there was the presence of an extra chromosome (Speed, 1984;
Cheng et al., 1995; Cheng et al., 1998; Roig et al., 2005) or reorganized
genomes (Cheng et al., 1999). These studies found that even in these
circumstances, homologs complete the pairing process, some of them with
an efficiency similar to that described here (Roig et al., 2005). Our findings,
together with the data obtained in aneuploid oocytes, suggest that pairing-
process fidelity seems sufficient to ensure bivalent formation at the
pachytene stage. The ten-fold-higher anomaly rate found at the diplotene
stage suggests that complete, premature homolog disjunction may play an

important role in the origin of the high aneuploidy rate observed in human
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oocytes (Hassold and Hunt, 2001). More studies on human female oocytes

should be performed to better understand the cause of this problem.
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TABLES AND FIGURES

Table 1.- Biological material, age, developmental stage as measured by foot

length (F.L.), diagnosis and karyotype.

Case G.W. F.L.° Abortion Reason Karyotype
T14 16 1.8 Social n. a.
T10 15 2.0 Social n. a.
V54 19 2.4 Cardiopathology 46,XXP
V57 19 25 Arnold Chiari Syndrome 46,XXP
V55 20 2.8 Polymalformation 46,XXP
ve4 22 2.8 Feto-fetal transfusion 46,XX°
V56 20 3.0 Anencephaly 46,XX°
V69 20 3.0 Neural tube alteration 46,XX°
v44 21 3.3 Maternal psychiatric disease 46,XX°
V8o 22 3.5 Polymalformation 46,XX°
V68 22 3.6 Feto-fetal transfusion 46,XX°
V6l 22 3.7 Oligoamnios 46,XXP
v84 22 3.9 Polymalformation 46,XXP
V67 22 3.9 Feto-fetal transfusion 46,XX°
V65 22 4.5 Feto-fetal transfusion 46,XX°

G.W.: gestational weeks; 2Foot length in centimeters; P°karyotype obtained
from fetal ovarian culture; © Karyotype obtained from prenatal diagnosis; n.

a.: not analyzed.
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Table 2.- Distribution of chromosome 13 and 18 signals throughout meiotic

prophase in T14, T10, V54, V56, V44 and V61.

Chromosome 13 Chromosome 18
1 signal 2 signals 3 signals 1 signal 2 signals 3 signals
% (n) % (n) % (n) % (n) % (n) % (n)

Leptotene 8.1 (55) 91.9 (623) 13.0(90) 86.4 (599) 0.6 (4)

0 (0)
Zygotene  59.5 (300) 40.5(204) 0 (0) 63.1 (321) 36.9(188) 0.0(0)
Pachytene 99.9 (1230) 0.1(1) 0(0) 99.8(1119) 0.2 (2) 0.0 (0)
Diplotene  100.0 (72) 0.0 (0) 0 (0) 97.4 (75) 2.6 (2) 0.0 (0)




Table 3.- Chromosome 13 pairing process in zygotene-stage oocytes.

Case F.L Zygotene Paired F?n_ished S_tgrted Unpaired
(%) (%) pairing (%) pairing (%) (%)
T14 1.8 23.6 60.38 3.77 1.89 33.96
T10 2.0 20.9 28.44 14.68 0.92 55.96
V54 2.4 22.0 50.55 15.38 4.40 29.67
V57 2.5 28.7 66.37 7.08 1.77 24.78
V55 2.8 31.6 60.47 8.53 0.00 31.01
V64 2.8 30.6 63.55 12.15 4.67 19.63
V56 3.0 19.0 27.78 20.37 5.56 46.30
V69 3.0 34.4 60.71 10.71 10.71 17.86
v44 3.3 22.6 45.24 17.86 1.19 35.71
v80 3.5 31.2 42.11 18.42 13.16 26.32
V68 3.6 32.4 45.45 9.09 9.09 36.36
V6l 3.7 20.5 39.29 20.54 1.79 38.39
V84 3.9 30.8 33.33 16.67 6.67 43.33
V67 3.9 19.2 67.40 10.50 1.10 21.05
V65 4.5 19.3 81.01 5.06 1.27 12.66

25
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FIGURE LEGENDS

Figure 1.- Meiotic prophase sub-stage distribution for the different cases
analyzed. Correlation of leptotene, zygotene, pachytene and diplotene
percentages (A, B, C and D, respectively) and foot length are shown. G.W.=

Gestation Weeks, F.L.= Foot Length (measured in centimeters).

Figure 2.- Images from hybridized oocytes with whole-chromosome probe 13
(red lines) and dual locus-specific probes 13 (green) and 21 (red). Oocyte at
early leptotene (A) stage with two condensing chromosome 13s and two
separate signals for chromosome 21s. Late leptotene oocyte (B) in which
chromosome 13s are separated: note that each chromosome 21 signal is
close to a chromosome 13, chromosome 13 and 21 associations have been
commonly found. Zygotene-stage oocyte (C) in which alignment of
chromosome 13s has already started; chromosome 21s seem to be pairing.
Zygotene oocyte (D) in which pairing of chromosome 13 is ending while
chromosome 21 seems to have already paired. Pachytene-stage oocyte (E)
showing bivalents 13 and 21. Diplotene-stage oocyte (F) with a
desynapsing bivalent 13; chromosome 21 signals are not separate, meaning

that these chromosome regions are not desyanpsed.
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Case GW. F.L. Leptotene Zygotene Pachytene Diplotene n
Tl4 16 1.8 49.5 23.6 24.8 2.2 552
T1l0 11 2.0 43.9 20.9 35.2 0.0 1108
V54 19 2.4 258 22.0 50.7 1.5 as0
V57 19 2.5 12.9 28.7 54.5 40 505
V55 20 2.8 16.0 316 48.9 36 507
V64 22 2.8 17.6 30.6 42.6 92 467
V56 20 3.0 21.5 19.0 56.7 28 1014
VE69 20 3.0 15.2 34.4 46.4 4.0 125
Va4 21 3.3 23.1 22.6 51.9 2.4 862
V8o 22 3.5 22.7 31.2 435 26 154
VE8 22 3.6 13.8 32.4 49.0 48 145
V61 22 3.7 20.4 20.5 51.4 77 1130
Va4 22 3.9 8.7 30.8 45.2 15.4 104
V67 22 3.9 12.1 19.2 S04 83 472
VEB5 22 4.5 12.0 19.3 58.5 10.2 508
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Abstract Chromosome segregation errors are a signifi-
cant cause of aneuploidy among human neonates and often
result from errors in female meiosis that occur during fetal
life. For the latter reason, little is known about chromo-
some dynamics during female prophase I. Here, we
analyzed chromosome reorganization, and centromere and
telomere dynamics in meiosis in the human female by
immunofluorescent staining of the SYCP3 and SYCP1
synaptonemal complex proteins and the course of
recombinational DNA repair by IF of phospho-histone
H2A.X (y-H2AX), RPA and MLHI recombination
proteins. We found that SYCP3, but not SYCPI,
aggregates appear in the preleptotene nucleus and some
persist up to pachytene. Telomere clustering (bouquet
stage) in oocytes lasted from late-leptotene to early
pachytene—significantly longer than in the male. Lepto-
tene and zygotene oocytes and spermatocytes showed
strong y-H2AX labeling, while y-H2AX patches, which
colocalized with RPA, were present on SYCP1-tagged
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pachytene SCs. This was rarely seen in the male and may
suggest that synapsis installs faster with respect to
progression of recombinational double-strand break repair
or that the latter is slower in the female. It is speculated
that the presence of y-H2AX into pachytene highlights
female-specific peculiarities of recombination, chromo-
some behavior and checkpoint control that may contribute
to female susceptibility for aneuploidy.

Introduction

Aneuploidy represents the leading genetic cause of
developmental disabilities and mental retardation among
neonates, with ~30% of all miscarriages being aneuploid
—a major cause of pregnancy loss (Hassold and Hunt
2001). Chromosome rearrangements and missegregation
that are transmitted to the offspring often occur during
meiotic differentiation. Meiosis is the special cell division
occurring during gametogenesis in which the chromosome
complement is reduced to haploidy in order to restore
diploidy at fertilization. During the first meiotic prophase
spatially separate homologous chromosomes (homologs)
undergo changes in morphology, homolog search and
pairing (Scherthan et al. 1998). The latter is fortified by the
assembly of the protein ribbon of the synaptonemal
complex (SC) between the homologs (Fawcett 1956;
Moses 1956).

At the onset of the first meiotic prophase the SC
proteins SYCP2 and SYCP3 (Lammers et al. 1994;
Offenberg et al. 1998; Yuan et al. 2000) are layered onto
cohesin protein threads that form along replicated meiotic
chromosomes and consist of mitotic and meiosis-specific
cohesins (such as SMC13, SMC3, STAG3 and Rec8)
(Eijpe et al. 2000, 2003; Pezzi et al. 2000; Prieto et al.
2004). This process forms the axial element (AE) (for
review see Jessberger 2002). Upon immunofluorescent
staining (IF), AEs become visible as thin threads along
replicated sister chromatids at the leptotene stage, while at
the zygotene stage, the transverse filament protein SYCP1
(Meuwissen et al. 1992; Dobson et al. 1994) is assembled



between congressed AEs (now called lateral elements,
LEs) of homologs forming mature SC. At the pachytene
stage, all homolog pairs are tightly connected by the SC,
which dissolves during the diplotene stage (for review see
von Wettstein et al. 1984).

Mammalian meiosis is endowed with a gender differ-
ence. In the human male, meiosis continuously produces
haploid germ cells throughout the lifetime of the
individual. In the female, meiosis is initiated during
early fetal life and progresses through most of first meiotic
prophase to undergo dictyate arrest prior to the first
meiotic division. This oocyte arrest is maintained from
fetal life until puberty. From thereon preovulatory
luteinizing hormone stimulates one oocyte per estrous
cycle to complete the first reductional division, being
blocked again at metaphase II until fertilization ensues (for
a review see Tunquist and Maller 2003). The protracted
arrest of oocytes and gender-specific features of female
meiosis are thought to render female meiosis error prone
(reviewed by Hunt and Hassold 2002). Studies on
particular features of female meiosis, especially in the
human, are generally complicated by its occurrence in
early fetal life. Therefore, much of our current knowledge
on homolog pairing and recombination has been obtained
in model species, and in mammals predominantly in the
male sex (for reviews see Hunt and Hassold 2002; Cooke
and Saunders 2002; Page and Hawley 2003). Here, we set
out to study the dynamic redistribution of meiotic
chromosomes and its relation to the progress of recombi-
national DNA repair in the human female.

Classical and molecular cytogenetics studies as well as
genetic-mapping studies in human female meiosis have
revealed that SC and genetic map length are much longer
in female than in male meiocytes (Lynn et al. 2002;
Martinez-Flores et al. 2003). Also, the location and
number of crossovers are different between the sexes,
with oocyte chromosomes having more and disperse
crossovers, while spermatocytes have fewer and more
terminal exchanges (Rasmussen and Holm 1978; Baker et
al. 1996; Robinson 1996; Barlow and Hultén 1998).

Recently, a study addressing the three-dimensional
redistribution of telomeres and centromeres during
mammalian female meiosis has revealed the sex-specific
duration of chromosome polarization (Pfeifer et al. 2003).
Chromosome polarization (bouquet stage) is detected as
telomere clustering and coincides with the initiation of
synapsis in most species (Scherthan 2001; Zickler and
Kleckner 1998). Recent analysis of bouquet occurrence
and persistence in different model systems suggests that
this peculiar nuclear topology facilitates homolog pairing
and homologous synapsis in a timely manner (Golubovs-
kaya et al. 2002; MacQueen et al. 2002; Trelles-Sticken et
al. 2000; Scherthan et al. 1996). In mammals, persistence
of the bouquet stage seems to be species specific, because
in male cattle, mouse and human it appears at the
leptotene/zygotene transition and rapidly dissolves there-
after in the latter two species (Scherthan et al. 1996), while
it lasts up to late zygotene in bovine males, with the length
of bouquet duration likely relating to increased chromo-
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some number in this species (Pfeifer et al. 2001). In
mutants that are compromised in the onset, survey or
progression of recombinational DNA repair, bouquet stage
duration is extended (Trelles-Sticken et al. 1999; Pandita
et al. 1999, Fernandez-Capetillo et al. 2003a; Storlazzi et
al. 2003; Liebe et al. 2004).

A gender difference in bouquet stage duration has been
observed in cattle and rat prophase I: telomere clustering
commences during the female leptotene stage, while it
occurs in early zygotene in males and persists longer in the
female (Pfeifer et al. 2003; Martinez-Flores et al. 2003).
Finally, synapsis in the human and bovine female initiates
terminally and interstitially (Bojko 1983; Pfeifer et al.
2003), while in males synapsis predominantly commences
terminally (Rasmussen and Holm 1978; Pfeifer et al.
2001).

Meiotic chromosome pairing depends on the formation
of double-stranded DNA breaks (DSBs) by the conserved
topo Il-related transesterase SPOI11 (for a review see
Keeney 2001). Double-strand break formation precedes
SC assembly in yeast and mice (Padmore et al. 1991;
Mahadevaiah et al. 2001). Appearance of meiotic DSBs
can be monitored by staining for phosphorylated histone
H2A.X (y-H2AX) (Mahadevaiah et al. 2001), which is
known to mark sites of DSBs in somatic cells (Rogakou et
al. 1999). However, SPO11-induced DSBs are not the only
source of y-H2AX formation, since a number of y-H2AX
foci can be detected in SPO11-deficient mice (Libby et al.
2003) and in the sex body (Mahadevaiah et al. 2001)
where it is linked to male sex chromosome inactivation
(Fernandez-Capetillo et al. 2003b). In the mouse, y-H2AX
is detected throughout the chromatin of leptotene
spermatocytes. Dephosphorylation of y-H2AX is then
temporally and spatially correlated with progression of
synapsis (Hunter et al. 2001; Mahadevaiah et al. 2001).

Male and female germ cells also display a dimorphic
response to deficiency of proteins required for recombina-
tional DSB repair, with the female being more tolerant of
failure of progression or completion of recombination
(Cohen and Pollard 2001; Hunt and Hassold 2002). This
different checkpoint strength may underlie sex differences
in the etiology of aneuploidy (Hassold and Hunt 2001).

Due to difficulties in obtaining material, little is know
about the course of chromosome and telomere behavior in
early prophase I in the human female. The progress of
DSB repair in meiotic prophase seems to modulate the
duration of the bouquet stage in prophase I of yeast and
mammals (for a review see Scherthan 2003) and chromo-
some polarization shows sex-specific duration in cattle
(Pfeifer et al. 2003). This prompted us to study the
occurrence and coordination of the progression of DSB
repair by IF to y-H2AX, RPA and MLHI1, (markers of
occurrence, progress or completion of recombinational
DSB repair, respectively) in relation to the duration of
chromosome polarization and telomere clustering in
human fetal oocytes.
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Materials and methods
Tissue origin and processing

For this study three fetuses, V64, V65 and V76, were collected after
legal interruption of pregnancy and with the permission of the
family according to the Ethics Rules Committee of the Hospital de la
Vall d’Hebron of Barcelona, Spain. Gestational age was calculated
from the last menstrual period, where available, and by foot length
and ecography (Table 1).

Ovaries were removed within 1 h of delivery in the hospital and
transported in phosphate buffered saline (PBS), 1% penicillin-
streptomycin (Invitrogen) for 30 min to the university laboratories.
In each case, one ovary was subsequently frozen by immersion in
isopentane pre-chilled on dry ice and kept at —80°C until use. The
contralateral ovary in each case was subjected to ovarian stromal
somatic culture (Roig et al. 2003) for establishment of the karyotype
of the respective case.

Spermatocytes from a human male of proven fertility (Table 1)
were processed for IF as described earlier (Scherthan et al. 2000).

Histological preparations

For each case, a piece of frozen ovary was fixed for 4 h in 4%
formaldehyde, PBS, followed by embedding in paraffin as described
(Scherthan and Cremer 1994). Five or ten micrometer sections were
cut from each block and floated on water, 10% ecthanol at 60°C,
picked up with Super Frost Plus slides (Roth), air dried for a
minimum of 40 min at 60°C and stored at room temperature until
use.

Nuclear suspensions

To obtain structurally preserved nuclei for three-dimensional
analysis, a piece of frozen ovary per case was minced with scalpels
directly onto a Super Frost Plus slide at —20°C and mixed, at 4°C,
with fixative (2% formaldehyde, 0.015% Triton X-100, PBS) and
allowed to dry briefly. After air drying, slides were washed in PBS,
0.5% glycine and finally blocked for unspecific antibody binding by
a 10 min incubation in PBTG (PBS, 0.2% bovine serum albumin,
0.05% Tween 20, 0.1% gelatin). Spermatocyte preparations were
obtained as described previously (Scherthan et al. 2000).

Oocyte spreading

Nuclear spreading of spermatocytes and oocytes was performed
according to the protocol of Liebe et al. (2004) with the following
modifications for oocytes: first a cell suspension was obtained by
mincing a small piece of ovary in approximately 10 ul of PBS on a
clean slide. This suspension was mixed with 80 pl 1% Lipsol in
water. After 10 min, 90 ul of fresh fixative solution (1% p-
formaldehyde, 10% 50 mM NaBHj, 0.15% Triton X-100, pH 9.2)
was applied and the suspension was air dried for more than 1 hin a

Table 1 Tissue origin. (GW gestational weeks, na not applicable)

humid box. After four 1 min washes in 1% Agepon (Agfa) in water,
slides were immunostained or stored at —20°C.

DNA probes and labeling

Pericentromeric regions of human chromosomes were detected by
fluorescent in situ hybridization (FISH) with o-satellite DNA
sequences, as obtained by alphoid-specific polymerase chain
reaction from genomic human DNA (Weier et al. 1991) and
labeling with Cy3-dUTP using a random priming kit (Invitrogen).
Telomeres were stained by FISH with a fluorescein isothiocyanate
(FITC)-conjugated (C5TA,) peptide nucleic acid (PNA) telomere
probe (DAKO).

Fluorescent in situ hybridization to tissue sections

Pre-treatment and FISH on tissue sections were performed as
described previously (Scherthan and Cremer 1994). Hybridization
was carried out for at least 72 h, and post-hybridization washes were
performed in 0.05xSSC at 45°C for 5 min for centromere and
telomere probes. DNA was counterstained applying an antifade
solution (Vector Laboratories) containing 0.1 pg/ml of DAPI (4',6-
diamidino-2-phenylindole; Sigma).

Immunostaining

Immunofluorescent staining of meiocytes was performed as
described previously (Scherthan et al. 2000) using the following
antibodies: a mouse monoclonal antibody against TIN2 (Imgenex)
for telomeres, a rabbit polyclonal serum against SYCP3, a rabbit
polyclonal serum against SYCP1 (both kind gifts of C. Heyting,
Wageningen), a mouse monoclonal antibody against MLH1 (BD
PharMingen), a mouse monoclonal antibody against RPA (Calbio-
chem), a mouse monoclonal antibody against y-tubulin (Sigma) and
a rabbit polyclonal serum against y-H2AX (Upstate).

Primary antibodies were incubated overnight at 4°C applying a
1/100 dilution for all sera and antibodies used, except for SYCP1
where incubation was done at 1:350 for 2 h at 37°C.

After removal of excess antibodies with four 3 min washes in
PBTG, detection was performed applying fluorochrome-conjugated
secondary antibodies (all Jackson ImmunoResearch Laboratories):
goat anti-rabbit Cy3 (diluted 1:1,000 in PTBG), goat anti-rabbit
FITC antibody (diluted 1:250 in PTBG), goat anti-rabbit Cy5
(diluted 1:1,000 in PBTG), goat anti-mouse Cy3 antibody (diluted
1:1,000 in PBTG) and a donkey anti-mouse Cy5 antibody (diluted
1:1,000 in PBTG). All of them were incubated for 35 min at 37°C.

Four 3 min washes were applied in order to remove excessive
antibodies. Fixation of the first layer of antibodies in 1% formal-
dehyde in PBS for 10 min was performed between staining that
sequentially used primary rabbit antibodies. Aldehyde groups were
quenched by rinsing slides in PBS, 0.5% glycine after each staining.
When a slide was sequentially incubated with two primary
antibodies from rabbit, unsaturated rabbit antigens remaining after
first signal detection were blocked by incubation with unlabeled

Case no. GW Foot length (cm) Diagnosis Karyotype® Oocytes at bouquet stage (%) Spermatocytes at bouquet stage (%)
V64 22 2.8 Feto-fetal transfusion 46,XX 33.33 (n=81) na

V65 22 45 Feto-fetal transfusion 46,XX 42.11 (n=76) na

V76 21 3.5 Kidney malformation 46,XX 30.67 (n=75) na

Testis biopsy na na Orchidectomy” na na 4.9 (n=1027)

*Karyotype as obtained from ovarian stromal somatic culture
Case as described in Scherthan et al. (2000)



goat anti-rabbit Fab fragments (diluted 1:100 in PBTG; Jackson
Immuno Research Laboratories) for 35 min at 37°C. Finally, nuclear
DNA was counterstained by embedding in antifade solution
containing DAPI (VectaShield, Camon).

Microscopy and image analysis

Preparations were evaluated using a Zeiss Axioskop epifluorescence
microscope (Carl Zeiss) equipped with single-band pass filters for
excitation of green, red, blue and infrared, and a double-band pass
filter for simultaneous excitation of red and green fluorescence
(Chroma Technologies) and 63x and 100x plan-neofluor lenses.
Digital black-and-white images were recorded with a cooled CCD
camera (Hamamatsu Photonics) and merged to RGB images by the
ISIS fluorescence image analysis system (MetaSystems). Some
images were recorded using an Olympus BX microscope equipped
with a CCD camera and the Smart Capture software. Some of the
images recorded with the latter setup were further processed using
Adobe Photoshop to match the fluorescence intensity seen in the
microscope.

Results
Sample karyotypes

In all cases studied (V64, V65 and V76), we first
established a stromal ovarian somatic culture (Roig et al.
2003) to test their ploidy. All displayed an euploid
karyotype (46,XX) (Table 1), thereby excluding the
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possibility that chromosome anomalies could influence
our analysis.

Synaptonemal complex protein dynamics during
human meiotic prophase

First we set out to stage telomere dynamics in human
female meiosis. To this end, we investigated appearance
and spatial distribution of the SC proteins SYCP3 and
SYCP1 by IF. Telomeres were co-stained with the TRF1-
interacting protein TIN2 (Kim et al. 1999) (Fig. 1).
Staging of oocytes in a first set of experiments was done
according to DAPI morphology and by comparison with
data reported previously from other mammals (Scherthan
et al. 1996, Pfeifer et al. 2003).

Immunofluorescent staining with SYCP3/TIN2 re-
vealed that preleptotene oocytes displayed two to five
SYCP3 aggregates (Fig. 1a) that colocalized with DAPI-
negative nuclear regions, which represent nucleoli (Pfeifer
et al. 2003; Prieto et al. 2004), while telomere signals
displayed no apparent order. SYCP3-positive aggregates
of variable morphology and number (one to five) were
detected in most leptotene and zygotene nuclei (n=14, 12;
respectively), while pachytene nuclei had none (40% out
of 45), one (42%) or three to four SYCP3 clusters (18%).
This contrasts with a recent study that observed that
SYCP3 aggregates disappeared at zygotene in the human

Fig. 1a-i Immunofluorescent staining (IF) of SYCP3 (axial
elements, AEs, green), SYCP1 (synaptonemal complex, SC,
green) and TIN2 (telomeres, red) in human oocytes. a Preleptotene
oocyte showing SYCP3 aggregates and telomeres distributed
throughout the nucleus (focus at nuclear equator). b Leptotene
oocyte with SYCP3 stretches and aggregates. Telomeres are
scattered over the nuclear periphery. The nuclear equator is
shown. ¢ Oocyte at the leptotene/zygotene transition displaying
tight telomere clustering (tight bouquet); nuclear equator shown. d

Zygotene oocyte with telomere clustering. Focus near the nuclear
top. e Zygotene oocyte with bouquet topology; focal plane near
nuclear equator. f Pachytene oocyte with distinct bouquet topology.
g SYCP1-stained zygotene oocyte with tight telomere clustering and
synapsis in progress. h Pachytene oocyte with telomeres restricted to
one-half of the nuclear periphery (loose bouquet). i Diplotene oocyte
showing disintegrating SCs and dispersed telomeres. (Bar in a
represents 10 pum; it applies to all panels)
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female (Prieto et al. 2004), the difference likely relating to
preparation technique, age of material and/or rapid loss of
the antigen from the nucleoli. In our preparations we noted
disappearance of nucleolar signals after extended storage
of the stained preparations (not shown).

At the leptotene stage, fine SYCP3 threads were seen in
addition to the protein aggregates (Fig. 1b) and telomere
signals located at the nuclear periphery. In some nuclei,
telomeres were tightly clustered, forming a bouquet
(Fig. Ic). Since different degrees of telomere clustering
were observed, we addressed bouquet topology when all
visible telomeres where restricted to one half of the
nuclear periphery (loose bouquet; e.g., Fig. 1d,e); tight
bouquet was addressed when telomeres formed a small
patch on the nuclear periphery (e.g., Fig. lc,f). In
leptotene/zygotene transition oocytes, telomeres were
clustered in a restricted area of the nuclear periphery
(Fig. 1d). Of 16 bouquet nuclei at the zygotene stage, nine
showed tight telomere clustering, while the other seven
displayed loose telomere grouping (Fig. 1e). At this stage
SYCP3 threads appeared thicker than before (Fig. le).
Chromosome polarization was still apparent in pachytene
oocytes, sometimes in a tight bouquet (Fig. 1f).

When we applied SYCP1 staining in conjunction with
TIN2 telomere staining, it was observed that SYCP1
threads often appeared near subtelomeric sites (Fig. 1g).
Pachytene oocyte nuclei displayed SYCP1-positive SC
threads that often remained polarized, with the bouquet
base usually being wider (loose bouquet) (Fig. 1h). Late
pachytene oocyte nuclei showed telomere signals dis-
persed over the nuclear periphery (not shown). Diplotene/

dictyotene oocytes exhibited fragmented and dissolving
SYCP1 fibers with telomeres being scattered (Fig. 11).

Altogether, this indicates that telomeres congregate into
a tight cluster at the leptotene/zygotene transition, as is the
case in human males (Scherthan et al. 1996). Taking into
account that prophase I up to diplotene takes about 4
weeks in both human genders (Garcia et al. 1987, and
references therein), it appears that the clustering of
telomeres lasts significantly longer in prophase I of the
human female, because it can be detected up to early
pachytene stage.

Centromere and telomere movements during female
prophase 1

During the onset of meiotic prophase of the human male
centromeres and telomeres undergo a specific sequence of
global movements with centromeres and then telomeres
moving to the nuclear envelope (NE) (Scherthan et al.
1996). While centromeres of metacentric chromosomes
thereafter reposition to the nuclear interior, telomeres
remain attached to the NE and subsequently cluster
transiently during the leptotene/zygotene transition (Ras-
mussen and Holm 1978; Scherthan et al. 1996). While
general hallmarks of telomere positioning have been noted
in human oocytes (Bojko 1983), little is known about the
dynamic sequence of centromere and telomere movements
in the human female. Thus we studied telomere and
centromere dynamics in female meiosis by FISH with a
pan-centromeric «-satellite (Weier et al. 1991) and a pan-
telomeric DNA probe to ovary tissue sections (Fig. 2).

Fig. 2a-h Telomere (T,AG;) and centromere (o-satellite) distribu-
tion in different female premeiotic and meiotic prophase I nuclei
(focal plane at nuclear equator). a,b Somatic nuclei with
centromeres (red) and telomeres (green) scattered throughout the
nucleus. ¢ Preleptotene oocyte showing centromeres at the nuclear
surface, while most telomeric signals in this focal plane are inside
the nucleus. d Leptotene oocyte with telomere signals restricted to
one side of the nuclear surface and centromeres inside the nucleus. e
Leptotene/zygotene oocyte with tight telomere clustering at the

nuclear periphery. Centromere signals are seen in the nuclear
interior. f Pachytene oocyte with telomeres dispersed over the
nuclear periphery and centromeres inside the nucleus. g Diplotene/
dictyotene oocyte surrounded by granulosa cell nuclei with a few
large centromere signals forming a line across the cell. h Bouquet
stage oocyte nucleus (DNA pseudo-colored in green) displaying
telomeres (red) tightly clustered near the centrosome (blue, y-tubulin
staining). Bar represents 10 um



In premeiotic and somatic ovary cells telomeres and
centromeres were scattered throughout the nucleus
(Fig. 2a,b). In preleptotene stage oocytes a few telomeres
were still inside the nucleus, while centromere signals
were distributed over the nuclear periphery (Fig. 2¢)—this
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mirrors the distribution patterns seen in the human male
(Scherthan et al. 1996). Leptotene oocytes had their
telomeres dispersed over the nuclear periphery, while
centromere signals were predominantly inside the nucleus;

Fig. 3 Staining for SYCP1 (g-k; green) or SYCP3 (a—f; green) and
v-H2AX (red) in spread human spermatocytes (a—e) and oocytes (f—
k). a Leptotene spermatocyte with weak SYCP3 staining and strong
overall y-H2AX staining. b Early zygotene spermatocyte with
patchy y-H2AX staining and SYCP3 threads. Note: Despite
intervening fixation steps and other precautions sometimes there
was cross-talk between the secondary anti-rabbit antibodies, which
made the y-H2AX signal appear orange. ¢ Late zygotene sperma-
tocyte with long SYCP3 threads (faint due to strong 4',6-diamidino-
2-phenylindole [DAPI] signal) and a few y-H2AX patches. d
Pachytene spermatocyte with y-H2AX staining restricted to the XY
body. e Diplotene spermatocyte with y-H2AX staining at the XY

body and dissolving synaptenomal complexes (SCs). f Leptotene
oocyte displaying numerous thin SYCP3 threads and strong -
H2AX staining. g Late zygotene oocyte showing polarized SYCP1
threads (bouquet topology) and numerous SC-associated y-H2AX
patches. h Pachytene oocyte showing complete synapsis and no y-
H2AX signals. j Pachytene oocyte with y-H2AX patches along
SYCP1-stained SCs. j* Same oocyte showing RPA foci (green—
false-colored Cy5 signals) that colocalize with y-H2AX patches
(red). j1 SYCP1 channel, j2 y-H2AX and j3 RPA channels. k Early
diplotene oocyte with fragmenting SYCP1 fibers and a few dot-like
v-H2AX signal patches (orange). Bar represents 10 pm
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with some oocytes displaying telomeres on one hemi-
sphere of the nuclear periphery (Fig. 2d).

Tight bouquet formation was observed during zygotene
with centromere signals locating predominantly inside the
nucleus (Fig. 2e). This tight clustering of telomeres
occurred at the microtubule organizing center near the
cytoplasmic NE, as revealed by <vy-tubulin staining
(Fig. 2h). The frequency of bouquet stage nuclei was
similar in all ovaries analyzed (mean 35%, range 31-42%;
Table 1). Therefore, and due to the limited material
available, the relation of bouquet proportion to gestation
weeks or foot length could not be established.

As compared with the frequency of bouquet stage nuclei
detected in a human testes sample (4.9%) there is a highly
significant difference (X% p<0.0001) from the elevated
female bouquet frequencies (Table 1). The telomere/
centromere FISH data and the maintenance of chromo-
some polarization into female pachytene but not male
pachytene (see above) indicate an extended duration of the
bouquet stage in the female, which mirrors the situation in
cattle (Pfeifer et al. 2001, 2003).

At late pachytene polarization of nuclei was no longer
apparent—telomeres were scattered over the nuclear
periphery, while most centromeres were dispersed
throughout the nucleus (Fig. 2f). At the diplotene stage
centromeres were often clustered, resulting in a few large
«-satellite FISH signals that were sometimes arranged in a
row, while telomere signals were dispersed (Fig. 2g).
Centromere clustering in oocytes has also been seen before
(Hodges et al. 2001; Prieto et al. 2004). At this stage, the
oocyte is located in a primary follicle where it remains
arrested in differentiation before the first meiotic division.

The data above suggest that chromosome polarization in
the human female, as in other mammals, often persists
from the leptotene/zygotene transition up to early pachy-
nema, while in the male it is restricted to leptotene/
zygotene (Rasmussen and Holm 1978; Scherthan et al.
1996).

Recombinational DSB repair in human meiosis

Data in yeast, Sordaria and mouse suggest that bouquet
resolution correlates to some extent with changes in
chromatin state as well as the progress of DSB repair
(Trelles-Sticken et al. 1999; Fernandez-Capetillo et al.
2003a; Storlazzi et al. 2003). The course of recombina-
tional DNA repair can be traced in meiocytes (Mahade-
vaiah et al. 2001) by the occurrence and disappearance of
the phosphorylated form of histone H2A.X (y-H2AX;
Rogakou et al. 1998). In mouse meiocytes y-H2AX
appears at the onset of prophase I (Ieptotene) as a response
to meiotic DSBs and is found throughout leptotene nuclei
(Mahadevaiah et al. 2001). With the progression of
prophase I, y-H2AX disappears from regions where
synapsis has been initiated or is in progress. In the male,
v-H2AX persists in the chromatin of the inactivated XY
chromosome pair (sex body) (Mahadevaiah et al. 2001;

Fernandez-Capetillo et al. 2003b) and a few foci elsewhere
(Libby et al. 2003).

We first studied SYCP3 and y-H2AX distribution in
human male meiosis. It was observed that y-H2AX IF
labeled early leptotene spermatocytes all over (Fig. 3a),
suggesting that DSBs precede homolog pairing in the
human male as well. During the zygotene stage an overall
intense y-H2AX fluorescence appeared to be reduced in
regions where synapsis was apparent (Fig. 3b,c). Pachy-
tene and early diplotene spermatocytes generally lacked y-
H2AX signals, with the exception of the heavily labeled
XY body (Fig. 3d,e). In the majority of spermatocytes at
later diplotene stages, the y-H2AX staining at the XY
body was diminished or no longer detectable (data not
shown). These results are reminiscent of the H2AX
phosphorylation/dephosphorylation cycle during prophase
I of the male mouse (Mahadevaiah et al. 2001). In
addition, we found that 14.2% of human pachytene
spermatocytes studied (n=106) displayed small y-H2AX
foci that were associated with SCs (not shown; see below).

Staining for RPA, a marker for intermediate steps in
recombinational repair (i.e., strand exchange; Alani et al.
1992; Gasior et al. 1998; Plug et al. 1998; Moens et al.
2001), showed that the 14% of pachytene spermatocytes
with prevailing y-H2AX patches on SCs also displayed
RPA dots colocalizing with the y-H2AX patches (data not
shown; see Fig. 3j for a comparable situation in female
meiosis). Except for the y-H2AX-positive XY body, 86%
of pachytene spermatocytes had lost y-H2AX staining,
recapitulating observations in the mouse (Mahadevaiah et
al. 2001). Since the strong y-H2AX fluorescence of the
sex body precluded substaging of pachytene according to
XY SYCP3 axes, it remains to be determined whether the
few spermatocytes with persisting y-H2AX patches are
delayed in the progress of recombination, or whether these
spermatocytes are aberrant and doomed to arrest.

Dephosphorylation of y-H2AX relative to synapsis
proceeds with a sex-specific bias

In the human female, intense y-H2AX IF signals were
observed throughout the chromatin of leptotene oocytes
(Fig. 3f), indicating that also in this gender DSBs precede
synapsis. During zygotene, the y-H2AX IF signals
became patchy and the labeling was further reduced (not
shown). Most pachytene oocytes (68.8%; n=109), how-
ever, displayed small y-H2AX patches along SYCPI-
stained SCs (Fig. 3g,j), with the mean number of y-H2AX
foci per pachytene oocyte being 72.7 (range 38—153;
SD=31.7; n=26). Some of the oocytes displayed polariza-
tion of chromosome cores (Fig. 3g) verifying persistence
of the bouquet stage and H2AX phosphorylation into
pachytene. Only a small portion of oocytes were free of y-
H2AX signal (Fig. 3h). Furthermore, a few y-H2AX spots
were also detected in diplotene oocytes (Fig. 3k).

Since few y-H2ax foci can be seen in the Spoll
knockout mouse which lacks DSBs (Mahadevaiah et al.
2001; Libby et al. 2003), we determined whether the y-



H2AX dots seen in human oocytes mark regions of DSB
repair and investigated the colocalization with RPA—a
marker for intermediate steps in DSB repair (Plug et al.
1998, see above). Immunofluorescent co-staining of RPA
and y-H2ax in pachytene oocytes (n=7) revealed small
RPA foci that colocalized with the patches of y-H2AX on
SCs (Fig. 3j) in 89% of 1,120 RPA foci. In pachytene
spermatocytes (n=106), however, co-localization of +y-
H2AX and RPA was only seen in 18% of 1,105 RPA foci,
with the differences between male and female being
statistically significant (p«0.0001). This suggests that
progression of DSB repair in the male is rapid and
associated with y-H2AX dephosphorylation. Given a
similar overall duration of prophase I in both genders
(Garcia et al. 1987), this suggests that DSB repair in
pachytene oocytes may be progressing more slowly
through intermediate steps of recombinational DNA repair
relative to synapsis, or that dephosphorylation of y-H2AX
is delayed relative to progress of synapsis.

Dephosphorylation of y-H2AX relative to MLH1 foci

To determine further whether dephosphorylation of H2AX
and progress of recombination occurs with a delay in the
female, we next stained for MLH1, a protein component of
late recombination nodules and a marker for crossing over
(Plug et al. 1998; Anderson et al. 1999; Marcon and
Moens 2003) and determined the fraction of MLHI1 foci
that co-localized with y-H2ax patches in late pachytene
oocytes. It was found that 26.5% of 751 MLHI foci
(derived from 12 oocytes) showed colocalization with y-
H2AX patches, while 73.5% of MLHI1 foci did not display
v-H2AX immunofluorescence (not shown).

In the male, 90% of pachytene spermatocytes displayed
MLHI1 foci that were completely free of y-H2AX signals
(n=654 MLHI1 foci from 13 spermatocytes), while only
10% of MLHI1 foci contained a small halo of y-H2AX
(not shown). Thus, it may be speculated that MLHI1 is

premeiosis preleptotene leptotene

Fig. 4 Scheme outlining the major hallmarks of the dynamic
redistribution of the axial/lateral element protein SYCP3 and the
transverse filament protein SYCP1 in relation to telomeres (7elos.)

leptotene/zygotene
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installed at sites where H2AX has been dephosphorylated
and recombination has progressed. This suggests that y-
H2AX is dephosphorylated about the time when MLH1 is
incorporated in recombination nodules. Thus, it will be
interesting to investigate co-localization of Rad51 and y-
H2AX foci in human meiocytes.

Phosphorylation of H2AX and bouquet topology

Since recent data in mouse meiosis suggest that H2AX and
its phosphorylation/dephosphorylation state may be in-
volved in the signaling cascade linking the progress of
DNA repair to exit from the bouquet stage (Fernandez-
Capetillo et al. 2003a; Scherthan 2003), we investigated
chromosome polarization in nuclei with persistent y-
H2AX signals. Triple IF staining for y-H2AX, SYCP1
and the telomere protein TIN2 (Kim et al. 1999) to
structurally preserved oocyte nuclei revealed an overall
distribution of y-H2AX in leptotene and a patchy y-
H2AX pattern in zygotene bouquet oocytes and sperma-
tocytes (not shown). Of the mid-pachytene oocytes (n=15)
with a few persisting y-H2AX foci, telomere clustering
was relaxed, which suggests that a small number of
persistent y-H2AX foci in oocytes do not prevent
resolution of telomere clustering. In most male bouquet
nuclei y-H2AX was present in a few patches, while at
pachytene there was absence of y-H2AX (in autosomal
chromatin) and of bouquet topology. Thus, there remains
the possibility that y-H2AX dephosphorylation shows a
temporal correlation with dissolution of bouquet topology
in mammals. It would therefore be interesting to
investigate a larger population of bouquet oocytes and to
study the sequence of events in live cells.

diplotene

and centromeres (Cens., o-satellite) during human female prophase
L. For a scheme displaying the dynamics in human male prophase I
see Scherthan et al. (1996)



30

Discussion

By studying fetal ovaries we have obtained a first insight
into the dynamic redistribution of SC proteins, telomeres
and centromeres (for a schematic overview see Fig. 4) and
its correlation with markers for sub-stages of recombina-
tional DSB repair during first meiotic prophase in the
human female.

Centromere and telomere dynamics in the human
female

Based on analysis of cattle gonads it has been suggested
that the bouquet stage lasts longer in mammalian females
than in males (Pfeifer et al. 2003), in the latter, telomere
clustering is usually restricted to the leptotene/zygotene
transition (Scherthan et al. 1996; Pfeifer et al. 2001). It
may well be that the prolonged bouquet stage observed in
the female is beneficial to the pairing of the twofold longer
prophase I chromosomes that are present in mammalian
oocytes (Barlow and Hultén 1998; Martinez-Flores et al.
2003). An extended bouquet stage, as expressed by
polarized SCs and clustering of telomeres, could thus
relate to reduced condensation of prophase I chromosome
axes. However, male H2ax knockout mice display normal
synapsis and bivalent condensation but still retain bouquet
topology up to pachytene (Fernandez-Capetillo et al.
2003a; Scherthan 2003). An enduring bouquet stage in the
human female may therefore be linked to retarded
progression of intermediate steps of DNA repair, since
mice and yeasts with defects in meiotic recombinational
DNA repair display an enduring bouquet stage (Pandita et
al. 1999; Trelles-Sticken et al. 1999). However, this
feature is difficult to tease apart from the synapsis and
other defects seen in the mutants. Additionally, it is
possible that a signal relaying the state of recombination to
the cell is weak or absent in oocytes. Finally, chromatin
modifications like histone phosphorylation/dephosphory-
lation cycles may influence the resolution of meiotic
telomere clustering (for review see Scherthan 2003).

Assembly of SC proteins into female chromosome
cores

At the onset of prophase I, human oocytes develop cohesin
cores (I. Roig and M. Garcia-Caldes, unpublished; Prieto
et al. 2004), while SYCP3 aggregates appear in clusters in
the preleptotene oocyte. SYCP3 clusters persist up to
pachytene, likely in nucleoli as is the case in female rat,
cattle and human (Dietrich et al. 1992; Pfeifer et al. 2003).
In males of humans, mice and cattle, SYCP3 clusters
disappear during zygotene (Scherthan et al. 1996; Pfeifer
et al. 2001; Scherthan and Schonborn 2001). The
persistence of SYCP3 aggregates in pachytene oocytes
has not been observed in another human study (Prieto et
al. 2004), which may probably be due to technical reasons
(see Results). It has been noted that SYCP3-stained AEs of

oocytes are usually fainter than in comparable preparations
of spermatocytes (this investigation, Barlow and Hultén
1997; Pfeifer et al. 2003). Therefore, it may be that less
SYCP3 protein is deposited in the AE/LE, which could be
linked to longer SC length in the female. This implies that
SYCP3 may be involved in chromosome condensation,
which agrees with the observation that SYCP3-deficient
oocytes and spermatocytes display twofold elongated SCs/
chromosomes as compared with the wild type (Yuan et al.
2002; Liebe et al. 2004). Since the axial core of the SC
may be involved in a crossover versus non-crossover
decision (Blat et al. 2002; Tsubouchi and Roeder 2003),
the poor saturation of cohesin cores with SYCP3, as
observed in the mammalian female, may lead to less
condensed chromosomes and different properties of the
LE/AE, and consequently crossover control. This may in
turn lead to elevated chiasma frequencies seen in the
female sex.

Progression of recombination differs in human
oocytes versus spermatocytes

Crossovers result from recombinational repair of a
regulated number of DSBs, which are detected as
chiasmata in metaphase [ (for a review see Kleckner et
al. 2003). When we tested for a possible link between
progress of DNA repair marker appearance/disappearance
and bouquet duration, we noted y-H2AX appearance in
leptotene and commencement of y-H2AX dephosphory-
lation during zygotene. Bouquet topology in oocytes was
detected from the leptotene/zygotene transition up to mid-
pachytene, while bouquet topology dissolved during
zygotene in the male. Interestingly, in the female two
substages of pachytene oocytes were observed: one
abundant population (69%) with complete synapsis and
patchy y-H2AX signals distributed along SCs and a minor
fraction (31%) with complete synapsis and no y-H2AX
foci (Fig. 3). In female pachytene nuclei SC-associated y-
H2AX patches were found to co-localize with RPA foci in
89% of cases (a marker for progression of meiotic DSB
repair; Gasior et al. 1998; Moens et al. 2001), while in the
male this was only the case for 18% of RPA foci.

When we further determined the frequency of coloca-
lization of y-H2AX with MLHI1 foci (markers for late
recombination nodules and strand exchange (Baker et al.
1996; Plug et al. 1998; Marcon and Moens 2003) it was
found that most late-pachytene nuclei in both sexes did not
contain y-H2AX at MLH1 foci (90% in male and 80% in
female). The abundant colocalization of RPA foci with y-
H2AX signal in female pachytene but not in male
pachytene and the absence of y-H2AX from most
MLHI1 foci in both sexes suggests that recombination
proceeds through early steps of DSB repair more slowly in
the female. Alternatively, y-H2AX dephosphorylation
may progress at a slower rate in oocytes (see below).
Unfortunately, the shortage of oocyte material prevented
further experimentation and more insight into this
question.



The mean number of y-H2AX foci per pachytene cell
(72.7) observed in our study fits with the mean number of
MLHI1 foci per oocyte reported previously (77.3; 71.6 and
70.3 per case; Tease et al. 2002). In contrast, the range of
v-H2AX patches was in excess of the range of MLH1 foci
in the three different cases investigated: 38—153 for y-
H2AX and 62-94, 53-87 and 48-102 for MLHI1. The
presence of short SCs with four or even more y-H2AX
foci, some of them really close, suggests that there are
more DSB repair intermediates present in early pachytene
than MLH1-marked recombination events observed at late
pachytene stage and that the former are subject to positive
interference as crossovers are matured. This agrees with
DSBs and conversion events being formed in excess of
crossovers (Terasawa et al. 1995; Ashley et al. 1995;
Franklin et al. 1999; Tarsounas et al. 1999; Tease et al.
2002).

Nearly 50% of the few human diplotene/dictyotene
oocytes in the fetal ovary showed a few persisting y-
H2AX foci. This persistence of a DSB marker that has
been reported to disappear with progression of synapsis
and repair (Mahadevaiah et al. 2001) may point to
synapsis being installed/progressing faster in the human
female relative to the progression of recombination. In
mammalian females there is a higher rate of recombina-
tion/crossing over. Recently, it has been observed that
mutations in the Sgsl helicase of Saccharomyces cerevi-
siae also increase the rate of synapsis and progression of
recombination (Rockmill et al. 2003). It will thus be
interesting to investigate in oocytes the abundance and
localization of RecQ helicase family members, like the
human Bloom syndrome helicase BLM, which is required
for human fertility and is associated with Rad51/DMC1
and RPA foci in mammalian spermatocytes (Walpita et al.
1999; Moens et al. 2000).

Furthermore, female meiosis is more tolerant of the
presence of mutations in genes that have a role in
recombination. While spermatocytes of such mutants
undergo arrest during mid-prophase, female meiocytes
often progress to metaphase 1 (for review see Keeney
2001; Hunt and Hassold 2002). Persistent y-H2AX foci in
female pachytene may hence be indicative that the
progress of recombination and associated chromatin
changes may follow a different timing relative to prophase
I progression leading to gender differences in checkpoint
strength and meiotic telomere clustering.

Because the pachytene stage has been implied as a time
frame that sees massive oocyte death in the fetal ovary,
where oocyte population is reduced from 7 million
(maximum achieved around 5 months of gestation) to 2
million at birth (Baker 1963), it will be interesting to
determine whether the pachytene/diplotene oocytes with
persistent Yy-H2AX/RPA foci are associated with atresia.
Further studies in this direction will have to await the
recovery of more oocyte material.
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Abstract

Little is known about the first meiotic prophase stages in the human female because these occur during fetal life, and only a
few studies have addressed aneuploid human oocytes. In this paper, the synaptic process in the meiotic prophase in three 47,
XX + 18 cases is analyzed. A complete study of the dynamics of centromeres and telomeres, cohesin core and synapsis devel-
opment in aneuploid female meiosis was performed. Investigation of chromosome dynamics in prophase of trisomy 18 oocytes
show that these events follow the major patterns seen earlier in euploid oocytes. However, there is a significant delay in the

resolution of bouquet topology which could relate to the presence of a surplus chromosome 18 axial element in zygotene
oocytes. Pachytene oocytes displayed normal synapsis among the three chromosome 18s. However, in some oocytes the
surplus chromosome 18 core was aligned to the bivalent 18. As ataxia telangiectasia and Rad3 related kinase (ATR) has
been described as a marker for late-pairing chromosomes in mice, ATR distribution was analyzed in human meiocytes —
spermatocytes, euploid oocytes and trisomic oocytes. In contrast to the observations made in mice, no preferential staining
for late-pairing chromosomes was observed in humans. In the cases studied, bivalent synapses progressed as in a normal
ovary, contrasting with the hypothesis that a surplus chromosome can modify pairing of other chromosomes.

Reproduction (2005) 129 565-575

Introduction

Meiosis is the special cell division by which a chromo-
some complement is reduced to the haploid number in
order to preserve diploidy at fertilization. During first
meiotic prophase, homologous chromosomes pair and
exchange material between them. Paired homologs
develop a tripartite structure between them, the synapto-
nemal complex (SC) (Fawcett 1956, Moses 1968, Schme-
kel & Daneholt 1995). The SC is formed by SYCP proteins
(Synaptonemal Complex Proteins, SYCP/SCP; Heyting
1996). SYCPs are laid down on a cohesin scaffold which
is established during the pre-meiotic S-phase (Eijpe et al.
2000, 2003, Pezzi et al. 2000, Pelttari et al. 2001, Prieto
et al. 2001, 2002, 2004).

At the leptotene stage, SYCP3 and SYCP2 form an axial
element (AE) along each chromosome (Lammers et al.
1994, Offenberg et al. 1998). During this stage, initiation
of recombination can be monitored by immunostaining of

© 2005 Society for Reproduction and Fertility
ISSN 1470-1626 (paper) 1741-7899 (online)

the phosphorylated version of histone H2AX (yH2AX)
(Mahadevaiah et al. 2001, Roig et al. 2004, Lenzi et al.
2005). At the zygotene stage, homolog pairing starts and
SYCP1 organizes the central element of the SC by devel-
oping transverse filaments between closely aligned regions
of AEs (Meuwissen et al. 1992); from this time on, AEs are
called lateral elements (LEs). In order to promote homolo-
gous synapsis, chromosome ends (telomeres) cluster at a
limited portion of the nuclear envelope, known as bou-
quet topology (for reviews see Scherthan 2001 and Harper
et al. 2004). Studies in cattle and human have revealed
that bouquet topology lasts longer in the mammalian
female than in the male (Bojko 1983, Pfeifer et al. 2003,
Roig et al. 2004). At pachytene, all homologs are comple-
tely paired (bivalents). Finally, at diplotene, SCs almost
completely dissolve. The substages of prophase | are
characterized by the initiation and progression of recom-
bination which can be followed by the dynamic turnover

DOI: 10.1530/rep.1.00568
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of repair proteins (reviewed in Cohen & Pollard 2001,
Moens et al. 2001).

In mammalian males meiosis is a continuous process,
while in the female meiotic prophase occurs during early
fetal life, and arrests before birth at a specialized diplo-
tene—dictyotene stage. The meiotic division is blocked
until the female enters puberty. Despite the difficulties
associated with the study of human female meiotic pro-
phase, some aneuploid ovaries have been studied using
classical staining techniques (Luciani et al. 1976, Wallace
& Hulten 1983, Speed 1984), fluorescent in situ hybridiz-
ation (FISH) (Cheng et al. 1995, 1998) or immunofluores-
cent (IF) (Barlow et al. 2002) techniques.

In these studies, pairing anomalies implying the presence
of the extra chromosome are described. Nevertheless, in
all cases, at least two homologs seem to pair normally
forming a bivalent, and even pairing of the three homologs
(trivalent formation) has been described in all studied
cases, with different efficiency (Luciani et al. 1976, Wal-
lace & Hulten 1983, Speed 1984, Cheng et al. 1995, 1998,
Barlow et al. 2002). In some of these papers a disturbing
effect of the extra chromosome on the pairing process of
other homologs is suggested (Cheng et al. 1998).

In those studies in which the pairing process is analyzed
in silver-stained preparations (Wallace & Hulten 1983,
Speed 1984), a thickening of the unpaired axial element
(univalent) of the extra chromosome is seen, suggesting a
different proteinaceous composition. This phenomenon is
not restricted to humans, and has also been observed in rat
meiocytes (Martinez-Flores et al. 2001). However, recent
studies in which IF techniques have been applied to stain
SYCP3 in human trisomic 21 oocytes have not observed
any univalent thickening, suggesting that SYCP3 is not
implicated in this phenomenon (Barlow et al. 2002).

Trisomy 18 syndrome, also known as Edwards’ syn-
drome, has a meiotic maternal origin in 89% of cases
(Hassold & Hunt 2001) and causes major physical
abnormalities, growth delay and severe mental retar-
dation. Very few affected children survive beyond their
first year.

The aim of the present study was to analyze the pairing
process of homologs in ovaries from three trisomic

Table 1 Biological material, karyotype and bouquet frequencies.

18 fetuses in order to assess the effect of the presence of
an extra chromosome 18 on the progress of chromosomal
events in the female meiotic prophase I. To this end,
immunofluorescent staining (IF) to SYCP1 and SYCP3 pro-
teins, chromosome painting, and centromere and telomere
FISH were performed. As it has been recently described
that human SCs are also formed of a cohesin axis (see
above), analysis of a specific meiotic cohesin REC8 (Prieto
et al. 2004) was performed in order to check whether
cohesins are responsible for the unpaired univalent
thickening observed in previous studies (Wallace &
Hulten 1983, Speed 1984, Martinez-Flores et al. 2001).

Furthermore, as ataxia telangiectasia and Rad3 related
kinase (ATR) has been described as a marker for late-pair-
ing chromosomes in mouse pachytene spermatocytes
(Moens et al. 1999, Baart et al. 2000), IF to ATR was per-
formed to investigate its distribution in aneuploid oocytes.
Due to the absence of any published data about ATR in
humans, ATR distribution in human euploid spermatocytes
and oocytes is also described.

Materials and Methods
Tissue origin and processing

Three fetal cases prenatally diagnosed as Edwards’ syn-
drome (V62, V63 and V70) and six euploid cases (V54,
V93, V94, V98, V106 and V107) (Table 1) were used
after legal interruption of pregnancy according to the
Ethics Rules Committee of the Hospital de la Vall
d’Hebron of Barcelona, Spain. The age of each case
was calculated from the last menstrual period and from
echography.

Ovaries were processed as described by Roig et al.
(2003) in order to obtain a somatic karyotype of the
sample. Paraffin embedding, tissue sections, structurally
preserved nuclei preparations and oocyte spreads for IF
and FISH purposes were performed as recently
described (Martinez-Flores et al. 2003, Roig et al.
2004). Human testis from an adult male with proven
fertility ~was processed as previously described
(Scherthan et al. 1996).

Case Gestational weeks Diagnosis Karyotype Oocytes at bouquet stage
V54 19 Cardiopathology 46,XX? NA

V93 19 Osteochondrodysplasia 46,XXb 36.48% (n=74)

V94 20 Neural tube defect 46,XX° 28.00% (n=75)

VI8 19 Muscular dystrophy 46,XX° 34.21% (n=76)
V106 21 Encephalocoele 46,XXb 35.61% (n=73)
V107 19 Cardiopathology 46,XX" 37.66% (n=77)

V62 21 Edwards’ syndrome 47 XX + 18* 47.06% (n=102)
V63 20 Edwards’ syndrome 47 XX + 18 56.00% (n=75)

V70 19 Edwards’ syndrome 47 XX + 182 54.67% (n=75)

?Karyotype obtained from ovarian stromal somatic culture. ® karyotype obtained from prenatal diagnosis. NA, not analyzed.
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DNA probes and labeling

Centromeres of all human chromosomes were detected by
FISH with alpha satellite-DNA sequences (pan-centro-
meric probe), as obtained by alphoid-specific PCR from
genomic human DNA (Weier et al. 1991) and were
labeled with Cy3-dUTP by random priming. All chromo-
some telomeres were detected after applying FISH with an
Fluorescien (FITC)-conjugated (CCCTAA3) peptide nucleic
acid (PNA) telomere probe (DAKO, Glostrup, Denmark;
pan-telomeric probe).

Commercial Whole Chromosome 18 Probe (WCP)
Cy3-conjugated and Whole Chromosome 13 Probe Cy3-
conjugated (Cambio, Cambridge, UK), as well as a dual
locus-specific identification (LSI) probe 13/21 (Oncor,
Qbiogene, Irvine, CA, USA) and a locus-specific biotiny-
lated probe for the 18q subtelomeric region (YAC 932Q10)
were used to analyze the homolog-pairing process.

DNA was counterstained applying an antifade solution
(Vector Laboratories) containing 0.1 pg/ml DAPI (4',6/-dia-
midino-2-phenylindole; Sigma).

Fluorescent in situ hybridization (FISH) on
methanol:acetic acid spread oocytes

In order to study the homolog chromosome 18 pairing pro-
cess, FISH was performed on methanol:acetic acid spread
oocytes as described before with slight modifications (Bar-
low & Hultén 1997). Slides were post-fixed in a formal-
dehyde solution and denatured in 70% formamide in
2 X SSC at 69°C for 4min. Probe denaturation was per-
formed as described by the manufacturer and the
denatured probe was applied after slide dehydration. Three
post-hybridization washes were performed in 50% forma-
mide in 2 X SSC, 2 x SSC and 0.4 x SSC 0.05% Tween 20
at 45°C. LSI 18 probe detection was performed applying
Avidin FITC-conjugated antibody (1/150) for 1 h at 37 °C.

In this part of the study 719 oocytes were analyzed.
Oocyte staging was performed according to the morpho-
logical criteria previously described (Garcia et al. 1987).

Immunofluorescent (IF) staining

The axial elements of the SCs were identified with a rabbit
polyclonal serum against SYCP3 (Meuwissen et al. 1992).
Homolog synapsis was tracked by marking the central
element of the SC with a rabbit polyclonal serum against
SYCP1 (Lammers et al. 1994) (both were kind gifts of
Christa Heyting, Wageningen, The Netherlands). The
cohesin axis was detected using a mouse polyclonal
serum against cohesin REC8 (Prieto et al. 2004, a kind gift
of José Luis Barbero, DIO/CNB, Trescantos, Madrid,
Spain). Staining of all chromosome telomeres was per-
formed applying a mouse monoclonal antibody (Imgenex,
San Diego, CA, USA) against telomeric protein TIN2 (Kim
et al. 1999). Finally, ATR dynamics were described using a
rabbit polyclonal antibody against ATR (Abcam, Cam-
bridge, UK).
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IF staining was performed as described by Roig et al.
(2004). Primary antibodies were diluted in PTBG (PBS,
0.2% BSA, 0.2% gelatin, 0.05% Tween 20) and incubated
overnight at 4°C in a humid chamber.

After washing away unattached antibodies with PBTG,
detection was performed using some of the following fluor-
ochrome-conjugated secondary antibodies (diluted in
PTBG; all Jackson ImmunoResearch Laboratories, West
Grove, PA, USA): goat anti-rabbit Cy3, goat anti-rabbit
FITC antibody, goat anti-rabbit Cy5, a goat anti-mouse Cy3
antibody, a goat anti-mouse FITC antibody and a goat anti-
mouse Cy5 antibody. Secondary antibodies were incubated
for one hour at 37°C in a humid chamber. Later, excess
secondary antibodies were washed off with PBTG and the
fluorescent signals were fixated with 1% formaldehyde in
PBS. DNA was counterstained as mentioned above.

FISH on immunostained preparations

IF stained preparations were hybridized with an 18q sub-
telomeric probe as described by Scherthan et al. (1996)
with modifications. DAPI staining was removed by wash-
ing for 5 min in water. A first denaturation of the slide was
performed in 70% formamide in a 2 X SSC solution for
5min at 70°C. The slide was then washed in water and a
3-h NaSCN (Sodium Thiocyanate) 1M treatment was
applied at 65°C. A second denaturation was then per-
formed as mentioned before. Dehydration of the slide was
carried out before applying the denatured probe to the
slide. Hybridization was performed at 37°C in a humid
chamber for at least 48 h. Slide washes and probe detec-
tion were performed as described above.

Microscopy and image analysis

Preparations were evaluated using an Olympus BX70 flu-
orescence microscope (Olympus Optical Co.). Images
were captured and produced by Smart Capture software.
(Vysis, Grove, IL, USA) Images were further processed
using Adobe Photoshop (Adobe, San Jose, USA) to match
the fluorescent intensity seen in the microscope.

Results

Sample karyotypes obtained from stromal ovarian
culture agree with prenatal diagnosis

For the cases V54, V62, V63 and V70, a stromal ovarian
culture was established as described before (Roig et al.
2003) in order to certify prenatal diagnosis and the karyo-
type of the respective case. In all of the Edwards’ syn-
drome cases, ovarian cultures revealed a 47, XX + 18
karyotype (Table 1). The karyotype of V54 obtained from
the somatic culture was 46, XX, thus validating this
sample as a control case (Table 1).

Chromosomal dynamics in trisomy 18 oocytes

IF staining for SYCPs, telomeric proteins, as well as a dual-
color FISH applying pan-centromeric and pan-telomeric
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probes performed on structurally preserved oocyte prep-
arations and ovary sections respectively, were carried out
in order to check for pairing progression in trisomy 18
oocytes. These experiments revealed the same chromo-
some and protein dynamics as described in euploid
oocytes (Fig. 1) (Roig et al. 2004).

SYCP3 first appeared at the preleptotene stage as aggre-
gates in DAPI-negative regions, most likely nucleoli. At
this stage, centromeres were located at the periphery of
the nucleus, while telomeres where found inside the
nucleus. At the leptotene stage, telomeric signals were
located at the nuclear periphery, while SYCP3 started
forming curly threads. At the leptotene/zygotene tran-
sition, telomeric clustering was first observed (Fig. 1A).
However, tight telomeric clustering was not found until
the zygotene stage (Fig. 1B). At this stage, synapsis was
initiated and the first SYCP1 fibers were seen mainly near
the bouquet base, although some interstitial pairing was
also seen (Fig. 1C). At the pachytene stage nuclear polar-
ization was resolved and complete pairing existed and
SYCP1 was found along the entire length of the synapto-
nemal complex. At the diplotene/dictyotene stage, SYCP1
was found as little dots and SYCP3 as small threads, telo-
meres were found inside the nuclei and centromeres were
sometimes seen in a line-like organization, as was
reported in the euploid human oocytes (Roig et al. 2004).

Bouquet topology is increased in trisomic oocytes

In order to compare meiotic prophase progression in
aneuploid and euploid cases, the percentage of oocytes
displaying a bouquet topology in each case was analyzed.
In the trisomic 18 cases, 47%, 56% and 55% of the
oocytes (Table 1) had their telomeres clustered in a limited
sector of the nuclear periphery (bouquet topology; Fig. 1).
In euploid cases of a similar developmental stage, the
bouquet proportion was 36%, 28%, 34%, 36% and 38%
(Table 1). Thus, a statistically significant (P < 0.0001)
increase in the proportion of the bouquet stage oocytes
per ovary in trisomy 18 cases was observed.

As noted before in euploid oocytes (Table 1 and Roig
et al. 2004), the trisomy 18 oocyte bouquet frequencies

Figure 1 3D structure-preserved (A—C) trisomic oocytes displaying all
centromeres and all telomeres obtained by FISH (A) and SYCPs and
all telomeres (TIN2) revealed by IF (B—C). (A) Equatorial plane of a
leptotene-zygotene transition oocyte FISHed with pan-centromeric
(red) and pan-telomeric (green) probes showing initiation of telomeric
clustering. In this focal plane just some telomere and centromere sig-
nals are present. (B) Focal plane of a zygotene oocyte displaying a
tight telomeric clustering, that is, the bouquet. (C) Zygotene oocyte
showing initiation of synapsis as visualized by the appearance of the
first SYCP1 threads (green). Bar, 10 pum.
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were statistically significantly increased (P < 0.0001) over
those observed in human spermatogenesis.

Cohesin core and SC organization during aneuploid
meiotic prophase

Silver-stained preparations of trisomic oocytes revealed a
significant thickening of the unpaired univalent (Wallace &
Hulten 1983, Speed 1984). Thus, REC8 distribution
throughout the meiotic prophase in trisomic 18 oocytes
was analyzed to see whether this phenomenon was caused
by cohesin proteins and whether aneuploidy could affect
organization of cohesin cores. In order to properly follow
homolog synapsis, IF staining was also performed on the
major component of the central element of the SC (SYCP1).

RECS first appeared at the preleptotene stage as a dif-
fuse signal throughout the nucleus (not shown). At the lep-
totene stage, REC8 was organized as thin, curly threads
(Fig. 2A). At the zygotene stage, REC8 was present as thin
threads in unsynapsed regions and as thicker threads
which colocalize with SYCP1 corresponding to synapsed
regions between homologs (Fig. 2B). At the pachytene
stage, complete colocalization of REC8 and SYCP1 was
seen in the majority of the oocytes (Fig. 2C, see below).
At the diplotene stage, SYCP1 started to disappear and

Figure 2 Dual color IF against REC8 (green) and SYCP1 (red) was
performed on trisomic 18 oocytes in order to analyze cohesin REC8
distribution along the meiotic prophase. (A) Leptotene oocytes
displaying long, thin, curly REC8 threads. (B) Zygotene oocyte with
REC8 and SYCP1 colocalization at synapsed regions of the homo-
logous chromosomes. (C) Pachytene oocyte in which complete colo-
calization of SYCP1 and REC8 was found along the synapsed
chromosomes; note that this oocyte presents an unsynapsed AE
(arrowhead), most likely a chromosome 18. (D) Diplotene oocyte
presenting unsynapsed regions and still some synapsed regions,
where colocalization between SYCP1 and REC8 persists; note that
two small SYCP1 aggregates are present.
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REC8 persisted as long, thin threads in SYCP1-devoid
regions (Fig. 2D).

When analysis of REC8 and SYCP1 distribution in triso-
mic 18 oocytes was performed, some pachytene-stage
oocytes displaying complete synapsis of the homologs
while the three chromosome 18 cores were partially aligned
with synapsed and asynapsed regions, were found (Fig. 3).

Pairing and synapsis of the three chromosome 18s
during the meiotic prophase

In order to analyze the pairing process of the chromosome
18s in more detail, dual-color FISH using a WCP 18 and a
subtelomeric 18q probe was performed on methanol:ace-
tic acid oocyte preparations (Fig. 4, Table 2). In total, 193
oocytes were analyzed.

At the leptotene stage (Fig. 4B), most oocytes (71.43%)
displayed three independent signals for the paint and the
subtelomeric region. The remaining oocytes displayed
two signals, one corresponding to two joint subtelomeric

A B' c' D'

Figure 3 Different associations between the homolog 18s observed in
pachytene-stage oocytes. IF against REC8 (green) and SYCP1 (red)

(A, B and C) and SYCP3 (green) (D) is shown. A schematic drawing is
also shown (A', B!, C" and D"); black, paired regions; gray, unpaired
regions. Image D is a fusion of two focal planes.
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-
Figure 4 Pairing process of the homolog 18s analyzed by applying
FISH with WCP 18 (red) and LSI 18 (green) on methanol:acetic acid
spread oocytes. (A) Interphase nucleus. (B) Early leptotene stage with
three independent signals. (C) Zygotene-stage oocyte with two homo-
log 18s pairing and the other one separate. (D) Zygotene-stage oocyte
in which the trivalent 18 is forming; note that one chromosome 18
(left) is pairing with an existing bivalent (right). (E) Pachytene oocyte

showing a trivalent 18. (F) Diplotene oocyte where the three chromo-
some 18s remain joined, presumably by the chiasmata.

signals colocalizing with one paint 18 signal (consistent
with an already paired bivalent 18) and the other was the
unpaired third chromosome 18 (univalent 18). During the
zygotene stage (Fig. 4C,D), 22% of oocytes had three sig-
nals (unpaired chromosome 18). Two signals (bivalent plus
univalent) were seen in 37% of oocytes. Finally, one single
signal comprising all three chromosome 18 paired (triva-
lent) was seen in 42% of oocytes. At the pachytene stage,
the vast majority of the oocytes analyzed (92%) displayed
a trivalent (Fig. 4E). The remaining 8% of oocytes showed
two separate signals corresponding to a bivalent plus a
univalent. Diplotene-stage oocytes generally displayed
only one signal (83.33%) (Fig. 4F), but oocytes with two
separate chromosome 18 signals were also observed.

The high frequency of single signals observed at the
pachytene stage contrasted with previous studies per-
formed on trisomic 21 oocytes (Luciani et al. 1976,
Wallace & Hulten 1983, Speed 1984, Barlow et al. 2002).
Single signals observed in methanol:acetic acid prep-
arations at the pachytene stage could either come
from synapsed chromosomes or from aligned homologs.
Thus, to determine if pairing or alignment of the extra
chromosome existed, FISH, using a subtelomeric 18q
probe on REC8 and SYCP1 IF preparations, was performed
(Fig. 5). All the pachytene oocytes analyzed (n= 10)

Table 2 Distribution of chromosome 18 signals in methanol:acetic
acid spread oocytes from case V70.

Oocytes with Oocytes with a Oocytes with
a trivalent bivalent and a 3 univalents
Stage (n (%)) univalent (n (%))) (n (%))
Leptotene 0 (0.00) 8 (28.57) 20 (71.43)
Zygotene 22 (41.67)) 25 (36.67) 13 (21.67)
Pachytene 91 (91.92) 8 (8.08) 0 (0.00)
Diplotene 5 (88.33) 1(16.67) 0 (0.00)
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showed a single 18q subtelomeric signal matching with a
SYCP1 thread (Fig. 5C). Despite the small number of nuclei
studied, this value is almost the same as that observed by
FISH in the previous experiment on methanol:acetic acid
spread preparations (Table 2). Similarly, all the leptotene
oocytes (n=5) presented three unsynapsed chromosome
18s (Fig. 5A). Fifty percent of the zygotene oocytes ana-
lyzed (n = 40) displayed a bivalent 18 plus a univalent 18
(Fig. 5B). Only two diplotene oocytes could be analyzed —
one showed a bivalent plus a univalent configuration, the
other presented a desynapsed trivalent (Fig. 5D).

Does the presence of an extra chromosome affect the
pairing process of other homologs?

In order to analyze the effect of the presence of three
chromosome 18s in the nucleus and to see if this
phenomenon affects the pairing of other homolog pairs,
FISH was performed using a WCP 13 plus an LSI 13/21
to follow the chromosome 13 pairing process in trisomy
18 oocytes (V70). The results (Table 3) showed that
chromosome 13s were not paired at leptotene — 100% of
the studied oocytes had two univalents. Chromosome 13s
paired during the zygotene stage, where we observed
70% of the oocytes displaying one bivalent signal. At the
pachytene stage, all nuclei analyzed displayed one
chromosome 13 bivalent.

The same experiment was performed in a euploid
case from a similar developmental stage (V54) (Table 1).
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Figure 5 Human oocytes stained for REC8 (green)
and SYCP1 (red) were FISHed with an 18q subtelo-
meric probe (pseudocolored blue). (A) Leptotene
oocyte displaying three univalent 18s. (B) Late-zygo-
tene oocyte having a bivalent (seen in yellow due to
the colocalization of the SYCP1 and REC8) plus a
univalent 18. (C) Pachytene oocyte with a trivalent
18. (D) Diplotene oocyte with two separate signals
for the subtelomeric 18q region. Note that there are
still portions where the three chromosome 18s are
still paired.

The results showed no significant differences to those
obtained in trisomic 18 oocytes. Almost all leptotene
oocytes analyzed displayed two chromosome 13 uni-
valents (91%). Seventy percent of the zygotene oocytes
showed one chromosome 13 bivalent. All pachytene and
diplotene oocytes showed only one chromosome 13
bivalent.

ATR location in human meiosis

It has been proposed that ATR controls the correct pairing
of the homologs in the male mouse, as has been found
preferentially in late-pairing chromosomes in pachytene-
stage spermatocytes (Keegan et al. 1996, Moens et al.
1999). Therefore, and given the delayed formation of the
trivalent 18 (Fig. 3), the ATR dynamics in trisomic 18
oocytes were studied.

ATR distribution in euploid human spermatocytes

As ATR detection has only been performed on mouse sper-
matocytes, ATR distribution in human spermatocytes was
first analyzed in order to characterize the location of this
protein during male meiotic prophase (Fig. 6). Spermato-
cyte staging was performed according to parameters
described previously (Solari 1980).

ATR was first seen in human spermatocytes at the
leptotene stage as a few foci on the AEs. At zygotene,
the number of ATR foci substantially increased and were
located in unsynapsed and synapsed regions up to early
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Table 3 Distribution of chromosome 13 signals in methanol:acetic acid spread oocytes from cases V70 and V54.

V70

V54

Sub-stage Oocytes with Oocytes with Sub-stage Oocytes with Oocytes with two
Stage proportion (%) a bivalent (n (%)) two univalents (n (%)) proportion (%) a bivalent (n (%)) univalents (n (%))
Leptotene 15.6 0 (0.00) 13 (100.0 23.0 8 (8.4) 87 (91.6)
Zygotene 33.3 25 (69.4) 11 (30.6) 21.4 63 (70.0) 27 (30.0)
Pachytene 48.1 41 (100.0) 0 (0.0) 53.6 241 (100.0) 0 (0.0)
Diplotene 2.9 0 (0.0) 0 (0.0) 2.0 10 (100.0) 0 (0.0)

pachytene (Fig. 6A1-A2), where ATR was seen to dec-
orate almost the entire length of the SC (Fig. 6B). At late
pachytene, ATR was predominantly located at the sex
body and some ATR foci persisted on SCs, some of them
marking telomeres (Fig. 6C). At the diplotene stage, a
few ATR foci were present on the SCs.

ATR distribution in human oocytes

When ATR distribution in euploid oocytes was ana-
lyzed, it appeared that ATR distribution was similar to
that in  human spermatocytes described above.
In euploid oocytes, ATR first appeared at leptotene as a
few foci. At the zygotene stage, ATR was present at the
unsynapsed and synapsed regions of the chromosomes.
No remarkable differences in ATR staining were
observed between ‘late pairing’ and ‘synapsed’ homo-
logs at the late zygotene stage/early pachytene stage,
mirroring the situation found in human spermatocytes.
At early pachytene, ATR foci were present along the
whole length of the SCs. At late pachytene, ATR foci
remarkably decreased; some of them were located at
the telomeres. Finally, oocytes at the diplotene stage
had few ATR foci.

The same ATR distribution was found in trisomic 18
oocytes (Fig. 6D) and apparently no differential ATR stain-
ing was observed for the trivalent 18 at late zygotene/early
pachytene.

Discussion

Chromosomal dynamics in trisomic oocytes fit with
dynamics described in euploid oocytes

In this paper, a study of the dynamics of centromeres and
telomeres, cohesin core and synapsis development in
aneuploid female meiosis was performed.

According to previous observations made in human
euploid oocytes (Prieto et al. 2004), development of REC8
chromosome cores and synapsis progression was not
clearly found to be overtly altered in the presence of an
extra copy of human chromosome 18, thus suggesting that
cohesin core organization is not affected by the presence
of an extra chromosome. The sequence of chromosomal
events also mirrored those of euploid human oocytes
(Roig et al. 2004). Therefore, it seems aneuploidy does not
grossly affect chromosome core and SC formation, which
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agrees with previous reports (Luciani et al. 1976, Wallace
& Hulten 1983, Speed 1984, Cheng et al. 1995, 1998,
Barlow et al. 2002).

The results of trivalent formation are similar to those
described earlier for trisomic cases in human trisomy 21
oocytes (Wallace & Hulten 1983, Speed 1984, Barlow
et al. 2002) and in the rat (Martinez-Flores et al. 2001).
However, thickening of the asynapsed chromosome core
was not observed in preparations stained with REC8 and
SYCP1, contrasting with previous observations made with
electron microscopy (Wallace & Hulten 1983, Speed
1984, Martinez-Flores et al. 2001). These results indicate
that the different proteinaceous composition of the
unpaired univalent is not related to meiotic cohesin REC8.
IF data also corroborate the absence of SYCP3 and SYCP1
implication in this phenomenon, agreeing with previous
observations (Barlow et al. 2002).

An extra chromosome 18 does not alter pairing
of other chromosomes

Studies performed on Down’s syndrome oocytes suggest
that an extra chromosome may alter the pairing of other
homologs (Cheng et al. 1998). When a comparison was
made of the chromosome 13 pairing process found in
Edwards’ syndrome oocytes with control oocytes from a
case at the same developmental stage, no obvious differ-
ences were found. Moreover, similar timing was pre-
sented. In contrast, Cheng et al. (1998) reported that
chromosome 13 suffered a pairing delay in trisomy 21
oocytes. The differences in chromosome 13 pairing found
between trisomy 21 and trisomy 18 oocytes may be
caused by the frequent association existing between acro-
centric NOR-bearing chromosomes 13 and 21, which is
commonly observed both in euploid and aneuploid
oocytes (I Roig and M Garcia, data not published).

Moreover, normal SYCP1 dynamics obtained in SYCP1
IF experiments also provide evidence that general chromo-
some synapsis progresses with no obvious differences
compared with euploid oocytes (Roig et al. 2004).

Cheng et al. (1998) suggested that the possible interfer-
ence caused by the extra chromosome 21 was diminished
by the formation of a trivalent 21, mirroring observations
made by other authors (Speed 1984, Rodriguez & Burgoyne
2000). Thus, the high trivalent-18 formation efficiency
observed in this study could explain the absence of an
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Figure 6 ATR distribution in human spermatocytes (A—C) and in a human trisomic 18 oocyte (D). (A) Late-zygotene spermatocyte in which
almost all bivalents are paired. Some of the spermatocyte bivalents are enlarged (A1—A4) in order to show that ATR foci are present at the
unpaired bivalents (A1 and A2), the sex body (A3) and the already-paired bivalents (A4); note that the ATR foci are present in both synapsed and
asynapsed regions. (B) Early-pachytene spermatocyte having almost the whole length of the SCs covered with ATR; note the different brightness
of the ATR foci and the telomeric position of some of them. (C) Late-pachytene spermatocyte showing that the number of ATR foci has decreased
substantially, being at some telomeric and interstitial sites. ATR shows preferential staining for the sex body. (D) Late-zygotene oocyte mirroring
the situation found in spermatocytes. A late-pairing bivalent (D1) presents a similar staining pattern to that of an already-paired bivalent (D2,
only a fragment of the whole bivalent is zoomed).
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interfering effect of the extra chromosome in the other
chromosome-pairing processes.

Presence of an extra chromosome 18 delays bouquet
resolution in trisomic oocytes

The bouquet has been implied as a mediator of chromo-
some pairing (Loidl 1990, Scherthan 2001). A prolonged
bouquet stage has been found between species with a
similar genome size, but different chromosome comp-
lement (mouse vs cattle, where the latter has more
chromosomes and thus a longer bouquet stage; see Pfeifer
et al. 2001 for discussion) and disomic yeast strains (Rock-
mill & Roeder 1998). The significant increase in bouquet
frequency in trisomy 18 oocytes as compared with that of
euploid cases of similar stage (Table 1) suggests that the
oocyte modulates the bouquet stage in response to an
extra chromosome.

Results obtained in methanol:acetic acid spreads
suggest that chromosome-18 pairing is an efficient process
to achieve the trivalent condition. Trivalent formation is
preceded in leptotene and zygotene by the formation of a
bivalent plus a univalent, since the portion of oocytes with
bivalent plus univalent was higher at leptotene and zygo-
tene than in later stages (Table 2). Moreover, late-pairing
trivalent 18s shown in Fig. 3 reflect the fact that normally
a trivalent is formed from a bivalent plus a univalent. In
all of the images, there seems to be an already-paired
bivalent (black) to which the univalent (gray) tries to pair.
This observation may reflect the requirement to form a tri-
valent due to the cell being allowed to pass a pachytene-
pairing checkpoint (Roeder & Bailis 2000). It may be that
the time required for bringing about the encounter of
surplus chromosomes takes longer, and therefore bouquet
topology lasts longer in aneuploid cells compared with
euploid oocytes. It may also be that trivalent formation is
a late event in prophase | and that the cells spend more
time until pairing is finally achieved.

REC8-SYCP1 IF studies have revealed that the three
chromosome 18 cores were not perfectly aligned in some
early pachytene oocytes (Fig. 3), thus mirroring the find-
ings of Barlow et al. (2002). Therefore, it could be that
the bouquet also serves a role in mediating and/or main-
taining homolog alignment. Alternatively, the presence of
proteins involved in the recombination process, such as
Replication Protein A (RPA) at the trivalent 18 which is
formed at early pachytene (not shown) may reflect the
fact that delayed recombination may have the potential
to elicit a bouquet prolongation (Scherthan 2003, Roig
et al. 2004).

Nevertheless, Edwards’ syndrome is characterized by a
general developmental delay, which could not be
excluded as playing a role in the origin of the delayed
bouquet resolution found in trisomic 18 oocytes. How-
ever, this seems unlikely since prophase sub-stage fre-
quencies found in trisomy 18 (V70) and euploid (V54)
cases were similar (Table 3). In the same way, preliminary
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results obtained in Down’s syndrome oocytes (Robles P,
Roig I, Garcia R, Egozcue ] and Garcia M, unpublished
data) seem to support the hypothesis that the extended
bouquet could be due mainly to the presence of an extra
chromosome.

ATR in aneuploid oocytes

The specific ATR decoration of the late-pairing bivalents
found in mouse spermatocytes (Keegan et al. 1996, Moens
et al. 1999, Baart et al. 2000) was not observed in human
spermatocytes or oocytes in this study. Moreover, in the
cells with late-pairing bivalents, ATR was most often
located at the synapsed regions rather than at the asy-
napsed regions (Fig. 6A1 and A2). In this case, late zygo-
tene spermatocytes showed that ATR was located mostly
at the paired region of the XY bivalent (Fig. 6A3). This is
in contrast to what has been reported for the male mouse
where ATR was largely seen in asynapsed regions at the
late zygotene stage and no ATR staining was observed at
the pachytene stage except for the sex body (Keegan et al.
1996, Moens et al. 1999, Baart et al. 2000). A recent
study performed on male mouse spermatocytes suggests a
pachytene checkpoint function for ATR, which could be
related to recombination rather than to synapsis (Perera
et al. 2004). Our results seem to be in agreement with the
latter hypothesis.

This is the first study in which a combination of FISH
and IF techniques have been used in order to analyze
homolog pairing in human trisomic oocytes. The usage
of a dual approach enables the study of a large number
of oocytes with accurate precision. Our results show
that even in the presence of an extra chromosome the
pairing process in human oocytes is generally com-
pleted, yielding evidence of the reliability of the homo-
log-chromosome pairing process in human female
meiosis. However, further analysis in human euploid and
aneuploid oocytes and their peculiarities in homolog
pairing is required in order to gain deeper insights into
the occurrence of this phenomenon in the human
species.
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Summary:

Herein is presented a new culture technique that allows human fetal oocytes to
survive for a long period of time in vitro, pair homologous chromosomes
correctly and progress through the meiotic prophase. Furthermore, this

technique promotes oogonia entrance to meiosis in vitro.



ABSTRACT

Implication of the female meiotic process in aneuploidy etiology seems to be
crucial in humans. The first stages of mammalian female meiosis take place
during the fetal time-period, therefore, because of that, only little is known
about female meiosis. The goal of this study is to develop a new culture
technique that permits human oocytes to progress through the meiotic
prophase to have an easier strategy in order to study human female meiosis.
Fetal ovaries from four cases were cultured up to 35 days. Results indicate
that, although there was an important individual effect of ovarian response to
culture conditions, human oocytes survived in vitro up to five culture weeks. In
three cases, there was a statistically significant meiotic progression after 4
culture weeks (F15, V80 and V84). Homolog synapsis was studied for the first
time and results suggested synapsis was completed following the same
process described previously for euploid oocytes, as followed by the
chromosome-13 pairing process and synaptonemal complex formation.
Although a higher proportion of degenerated oocytes was observed as culture-
time increased, and results also give evidence of an oogonial entrance to

meiotic prophase.



INTRODUCTION

Aneuploidy is a major cause of spontaneous abortions and severe anomalies
among humans, and it is mainly due to errors in female gametogenesis
(Hassold and Hunt, 2001). As the first stages of mammalian female meiosis
take place during the fetal time-period and since human fetal ovarian tissue is
especially difficult to obtain, not many studies are performed on this topic.
Meiosis is a reductional division of the genome that produces haploid gametes
in order to ensure species diploidy at fertilization. During meiotic prophase,
homologous chromosomes pair and exchange material between them. The
meiotic prophase is classically subdivided into different stages. At leptotene,
chromosomes start condensation. At late-leptotene, in human oocytes (Roig et
al., 2004), all-chromosome telomeres cluster at a limited portion of the nuclear
envelope (known as 'bouquet’; for a review see: Harper et al., 2004) in order to
promote homolog encounters. At the zygotene stage, synapsis takes place.
During the pachytene stage recombination ends. Finally, at the diplotene stage
homologs separate, only remaining joined by the points where recombination
has occurred (chiasmata). At this stage, mammalian oocytes block and meiosis
will not continue until sexual maturity is achieved.

Efforts have been made to establish the critical conditions in vitro that promote
oogonia to go through the first meiotic stages, in order to have a new strategy
and better material to study the first stages of the meiotic process in females.

Reports of fetal ovarian cultures in mouse (Lyrakou et al., 2002) and human



(Blandau, 1969; Baker and Neal, 1974; Zhang et al., 1995; Hartshorne, 1996;
Hartshorne et al., 1999) have been published. In these studies, meiotic
progression in vitro has been assessed, and some of these papers also report
initiation of meiosis in vitro (Baker and Neal, 1974; Hartshorne et al., 1999). In
the same way, histological analysis of long-term cultures of frozen/thawed,
second-trimester human fetal ovarian pieces have suggested meiotic prophase
progression in the female germ cells (unpublished results Cortvrindt R. & Smitz
J). However, there is no knowledge regarding how culture conditions affect the
homolog pairing-process.

Thus, the aim of our study is to develop a new culture technique which permits
human fetal oocytes to progress through the meiotic prophase following the
same dynamics known to happen in vivo. As the homolog pairing-process of
the human oocyte have been characterized in full detail (Roig et al., 2004; Roig
et al., 2005 and Roig et al., in press), we choose to monitor the chromosome-
13 pairing process, the synaptonemal complex formation and bouquet
formation in cultured oocytes and compare it to the topological features of in

vivo developed ones.



MATERIALS AND METHODS

Biological material

Ovaries from four fetuses (Table 1) obtained after legal interruption of the
pregnancy according to the Ethical Committee of the Hospital de la Vall
d’Hebron, Barcelona, Spain, were used in this study. Fetus age was deduced
from last menstrual period and foot length when available. Three fetuses (F3,
V80 and V84) had a euploid karyotype . F15 was found to have trisomy 21 after

prenatal diagnosis.

Ovarian culture

F3 and F15 ovaries were collected in PBS. After removing adjacent tissues and
repeated rinsing of fetal ovarian tissues, the tissues were further dissected. In
order to try to ensure equal inclusion of cortical and central ovarian regions in
each ovary piece, ovaries were cut transversely, obtaining ten equal-sized
pieces from each ovary. The pieces were cryopreserved by a programmed,
slow-freezing protocol (DMSO) (Newton et al., 1998) and stored in liquid
nitrogen (for a maximum of two years). After thawing, the ovarian pieces were
first equilibrated overnight in «a-Minimal Essential Medium (Gibco BRL),
supplemented with 10% Fetal Bovine Serum at 37°C, 5% CO,. After washing
the ovarian pieces in freshly prepared and pre-warmed medium, the pieces
were distributed in tubes (two tubes per culture time) containing 3ml a-Minimal

Essential Medium (Gibco BRL), 2% Human Albumin Serum (Grifols), 5ug/ml



Insulin (Gibco BRL), 5ug/ml Transferrin (Gibco BRL), 5ng/ml Selenium (Gibco
BRL) and 1001U/ml Penicillin-100 pg/ml Streptomycin (Gibco BRL). For cases F3
and F15, ovarian cultures lasted 4 and 5 weeks, respectively. Samples were
labeled as TO after the overnight culture and depending on the extraction time
(T1, T2, T3, T4 and T5, each label indicating the weeks of culture). All cultured
tissues were fixed in methanol:acetic acid.

Two more cases, V80 and V84, were cultured avoiding freezing-thawing of the
sample. For this purpose, ovaries were collected in sterile PBS 1% Penicillin-
Streptomycin (Gibco BRL) at the hospital within 2 hours of delivery. Ovarian
pieces were cultured following the culture protocol described above. Each
week, tissues from two culture tubes were processed for analysis of meiotic
progression by applying different techniques (see below). At least one ovarian
piece per culture-time was processed immediately to obtain methanol:acetic
acid spreads, the rest of the pieces were kept at —-802C until use. Each week,
2.5 ml of culture medium per tube was changed for fresh pre-warmed medium.
For V80 and V84 fresh samples were labeled as TO. Cultured samples were

labeled as T1, T2, T3 and T4 (indicating the week of fixation).

Oocyte preparations

In order to analyze meiotic progression of oocyte spreads, 3D-structure
preserved preparations and methanol:acetic acid spreads were performed as
described elsewhere (Martinez-Flores et al., 2003; Roig et al., 2004; Roig et al.,

2005).



FISH on methanol:acetic acid preparations

Fluorescent in situ hybridization (FISH) on methanol:acetic acid preparations
was performed as described before (Roig et al., 2005) with slight modifications.
Pepsin digestion was applied to preparations from culture times T1, T2, T3 and
T4 in order to increase the efficiency of the hybridization. Slides were post-
fixed in a formaldehyde solution and denatured in 70% formamide in 2xSSC at
69°2C for 4 min. Probe denaturation was performed as described by the
manufacturer and the denatured probe was applied after slide dehydration.
Oocytes were hybridized with a whole-chromosome 13 probe labeled with Cy3
(Cambio; Cambridge, UK) and a dual locus-specific probe for chromosomes
13g14 (labeled with FITC) and 21922 (labeled with TRITC) (Appligene Oncor;
Heidelberg, Germany). Three post-hybridization washes were performed in 50%
formamide in 2xSSC, 2xSSC and 0.4xSSC 0.05% Tween 20 at 45°C. Finally,
DNA was counterstained applying an antifade solution (Vector Laboratories;
Burlingame, USA ) containing 0.1ug/ml of DAPI (4’,6’-diamidino-2-phenylindole;
Sigma; Munich, Germany).

Oocyte staging was performed according to the morphological criteria

previously described (Garcia et al., 1987; Roig et al., 2005).

Immunostaining of structurally preserved preparations
Immunofluorescence (IF) against proteins of the synaptonemal complex (SC)
(SYCP3, SYCP1, and cohesin REC8) and telomeric proteins (TRF2 and TIN2) was

performed as described before (Roig et al., 2004) with one small modification.



Oocytes from cultured ovarian pieces needed an extra permeation treatment
with 0.05% formaldehyde in PBS for 30 minutes after fixation of the sample.
Identification of the SC proteins was performed using the following antibodies:
a rabbit polyclonal serum against SYCP3 (Lammers et al., 1994), a rabbit
polyclonal serum against SYCP1 (Meuwissen et al., 1992), a rabbit polyclonal
serum against cohesin REC8 (Eijpe et al., 2003) (all of them kind gifts from
Christa Heyting; Wageningen, NL). Chromosomal telomeres were detected
using a mouse monoclonal antibody against telomeric protein TIN2 (Imgenex;
San Diego, USA) (Kim et al., 1999) and a mouse monoclonal antibody against
TRF2 (Abcam; Cambridge, UK). IF staining was performed as described before
(Roig et al., 2004). Primary antibodies were diluted in PTBG (PBS, 0.2% BSA,
0.2% Gelatin, 0.05% Tween 20) and incubated overnight at 4°C in a humid
chamber. After washing away unattached antibodies with PBTG, detection was
performed using some of the following fluorochrome-conjugated secondary
antibodies (all from Jackson ImmunoResearch Laboratories; West Grove, USA,
diluted in PTBG): goat anti-rabbit FITC antibody and a goat anti-mouse Cy3
antibody. Secondary antibodies were incubated for an hour at 372C in a humid
chamber. After washing off excess secondary antibodies and fixation of the
fluorescent signals with 1% formaldehyde in PBS, DNA was counterstained as
mentioned above.

Analysis of degenerated oocytes (SYCPl-positive apoptotic oocytes) was

performed following chromatin morphological criteria.
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Microscopy, image analysis and statistics

Preparations were evaluated using an Olympus BX70 fluorescence microscope
(Olympus Optical Co.; Hamburg, Germany). Images were captured and
produced by Smart Capture software. Images were further processed using
Adobe Photoshop to match the fluorescence intensity as observed in the
microscope.

Evaluation of the significance of the obtained results was performed applying a

Chi-square test.
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RESULTS

Presence of oocytes in culture

Oocytes at meiotic prophase were found at all culture times in all cultured
ovarian pieces, except for a single ovarian piece from V80 which was cultured
for four weeks and designated to analyze the proportion of oocytes presenting
a bouquet topology (see below). Taking into account the accurate way ovaries
were divided in order to include both cortical and central regions from each
ovarian piece, a culture cause cannot be completely excluded. The total
number of analyzed oocytes differed in relation to culture time and tissue
sample, ranging from 7 to 317, as reflected in Table 2. At most of the culture
times, except for the F3 culture, enough oocytes were found in each ovarian
piece in order to permit the statistical analysis of results. Due to the
heterogeneous distribution of oocytes in the ovary, figures on the number of
analyzed oocytes were not considered reliable markers for meiotic progression

or degeneration.

Oocyte survival and meiosis progression “ in vitro”

Meiotic prophase progression was measured by analyzing changes in the
distribution of the oocytes in the meiotic prophase substages through culture
times (Figure 1). Cases F3 and F15 were cultured as a first attempt to analyze
meiosis progression in vitro. In the F3 culture (Fig. 1A) only few oocytes were

obtained from each culture time, therefore it could not be used for analytical
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purposes. In the F15 culture (Fig. 1B) the number of oocytes found was
sufficient for analysis, ranging from 11 to 67. In this case, a statistically
significant meiotic progression (x*=9.802; p=0.007), as measured by the
increase of the pachytene-stage proportion, was observed from TO to T4. The
percentage of pachytene-stage oocytes increased from 20.9% at TO to 63.6%
at T4, suggesting a meiotic progression as the culture progresses. Surprisingly,
the percentage of pachytene-stage oocytes decreased and leptotene oocytes
increased at T5.

In the V80 culture (Fig. 1C), almost all culture times (see below) maintained the
same oocyte substage proportion; thus, there were no significant changes from
TO to T4 through the culture (x’=0.571; p=0.903). However, there was a
statistically significant, dramatic loss of pachytene-stage oocytes accompanied
by an increase of leptotene-stage oocytes (y*=14.125; p=0.003) after the third
culture week (T3). This drastic change was restored in just one week. At T4,
oocyte distribution was similar to that at TO, showing a statistically significant
meiotic progression from T3 to T4 (x*=10.271; p=0.016).

The V84 culture (Fig. 1D) showed a statistically significant variation of the
meiotic prophase proportions throughout the culture time (yx?=14.497;
p=0.002). During the culture there was a significant decrease of later stages
(pachytene and diplotene; going from 45.2% to 13.3% and from 15.4% to
6.7%; respectively) and an increase of earlier stages, principally the leptotene
stage, from 8.7% found in the fresh sample to 40% found after 4 weeks of

culture.
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These results suggest that not only do oocytes survive in vitro conditions, but
they are also able to progress through the meiotic prophase in ovarian

cultures.

Dynamics of homolog pairing-process in cultured oocytes.

During meiotic prophase, chromosomal telomeres arrange themselves in a
small portion of the nuclear envelope, known as bouquet topology. This process
is thought to be crucial in order to help homolog chromosomes to complete
synapsis (Scherthan, 2001). In this sense, we analyzed wether a normal
bouquet topology existed in V80 and V84 cultures to check if homologs paired
in cultured oocytes following the same topological organization described
previously in fresh oocytes (Roig et al., 2004).

In both cases, and in all culture times analyzed, we commonly found oocytes at
the bouquet stage showing no noticable differences to the ones obtained from
fresh and frozen samples (data not published; Roig et al., 2004; Roig et al.,
2005). The proportion of bouquet-stage oocytes was counted for each culture
time, giving no statistically significant different figures in V80 (Fig. 2).

In both cultures (V80 T2-T3, and V84 T0-T1) there seems to be an increase of
cells that do not present a bouquet topology (labeled as “no bouquet” in Fig. 2)
when the rate of leptotene oocytes rises (Fig. 2). This suggests either that
cultured oocytes fail to start telomeric clustering at the leptotene stage or that

early-leptotene oocytes do proportionally increase in culture (early-leptotene



14

stages have been reported not to have their chromosomal telomeres clustered)
(Roig et al., 2004).

In order to address these hypotheses, we investigated the pairing process of
homolog chromosome 13 during meiotic prophase in vitro and also the
synaptonemal complex (SC) formation in V80 and V84 cultured oocytes.

In both cases and at all culture times, chromosome 13 paired following a
similar dynamics as in fresh oocytes (Roig et al., in press). At almost all culture
times, leptotene-stage oocytes displayed two separate chromosome 13s (Fig.
3A), except at V80 TO in which 3% of the analyzed oocytes displayed an
already-paired bivalent 13. In the V80 culture the proportion of zygotene-stage
oocytes with a chromosome-13 bivalent ranged from 66% (n=35, T2) to 78%
(n=9, T3). In the V84 culture, the presence of the paired bivalent 13 of
zygotene oocytes ranged from 57% (n=30, TO) to 40% (n=5, T4). The
proportion of oocytes zygotene-stage with an already-paired bivalent 13 is not
significantly different between culture times. All pachytene-stage oocytes
analyzed had a paired bivalent 13 (Fig 3C). Similarly, all diplotene oocytes
analyzed, displayed a desynapsing bivalent 13 (Fig 3D).

The data obtained for the chromosome-13 pairing process in V80 and V34
cultured oocytes are similar to those obtained from fresh samples (Roig et al.,
in press), suggesting that ovarian culture does not seem to affect the homolog-
chromosome pairing process.

Furthermore, the homolog pairing process was also analyzed following

synaptonemal complex formation. This was not found to differ between fresh
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sample (TO) and cultured oocytes. Despite finding degenerated oocytes (see
below), oocytes with apparently normal SCs, evaluated by synaptonemal
complex proteins (SYCP3 and SYCPl) and cohesin REC8 localization, were
found at each culture time. This again suggests that ovarian culture does not

affect the homolog pairing process.

Oocyte degeneration in culture.

As previous reports suggested the existence of degenerate oocytes in culture
(Hartshorne et al., 1999), specially at the pachytene stage (Baker and Neal,
1974), the percentage of oocytes was analyzed in which the pairing process
had started, followed by the presence of SYCP1 and displaying a nuclear DNA
degeneration which is characteristic of apoptotic cells (Fig. 2B), these cells
were scored as SYCP1-positive degenerate oocytes.

In the V80 culture, there was a low degeneration rate throughout the culture
(around 3%, see Fig. 2A), but it statistically significantly increased at T3 to 46%
(x*=21.662; p<0.001). The degeneration rate decreased at the following culture
time (T4) to 13 %.

In the V84 culture, the percentage of oocyte degeneration statistically
significantly increased progressively from 0% at TO to 57% at T4 (y*=13.416;
p<0.001)(Fig. 2A).

In both cultures, the increase of the degeneration rate coincided in time with a
rise in the proportion of oocytes that did not display telomeric clustering (no

bouquet stage) nor with an augmentation of leptotene-stage oocytes (Fig. 2A).
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DISCUSSION

This paper suggests that meiotic prophase could be maintained oocytes grown
in these in vitro conditions. Results bring unequivocal evidence for de novo
initiation of meiosis by culture conditions of human oocytes. Furthermore, a
complete analysis of the evolution of homolog-chromosome pairing process,
chromosome dynamics (bouquet topology) and homolog synapsis is presented
for the first time in cultured oocytes. The results suggest that the culture
technique described here permits homolog pairing and synapsis progression
with nearly similar patterns as those described in fresh oocytes (Roig et al.,

2004 and Roig et al., in press).

“In vitro” culture can sustain meiosis

The techniques used in this study permit unequivocal identification of oocytes,
thus finding meiocytes in almost all ovarian pieces. Analysis of the cultured
tissue has demonstrated that meiosis can be maintained in vitro. After two
culture weeks, V80 ovarian samples maintained the same oocyte proportion as
the fresh sample (Fig. 1). Throughout all culture times the normal
chromosome-13 pairing process was found. The existence of normal telomeric
dynamics and the apparently normal SC formation demonstrates that normal
development of the homolog pairing process in  human oocytes can be
maintained in long-term culture. Other studies (Hartshorne et al., 1999) have

also reported that oocytes could be maintained for long periods of time in vitro,
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but an analysis of the homolog pairing process was not described. Surprisingly,
and despite the different numbers of oocytes found, F15 and F3 cultures
respond to the culture technique similarly to that of V80 and V84 cultures,
suggesting that freezing-thawing protocols used in the first cases do not
affect the capacity of the oocytes to progress in culture.

In first attempts to stain cultured ovarian tissues it was noted that the original
protocols for fresh samples did not perform as expected. Cultured oocytes
needed a longer permeation for IF staining and the hypotonic treatment did not
reveal 'clean' chromosomes. An enzymatic digestion step was needed in order
to remove residual cytoplasma before applying FISH.

Present observations suggest that ovarian culture conditions may alter the cell
membrane, making it less reactive to classic protocols. However, these
changes did not seem to affect the homolog-chromosome pairing process.
Nevertheless, this observation should be kept in mind when discussing
results obtained in this study and other published studies in which a defective
meiotic recombination is observed in cultured mouse oocytes (Lyrakou et al.,
2002).

Our results emphasize the existence of an important difference between
subject effect on response to the same culture technique. The sample
developmental stage can also be the reason for a different response in terms of
culture progression as different fetal ages were used. Nevertheless, major
patterns can be recognized in all cultures. For example: while V80 does not

show a variation in percentage of oocytes at different meiotic stages after two
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weeks of culture (Fig. 1), the V84 meiotic proportion changed significantly after
only one culture week. However, in both cultures, changes lead to an increase
of leptotene-stage oocytes and a decrease of later stages (pachytene and
diplotene). These changes can also be observed in the F3 and F15 cultures.

The individual particularities, shown during culture, have also been reported in
previous studies performed in human ovaries (Hartshorne et al., 1999) and
may be attributable to ovary conditions when the sample was collected, time
interval between sample collection and establishment of the culture, sample

differences or to intrinsic inter-individual differences.

Meiosis starts “ in vitro”

In the V80 and V84 cultures, an increase of the oocytes with a degenerate DNA
has been observed. For V80 it was observed at T3 and for V84 there was a
constant increase that led to a maximal degeneration rate at T4. At the same
time, a decrease of the pachytene-stage oocytes was found (Figs. 1D and 2A;
except for V84 T2 and T3, most probably due to the low number of oocytes
found in the ovarian pieces, where analysis of the different meiotic prophase-
stages proportion was performed), suggesting that either late-zygotene-stage
cells did not enter the pachytene stage or that most pachytene-stage oocytes
were eliminated. Concomitantly, the leptotene percentage and no-bouquet
oocytes increased. All of these data seem to suggest that a massive loss of
oocytes is accompanied at the same time by an oogonial entrance into meiotic

prophase, coinciding with observations made in previous works using other
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technical approaches in which de novo meiosis was observed in vitro (Blandau,
1969; Hartshorne et al., 1999).

During fetal ovarian development there is a massive loss of oocytes, which
coincides with the pachytene stage (Baker, 1963). The high degeneration rate
observed in our study could be either due to an ovarian internal “clock” still-
working in culture, or to a deficient culture medium. In this sense, Hartshorne
et al. (1999) also described a high rate of oocyte degeneration, but in their
case coinciding with the zygotene stage instead of pachytene-stage oocytes.
Furthermore, the pachytene stage is known to have a checkpoint that
prevents abnormal meiocytes from progressing through meiosis (Roeder and
Bailis, 2000), thus it may be possible that the pachytene stage may play a role
in the high loss of pachytene-stage oocytes observed in our cultures. More
studies in fresh and cultured oocytes should be performed to better define the

cause of this important degeneration rate.

Meiosis progress “ in vitro”.

Results obtained in the F15 culture suggest a clear meiotic progression in vitro.
The pachytene-stage proportion increased from 21% to 64% in four culture
weeks. In the same way, in the V80 culture, meiotic prophase rates changed
after T3, leading to a restoration of TO values in only one culture week,
showing a meiotic prophase progression which doubled the pachytene-stage
proportion in a culture week. This rapid transition through meiotic stages

agrees with observations made in mouse fetal ovaries (Lyrakou et al., 2002)
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and in human fetal ovaries cultured in vitro (Hartshorne et al., 1999). However,
these results contrast with other studies made in human fetal ovaries in which
a longer period of time is needed to obtain a pachytene oocyte in vitro (Baker
and Neal, 1974). This can be attributable to different developmental stages of
the samples used in the different studies.

Meiotic progression observed for F15 is substantially longer than the one
observed in the V80 culture. Again, this may be due to the different
developmental stages of the sample. As F15 ovaries came from an 18-week-
old fetus, the leptotene proportion at TO is higher than that observed for V80
(48% against 23%, respectively). This may suggest that the higher the
proportion of leptotene-stage oocytes when the culture is established, the
better response to the culture technique, in terms of meiotic progression, will
be achieved.

This meiotic progression observed in the V80 culture seems to mainly originate
from oocytes that started meiosis in vitro, as there is a massive loss of
pachytene oocytes and a high entrance of oogonia into meiosis. Nevertheless,
results from the F15 culture suggest that oocytes that started the culture can
continue meiosis in vitro. At the moment, we have no evidence that meiotic
progression observed in our study is derived from surviving oocytes or from de

novo meiosis, or a combination of both.
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Homolog pairing process is completed in cultured oocytes

This is the first study in which an analysis of the homolog pairing process is
performed in human cultured oocytes. Results show that the pairing process
progresses following the same dynamics and topological patterns (bouquet
topology) described in fresh euploid oocytes (Roig et al., 2004 and Roig et al.,
in press). These results are in agreement with previous observations which
assessed pairing process as an extremely reliable process which ensures
formation of a bivalent at pachytene with a low error rate (Roig et al., in press).
This hypothesis has recently been confirmed in a study performed in human
trismoic 18 oocytes (Roig et al., 2005). Results presented here are another
confirmation of pairing-process fidelity, even working in non-optimal

conditions as an in vitro culture.

In summary, results obtained in this study show that fetal oocytes can survive
a long time in vitro. Our data provide strong evidence that oogonia can start
meiotic prophase in these in vitro conditions. Moreover, meiotic prophase
progression has been observed with the described culture technique. Cultured
oocytes preserved their capacity to perform synapsis with no noticeable
differences to the analyzed fresh oocytes. Nevertheless, more studies should
be carried out to refine the culture medium in order to increase the meiotic
progression rate in culture and to analyze other meiotic processes as

recombination.
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FIGURE LEGENDS

Figure 1.- Analysis of the meiotic prophase-stage proportion over culture-time
per culture: F3 (A), F15 (B), V80 (C) and V84 (D). Per each case there is a table
containing the percentage of oocytes at the different meiotic prophase stages
presented per culture-time, as well as a graphic representation of these

figures.

Figure 2.- Proportion of oocytes that do not present a bouquet topology (No
bouquet %), percentage of SYCP1l-positive oocytes presenting a degenerative
chromatin morphology (Degenerated %) and leptotene-stage oocyte proportion
(Leptotene %) are shown per each culture time from the V80 and V84 cultures
(A). Note that No bouquet, Degenerated and Leptotene percentages come from
analyses performed on different ovarian pieces which were cultured for the
same time-period. A significant correlation among the three parameters can be
found in both cultures (except for culture V84 at T2 and T3, where the
leptotene proportion does not follow the same trend as the others, probably
due to the small number of oocytes found when analyzing the leptotene
proportion, n=5 and n=7, respectively). SYCPl-positive oocyte (B) with a
noticeable degenerated chromatin (blue), note that some SYCP1 fibers (green)

are still visible. N.A.: not analyzed.
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Figure 3.- Chromosome-13 pairing process in V80 oocytes. Leptotene stage (A)
with two independent chromosome 13 (WCP 13 red plus LSI 13 green; LSI 21
red) and two separate chromosome 21 signals. Zygotene-stage oocyte (B) with
wo chromosome-13 pairing and two chromosome-21 aligned signals.
Pachytene oocyte (C) with a bivalent 13 and a single chromosome 21 signal.

Diplotene oocyte (D) showing the desynapsing bivalents 13 and 21.



TABLES

Table 1.-Biological material used.

CASE G.W. Diagnosis Karyotype?
F3 17 - 46,XX
F15 18 Downs' Syndrome 47, XX +21
V80 22 Polymalformation 46,XX
V84 22 Polymalformation 46,XX

G.W.: gestational weeks; karyotype obtained from prenatal diagnosis.

Table 2.- Total number of oocytes analyzed per case and culture time.

CASE T0 T1 T2 T3 T4 T5  TOTAL
F3 132 17 8 7 16 - 180
F15 67 39 25 28 11 27 197
V80 263 317 292 169 172 - 1213
V84 181 83 96 114 38 - 512
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Figure 1, Roig et al.

A B

F3 T0 T1 T2 3 T4 F15 T0 T1 T2 13 T4 15
Leptotene (%) 553 41.2 50.0 429 50 Leptotene (%) 478 513 480 143 9.1 37.0
Zygotene (%) 273 41.2 50.0 286 4338 Zygotene (%) 313 41.0 320 429 273 48.1
Pachytene (%) 136 176 0.0 286 63 Pachytene (%) 209 T 20.0 42.9 636 148
Diplotene (%) 38 0.0 00 0.0 0.0 Diplotene (%) 0.0 0.0 0.0 0.0 0.0 0.0
Number of cells analyzed 132 17 8 7 16 Number of cells analyzed 67 39 5 28 11 27

Cc D

v80 T0 T1 T2 T3 T4 veq T0 T1 T2 T3 T4
Leptotene (%) 227 195 20.0 536 218 Leptotene (%) 8.7 30.0 60.0 o571, 40.0
Zygotene (%) 31.2 336 35.2 31.2 354 Zygotene (%) 308 40.0 0.0 286 40.0
Pachytene (%) 435 43.4 41.0 143 40.0 Pachytene (%) 45.2 6.7 0.0 143 133
Diplotene (%) 26 35 38 0.0 18 Diplotene (%) 154 133 40.0 0.0 6.7
Number of cells analyzed 154 113 105 28 55 Number of cells analyzed 104 30 5 7 15

u —+— Leptotene %

T2

T3

u —=— Zygotene %

Pachytene %

—— Diplotene %



Figure 2, Roig et al.

A

Va0 T0 T T2 T3 T4
No bouquet% (n)  B0.2(83) 558 (77) 60.0 (45) 76.5 (34) na
Degenerated % (n) na 3.2(31) 3.9(52) 464 (28) 13.8 (29)
Leptotene % (n)  22.7(154) 18.5(113) 200(105) 53.6(28)  21.8(59)
V84 o T T2 T3 T4
No bouquet% (n)  45.2(31)  72.1(43)  51.0(53) 718(39)  75.0(16)
Degenerated % (n) ~ 0.0(20) 200 (10) 13.2 (38) 40.0 (10) 57.1(7)
Leptotene % (n) 8.7(104)  30.0 (30) 60.0 (5) 57.1(7) 400 (15
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Figure 3, Roig et al.
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Discussio

Oocit a I'estadi de paquité marcat mitjancant immunofluorescéncia
SYCP1 (verd), TIN2 (blanc) i yH2AX (vermell)
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5.1. VALORACIO DE LES TECNIQUES EMPRADES

5.1.1. Protocol de cultiu d’estroma ovaric

Com ja s’ha comentat anteriorment, les particularitats de Ila
gametogenesi femenina fan que I'obtencié de mostres d’ovari huma, amb la
finalitat d’estudiar els primers estadis de la meiosi, sigui dificultosa. Aquest
fet, sumat a la importancia d’estudiar la gametogénesi femenina a causa de
la seva implicacié en l'origen de les aneuploidies en humans, ha conduit als
investigadors a usar totes les mostres disponibles per analitzar qualsevol
dels processos que esdevenen durant la vida fetal de la dona. Actualment,
la font més accessible de mostres fetals sén les interrupcions legals de
I'embaras (ILEs), o altrament conegudes com avortaments terapeutics.
Aix0 implica que la majoria de fetus avortats presenten alguna anomalia
anatomica, fisioldgica, genetica o cromosomica que en el seu moment han
permes l'avortament. Tot i aixd no deixa d’haver-hi fetus fenotipicament

normals.

El problema, a I'hora d’estudiar el desenvolupament de la profase
meiotica a femella humana rau a poder saber quan un fetus, sigui quina
sigui la rad de I'avortament, es pot considerar control i quan no. Es a dir, la
dificultat es trobaria a conéixer en quins casos les raons terapeutiques
poden tenir conseqiéncies en els processos meiotics que s’estan estudiant i,
per tant, poden conduir a errors en la seva descripcié. En aquest sentit, la
posada a punt d’una técnica de cultiu d’estroma ovaric (treball 1, Roig et
al. 2003) que facilita coneixer el cariotip de cada cas, permet solucionar el
possible error conduit per l'assumpcié que els casos que no presenten
anomalies cromosomiques conegudes son classificats com a controls. Els
resultats obtinguts revelen que totes les mostres analitzades que provenien
d’avortaments terapeutics, no relacionats amb anomalies cromosomiques,
tenen un cariotip euploide. D'altra banda, I'Us sistematic del protocol de

cultiu d’estroma ovaric ha permes corroborar, en tots els casos en qué es
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disposava, el cariotip prenatal obtingut ja fos per métodes citogenétics o de

genetica molecular.

Aixi doncs, el protocol de cultiu d’estroma ovaric fetal que s’ha
desenvolupat permet l'obtencié de cél-lules a l'estadi de metafase per
esbrinar la formula cromosomica que faciliti I'obtencié d’'una casuistica de
fetus euploides amb els quals la caracteritzacié del procés d’aparellament i
sinapsi cromosOmica en mostres control resulti, ara si, possible. A més a
més, I'Us d’una técnica de cultiu que permet saber el cariotip de les céel-lules
de l'estroma ovaric, tot i l'origen diferent de les cél-lules somatiques
respecte de les germinals, minimitza el possible risc de mosaicisme que es
pot trobar en determinades aneuploidies, que podrien conduir a errors en

I'analisi de la profase meiotica d’aquestes mostres.

5.1.2. Tecniques de biologia celular

Els primers estudis de la profase meiotica en oocits I humans, es va
realitzar usant técniques citogenetiques classiques sobre extensions d’oocits
fixades en carnoy en qué s’‘observava el patré de condensacié dels
cromosomes i la dinamica del seu aparellament (Ohno et al. 1961; Ohno et
al. 1962; Baker 1963; Manotaya and Potter 1963; Luciani and Stahl 1971;
Luciani et al. 1976; Garcia et al. 1987). També es varen emprar
preparacions d’oocits fixades en paraformaldehid en les quals se’ls aplicava
una tincid amb nitrat de plata per observar el desenvolupament dels SCs i
I'evolucid de la sinapsi cromosomica mitjancant microscopia oOptica i/o
electronica (Wallace and Hulten 1983; Speed 1984; Speed 1985; Wallace
and Hulten 1985; Speed 1986; Speed 1988; Garcia et al. 1989). En tots
aquest estudis, el material havia estat processat per tal de tenir
preparacions el maxim d’esteses possible, i aixi poder observar els
bivalents, o els SCs, el maxim d‘individualitzats possible. Coetaniament,
només un grup va realitzar estudis on s‘empraven tecniques que
preservaven l|'estructura nuclear en tres dimensions (Bojko 1983; Bojko
1985).

184



Discussio

Més recentment, els estudis que s’han fet en oocits I humans han
usat dos grups de tecniques metodologiques que son l'evolucid de les
anteriorment esmentades. La primera, seguint el testimoni de la
citogenetica classica, consisteix a marcar cromosomes concrets o regions
especifiques seves, mitjancant teécniques de citogenética molecular,
hibridacié6 in situ fluorescent (FISH), per analitzar l|'aparellament de
determinats cromosomes durant la profase meiotica (Cheng and Gartler
1994; Cheng et al. 1995; Cheng et al. 1998; Cheng et al. 1999; Cheng and
Naluai-Cecchini 2004). I la segona, en la qual, emprant preparacions
d’oocits fixades amb paraformaldehid sobre les quals s’apliquen técniques
d'immunoflourescencia (IF), s’endinsa en l'estudi de la formacié i
desenvolupament del complex sinaptinemal i de les proteines, una a una
individualitzades que intervenen en el procés de sinapsi i de recombinacio
(Barlow and Hultén 1997b; Barlow and Hultén 1998; Barlow et al. 2002;
Tease et al. 2002; Prieto et al. 2004; Lenzi et al. 2005). De tots aquests
estudis recentment realitzats en oocits I humans, no n’hi ha hagut cap que
centrés l'atencid en la localitzacié i dinamica cromosomica en el nucli
preservat (en tres dimensions) de manera que, encara que han servit per
confirmar les dades aconseguides amb les técniques classiques, no han
significat un augment del coneixement que es tenia de l'estructura nuclear i

la dinamica cromosomica durant la profase meiotica dels oocits humans.

Per a la realitzacié d’aquest treball experimental, i amb I'objectiu de
caracteritzar amb el maxim detall possible la progressié de |'aparellament i
la sinapsi dels cromosomes homolegs durant la profase meiotica en oocits I
humans, s’han emprat tecniques de citogenética molecular i
d'immunofluorescéncia, tant en preparacions d’extensions en dues
dimensions com en preparacions en que es preservava el volum nuclear de
I'oocit. Per fer-ho, s’han posat a punt metodologies que havien estat
descrites per a altres models animals i que no s’havien emprat mai en
oocits I humans (Scherthan and Cremer 1994; Scherthan et al. 1996;
Martinez-Flores et al. 2003; Liebe et al. 2004), aixi com en alguns casos,
s’han desenvolupat noves tecniques d’extensid cel-lular, protocols d’IF i

FISH concrets per a les preparacions obtingudes (vegeu protocols 3.2.5,
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3.2.7,3.2.81i 3.2.10).

Els resultats (Roig et al. in press; Roig et al. 2004; Roig et al. 2005),
quant a la qualitat de les preparacions, l'eficiencia d’hibridacié de la FISH
sobre tot tipus de preparacions i la deteccié de proteines mitjancant IF, sén
equiparables als treballs anteriorment publicats, en que s’usaven
metodologies diferents de les descrites en aquesta tesi. En alguns casos, els
resultats obtinguts per primer cop pel nostre laboratori han estat
posteriorment corroborats (Judis et al. 2004; Lenzi et al. 2005; Turner et al.
2005).

De fet, I’'Us d’una bateria de técniques tan diversa com la descrita, ha
permeés realitzar un treball complet en el qual es pot analitzar un mateix
procés des de diferents enfocaments, enriquint i diferenciant d’aquesta

manera els resultats obtinguts en cada procés analitzat.

Malauradament, en aquest estudi encara ens hem trobat amb les
limitacions intrinseques del material de treball, que condicionen la
potencialitat de les técniques metodologiques. D’‘aquesta manera, el
principal problema que s’ha observat, coincidint amb altres autors que
treballen en oocits humans (Cheng and Gartler 1994; Tease et al. 2002), és
la frescor de la mostra. Existeixen processos sobre els quals no es pot
influir, com pot ser la mort intrauterina del fetus abans de I'expulsid, que
condicionen la immediatesa i viabilitat de les mostres que es recullen, i
limiten, per tant, l'elaboracié d’aquest tipus d’estudis. De fet, la no
contaminacio de cap tipus de l'ovari és basica en |'obtencié d’oocits que
permetin les inferéncies técniques sense I|'aparicié d’artefactes que
desdibuixin la realitat. Aixi doncs, com més fresca sigui una mostra, millors
resultats s’obtenen, tant usant tecniques de FISH, d’IF o de cultiu cel-lular.
A fi de garantir una eficient recol-lecci6 de les mostres, ha estat molt
important I'estreta col-laboracio i la gran implicacié que hi ha hagut per part
del personal clinic dels centres que ens han proporcionat el material
biologic. D’aquesta manera, per dur a terme un projecte com aquest, en el
qual es pretén estudiar la profase meidtica en oo0cits humans, és

absolutament necessaria una estreta i acurada coordinacié entre |'equip
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clinic i els membres del grup de recerca, tal com ha estat i és en aquest

cas.

5.1.3. Técnica de cultiu d’ovaris fetals

Amb la finalitat d’estudiar I’'evolucié de la profase meiotica en oocits
de mamifers, sense requerir mostres in vivo, s’han fet alguns estudis en un
intent de mantenir i fer progressar els primers estadis de la meiosi en oocits
tant de ratoli com d’huma in vitro (Blandau 1969; Baker and Neal 1974;
Zhang et al. 1995; Hartshorne 1996; Hartshorne et al. 1999; Lyrakou et al.
2002). Tot i que en alguns casos s’ha obtingut una certa progressio
meiotica in vitro, els resultats publicats no han estat suficientment fructifers
per permetre |‘estandarditzaci6 d’una técnica que permetés de fer el
seguiment de l'evolucié de la meiosi en cultiu. A més a més, el parametre
emprat per a |'analisi de la variacié de les mostres cultivades al llarg dels
temps de cultiu, en la majoria dels casos, ha estat Unicament I'estudi del
canvi en la proporcié d'oocits en determinats estadis de la profase meiotica,
mentre que no s’ha analitzat I'efecte de les condicions del medi de cultiu
sobre alguns dels processos fonamentals que s’esdevenen durant aquests

estadis, com pot ser I'aparellament i la sinapsi dels cromosomes homolegs.

En aquest sentit, i en el desenvolupament d'un dels objectius
d’aquesta tesi, s’ha desenvolupat una técnica de cultiu d’ovaris fetals que
permeti I'evolucié dels oocits in vitro de manera similar a com es

desenvolupa in vivo (treball 5, Roig et al. submitted).

Els resultats obtinguts en els cultius realitzats suggereixen que la
meiosi es pot mantenir en les condicions de cultiu usades en aquest treball.
Tot i I'alta taxa de degeneracid observada al llarg del cultiu, el fet de trobar
una eficiencia d’‘aparellament, sinapsi cromosomica i dinamica telomerica
semblant a les observades en oocits en fresc (vegeu l'apartat 5.2) suggereix
gue els oocits humans poden ser mantinguts per temps prolongats in vitro

mantenint aparentment les mateixes funcions que in vivo. De tota manera,
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els resultats suggereixen que el cultiu pot afectar les caracteristiques
fisiques dels oocits, o de determinades estructures seves, ja que els
protocols d’'IF i FISH s’han hagut de modificar lleugerament a fi

d’'incrementar la seva eficacia en oocits cultivats.

Altrament, els resultats dels cultius d’ovaris que s’han fet, tot i que
les quatre mostres cultivades segueixen els mateixos patrons generals,
evidencien l'existéncia d’'un marcat efecte de la mostra amb relacié a com
aquesta reacciona el protocol de cultiu. Aquest fenomen, que ja ha estat
observat en altres intents de fer cultius d’ovaris fetals humans (Hartshorne
et al. 1999), es pot deure a multiples factors. L'estat de desenvolupament
del fetus en podria ser un, perd també, i en el mateix sentit ja explicitat
anteriorment, les condicions de l‘ovari, el temps que transcorre entre la
recollida de la mostra i I'establiment del cultiu, és a dir, la frescor de la
mostra, torna a ser basic i, sobretot, limitant. L'obtencié d’una mostra
viable (en el sentit metodologic) i la sistematitzacié i estandaritzacié d’un
metode de cultiu i de processament es fa imprescindible a I'hora de
descobrir els factors més importants que intervenen en la reaccié de l'ovari

a les condicions de cultiu.

Pel que fa als nostres resultats obtinguts en els cultius de cél-lules
germinals, indiguen clarament l'existéncia d’'una progressié de la profase
meiotica, entesa aquesta com una variacié de la proporcié dels diferents
estadis de la profase meiodtica en qué tendeixen a augmentar els oocits en

I'estadi de paquiteé.

A més a més, l'increment substancial d’oocits en I'estadi de leptote
gue s’observa en determinats temps de cultiu, suggereix |I'existéncia d’'una
important entrada d’oogonies a la meiosi in vitro. Aquest fenomen, que ja
s’havia observat en estudis previs (Blandau 1969; Hartshorne et al. 1999),
en el nostre cas, s’ha pogut relacionar per primer cop amb un augment
d’'oocits en degeneracid. Aix0 suggereix que, o bé, les oogoOnies es
diferencien a oocits i comencen la meiosi com a resposta a una alta
mortalitat d’oodcits, o bé que és I'entrada de noves oogonies a la meiosi la

gue genera un increment de la taxa de degeneracié d’oocits d’estadis més
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tardans. Altrament, la qlestid és si I'augment d’oocits que degeneren
s’esdevé per deficiencies del medi de cultiu o per una activacié d’un
mecanisme intrinsec a l'ovari huma. Com s’ha comentat a la introduccio, a
I'ovari fetal es déna un important procés d’atresia d’oocits que fa disminuir
drasticament el nombre d’‘oodcits durant la vida fetal de l'individu (apartat
1.2.2). Aquest fet suggeriria la possible implicacid d’'un mecanisme intern de
I'ovari en l'augment de la taxa de degeneracié d’oocits en cultiu, pero
també cal tenir present I'existéncia dels punts de control de la meiosi, com
és el checkpoint de paquite (Roeder and Bailis 2000). Com ja s’ha comentat
(apartat 1.3.2.1.4), existeixen mecanismes pels quals les cél-lules que no
han completat correctament la profase meiotica sén aturades a l'estadi de
paquite i eliminades si no corregeixen els errors detectats. Aixi doncs, no es
pot descartar la possible implicacié d’aquest procés en l‘augment de
degeneracid d’oocits en cultiu, tot i la seva suposada ineficacia en oocits de
mamifers (Hunt and Hassold 2002). Aquesta hipotesi estaria d’acord amb
observacions fetes en cultius d’ovaris fetals de ratoli, on es trobaven oocits
a l'estadi de paquite sense foci de MLH1, i per tant, amb deficiencies en el

processament dels DSBs (Lyrakou et al. 2002).

Es important fer ressaltar que l'estudi realitzat no es conforma en
haver posat a punt una determinada metodologia de cultiu que permetes
I'evolucid dels oocits in vitro (objectiu fonamental), sin6 que de forma
paral-lela i per primer cop, s’ha fet un estudi detallat dels processos
d’aparellament i sinapsi cromosomica dels oocits cultivats que ens
indiquessin el possible efecte que la permanéncia i progressié de les
cel-lules germinals in vitro hagués tingut en un dels processos fonamentals
de la meiosi (treball 5, Roig et al. submitted). Aquestes dades suggereixen,
doncs, que en oodcits humans cultivats en les condicions descrites per llargs
periodes de temps, tant l'‘aparellament com la sinapsi cromosomica
evolucionen de manera analoga a l'observada en oocits no cultivats (vegeu

els apartats seglents).
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52. EVOLUCIO DE LA PROFASE MEIOTICA DURANT EL
DESENVOLUPAMENT FETAL HUMA

Existeixen pocs estudis en qué s’ha relacionat I’'evolucié de la profase
meiotica amb el desenvolupament fetal en humans (Baker 1963; Kurilo
1981; Garcia et al. 1987). Segons aquests treballs, la profase meiodtica
comenca de manera totalment asicronica en oocits humans al voltant de les
10-11 setmanes de gestacié. Seguidament, s‘observa que alguns oocits
arriben a zigote, i els primers oocits a I'estadi de paquite i diploté es troben

pels volts de les 13-14 setmanes de gestacio.

Amb aquests antecedents i les limitacions tecniques i legals que
condicionen el rang de desenvolupament de les mostres que s’han pogut
emprar en aquest treball, I'objectiu no era tant veure quan apareixien
cadascun dels estadis de la profase meiotica, sind6 com en variava la
proporcié al llarg del desenvolupament fetal. Tot i aix0, en aquest estudi,
s’ha pogut observar l'existéncia d’oocits a I'estadi de leptoté al voltant de
les 15 setmanes de gestacid, coincidint en gran mesura amb el que s’havia
publicat anteriorment (Kurilo 1981; Garcia et al. 1987). Igualment, en
aquest periode estudiat s'observa com el percentatge d’oocits a I'estadi de
leptote tendeix a disminuir, perd sense extingir-se. De manera que es pot
concloure, que després de les 22 setmanes de gestacid encara es deuen
poder observar oodcits que tot just comencen la profase meiotica i, per tant
molt possiblement encara quedin oogonies a l'ovari, tal com suggereixen
altres autors (Baker 1963; Speed 1985). La progressié de la proporcidé
d'oocits a l'estadi de zigote, per contra, no mostra una relacié
estadisticament significativa amb |'estat de desenvolupament fetal, tot i que
es pot observar una tendéncia a assolir un maxim al voltant de les 20-21
setmanes de gestacié. En canvi, la proporcié d‘oocits a I'estadi de paquité i

diploté s’incrementa significativament amb el desenvolupament fetal.

Les petites diferéncies existents respecte de les dades d’alguns autors
(Baker 1963; Kurilo 1981) es poden explicar tenint en compte que la
majoria de mostres provenen d’ILEs i, per tant, aquestes poden tenir algun

retard de desenvolupament a causa de la patologia que permet
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I'avortament. Aix0 queda demostrat pel fet que la progressié meiotica
presenta una millor relacid estadistica amb la mesura plantar que amb
I’edat de gestacio. Tot i aix0, i com en tots el parametres bioldgics, no s’han
de subestimar les diferéncies interindividuals existents dins de cada una de
les mostres que poden influir en la variacidé de la proporcié dels estadis

meiotics.

191



Discussio

5.3. EVOLUCIO DE L’APARELLAMENT | DE LA SINAPSI DELS
CROMOSOMES HOMOLEGS EN OOCITS HUMANS

5.3.1. Aparellament dels cromosomes homoélegs en la profase
meiotica d’oocits humans euploides

5.3.1.1. Dinamica cromosomica

Els primers estudis de I'aparellament dels cromosomes homolegs en
oocits humans es van fer emprant tecniques de citogenetica classica
(Luciani and Stahl 1971; Luciani et al. 1976), en els quals s’intentava
classificar els cromosomes gracies al patré de bandes, anomenats
cromomers, que s’obtenia de tenyir les preparacions d’oocits fixades en
carnoy amb determinats colorants. Tot i que es va trobar una relacidé entre
el patr6 de bandes que s’obtenia en preparacions meiotiques i les
observades en cromosomes mitotics, la necessitat de tenir molt bones
extensions per identificar els bivalents, aixi com de disposar de personal
altament entrenat i especialitzat per identificar els determinats parells de
cromosomes van fer que aquesta linia de treball per a I'estudi de la profase

meiotica quedés en desus.

Amb l'arribada de la citogenetica molecular, I'estudi de |'aparellament
dels cromosomes homolegs durant la profase meidtica va esdevenir menys
subjectiu. En oocits humans, gracies a aquesta técnica, s’ha pogut estudiar
I'aparellament dels cromosomes homolegs X (Cheng and Gartler 1994), 18
(Cheng et al. 1995) i 21 (Cheng et al. 1998), aixi com l'aparellament de
genomes reorganitzats (Cheng et al. 1999) i estudiar I'existencia
d’associacions entre determinats cromosomes involucrats en translocacions

robertsionianes (Cheng and Naluai-Cecchini 2004).

En aquest treball s’'ha estudiat I'aparellament dels cromosomes 13 i
18. Es tracta dels cromosomes implicats en la tercera i la segona

aneuploidia més freqlient en nadons humans, respectivament (vegeu la
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introduccid). I en el cas del cromosoma 18 els resultats es podien comparar
amb els resultats obtinguts per Cheng et al. (1995). Els nostres resultats
demostren que l'aparellament dels cromosomes homolegs 13 i 18 comenca
durant I'estadi de leptote, la qual cosa confirma les primeres observacions
fetes per Cheng et al. (1995) per al cromomsoma 18. Tot i aix0, els valors
observats per aquest autors en aquest estudi sén sensiblement superiors
als trobats en aquest estudi (treball 2, Roig et al. in press), molt
possiblement degut a efectes interindividuals, tot i que no es pot excloure
que existeixin diferents criteris de classificacid dels oocits. A l'estadi de
leptote el cromosoma 13 es presenta menys cops aparellat que el
cromosoma 18. Aquest fenomen es pot deure a la diferent longitud dels
cromosomes analitzats, que fa que els cromosomes més curts es puguin

aparellar més rapidament que els més llargs.

Durant l'estadi de zigote es ddna l'aparellament dels homolegs 13 i
18; aixi doncs, es poden trobar en alguns oocits els dos homolegs
desaparellats, iniciant |'aparellament, completant I'aparellament, i també
formant un bivalent, a I'espera que la resta d’'homolegs completin la sinapsi
per avancar a l'estadi de paquité. En la majoria dels oocits a l'estadi de
zigoté en qué s’ha analitzat I'aparellament dels homolegs 13 s’observen o
bé dos univalents separats o bé un bivalent ja format, de manera que es
pot concloure que l'aparellament del cromosoma 13 es ddna rapidament, la
qual cosa fa que sigui dificil observar estructures intermediaries

d’'aparellament.

A l'estadi de paquité els cromosomes estan completament aparellats
al llarg de tota la seva longitud. Aquest procés s’ha vist que és altament
eficient (vegeu l'apartat 5.3.1.3) cosa que corrobora les investigacions
préeviament publicades. Seguidament, a I'estadi de diploté els homolegs se
separen i resten units pels quiasmes, que sén els punts on ha existit

recombinacié (Marcon and Moens 2003).
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5.3.1.2. Dinamica de centromers i telomers

Durant l'inici de la profase meiotica es déna un moviment generalitzat
dels cromosomes que pot ser observable fent un seguiment dels centromers
i els telomers (Scherthan 2001). Bojko et al. (1983) van descriure per
primer cop en oo0cits humans que I'aparellament dels cromosomes homolegs
era mitjancat per la conformacié de bouquet, perdo a part d’aixd, no es
coneixia quina era la dinamica dels centromers i dels telomers durant la

profase meiodtica d’oocits humans.

Els resultats obtinguts (treball 3, Roig et al. 2004) revelen que en els
oocits humans, en general, es donen els mateixos fendmens descrits
anteriorment en els espermatocits humans (Scherthan et al. 1996). Aixi
doncs, el primer fenomen detectable és |'organitzacié dels centromers a la
periferia del nucli durant I'estadi de preleptote. Seguidament, a I'estadi de
leptote, els telomers se situen a I'embolcall nuclear i, paulatinament, a la
transicié leptoté/zigoté es van agrupant en una porcid concreta de
I'embolcall nuclear adquirint aixi la conformacié de bouquet. A l'estadi de
zigote els teldmers estan tots agrupats en una petita porciéo de I'embolcall,
aix0 es coneix com bouquet comprimit. Aquesta polaritzacid es manté fins
gue als inicis del paquité, després, la polaritzaciéo es va perdent. A I'estadi
de diplote, els telomers estan a linterior del nucli i en algunes cel-lules

germinals s’han observat els centromers alineats.

Classicament s’ha entés la topologia de bouguet com una organitzacid
nuclear que facilitava I'encontre dels cromosomes homolegs. Aixi doncs, el
fet d’haver observat que l'inici del bouguet comenca a |'estadi de leptote,
permet entendre que en l'estudi de la dinamica dels cromosomes 13 i 18,
en determinats oocits es trobin els cromosomes homolegs aparellats abans
de comencar l'estadi de zigote ((Cheng et al. 1995), vegeu el punt
5.1.3.1).
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5.3.1.3. Eficiéncia d’aparellament dels cromosomes homolegs

Com s’ha dit anteriorment, normalment, a |'estadi de paquité els
homolegs estan aparellats. Aquest procés, perd, no és infal-lible, tot i que
treballs realitzats en oocits humans (Cheng and Gartler 1994; Cheng et al.
1995; Cheng et al. 1998; Cheng et al. 1999), han revelat que
I'aparellament dels homolegs és bastant eficient en tots els casos estudiats,
la qual cosa contrasta amb les dades obtingudes mitjancant estudis del
complex sinaptinemal (SC) (Speed 1985) on s’observaven anomalies

d’aparellament en un 25% dels casos.

Els resultats obtinguts en aquest estudi, revelen que Ieficiencia
d’aparellament observada per als cromosomes 13 i 18 no és
estadisticament diferent. La preséncia d’oocits amb dos cromosomes 13 o
18 desaparellats a I’'estadi de paquite té una mitjana d'un 0,13% dels casos.
Aquestes dades sOn semblants a les trobades per als cromosomes X i 21
(Cheng and Gartler 1994; Cheng et al. 1998), pero difereixen de |'eficiencia
d’aparellament descrita pel cromosoma 18 (Cheng et al. 1995). Aquestes
diferéncies es poden deure al diferent nombre d’oocits estudiats en tots dos
treballs (en aquests treball s’han estudiat 2.352 oocits a I'estadi de paquite,

mentre que Cheng et al. en van estudiar 755).

Com s’ha comentat anteriorment, a |'estadi de diplote els homolegs
se separen i resten units pels quiasmes. Sorprenentment, els resultats
obtinguts en aquest estudi demostren que la freqléncia d’error és
significativament superior a I'estadi de diploté que a I'estadi de paquite (un
1,3% contra un 0,13%, respectivament). Els oocits que tenen dos
cromosomes desaparellats a I'estadi de diploté poden provenir d’oocits que
no han completat I'aparellament dels homolegs a I'estadi de paquité; com
s’ha dit anteriorment, aquest fenomen passa en un 0,13% dels casos. La
resta de casos provenien de bivalents que a l'estadi de paquité no han
recombinat i que, per tant, quan els homolegs se separen a l|'estadi de
diploté no queden units per cap punt. Aquesta no és la primera observacié
directa d’errors en el procés de recombinacié en oocits humans, |'absencia

de recombinacid en els bivalents 18 i 21 ha estat descrita anteriorment
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(Tease et al. 2002). Aquestes observacions demostren que errors en la
recombinacido entre els homolegs en la profase meiotica poden originar
univalents produits per una prematura disjuncié dels homolegs a l'estadi de
diplote, que quan arribin a la metafase I segregarien independentment i

podrien originar oocits desequilibrats.

Aixi doncs, els resultats obtinguts en aquest treball aporten més
dades per entendre que |'absencia de recombinacié és un fenomen clau en
la correcta dinamica cromosomica durant la profase meiodtica i impliquen
una major importancia de la prematura separacid dels homolegs a I'estadi
de diplote, respecte a l'aparellament dels cromosomes homolegs durant
I'estadi de zigote i paquite, en l'origen de les aneuploidies en humans. A
més a més, la taxa d’error observada a l'estadi de diplote és semblant a la
freqiiéncia d’embarassos aneuploides observats en dones de menys de 25
anys (Hassold and Hunt 2001). Aquesta observacié aportaria més indicis a
favor de la no existéncia d'un checkpoint de metafase en la meiosi femenina
(Hunt and Hassold 2002), ja que gran part dels oocits amb anomalies
d’aparellament o disjuncions prematures dels homolegs podrien continuar la
meiosi i I'oogenesi fins a esdevenir un oocit II fecundable. Estudis fets en
oocits II (Pujol et al. 2003) troben amb una alta freqliiéncia oocits amb
anomalies numeériques suposadament originades durant la meiosi I. Cal
tenir en compte, pero, que l'origen de la mostra analitzada pot condicionar

els resultats observats.

Tot i que les diferencies no sén estadisticament significatives, els
resultats suggereixen una major tendencia per part del bivalent 18 a patir
disjuncions prematures dels homolegs a l'estadi de diploté. Aquest fet es
pot explicar ja que els cromosomes acrocentrics grans, com és el
cromosoma 13, normalment tenen dos punts de recombinacié al seu brag
llarg, a més de tenir una major freqliéncia de recombinacié que
cromosomes de mida semblant (Lynn et al. 2004). Aixi doncs, les dades
obtingudes en aquest estudi suggereixen que els problemes d’aparellament
afecten de manera semblant a tots els cromosomes, mentre que sembla

gue alguns bivalents sén més susceptibles que altres a presentar errors de
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recombinacid, tal com ha estat proposat per alguns autors (Lynn et al.
2004).

Sorprenentment, es va trobar un oocit procedent d’un fetus euploide
que presentava tres cromosomes 18 a |'estadi de leptote. Aquest fet havia
estat observat anteriorment per al cromosoma X (Cheng and Gartler
1994). La presencia d'un cromosoma 18 de més en un oocit a I'estadi de
leptote pot ser originada per una no-disjuncié d’alguna divisié premeiotica.
El fet de no trobar cap oocit amb tres cromosomes 13 fa pensar amb una
major susceptibilitat del cromosoma 18 a patir no-disjuncions mitotiques,
tot i que aquest fenomen es podria deure a la menor pressié selectiva que
podrien patir les cel-lules trisomiques 18, comparada amb les trisomiques
13, com queda reflectit en la simptomatologia menys severa de la
sindrome d’Edwards en comparaci6 amb la sindrome de Patau (vegeu la

introduccio).

5.3.2. Evolucio de la sinapsi cromosomica

Els resultats obtinguts en les IFs fetes per detectar SYCPs en oocits
humans (treball 3, Roig et al. 2004), revelen que SYCP3, a més de
localitzar-se en els AEs del SC, fa agregats proteics que es localitzen en els
nucleols i que estan presents durant tota la profase meiotica, com ja s’havia
observat anteriorment en oocits de vedells (Pfeifer et al. 2003). Un estudi
recent realitzat en oocits humans (Prieto et al. 2004), descriu la preséncia
d’'aquests agregats només fins a l'estadi de zigote contrastant amb les
dades obtingudes en aquest treball. Aquesta diferencia es pot deure a les
tecniques emprades, ja que l'estudi realitzat per Prieto et al. (2004) es fa
en extensions d’oocits, mentre que aquest treball esta fet en preparacions
en les quals es preserva l'estructura del nucli en tres dimensions, la qual

cosa impedeix que cap estructura de l'interior del nucli es perdi.

L's de técniques que preserven la integritat nuclear en tres

dimensions, a més a més, ha permes observar que l'inici de la sinapsi
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cromosomica es ddéna durant l'estadi de bouquet (treball 3, Roig et al.
2004). Aquesta observacié esta d’‘acord amb estudis previs en
espermatocits i oocits de vedell (Pfeifer et al. 2001; Pfeifer et al. 2003) i en
espermatocits de ratoli i huma (Scherthan et al. 1996). Recentment, pero,
un estudi fet en oocits de ratoli, descriu que l'inici de la sinapsi es déna en
cel-lules que no presenten cap polaritzacid nuclear (Tankimanova et al.
2004). Aquests autors proposen que el bouquet pot afavorir I'aparellament
dels homolegs, perd que la sinapsi cromosomica esta promoguda per altres
factors. Per contra, els resultats obtinguts en oocits humans i de vedell
(Pfeifer et al. 2003; Roig et al. 2004), suggereixen que la conformacié de
bouguet ajuda al prealineament dels homolegs i a linici de la sinapsi

intersticial en les femelles.

5.3.3. Diferéncies observades en el desenvolupament de la profase
meiotica en espermatocits i oocits humans

5.3.3.1. Dinamica centromeérica i telomeérica

De la mateixa manera que s’ha descrit en vedells (Pfeifer et al. 2001;
Pfeifer et al. 2003) i ratolins (Tankimanova et al. 2004), la durada i la
freqiencia de bouquet observat en oocits humans és marcadament
superior al descrit en espermatocits humans (Scherthan et al. 1996).
Aqguest augment de la topologia de bouquet, aixi com de la seva durada,
podria ser una conseqliencia del menor grau de condensacido dels
cromosomes en o00cits que en espermatocits (Barlow and Hultén 1998;
Martinez-Flores et al. 2003). Es a dir, podriem relacionar un increment de la
durada del bouguet amb una reduccié de la condensacid cromosomica.
Alhora, pero, ratolins knockout per intermediaris de reparaci6 del DNA
presenten allargaments de |'estadi de bouquet (Scherthan 2003), cosa que
suggereix que la conformacié de bouquet també pot estar relacionada amb
la reparacio dels DSBs. Aixi doncs, el fet de trobar un marcat increment de

la durada de l'estadi de bouguet en oocits humans podria ser degut a un
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deficient, o si més no diferent, procés de reparacid6 dels DSBs (vegeu
I'apartat 5.3.3.3).

5.3.3.2. Sinapsi cromosomica i organitzacié de les proteines del complex
sinaptinemal

Una altra diferéncia observada entre tots dos sexes, tal com s’ha
descrit en estudis fets en oocits de ratoli (Tankimanova et al. 2004), de
vedell (Pfeifer et al. 2003), de rata (Martinez-Flores et al. 2003) i humans
(Bojko 1983), és que en les dones l'inici de la sinapsi és, a diferencia dels
mascles, intersticial i terminal. Els resultats obtinguts en aquest treball
(treballs 3 i 4, Roig et al. 2004; Roig et al. 2005) corroboren els estudis

anteriorment publicats.

Com ja s’ha comentat anteriorment, la preséncia d’agregats de
SYCP3 fins a l'estadi de paquité en oocits humans és un fenomen que s’ha
descrit anteriorment en oocits de rata (Dietrich et al. 1992) i vedell (Prieto
et al. 2004). En mascles de ratoli, vedell i huma, perd, s’ha vist que els
agregats de SYCP3 desapareixen durant |'estadi de zigote (Scherthan et al.
1996; Pfeifer et al. 2001). Alhora, igual com havien observat altres autors
(Barlow and Hultén 1997a; Pfeifer et al. 2003), en aquest treball (treball 3,
Roig et al. 2004) s’ha observat que el marcatge dels AEs per SYCP3 en
oocits humans és menys intens que en preparacions semblants
d’espermatocits. Totes aquestes dades fan pensar que possiblement els
AEs dels SCs d’oocits humans tinguin menys SYCP3 que els dels
espermatocits. Aquesta hipotesi podria explicar el perque de la diferéncia de
longitud entre els cromosomes meiodtics en oocits i espermatocits, ja que
s’ha observat que SYCP3 intervé, directament o indirectament, en la
condensacid cromosomica durant la profase meiotica (Yuan et al. 2002;
Kolas et al. 2004; Liebe et al. 2004). A més a més, ja que també es creu
que els AEs poden estar involucrats en el processament dels DSBs

seleccionant els punts de recombinacid i conversié genica (Blat et al. 2002;
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Tsubouchi and Roeder 2003), que els oocits tinguessin uns AEs amb menor
quantitat de SYCP3 que els espermatocits, podria implicar un diferent
comportament del SC a I'hora de regular el processament dels DSBs, i
d’aquesta manera s’explicaria un augment del nombre de punts de
recombinacio i, alhora, possiblement un allargament de I'estadi de bouquet
en els oocits comparat amb els espermatocits humans (vegeu |'apartat

anterior).

5.3.3.3. Processament dels DSBs

Els resultats obtinguts (treball 3, Roig et al. 2004), demostren una
marcada diferéncia entre mascles i femelles a I'hora de processar els DSBs.
El fet que en els oocits el 89% dels foci de yH2AX colocalitzin amb RPA i, en
canvi, en espermatocits, aquest fet es doni només en un 18% dels casos,
sumat al fet que tant en oodcits com en espermatocits, la majoria dels foci
de yH2AX no colocalitzen amb MLH1, suggereix que els primers estadis de
reparacid6 dels DSBs es donen més lentament en oo0cits que en
espermatocits. Aquesta no colocalitzaci6 de yH2AX i MLH1 ha estat
corroborada per un estudi recent en el qual es postula que I'acumulacié de
MLH3-MLH1 en els DSBs pot provocar una defosforilacié de la histona H2AX
(Lenzi et al. 2005).

Aqguests autors (Lenzi et al. 2005), pero, coincideixen en l'altra
hipotesi suggerida en el nostre treball, on es postula que no es pot
descartar que la major preséncia de yH2AX en oocits es degui al fet que el
procés de defosforilacid de la yH2AX en odcits es doni més lentament que

en espermatocits.

Lenzi et al. (2005) també observen que existeix una gran variabilitat
en els processos en que intervenen les proteines del sistema MMR, generant
d’aquesta manera una poblacié molt heterogenia d'odcits en humans, que,
com s’ha demostrat en els nostres estudis i que no sembla ser tan
accentuada en els espermatocits humans (treball 3, Roig et al. 2004).
Aquest fet indica que existeix una diferéncia significativa en la progressio
200



Discussio

meiotica en els o00cits respecte als espermatocits gque es podria
correlacionar amb I'alta incidencia d’aneuploidies amb un origen matern
(Hassold and Hunt 2001).
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5.4. EFECTES DE LA PRESENCIA D’'UN CROMOSOMA DE MES EN
LA PROFASE MEIOTICA D’OOCITS HUMANS

5.4.1. Aparellament i sinapsi en o6cits aneuploides

L'analisi, per primer cop, des de diferents punts de vista, del procés
d’aparellament i sinapsi cromosomica que es dona en oocits aneuploides
s’ha dut a terme mitjancant l'estudi de la dinamica de centromers i

telomers, de I'eix de cohesines i del desenvolupament de la sinapsi.

Tant l'organitzaci6 de l'eix de cohesines com la dinamica de
centromers i telomers, aixi com l'evolucié del SC (treball 4, Roig et al.
2005) segueixen els mateixos patrons descrits per als oocits euploides
(treball 3, Roig et al. 2004), la qual cosa suggereix que les aneuploidies no
afecten, de manera clarament visible, l'aparellament dels cromosomes
homolegs ni la formacié del SC, tal com havien proposat estudis previs
(Luciani et al. 1976; Wallace and Hulten 1983; Speed 1984; Cheng et al.
1995; Cheng et al. 1998; Barlow et al. 2002).

Alguns estudis realitzats anteriorment en oo0cits amb trisomia 21
suggereixen que el cromosoma extra podria alterar l'aparellament dels
altres homolegs (Cheng et al. 1998). A fi de comprovar-ho, s’ha analitzat
com evoluciona l'aparellament del cromosoma 13 en oocits trisomics 18 i
euploides d’edats de gestacié semblants (treball 4, Roig et al. 2005). Els
resultats obtinguts revelen que no existeixen diferéncies significatives entre
ambdods casos. A més a més, la normal aparici6 de SYCP1 en oOcits
trisomics 18 també indica que I'aparellament dels homolegs no implicats en
la trisomia, sembla que no presenta diferéncies amb |'observat en oodcits
euploides (treball 3, Roig et al. 2004) Aixi doncs, els nostres resultats
suggereixen que la preséncia d'un cromosoma extra no influeix en
I'eficiencia d’aparellament ni de la sinapsi cromosdomica de la resta de
parells de cromosomes homolegs. Coincidint amb les observacions fetes per
altres autors (Speed 1984; Rodriguez and Burgoyne 2001), Cheng et al.

(1998) suggerien en el seu treball que la interferencia causada pel tercer
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cromosoma 21 es reduia sensiblement amb la formacié d’un trivalent. Aixi
doncs, l'alta eficieéncia observada en oocits 47,XX,+18 a |I'hora de formar el
trivalent 18 (vegeu punt 5.4.2) podria explicar les diferéncies entre tots dos
treballs. Alhora, cal tenir en compte que els cromosomes 13 i 21 es troben
freqlientment associats durant la profase meidtica en oocits euploides i
aneuploides (Roig I. i Garcia M., dades no publicades), i aquesta relacié
podria jugar un paper important en |'efecte intercromosomic descrit per
Cheng et al. (1998) en oocits 47,XX,+21.

5.4.2. Aparellament i sinapsi dels cromosomes homolegs implicats
en la trisomia

Pel que fa al procés de formacié del trivalent, els resultats obtinguts
son semblants als descrits anteriorment en oocits trisomics 21 (Wallace and
Hulten 1983; Speed 1984; Barlow et al. 2002) i en rata mascle amb una
trisomia (Martinez-Flores et al. 2001). Tot i aix0, en preparacions en quée
s’ha analitzat |'aparicié de SYCP1 i REC8, no s’ha observat un engruiximent
del segment asinapsat del trivalent, la qual cosa contrasta amb els resultats
anteriorment publicats en qué s’analitzava el SC mitjancant tincions amb
nitrat de plata (Wallace and Hulten 1983; Speed 1984; Martinez-Flores et
al. 2001). Aquestes dades indiquen que I’'engruiximent de I’AE asinapsat no
es deu a un excés de REC8 ni SYCP1, d’altra banda, altres estudis han
pogut concloure que tampoc no es deu a un excés de SYCP3 (Barlow et al.
2002).

L'Unica alteracié de la profase meiodtica observada en oocits trisomics
18 en relacié amb els oocits euploides (treball 4, Roig et al. 2005) ha estat
l'augment de la durada de l'estadi de bouquet. Aquest fenomen ja havia
estat observat entre espécies que tenen mides de genoma semblant pero
diferent nombre de cromosomes (Pfeifer et al. 2001). L'augment de la
durada de l'estadi de bouquet es pot deure a la gran eficiencia
d'aparellament i sinapsi que s’ha observat per als cromosomes 18, que

conduiria a una elevada freqiéncia a la formacidé d’un trivalent, tenint com a
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pas previ la formacid d'un bivalent a l'estadi de leptote o zigote. La
necessitat de formar un trivalent podria ser un requisit perque |'oocit
pogués passar el checkpoint de paquité (Roeder and Bailis 2000). Aixi
doncs, l'existéncia d’'un estadi de bouguet prolongat pot venir originat per
I'obligatorietat de formar un trivalent. Si aquest fos el cas, fent I’'analisi dels
oocits a l'estadi de bouguet s’haurien d’observar, amb relativa freqténcia,
oocits que aparentment haguessin completat |'aparellament, perd encara
mantinguessin la polaritat nuclear. Estudis fets en fetus trisomics 21 han
confirmat aquesta hipotesi i han suggerit que, en oocits aneuploides I'estadi
de bouquet esta prolongat per la preséncia d'un cromosoma de més (P.
Robles i M. Garcia, dades no publicades). Tot i aix0, no s’ha d’excloure la
possibilitat que |'endarreriment de desenvolupament que comporta la
sindrome d’Edwards pugui intervenir en l'augment de la topologia de
bouquet, tot i que els resultats obtinguts en oocits 47,XX,+21, anteriorment

esmentats, sembla que rebutgen aquesta hipotesi.

5.4.3. Relacié d’ATR amb els cromosomes que aparellen tard

A fi d'aclarir la  possible existencia d'un  checkpoint
d’aparellament/sinapsi a I'estadi de paquité en oocits humans, s’ha estudiat
I'aparicid d’ATR en oocits 47,XX,+18 (treball 4, Roig et al. 2005), ja que
aquesta proteina ha estat proposada com un element clau en el control de
la sinapsi cromosomica (Keegan et al. 1996; Moens et al. 1999; Baart et al.
2000). Atés que en el moment de fer el treball no es coneixia la localitzacié
d’ATR en espermatocits ni oocits humans, es va analitzar on apareixia ATR
en aquestes cel-lules. Els resultats obtinguts (treball 4, Roig et al. 2005)
son diferents dels descrits en ratoli. En espermatocits i odcits, euploides i
aneuploides, humans, a l'estadi de zigoté tarda, ATR tendeix a aparéixer
tant a les regions sinapsades com asinapsades dels bivalents. Aquestes
dades sembla que van en contra de la hipotesi proposada per alguns autors
(Keegan et al. 1996; Moens et al. 1999; Baart et al. 2000) en que es
proposa que ATR esta involucrada en el checkpoint de paquité controlant

I'evolucié de la sinapsi cromosomica. De totes maneres, un estudi recent

204



Discussio

(Perera et al. 2004); en canvi, proposa que ATR pot intervenir en el
checkpoint de paquité, pero controlant I'evolucidé del procés de
recombinacid. Aquesta accié sembla que s’adiu més amb la possible funcid
d’aquesta proteina, ja que és un membre de la familia de les de proteines
semblants a la fosfatidilinositol-3-quinasa (vegeu el punt 1.3.2.1.2) i,
suposadament, aquestes intervenen en la deteccid de lesions del DNA
(Fernandez-Capetillo et al. 2004). Aixi doncs, les dades obtingudes (treball
4, Roig et al. 2005), sumades a observacions recents de colocalitzacié de
foci d’ATR amb foci de yH2AX en oocits humans a l'estadi de paquité (R.
Garcia i M. Garcia, dades no publicades) suggereixen que la funcié d’ATR
podria estar més relacionada amb el processament dels DSBs, i, per tant,
en el procés de recombinacid, que amb la sinapsi cromosomica. Tot i aixo0,
un estudi realitzat en ratoli ha relacionat I'aparici6 d’ATR en cromosomes
asinapsats com a mediador d’un procés d’inactivacid transcripcional (Turner
et al. 2005) semblant al que sembla que es déna en la vesicula sexual.
Actualment s’estan duent a terme estudis detallats en oocits humans sobre
I'aparicid d’ATR i I'estat transcripcional del fragment del bivalent proxim a
aquests foci per aportar més dades que aclareixin I'accié d’aquesta proteina
durant la profase meiodtica. Altrament, també cal tenir en compte que
segons semblen indicar els estudis comparatius entre ratoli i huma (Roig et
al. 2004; Tankimanova et al. 2004; Lenzi et al. 2005; Roig et al. 2005),
I'evolucié de la sinapsi i recombinacié meiodtica en aquestes dues espécies
podria diferir lleugerament, la qual cosa explicaria la gran diferéncia
observada pel que fa a la produccié de gametes aneuploides entre ambdues

especies.
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5.5. RELACIO ENTRE LA SINAPSI CROMOSOMICA | EL PROCES DE
RECOMBINACIO EN HUMANS

Tant en llevats com en ratolins, l'inici del procés de recombinacié
comenca abans d’‘iniciar-se el procés d‘aparellament i de sinapsi
cromosomica (Mahadevaiah et al. 2001; Smith et al. 2001). Els resultats
obtinguts en aquest treball (treball 3, Roig et al. 2004), mitjancant el
seguiment de la forma fosforilada de la histona H2AX (yH2AX), com a
marcador dels DSBs (Rogakou et al. 1998), ha permes detectar que, tant
en espermatocits com en oocits humans, linici de la recombinacié és
anterior al procés de sinapsi cromosomica. La dinamica d’aparicié de la
yH2AX en espermatocits humans és semblant al patré descrit en ratolins, és
a dir, yH2AX apareix a l'estadi de leptoté marcant tot el nucli i, a mesura
que la sinapsi avanca, yH2AX desapareix. A 'estadi de paquite en la majoria
d’espermatocits humans, yH2AX queda restringida a la vesicula sexual.
Finalment, a l'estadi de diplote, el senyal de yH2AX continua localitzat

Unicament a la vesicula sexual.

En oocits humans, la dinamica d’aparicié de la yH2AX és semblant a la
descrita en espermatocits, amb la variacid que en oodcits no existeix vesicula
sexual. Aixi doncs yH2AX apareix a l'estadi de leptote i, a mesura que la
sinapsi cromosOmica progressa durant l'estadi de zigote, yH2AX va
desapareixent. La diferencia observada més important, en comparacié amb
els espermatocits, és que en la majoria dels oodcits a I'estadi de paquité es
troben multiples foci de yH2AX sobre tots els SCs. Aquest fet no havia estat
descrit en l'estudi fet anteriorment ni en espermatocits ni oocits de ratoli
(Mahadevaiah et al. 2001) i, per tant, suposa una important particularitat
dels humans. Aquest tipus de cel-lules també es troben en espermatocits
humans perd amb una freqiéncia molt inferior (vegeu l'apartat 5.3.3.3).
Oocits a I'estadi de diplote també presenten, en una alta freqliieéncia, foci de
yH2AX en els seus SCs. Aquests foci de yH2AX trobats a I'estadi de paquite
correspondrien a DSBs que estan sent processats, ja que en oocits (vegeu

I'apartat 5.3.3.3), la majoria d’aquests foci colocalitzen amb RPA.
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La mitjana del nombre de foci de yH2AX trobats per oodcit a I'estadi
de paquité coincideix amb la mitjana de punts de recombinacié observada
en oocits humans (Tease et al. 2002). Tot i aix0, el rang de foci de yH2AX
és superior al dels punts de recombinacié observats en altres estudis (Tease
et al. 2002). A més a més, la preséncia de 4 o més foci de yH2AX en un
Unic SC de mida petita, alguns d’ells proxims, implicaria que hi ha més
DSBs que punts de recombinacié. Aquestes observacions estarien d’acord
amb altres observacions fetes préviament en ratoli en que es proposava que
hi havia més DSBs que punts de recombinacid (Ashley et al. 1995;

Tarsounas et al. 1999).

Recentment, s’han publicat estudis que corroboren les dades
obtingudes en aquest treball tant en espermatocits humans (Judis et al.
2004) com en oocits humans (Lenzi et al. 2005). Lenzi et al. (2005), que
analitzen la progressié de la recombinacio, obtenen els mateixos resultats
que els descrits en el nostre estudi, i d’aquesta manera corroboren la
diferent dinamica de desaparicid de la forma fosforilada de la histona H2AX
en humans i ratolins. Aquest treball també troba que, a |'estadi de paquite,
la majoria de foci de yH2AX no colocalitzen amb MLH1. Lenzi et al. (2005)
coincideixen en la nostra interpretacido que aquests foci de yH2AX presents
a paquite poden ser DSBs produits per SPO11 que encara s’estan reparant,
com demostra l'alta colocalitzacié a I'estadi de paquite amb RPA (treball 3,
Roig et al. 2004), i que encara no han adquirit MLH1. A més a més, aquests
autors postulen altres hipotesis com podria ser que aquests foci de yH2AX
corresponguin a possibles DSBs que no estan involucrats en processos de

recombinacio ni conversio genica.

Alternativament, Lenzi et al. (2005) també proposen que en oocits
humans es podrien donar diferents rondes de DSBs que generarien la
localitzacié en un mateix oocit de diferents intermediaris de reparacié en un
determinat estadi de la profase meiotica. Durant I'analisi de I'evolucié de la
profase meiotica en oocits aneuploides (treball 4, Roig et al. 2005), s’ha
dut a terme l'estudi de la localitzaci6 d’ATR en oocits i espermatocits

humans, ja que aquesta proteina ha estat descrita com a reguladora de
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I'evolucié de l'aparellament i sinapsi dels homolegs (Keegan et al. 1996;
Moens et al. 1999; Baart et al. 2000). Els resultats obtinguts han revelat
que la preséncia de foci d’ATR sobre els SCs sinapsats en oo0cits i
espermatocits humans a I'estadi de paquite (treball 4, Roig et al. 2005), a
més a més, la seva colocalitzacié amb els foci de yH2AX (R. Garcia i M.
Garcia, dades no publicades) so6n dades que podrien estar a favor de
I'existéncia de diferents rondes de DSBs al llarg de la profase meiotica

d’oocits humans.
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Els resultats obtinguts en aquest treball d’investigaci6 han permeés

concloure el seglent:

1. El protocol de cultiu de cél-lules somatiques d’estroma ovaric fetal
huma desenvolupat permet obtenir el cariotip de cada mostra i aixi
classificar correctament cadascun dels casos que s’empren en |'estudi

de la profase meiotica en oocits humans.

2. Les tecniques usades en aquest estudi han permeés caracteritzar el
procés d’‘aparellament i sinapsi dels cromosomes homolegs en la

profase meiotica d’oocits humans.

3. La tecnica de cultiu d’ovaris fetals humans desenvolupada en aquest
treball permet que els oocits sobrevisquin per periodes llargs, que la
meiosi progressi i que els cromosomes homolegs s’aparellin i completin
la sinapsi correctament in vitro. A més a més, aquesta técnica promou

I’entrada d’oogonies a la meiosi in vitro.

4. L'analisi feta en ovaris procedents de 15 fetus euploides ha permes
establir una relacié entre I'evolucié de la profase meiotica i I'estadi de
desenvolupament fetal entre les 15 i 22 setmanes de gestacid. En
aquest periode de temps, el percentatge d’oocits a I'estadi de leptote
tendeix a decréixer. No s'observa una relacié estadisticament
significativa en I'evolucié del percentatge d’oocits a I'estadi de zigote,
mentre que el percentatge de cel-lules en estadis de paquite i diplote

augmenten significativament amb el desenvolupament fetal.
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En oodcits humans, igual que passa en els espermatocits, durant la
profase meiodtica es donen una serie de reorganitzacions nuclears
originades per moviments dels centromers i dels telomers dels
cromosomes, com és l'‘adquisicié6 de la conformacié de bouqguet, que
condueixen a l'inici de I'aparellament i de la sinapsi cromosomica en la

transicid de I'estadi de leptoté a zigote.

D’igual manera que es ddna en el vedell, en odcits humans I'estadi de
bouqguet esta molt prolongat en comparacié amb els espermatocits, ja
gue s’inicia en ambdds sexes durant la transicidé entre l'estadi de
leptoteé i zigote, i finalitza en espermatocits poc després, mentre que

en oocits es troba fins a estadis de paquité primerenc.

La sinapsi cromosOomica en oocits humans s’inicia durant la transicié de
leptoté a zigoté, amb l'adquisiciéd de la conformacié de bouquet, per
regions subtelomeériques, perd, com passa en oocits de rata, ratoli i de
vedell, la sinapsi també s’inicia en regions intersticials dels

cromosomes homolegs.

L'eficiencia d’aparellament dels cromosomes homolegs observada en
oocits humans (tant en oocits euploides frescos, com en oo0cits
euploides cultivats i aixi com en oocits aneuploides) durant la profase
meiotica és molt alta, de l'ordre d'un 99,9% en oocits euploides
frescos, suggerint que I'aparellament cromosomic no tindria un paper
important en l'origen de lalta taxa d’oocits II fecundables
desequilibrats que s’observa en humans. D’altra banda, l'elevat
nombre d’‘oocits a l'estadi de diploté que presenten una disjuncié
prematura dels cromosomes homolegs fa pensar que, com han

proposat altres autors, errors en el procés de recombinacié entre els
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cromosomes homolegs podrien estar involucrats en la produccié de

gametes aneuploides en humans.

La preséncia d’'un cromosoma de més en oodcits humans trisomics 18
no comporta un efecte visible sobre |'aparellament i la sinapsi dels
cromosomes homolegs, assolint-se eficiencies d’aparellament i sinapsi
cromosomica semblants a les observades en oocits euploides. Tot i
aixd, s’observa un augment significatiu del percentatge d’oocits a

I'estadi de bouquet.

L'aparellament i sinapsi dels tres cromosomes 18 en oocits trisomics 18
humans és molt eficient ja que s’assoleix amb una elevada freqliencia
la formacié d’un trivalent a l'estadi de paquite. Tot i que, per
conseguir-ho, es requereix que la cel-lula mantingui I’'estadi de bouquet
més temps a fi de permetre I'encontre dels tres cromosomes homolegs

per formar en primer lloc un bivalent i, seguidament, el trivalent.

En oocits humans, al llarg de tota la profase meiotica s’observen
agregats de SYCP3 en els nucleols, la qual cosa contrasta amb les
observacions fetes anteriorment en espermatocits. Aquests aciumuls de
SYCP3, junt amb el marcatge de SYCP3 més lleuger observat en els
SCs dels oocits que en els dels espermatocits, suggereix que pot existir
una deficient incorporacié de SYCP3 en els SCs dels oocits humans, i
determina d’‘aquesta manera la condensacié cromosomica diferent
durant la profase meiotica i els processos de recombinacié en oocits

humans.

Tal com s’ha descrit en llevats i en ratolins, en humans l'inici de la

recombinaci6 comenca abans que s’aparellin els cromosomes
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homolegs. Per contra, el processament dels DSBs al llarg de la profase

meiotica sembla que és diferent en ratolins i humans, quedant encara

molts DSBs en reparacié en espermatocits i oocits humans a I'estadi de

paquite. De la mateixa manera, la reparacié dels DSBs sembla que és

bastant més lenta en els o0cits que en els espermatocits humans.

En humans, ATR presenta un patré d’aparicié diferent al descrit

anteriorment en ratoli, no marcant diferencialment els cromosomes

homolegs que aparellen tard.

La diferent dinamica d’aparicié d’ATR, juntament amb les
observades en el processament dels DSBs en ratolins
suggereixen que existeixen diferéncies en |'evolucid de
meiodtica entre aquestes especies que podrien promoure
d’'un altre model animal més idoni per a l'estudi de la

mamifers.

diferéncies
i humans,
la profase
la recerca

meiosi en
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