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Introduccio

1.1- BASES GENETIQUES DE LA INFERTILITAT MASCULINA

Aproximadament el 15% de les parelles presenten problemes de fertilitat i en la
meitat dels casos hi participa un factor masculi (revisat per Evers 2002). Tot i que
les causes d’infertilitat’ masculina poden ser d’etiologia molt diversa: endocrina,
immunologica, virica, resultant de lesions o d’agents toxics, entre d’altres
(Skakkebaek et al. 1994), s’estima que el 30% tenen un origen genetic (Kupker et

al. 1999). L’etiologia genética de la infertilitat es pot classificar en tres categories:

» Delecions del cromosoma Y

Representen la causa genética més frequent en individus azoospérmics i
oligozoospermics, afectant un de cada 10 pacients amb aquestes alteracions del
seminograma (Guttenbach i Schmid 1990; De Braekeleer et al. 2006).

Les regions del cromosoma Y afectades per aquestes delecions es coneixen amb
el nom de AZF (factor d’azoospérmia). S’han identificat els loci AZFa, AZFb i AZFc
localitzats de forma consecutiva al llarg de la banda Yq11 (Figura 1.1) (Vogt et al.
1996) i s’ha proposat I'existencia d’'un quart locus AZFd, situat entre AZFb i AZFc
(Kent-First et al. 1999).

- Yp11.3 ~PART
Yp i ;EH 1:: “SRY Gens identificats
[ _AZFa G e e
Yai1.3— 1AZFb sucy trvs TTve
Yo| " AZe SRR
- PARZ

Figura 1.1- Ideograma del cromosoma Y huma on es localitzen les regions pseudoautosomiques
(PAR1 i PAR2), la regi6 determinant del sexe (SRY) i els loci AZFa,b i c. Aquests ultims contenen
gens relacionats amb la fertilitat masculina.

El locus AZFc és el que més sovint es veu afectat en aquest tipus de delecions, tot

i que en alguns casos s’hi veuen implicats diversos loci a la vegada (Figura 1.2).

'L’existéncia de nombroses connotacions associades al concepte “infertilitat” ha generat recents
debats sobre la definicio i Us correcte d’aquest terme en diferents ambits (Habbema et al. 2004). En
aquest treball el concepte dinfertilitat s’utilitza per fer referéncia a la reduccié de la capacitat
reproductiva d’un individu que implica una dificultat per poder concebre o dur un embaras a terme
(Gardner and Sutherland 2004).
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Figura 1.2- Frequéncia relativa de les delecions en el cromosoma Y en individus infértils (a partir de
Foresta et al. 2001)

Malgrat que la caréncia dels gens delecionats esta clarament relacionada amb
I'aparicié de problemes de fertilitat, encara no s’ha pogut establir una relacié directa
entre els diferents tipus de delecions i els efectes produits en el fenotip de l'individu
(De Braekeleer et al. 2006). Sén una excepcio les delecions completes de la regid
AZFa que han s’han associat a I'absencia total de cel-lules germinals (Sindrome de
Sertoli-Cell-Only), i les delecions completes de la regié AZFb que comporten una

manca de maduracié espermatica.

> Alteracio de gens especifics

S’han descrit centenars de gens relacionats amb el desenvolupament sexual i la
gametogénesi humana, la majoria dels quals han estat estudiats a través de
models animals (Matzuk i Lamb 2002). Les vies d’expressio d’aquests gens formen
un complex entramat en el que la mutacié d’algun d’ells pot alterar el resultat global

del procés i donar lloc a infertilitat (Figura 1.3).

Gens implicats
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Gbonades EYP17 PN
H3 | S87
1 MEEAT
r } SEQAAT
4 A Tt
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Estorcides  Gamebis
Tracte ;1‘:':'1
genital extern HOXA 13

Figura 1.3- Gens expressats al llarg de I'eix hipotalam-hipofisari-gonadal implicats en problemes de
fertilitat (adaptat de Layman 2002).
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En el diagndstic clinic dels individus que consulten per infertilitat, els gens que més
sovint s’inclouen en el cribatge génic donada la seva elevada incidéncia son els
seguents (Foresta et al. 2002):
- CFTR (regulador de la conductancia transmembranal de la fibrosi quistica)
S’han descrit més de 1000 mutacions per aquest gen (localitzat a la banda
7931) entre les quals hi trobem mutacions relacionades amb [|'abséncia
congénita de vasos deferents i amb deficiéncies en els processos de maduracio
espermatica (Shah et al. 2003). La incidéncia de mutacions en heterozigosi en
individus amb infetilitat idiopatica és d’aproximadament el 6% (Jakubiczka et al.
1999; Schulz et al. 2006).
- AR (receptor d’androgens)
S’estima que les mutacions en aquest gen (localitzat a la regié Xq11qg12)
podrien arribar a explicar un 2% dels casos que consulten per infertilitat (Ferlin
et al. 2006). Aquests individus presenten com a caracteristica comu

azoospermia o oligozoospérmia severa.

» Alteracions cromosomiques

Entre un 2-8% dels individus que consulten per infertilitat sén portadors
d’'alteracions cromosomiques (revisat per Ferlin et al. 2007), tot i que aquest
percentatge s’incrementa fins a un 13% en poblacions d’individus azoospérmics
(revisat per Mau-Holzmann 2005). Aquests valors sdn notablement superiors als de
la poblacié general on, entre un 0.4-0.8% dels nounats, presenta alteracions
cromosomiques en el seu cariotip (De Braekeleer i Dao 1991; Nielsen i Wohlert
1991).

Aquests canvis poden ser numerics o estructurals. Els primers impliquen una
variacié en el nombre de cromosomes (acompanyada de guany o pérdua de DNA),
mentre que els segons comporten una variacio de la distribucié del DNA d’algun/s

cromosomales.

Les alteracions que apareixen amb més frequéncia en poblacions d’individus
infértils  (52%) sén anomalies numériques en aneuploidia (el numero de
cromosomes no és multiple del nombre cromosdomic basic de I'espécie), i
preferentment afecten els cromosomes sexuals (Figura 1.4). El 48% restant son

portadors de variants i anomalies cromosomiques estructurals entre les quals, les
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translocacions son les més frequents (a partir de Mau-Holzmann 2005) (Figura
1.4).

o XXy
Anomalies o XYY
AUMEriques 35% A% 1% O maosaics

B translocacions
Roberlsonianes

A : B translocacions
nomalies ) reciproques
estructurals - 16% 4% 9% O inversions

O altres

0 20 40 o &80 100 %

Figura 1.4- Freqléncies relatives de les diverses anomalies cromosdmiques constitucionals
detectades en poblacions d’individus infértils (a partir de Mau-Holzmann 2005).

1.1.1- ANOMALIES CROMOSOMIQUES

» Aneuploidies dels cromosomes sexuals

En el 80% dels casos aquestes anomalies es presenten en forma pura, és a dir
afectant a totes les cel-lules dels portadors (Mau-Holzmann 2005). En el 10%
restant, es troben en forma de mosaic, amb coexisténcia d’una linia cel-lular normal
46,XY i una o varies linies aneuploides. Les aneuploidies majoritaries en individus

infertils son les seguents:

47,XXY (Sindrome de Klinefelter)

La incidéncia d’aquesta sindrome és de aproximadament 1/600 nounats (Nielsen i
Wohlert 1991) perd augmenta deu vegades en individus amb problemes de fertilitat
(Mau-Holzmann 2005) (Taula 1.1).

Els portadors presenten uns trets fenotipics caracteristics a més dels problemes de
fertilitat derivats d'un bloqueig de [I'espermatogénesi (azoospérmia o
oligozoospérmia severa). Aquests efectes sé6n més lleus en individus amb

mosaicisme (revisat per Lanfranco et al. 2004).

47, XYY

Afecta 1/1000 nounats (Nielsen i Wohlert 1991) i presenta una incidéncia tres
vegades superior en individus infertils (Mau-Holzmann 2005).

Els individus portadors no solen presentar uns trets fenotipics diferencials i en la
majoria de casos, I'espermatogénesi és normal. Aix0 s’ha relacionat amb una

pérdua del cromosoma Y addicional en etapes pre-meidtiques (revisat per Rives et

6
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al. 2003b) i també amb la competéncia de les cél-lules XYY que poden entrar en
meiosi i formar un trivalent en I'aparellament dels cromosomes sexuals evitant aixi
un bloqueig meiodtic (Blanco et al. 2001).

Taula 1.1- Incidéncia d’anomalies cromosomiques numeriques en diverses poblacions d’individus
infertils (a partir de Mau-Holzmann 2005)

XXY XYY Mosaics TOTAL

(%) (%) (%) (%)
Azoospérmics 8.7 0.1 1.3 10.1
Oligozoospérmics 0.5 0.3 0.2 1.0
Infertils 2.0 0.3 0.1 24
Estudis previs a FIV 0.0 0.2 0.0 0.2
Estudis previs a ICSI 1.0 0.3 0.8 2.1
Incidéncia global 1.7 0.3 0.5 25

» Variants cromosomiques estructurals

Aquestes reorganitzacions son equilibrades (no hi ha guany ni pérdua de DNA), de
manera que la majoria d’individus portadors no presenten efectes fenotipics. En
humans, les variants cromosomiques estructurals que s’observen amb més

frequéncia son:

Translocacions Robertsonianes (rob)
Aquest tipus de reorganitzacié va ser descrita per primera vegada per W.R.B.
Robertson I'any 1916 i consisteix en una unié de dos cromosomes acrocentrics que

passen a formar un sol cromosoma anomenat derivatiu (ISCN 2005) (Figura 1.5).

A A B B der(AB) A B

Figura 1.5 — Mecanisme de formacid d’'una translocacié Robertsoniana. El trencament dels
cromosomes A i B a la regio pericentromérica i la posterior unié dels dos segments origina el
cromosoma derivatiu, der(AB).

Soén presents en 1.23/1000 nounats (Nielsen i Wohlert 1991) i d’entre totes les
combinacions possibles en humans, la més frequent és la der(13;14)(q10;q10)
afectant a quatre de cada cinc individus portadors (Nielsen i Wohlert 1991).
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En individus inféertils, la incidéncia d’aquests reorganitzacions és 9 vegades
superior (De Braekeleer i Dao 1991) i augmenta especialment en els casos amb
oligozoospermia on les frequéncies son dotze vegades més elevades (Mau-
Holzmann 2005) (Taula 1.2)

Translocacions reciproques (rcp)

Les translocacions reciproques son un tipus de reorganitzacido que es dona entre
cromosomes no homolegs (normalment dos) que pateixen un trencament en un
dels seus bracos i que durant la seva reparacié s’intercanvien mutuament els dos
fragments terminals generats (Figura 1.6). Els cromosomes reorganitzats
resultants també s’anomenen derivatius i s’identifiquen segons el centromer que

presenten.

A A B B A der(A) der(B) B

Figura 1.6 - Mecanisme de formacié d’'una translocacié reciproca. El cromosoma A i el cromosoma
B que han patit un trencament intercanvien els segments distals originant els cromosomes
derivatius, der(A) i der(B).

Aproximadament 1/700 nounats soOn portadors de translocacions reciproques
equilibrades (Nielsen i Wohlert 1991). Aquesta incidéncia augmenta sis vegades en
poblacions d’individus infértils (De Braekeleer i Dao 1991) (Taula 1.2). Normalment
impliquen autosomes perd en un de cada cinc casos la translocacié es dona entre

un autosoma i un gonosoma (Mau-Holzmann 2005).

Inversions (inv)

Les inversions son reorganitzacions intracromosomiques que consisteixen en un
canvi de sentit d’'una regi6 del cromosoma que pot incloure el centromer (inversions
pericéntriques; Figura 1.7A) o no (inversions paracéntriques; Figura 1.7B).

Al voltant d'un 1-2% dels individus de la poblacié general sén portadors
d’'inversions (de la Chapelle et al. 1974; Kaiser 1984). No obstant, la major part

d’elles son considerades variants polimorfigues que afecten les regions
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heterocromatiques dels cromosomes 1, 9, 16 i Y o la regié pericentromérica del

cromosoma 2.

A) e 1] B) i M ™

wrt

A, # A s A A i A} A

Figura 1.7- Mecanisme de formacié d’'una inversié A) pericentrica B) paracéntrica. Els dos
trencaments del cromosoma A (posicions 1 i 2) son reparats de forma que la regio interior canvia de
sentit originant el cromosoma inv(A).

Pel que fa a les inversions no polimorfiques, la seva incidéncia és la més baixa de
totes les reorganitzacions cromosomiques, amb frequéncies que oscil-len entre
0.01% i el 0.07% (Mau-Holzmann 2005). Aquests valors sén 3-20 vegades

superiors en poblacions d’individus infertils (Taula 1.2).

Taula 1.2- Incidéncia de les variants cromosomiques estructurals en diverses poblacions d’individus
infertils (a partir de Mau-Holzmann 2005).

rob rcp inv (excepte X,Y) Altres | TOTAL

(%) (%) (%) (%) (%)
Azoospérmics 02 07 0.0 1.2 2.1
Oligozoospérmics 1.5 09 0.3 0.3 2.9
Infeértils 07 05 0.3 0.6 2.1
Estudis previs a FIV 02 05 0.0 0.0 0.6
Estudis previs a ICSI 09 0.9 0.3 0.4 2.4
Incidéncia global 09 0.8 0.2 0.5 23

1.2- EFECTE DE LES VARIANTS CROMOSOMIQUES ESTRUCTURALS SOBRE
LA FERTILITAT

Les reorganitzacions cromosomiques poden afectar la correcta progressio de la
meiosi dels individus portadors. Aquest €s un procés altament regulat, que consta
d’'una primera etapa (profase |) en la que és necessari un reconeixement entre les
regions homologues del genoma per tal de que els cromosomes quedin aparellats
(formacié de bivalents). La preséncia de variants cromosomiques dificulta, tant el

reconeixement d’homologia, com el seu posterior repartiment. Aixd0 pot
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comprometre la fertilitat de I'individu en dos aspectes fonamentals que es revisen a

continuacio.

1.2.1- PROGRESSIO MEIOTICA ALTERADA

El reconeixement d’homologia de les regions implicades en aquestes alteracions
provoca que els cromosomes adoptin geometries d’aparellament complexes.
Aquestes configuracions moltes vegades dificulten I'aparellament i afavoreixen
I'aparicié de regions asinaptiques. En el cas de les reorganitzacions estructurals,
les anomalies sinaptiques sovint es localitzen prop dels punts de trencament
(Oliver-Bonet et al. 2005). En les numeriques, poden afectar cromosomes sencers
que es presenten en forma d’univalents (Solari i Rey Valzacchi 1997; Blanco et al.
2001).

Aquestes irregularitats son detectades per diversos punts de control del cicle
cellular que intervenen durant la progressi6 de la meiosi. Un d’aquests
mecanismes actua durant I'etapa de paquité verificant que les regions homologues
hagin aparellat correctament (Roeder and Bailis 2000). La preséncia de regions
asinaptiques pot desencadenar la seva activacié que aturara la progressié de la
meiosi.

A l'etapa de metafase | s’ha descrit la participacié d’'un segon punt de control que
actua verificant la correcta disposicio dels cromosomes i del fus meiodtic. La
presencia de cromosomes desalineats a la placa metafasica o una mala
estructuracio del fus podria ser detectat com una descompensacié de les forces de
tensio que exerceixen els microtubuls sobre els cromosomes, inhibint el pas de
metafase | a anafase | (Eaker et al. 2001).

L’activacié d’aquests punts de control sovint implica una menor produccié de

gametes i per tant una reduccio de la capacitat reproductiva de I'individu.

1.2.2- PRODUCCIO DE GAMETES DESEQUILIBRATS
L’altre aspecte condicionant de fertilitat dels individus portadors de variants
cromosomiques esta relacionat amb la produccidé d'espermatozoides amb

desequilibris cromosomics. Aquests poden tenir dos origens diferents:

» Segregacio dels cromosomes implicats en la reorganitzacio
Les geometries d’aparellament que adopten els cromosomes reorganitzats per tal
d’assolir la homosinapsi sovint permeten que les ceél-lules superin els punts de

control descrits a I'apartat 1.2.1. Aquest fet també provoca que els cromosomes
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implicats quedin vinculats per processos de recombinacio i segregacié conjunts.
Tal com es desenvolupa més endavant (apartat 1.3), la segregacié d’aquestes
estructures pot donar-se segons diferents modes, alguns de les quals donaran lloc

a gametes portadors de desequilibris cromosomics.

» Associacions sinaptiques “il-licites”

A profase |, les regions asinaptiques resultants de la preséncia d’anomalies
cromosomiques (apartat 1.2.1), poden aparellar heterdlogament amb altres regions
del genoma. Aixo6 permet a la cél-lula defugir la intervencié del punt de control
paquiténic, perdo també condiciona la correcta segregacié dels cromosomes que
hagin entrat en contacte, fet que pot generar la preséncia d’anomalies
cromosomiques numeriques en els espermatozoides resultants.

Aquest fenomen es va descriure amb el nom d’efecte intercromosomic i les seves

caracteristiques son tractades amb més detall a I'apartat 1.4.

1.3- COMPORTAMENT MEIOTIC DE LES VARIANTS CROMOSOMIQUES
ESTRUCTURALS

1.3.1- TRANSLOCACIONS ROBERTSONIANES
L’aparellament a profase | dels tres cromosomes implicats en la reorganitzacio (el
cromosoma derivatiu i els dos homolegs respectius) es dona formant una

estructura en forma de ftrivalent (Figura 1.8).

— i =

———— —

der(AB)

Figura 1.8 - Esquema de [I'aparellament dels cromosomes implicats en una translocacio
Robersoniana formant un trivalent.

De la mateixa manera que la resta de bivalents, durant I'anafase de la primera
divisié meidtica, els tres cromosomes que configuren el trivalent s’han de separar

en dos grups. Aquest repartiment pot donar-se de 3 maneres:
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- Segregacio6 alternant
Els dos cromosomes no translocats segreguen conjuntament mentre que el

derivatiu va cap al pol oposat.

der(AB)

- Segregaci6 adjacent
El cromosoma derivatiu i un dels no translocats segreguen cap al mateix pol i

I'altre no translocat va al pol oposat.

=4 EEB
P —r—

der(AB)

- Segregaci6 3:0

Els tres cromosomes segreguen junts cap al mateix pol.

——
|_|_|--m

der(AB)

Nomeés en la segregacio alternant el resultat sera normal o equilibrat. En els dos
darrers tipus de repartiment, les célllules resultants seran portadores de
disomies/nul-lisomies. La proporci®6 amb que es donin cadascuna d’aquestes

segregacions determinara el risc reproductiu de l'individu portador.

En el Treball 1 adjuntat al capitol de publicacions s’analitza més detalladament el
comportament d’aquest tipus de reorganitzacié, concretament en individus

portadors de la translocacié der(13;14)(q10;910).
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1.3.2- TRANSLOCACIONS RECIPROQUES
Durant l'etapa de Profase |, els quatre cromosomes implicats en aquesta

reorganitzacio poden aparellar mitjangant la formacié d’'una estructura coneguda
com a creu de translocacio o tetravalent, que permet el reconeixement de les

diverses regions homologues (Figura 1.9).

R
A g F—— der(B)
¢ o . LE U: P ) O, P = Bracos no implicats en la translocacio
der{A) ¢ T & T, U = Segments intersticials
s R, S = Segments translocats
O+T, U+P = Segments céntrics

Figura 1.9- Esquema d’una creu de translocacié amb les diverses regions d’aparellament.

En funcié de la distribucié dels cromosomes en les cél-lules resultants podem
distingir 5 modes tedrics de segregacio a la primera divisié meiodtica:

- Segregacio6 alternant

Els dos cromosomes normals segreguen cap a un mateix pol mentre que els

dos derivatius ho fan cap a 'oposat.

- Segregaci6 adjacent |
Cada cromosoma normal segrega amb el derivatiu de I'altra parella cap a un

i

A der(B)

mateix pol.

der(A) B

g I
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Cada cromosoma normal segrega conjuntament amb el seu derivatiu.

Segregacio 3:1

Segregacio adjacent Il

o

der(A)

]
—

L.
-

D =

Tres dels quatre cromosomes segreguen cap a una banda mentre que

I'univalent restant va cap al pol oposat.

—ar—

| | der(B)

™~

Segregacio 4:0

—ar—

der(B

A !Il || der(B)

der(A)

Ll

der(A) | | |

P

]
Al

P

Tots els cromosomes segreguen conjuntament cap a la mateixa ceél-lula filla.

] der(B)

-1
r—

=™

& =

Només a partir de la segregacio alternant s’obtenen gametes amb una dotacio

normal/equilibrada. En els altres tipus de segregacio, els espermatozoides

resultants sempre sén portadors de desequilibris (delecions/duplicacions).

Aquesta relacié entre el mode de segregacio i el tipus de dotaci6 final dels gametes

es compleix sempre que no es produeixin quiasmes als segments intersticials. La

preséncia d’almenys un quiasma intersticial provoca que també es puguin generar
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dotacions desequilibrades a partir de la segregacio alternant (50%) a la vegada que

es poden obtenir productes equilibrats a partir de la segregacié adjacent | (50%)

(Figura 1.10).

Ap | -4 { der(B)
der(A) § _: s [ ! B
Segregacio alternant \._ _J Segregacio adjacent |
A A
— —~ — —
;| C . I A )

1 l | I i H“ m

Segregacio Segregacio Segregacio Segregacio
amfitélica amfitelica amfitélica amfitélica

A B der(A) B A der(B) | |der(A) der(B) A B der(A) B A der(B) | 'der(A) der(B}

Figura 1.10- Resultat de les segregacions alternant i adjacent | en un tetravalent amb un quiasma
intersticial al segment T. Els productes amb linies discontinues derivats d’'una segregacio alternant
tenen un contingut adjacent I, mentre que els derivats d’'una segregacié adjacent | tenen un
contingut alternant.

En conseqliéncia, I'associacio directa dels gametes amb contingut normal/equilibrat
a una segregacio alternant no és del tot correcta (Armstrong i Hulten 1998). Tot i
aix0, aquest matis es continua obviant en la majoria d’estudis de segregacié ja que,
els productes resultants de la segregacio alternant amb contingut equivalent a
adjacent |, compensen en gran mesura els productes resultants d’'una segregacio
adjacent | amb contingut alternant. Cal tenir en compte que, donat que el mode de
segregacié alternant és el que es veu més afavorit (Sybenga 1975), aquesta
simplificacioé provoca una lleugera sobreestimacié del mode de segregacié adjacent

| (en detriment del mode alternant).
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En el cas de la segregacé adjacent Il, la presencia de quiasmes intersticials també

altera el contingut cromosomic dels productes finals (Figura 1.11).

A

s der(B)

— T —t=
Segregacio adjacent I
A

der(A)

- —
= —
(S —
——] —
Segregacio Segregacio
amfitélica amfitélica
A A der(A) der(A) A der(A) B der(B)

Figura 1.11- Productes resultants de les segregacié adjacent Il en un tetravalent amb un quiasma
intersticial al segment T. Les combinacions amb linies discontinues (en conjunt un 25% del total
dels productes) serien equivalents a una no-disjuncid a la segona divisié meidtica tot i originar-se
amfitélicament.

En aquesta situacié es veuen afectats el 50% dels productes resultants de la
segregacié adjacent Il, que continuen essent desequilibrats perd amb una dotacié

cromosomica diferent de I'esperada.

En el capitol de publicacions s’adjunten dos treballs que analitzen meés
detalladament el comportament d’aquest tipus de reorganitzacions (Treball 2 i
Treball 3).
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1.3.3- INVERSIONS

Durant la profase | de la meiosi, el cromosoma portador de la inversié i el seu
homoleg poden assolir un aparellament homosinaptic complet mitjangcant la
formacioé d’'una estructura que es coneix amb el nom de nansa d’inversio (Figura
1.12).

] Cromosoma normal

J Cromosoma invertit

Figura 1.12- Esquema de I'aparellament d’'un cromosoma portador d’'una inversié (segments a, b,
d, cie)amb el seu homoleg (segments A, B, C, D i E) formant una nansa d’inversio.

També s’ha descrit que aquests cromosomes poden adoptar altres configuracions
en les que queden regions asinaptiques, fet que s’ha relacionat amb les

dimensions del segment invertit (Kaiser 1984) (Figura 1.13).

A B -~ D E 5 c D o
i s s =
A) c B) & c .'-.

Figura 1.13- Altres configuracions d’aparellament de les inversions: A) Inversi6 petita (segment c, b)
amb asinapsi en el segment invertit; B) Inversido gran (segment b, ¢, d) amb asinapsi en els
segments no invertits.

La produccié de gametes amb desequilibris cromosomics en portadors d’inversions
€s consequéncia de que hi hagi recombinaci6 dins de la regio invertida. En funcié
del nombre de quiasmes i de les cromatides implicades, els cromosomes resultants
poden presentar duplicacions i deficiencies anomenant-se cromosomes
recombinants, i les anomalies generades aneusomies de recombinacio (ISCN
2005).

A la Figura 1.14 es mostren els diversos productes que es poden generar en un
portador d’'una inversié pericéntrica com a resultat de la ocurréncia d’'un o dos

quiasmes dins la regi6 invertida. Quan s’hi déna tan sols un quiasma, el 50% dels
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productes resultants sén normals/equilibrats. En canvi quan hi tenen lloc dos 0 més

quiasmes, la proporcié d’aneusomies de recombinacié depén de quines cromatides

s’hi vegin implicades.

Distribucioé dels quiasmes | Segregacio sintelica a Mi Segregaci6 amfitélica a Mll

1 quiasma

E
— Normal
E —® Deficiencia AB / Duplicacio e

&

H" —> Dupl|c_a’0|o AB |/ Deficiencia e
e Inversié dc

2 quiasmes

—— Normal
— Inversio dc

—» Normal
» Inversié dc

Duplicacié AB / Deficiencia e
Deficiencia AB / Duplicacio e

Normal
Inversio dc

—» Deficiéncia AB/ Duplicacio e
— Duplicacié AB/ Deficiéncia e
— Deficiéncia AB / Duplicacio e

I-""jj:’. —® Duplicacio AB / Deficiéncia e
- B

‘-'--.____E_-
.
5 . -

-..__“:
-]

Figura 1.14- Productes resultants de la ocurréncia d’'un quiasma dins d’'una inversié pericéntrica (1),
o bé de dos quiasmes que afectin les mateixes cromatides (ll), tres cromatides diferents (lll) o les
quatre cromatides (IV).

En inversions paracentriques, la ocurréncia de quiasmes dins de la regio invertida

té efectes similars (Figura 1.15), perd0 en aquest cas les cromatides amb

duplicacions/deficiéncies sén a la vegada acéntriques o dicéntriques. Per altra

banda en aquest tipus d’inversions, la combinacié de quiasmes dins i fora de la

regio invertida pot donar lloc a la formacié de cromatides en forma de bucle o llag
(Lacadena 1996) (Figura 1.15-V).
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Distribucioé dels quiasmes Segregacio sintelica a Ml Productes resultants a Ml
q greg
il e @ B "« —» Dupl. AB/ Def. e (dicentric)
g '""“""“':‘--J' — Inversio dc
) r.__--": L]
o e
- -l D F ) Def AB/Dupl. E (acéntric)
. . —— % Normal
Normal
Normal
Inversio dc
Inversio dc
. & B "= —— Dupl. AB/Def. e (dicéntric)
_,,‘-": — Inversi6 dc
- [«
" [ ] C D E
8 meem ——» Def. AB/ Dupl. E (acéntric)
= IR . : —— > Normal
©
5 A g e B *. —— Dupl. AB/Def. e (dicéntric)
o ‘;TI:"“:'.'.'.::'.::: == ——% Dupl. AB/ Def. e (dicéntric)
o A ] c d ] .
b, 2 — 5 Def. AB/Dupl. E (acéntric)
. ST A » Def. AB/Dupl. E (acéntric)
:" ' - o L Normal
A gy T — Inversio dc
T — ) Dupl. AB/Def. e (llag)
s .
— : e 1o 2 B f ) DefAB/Dupl.E (acéntric)
i
Figura 1.15- Productes resultants de la ocurréncia d’'un (l) o dos quiasmes (ll, I, 1V) dins d’'una

inversié paracéntrica. La combinacié d’un quiasma al segment invertit i un altre a la regi6é céntrica
externa també ddna lloc a cromatides recombinants (V).

Tant en inversions pericétriques com paracentriques, com més gran sigui el
segment invertit, més facilment podra aparellar per homosinapsi i més probabilitat
hi haura de que s’hi doni almenys un quiasma. Per tant, la mida d’aquestes
la producci®6 de gametes amb desequilibris

reorganitzacions influeix en

cromosomics.

El comportament d’aquestes reorganitzacions es tracta més detalladament en tres

treballs adjuntats al capitol de publicacions (Treball 4, Treball 5 i Treball 6).
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1.4- EFECTE INTERCROMOSOMIC

Entenem per efecte intercromosomic un fenomen d’interferéncia generat per part
de les reorganitzacions cromosomiques estructurals en la correcta disjuncid i
segregacié d’altres cromosomes no involucrats en la propia reorganitzacié.
L’existéncia d’aquest fenomen en humans va ser postulada per primera vegada per
Lejeune I'any 1963 quan va detectar un increment de portadors de translocacions
reciproques entre pares de nens afectats per la sindrome de Down (Lejeune 1963).
Aquest destorb entre cromosomes s’atribueix a la formacié d’aparellaments
heterosinaptics entre cromosomes reorganitzats -que sovint adopten
configuracions amb regions asinaptiques- amb altres cromosomes (Guichaoua et
al. 1990; Cheng et al. 1999; Oliver-Bonet et al. 2005). Entre les regions del genoma
que s’hi poden veure involucrades hi trobem aquelles amb propensié a aparellar
per heterosinapsi (e.g. bragos curts dels cromosomes acrocéntrics, el bivalent XY) i
regions amb tendéncia a aparellar amb retard o a presentar discontinuitats
sinaptiques andmales (Codina-Pascual et al. 2006b).

Nombrosos estudis han associat les interaccions intercromosomiques amb el
desencadenament de bloquejos meidtics (Gabriel-Robez et al. 1986; Johannisson
et al. 1987). Aquests, sovint es veuen reflectits en l'alteracié dels parametres
seminals dels individus, caracteristica bastant comu en els individus portadors de
reorganitzacions estructurals (De Braekeleer i Dao 1991). Tot i aix0, també s’ha
descrit que I'heterosinapsi podria ser una via alternativa d’actuacié cel-lular que
actua de mecanisme de rescat d’'una aturada meidtica causada per 'existéncia de
regions asinaptiques (Saadallah and Hulten 1986; Chandley et al. 1986; Navarro et
al. 1991).

Sigui com sigui, I'existéncia dels fenomens d’interaccié intercromosdmica es podria
veure traduida en un increment significatiu d’anomalies cromosomiques
numeériques en les ceél-lules resultants. Aix0 representaria una font addicional
d’anomalies cromosomiques pels portadors de reorganitzacions estructurals, que
s’afegirien a les derivades dels modes de segregacié desequilibrats.

Nombrosos treballs han avaluat els efectes d’aquest fenomen en espermatozoides
de diversos tipus de portadors de reorganitzacions estructurals (veure Annex II).
Els resultats han mostrat dades contradictories ja que en alguns casos s’han
observat increments significatius d’anomalies numeériques per molts dels

cromosomes analitzats (Rousseaux et al. 1995a; Rousseaux et al. 1995b; Van
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Hummelen et al. 1997; Blanco et al. 1998a; Mercier et al. 1998; Blanco et al. 2000;
Amiel et al. 2001; Morel et al. 2001b; Oliver-Bonet et al. 2001; Baccetti et al. 2002;
Oliver-Bonet et al. 2002; Anton et al. 2004a; Anton et al. 2004b; Morel et al. 2004b;
Baccetti et al. 2005; Douet-Guilbert et al. 2005; Machev et al. 2005b; Anton et al.
2006; Chen et al. 2007; Wiland et al. 2007; Vozdova et al. 2008; Anton et al.
Acceptat) mentre que en d’altres no s’ha observat cap tipus de variacié respecte la
poblacié control (Martini et al. 1998; Cifuentes et al. 1999a; Honda et al. 1999;
Estop et al. 2000; Rives et al. 2003a; Mikhaail-Philips et al. 2004; Oliver-Bonet et al.
2004; Mikhaail-Philips et al. 2005; Hatakeyama et al. 2006; Kekesi et al. 2007,
Vialard et al. 2007).

El ventall de cromosomes pels quals es valoren les taxes d’aneuploidies és molt
variable. En la majoria d’estudis, els cromosomes sexuals formen part dels
cromosomes estudiats degut a la singularitat de les seves caracteristiques
d’aparellament, que els fan més susceptibles de veure’s implicats en aparellaments
heterosinaptics. Pel que fa als autosomes, en total s’han obtingut dades referents
als cromosomes 1, 4,6, 7, 8, 9, 14, 15, 16, 17, 18, 20, 21 i 22 (Annex II).

En els treballs adjuntats en el capitol de publicacions s’aprofundeix en I'ocurréncia
d’aquest fenomen tant en portadors de translocacions Robertsonianes (Treball 1),
com en portadors de translocacions reciproques (Treball 2 i Treball 3) i en

portadors d’inversions (Treball 4, Treball 5 i Treball 6).

1.5- ESTUDIS  CITOGENETICS EN ESPERMATOZOIDES | CONSELL
REPRODUCTIU EN PORTADORS DE REORGANITZACIONS CROMOSOMIQUES

La preséncia de variants cromosomiques estructurals esta relacionada amb
l'alteracié dels processos meiotics dels portadors (apartat 1.2.1) i també amb la
produccié de gametes desequilibrats (apartat 1.2.2). Aixo fa que aquests individus
constitueixin una poblacié amb fertilitat reduida que sovint recorre a assessorament
genétic especialitzat i a I'Us de técniques de reproduccié assistida.

Entre els recursos que s’ofereixen a aquestes parelles, hi trobem els estudis
citogeneétics en espermatozoides en els que s'utilitza la técnica d’hibridacio in situ
fluorescent (FISH). Aquests permet valorar la preséncia d’anomalies
cromosomiques tant numériques com estructurals en els espermatoziodes del

portador (Requadre 1.1).
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Requadre 1.1- Els estudis citogenétics en espermatozoides.

S’han descrit diversos métodes que permeten determinar el contingut cromosomic dels
espermatozoides. Els primers estudis que van permetre observar cromosomes metafasics
d’espermatozoide (Rudak et al. 1978) es van realitzar mitjangant una técnica que consistia en
fusionar in vitro espermatozoides humans amb oodcits de hamster sense zona pel-lucida
(Yanagimachi et al. 1976). Més endavant va aparéixer la técnica d’hibridacié in situ
fluorescent (FISH) sobre nuclis descondensats d’espermatozoide (Pieters et al. 1990;
Wyrobek et al. 1990) que va permetre l'analisi d'un nombre molt més elevat
d’espermatozoides en una quantitat de temps inferior. Aquest fet, juntament amb el
desenvolupament d’'un nombre cada cop més elevat de sondes amb les que es podien
identificar diverses regions (centromeriques, telomeériques i especifiques de locus) repartides
per tots els cromosomes i amb I'opcié d’estar marcades amb fluorocroms diferents va fer que
la técnica de FISH es consolidés com el métode d’analisi més habitual en aquest tipus
d’estudi.

Aquestes técniques han permés valorar els resultats de segregacié en més de 230 portadors
de reorganitzacions cromosomiques (Annex |) i la incidéncia d’aneuploidies relacionades

amb ICE en 100 casos (Annex II).

1.5.1- ESTUDIS DE SEGREGACIO

Els estudis de segregacié mitjangcant FISH en espermatozoides en portadors de
variants estructurals estan dirigits a estimar la produccié de gametes desequilibrats
pels cromosomes implicats en cada reorganitzacid, establint aixi el risc de
transmetre aquests desequilibris.

Tot i aix0, a diferéncia del que passa amb altres tecniques com el diagnostic
genetic pre-implantacional o pre-natal en les que les indicacions i els suposits
d’aplicacid es troben recollits en recomanacions elaborades per societats
cientifiques (Thornhill et al. 2005; Hastings et al. 2007), la utilitzacié de la técnica
de FISH en espermatozoides en el context del consell genétic reproductiu és un
recurs sobre el que no hi ha directrius clares. Aixi doncs, la seva aplicacié queda
relegada al criteri particular de cada centre.

La manca de directrius contrastada amb tota la informacié recollida en els nostres
treballs, ens va fer plantejar la opcio de revisar quin seria el criteri més adequat per

indicar aquests estudis en portadors de variants estructurals.
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Les consideracions obtingudes es recullen en un article d’opinié (Treball 7) que

tanca tota la série de treballs adjuntats al capitol de publicacions.

1.5.2- ESTUDIS D’ICE

En el consell genétic reproductiu, la informacié que es pot obtenir d’aquests estudis
va dirigida a acotar el risc de transmissié d’aneuploidies derivades d’ICE a I'embrid.
Perd les dades publicades que relacionen la incidencia d’aneuploidies en
espermatozoides i en embrions no han estat exemptes de controvérsia: mentre
alguns autors suggereixen que els embrions resultants dels cicles de reproduccio
assistida on hi participen individus portadors de reorganitzacions estructurals
presenten una taxa d’aneuploidies significativament més elevada que la resta
(Gianaroli et al. 2002), altres consideren que aquest efecte és negligible comparat
amb les anomalies derivades de la segregacio de la propia reorganitzacié (Munné
et al. 2005).

En el Treball 7 es tracta la idoneitat de realitzar estudis d’ICE en el context del
consell genétic reproductiu dels individus portadors de translocacions

Robertsonianes, translocacions reciproques i inversions.
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Els objectius plantejats a l'iniciar aquest treball de recerca van ser els seguents:

1er
Caracteritzar els patrons de segregacié de les translocacions Robertsonianes, les

translocacions reciproques i les inversions.

2on
Identificar els factors cromosdomics que influeixen en la segregaciéo d’aquestes

reorganitzacions.

3r
Avaluar la participacié d’'un efecte intercromosomic en la produccié de gametes

amb anomalies cromosdmiques numeriques.

4rt
Establir el risc reproductiu dels individus portadors a partir de la produccié estimada

de gametes normals/equilibrats.

5é
Determinar I'adequacié dels estudis de segregacio i de ICE mitjangant FISH en
espermatozoides en el context del consell genétic reproductiu dels portadors de

reorganitzacions estructurals.
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Material i métodes

3.1- MOSTRES ANALITZADES

Durant la realitzaci6 d’aquesta tesi es van estudiar mostres de semen de 29
individus portadors de reorganitzacions cromosomiques. Entre ells hi havia deu
portadors de translocacions Robertsonianes (Taula 3.1), catorze portadors de
translocacions reciproques (Taula 3.2) i cinc portadors d’inversions pericéntriques
un dels quals també era portador d’'una inversié paracéntrica (Taula 3.3). Les
translocacions reciproques avaluades van ser seleccionades per presentar
caracteristiques citogenétiques molt diferents.

Les mostres van ser recollides en col-laboraci6 amb 11 centres de reproduccié

assistida i/o diagnostic genétic (Taules 3.1, 3.2 i 3.3).

Taula 3.1- Individus portadors de translocacions Robertsonianes.

Seminograma Edat Centre de procedéncia \
45,XY,der(13;14)(q10;910) OAT 33 Institut de Reproducciéo CEFER
45,XY,der(13;14)(q10;910) OA 37 Hospital Clinic de Barcelona
45,XY,der(13;14)(q10;910) OA 35 Hospital Clinic de Barcelona
45,XY,der(13;14)(q10;910) OAT 33 Clinica Tambre
45,XY,der(13;14)(q10;910) OAT 30 VI
45,XY,der(13;14)(q10;910) OAT 32 VI
45,XY,der(13;14)(q10;910) OA 33 Institut Universitari Dexeus
45,XY,der(13;22)(q10;910) OA 28 VI
45,XY,der(14;21)(q10;910) OA 43 Hospital Clinic de Barcelona
45,XY,der(14;21)(q10;910) OA 41 Fundaci6 Puigvert

Taula 3.2- Individus portadors de translocacions reciproques.

Seminograma Edat Centre de procedéncia
46,XY,t(1;11)(q12;913) OAT 37 Clinica Tambre
46,XY,t(2;6)(q37;p21) - 37 Hospital Clinic de Barcelona
46,XY,t(4;7)(931.1;932) N 40 Hospital Clinic de Barcelona
46,XY,t(5;8)(933;913) N 42 IBQ Flor de maig
46,XY,t(5;8)(q35.1;p11.2) A 54 Institut Universitari Dexeus
46,XY,t(5;17)(q31.2;p13) N 34 VI
46,XY,t(6;22)(q13.2;913.1) - 34  Hospital Universitari Vall d'Hebron
46,XY,t(8;14)(922;932) - 39 Institut Universitari Dexeus
46,XY,t(9;19)(q10;p10) - 34  Prenatal Genetics SL
46,XY,t(9;20)(p24;913.1) OA 22  Hospital Clinic de Barcelona
46,XY,t(10;13)(p13;p13) OA 36 IVI
46,XY,t(10;14)(q24;p11.2) OA 40 Hospital Clinic de Barcelona
46,XY,t(11;22)(q23;q11) N 35 Hospital Clinic de Barcelona
46,XY,t(11;22)(q23;q911) N 34 Hospital Clinic de Barcelona
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Taula 3.3- Individus portadors d’inversions.

Seminograma Edat Centres de procedéncia

46,XY,inv(2)(p11.2913) OA 38 Hospital Clinic de Barcelona
46,XY,inv(4)(p16g21) OA 36 VI

46,XY,inv(4)(p14p15.3), . .
inv(Y)(p11.1q11.23) OA 29 Institut Marqués
46,XY,inv(6)(p23925) N 37 Institut Universitari Dexeus
46,XY,inv(10)(p13g22.3) N 95 Institut Universitari Dexeus

3.2- FIXACIO | EMMAGATZEMATGE DE LES MOSTRES

Les mostres van ser obtingudes per masturbacio, després d’'un periode minim de
tres dies d’abstinéncia, i recollides en contenidors estérils de polietilé. La seva
fixacio es va dur a terme segons el protocol seguent:

» Centrifugar la mostra durant 5 minuts a 1000G per tal de separar el plasma
seminal de la fraccié cel-lular (temperatura=20°C).

* Eliminar del sobrenedant (plasma seminal) amb una pipeta Pasteur.

» Afegir solucié hipotonica (KCI 0.075M) temperada a 37°C, gota a gota i en
agitacio.

* Incubar la suspensi6 cel-lular a 37°C durant 30 minuts.

* Repetir la centrifugacié (temps=5 minuts; velocitat=1000G; temperatura=20°C).

* Eliminar el sobrenedant per decantacié.

* Resuspendre el sediment cel-lular amb fixador de Carnoy (metanol:acid acétic en
una proporcio 3:1) gota a gota i en agitacio.

* Repetir la centrifugacié (temps=5 minuts; velocitat=1000G; temperatura=20°C).

* Eliminar el sobrenedant per decantacié.

* Repetir els rentats amb Carnoy tantes vegades com sigui necessari fins que el
sediment cel-lular sigui totalment blanc.

* Realitzar un ultim rentat de fixador amb Carnoy preparat de nou.

* Fer les extensions cellulars deixant caure una gota de la suspensié en
portaobjectes desengreixats.

* Verificar la dispersio cel-lular del material fixat mitjangant la observacié de les
extensions al microscopi de contrast de fases (Figura 3.1).

Un cop realitzades, les extensions van ser emmagatzemades a -20°C. La resta de

material fixat també es va guardar en aquestes condicions.
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Figura 3.1 - Espermatozoides al microscopi de contrast de fases (3000X) un cop finalitzat el procés
de fixacio.

3.3- PROTOCOL DE FISH EN ESPERMATOZOIDES

Aquest protocol el podem desglossar en 5 apartats que s’apliquen de forma

sequencial:

3.3.1- DESCONDENSACIO DE LA CROMATINA DEL NUCLI DELS
ESPERMATOZOIDES

La cromatina del nucli dels espermatozoides esta empaquetada per protamines
que li confereixen un elevat grau de condensacio. Aquest ha de ser reduit de forma
previa a la FISH mitjangant un tractament amb 1,4-Ditiotreitol (DTT) que trenca els
ponts disulfur d’aquestes proteines. Consisteix en:

* Descongelar les extensions a temperatura ambient.

* Rentar els portaobjectes dues vegades en dues solucions de 2xSSC (Citrat Sodic
Sali), durant 3 minuts cada una, a temperatura ambient (pH 7-7.5).

* Deshidratar la mostra mitjangant immersions successives en una série de
solucions amb concentracions creixents d’etanol en aigua destilada (70%-90%-
100%), durant 2 minuts cada una i a temperatura ambient.

» Deixar assecar completament les preparacions.

* Incubar les preparacions a 37°C en la solucié de descondensacié (pH=7.4):
5mM DTT, 1% Triton X-100 i 50mM Tris (2-Amino-2-hidroximetil-1,3-propanodiol).
El temps d’incubacié de les mostres en la solucié de descondensacio depen de la
susceptibilitat de cada mostra a aquest tractament. En els estudis realitzats la
durada d’aquest tractament va oscil-lar entre 1-12 minuts tot i que en la majoria de
casos va estar al voltant dels 8 minuts. Aquest temps també s’ha d’ajustar en
funcié de les caracteristiques de les sondes que s’utilitzin (les sondes que hibriden
amb regions meés petites requereixen una grau de descondensacié més elevat que

les que reconeixen regions més grans).
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* Repetir els rentats amb 2xSSC i la série de deshidratacions en etanol (70%-90%-
100%) a temperatura ambient.

» Deixar assecar completament les preparacions.

» Comprovar l'efecte del tractament de descondensacié al microscopi de contrast

de fases (Figura 3.2)

Figura 3.2 — Espermatozoides al microscopi de contrast de fases (3000X) després del protocol de
descondensacid. S’observa un halo al voltant del cap de I'espermatozoide que confirma I'accié del
DTT.

3.3.2- DESNATURALITZACIO DEL DNA ESPERMATIC

Per tal de fer accessible el DNA dels espermatozoides a les sondes, aquest ha de
ser desnaturalitzat amb un tractament que combina I'efecte de la temperatura amb
I'acci6 de la formamida:

* Incubar els portaobjectes durant 5 minuts a 73°C en una soluci6 de
desnaturalitzacié formada per 70% formamida i 10% 20xSSC (pH=7-7.5).

* Deshidratar la mostra mitjangant immersions successives d’'un minut en una serie
d’etanols amb concentracions creixents (70%-85%-100%) a temperatura ambient.

* Deixar assecar completament les preparacions.

» Comprovar I'efecte del tractament de desnaturalitzacié al microscopi de contrast

de fases (Figura 3.3).

Figura 3.3 — Espermatozoides al microscopi de contrast de fase (3000X) després del protocol de
desnaturalitzacié. Un cop desnaturalitzat el DNA, el cap dels espermatozoides presenta un aspecte
fosc.
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3.3.3- PREPARACIO DE LES SONDES

En els diversos estudis realitzats es van fer servir sondes comercials de Vysis Inc.
(Downers Grove, IL, USA) i Qbiogene Inc. (Irvine, CA, USA). Totes les sondes
utilitzades i les combinacions amb que van ser aplicades estan recollides a ’Annex
ll.

» Caracteristiques de les sondes
L’aplicabilitat d’'una sonda ve determinada per 2 parametres: la regié on hibrida i el
tipus de fluorocrom amb el que esta conjugada. Es tan important trobar una sonda
que identifiqui la regié que ens interessa com que aquesta estigui marcada amb un
fluorocrom que la diferencii de les altres sondes utilitzades.
En funcié de la regié cromosomica que reconeix, podem diferenciar tres tipus de
sondes:
- Sondes centromériques
Hibriden amb seqtiéncies de DNA a-satél-lit especifiques de cada centromer.
Donat que abasten regions amplies (aproximadament 2-5 Mb), els senyals que
emeten son facils de identificar.
- Sondes especifiques de locus
Hibriden amb /oci cromosomics d’entre 200-800 kb.
- Sondes subtelomériques
Hibriden amb regions de DNA que es troben just per sota dels telomers.
Reconeixen regions més petites (<200 kb) i per tant el senyal resultant és molt
puntual.
Pel que fa al color dels fluorocroms, en general el verd (SpectrumGreen/FITC) i el
vermell (SpectrumOrange/Rodamina) son els més comuns, mentre que el blau
(SpectrumAqua/DEAC) tan sols es troba disponible per determinades sondes
(http://www.abbottmolecular.com/; http://www.gbiogene.com). En aquest punt és
interessant esmentar la possibilitat de barrejar una sonda verda amb la mateixa
sonda marcada amb un fluorocrom vermell en proporcions 1:1 per tal d’obtenir un

quart color.

» Combinacions de sondes utilitzades en els estudis de segregacié
L’objectiu dels estudis de segregacié és esbrinar quin ha estat el repartiment dels
cromosomes implicats en una determinada reorganitzacio estructural a partir de la

observacid dels productes resultants. Aixd requereix utilitzar una combinacié de
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sondes que ofereixi un patré de colors diferent per a cada un dels cromosomes
implicats en la reorganitzacié. D’aquesta manera, a partir del numero i color dels
senyals d’hibridacié visualitzats en el nucli d’'un espermatozoide es podra deduir
quin mode de segregacié I'ha originat. L’'obtencié d’aquesta informacié per un
nombre elevat d’espermatozoides permet estimar la freqiéncia amb que ocorre

cada un d’aquests modes i per tant establir el patré de segregacio.

Translocacions Robertsonianes

Durant la profase | de la meiosi, 'aparellament dels cromosomes implicats en
aquest tipus de reorganitzacié déna lloc a la formacié d’un trivalent (apartat 1.3.1).
Per tal de diferenciar els tres cromosomes implicats en aquesta estructura és
suficient amb utilitzar dues sondes amb fluorocroms diferents (per exemple: verd i
vermell) i que cadascuna reconegui un dels bragos q dels cromosomes translocats.
D’aquesta manera tenim un patré de colors diferent per cada cromosoma: un dels
dos cromosomes normals vindra determinat per un senyal de color verd, I'altre per
un senyal de color vermell, i el cromosoma derivatiu per un senyal verd i un vermell
(Figura 3.4). Amb aquesta distribucié de sondes, els productes derivats de la
segregacio6 del trivalent poden ser identificats pel seu patré de colors i associats a

un mode de segregacio concret (Figura 3.4).

» 50% @
Adjacent
»50% @ @ @

100% $ |
Alternant l | : v
o0 ® s50%
: : Adjacent
S S > @000 5%

Figura 3.4 - Esquema que mostra una possible distribucié de sondes per identificar els productes
de segregacio de les translocacions Robertsonianes.

Cal tenir present que aquesta técnica no permet diferenciar els productes amb
dotacié “normal” (corresponent als dos cromosomes no reorganitzats) dels

portadors d’'una dotacié “equilibrada” (corresponent al cromosoma derivatiu).
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Aquest disseny experimental és el que s’ha utilitzat en I'estudi desenvolupat en el

Treball 1 adjuntat en el capitol de publicacions.

Translocacions reciproques

En les translocacions reciproques, l'aparellament a paquité dels cromosomes
implicats en la reorganitzacié déna lloc a la formacié d’una creu de translocacio
(apartat 1.3.2). Per tal de poder identificar cada un dels 4 cromosomes implicats en
aquesta estructura amb un patré de colors particular, cal combinar un minim de
tres sondes marcades amb fluorocroms diferents (per exemple verd, vermell i blau).
Aquestes es poden distribuir de manera que dues d’elles estiguin localitzades
sobre els segments centrics i la tercera en un dels segments translocats (Figura
3.5) o al revés (marcatge dels 2 segments translocats i només un dels segments
centrics). Aixi doncs, i segons I'exemple de la figura, un dels dos cromosomes
normals seria portador d’un senyal blau mentre que el seu derivatiu portaria a meés
a més el vermell, i I'altre cromosoma normal seria portador d’'un senyal verd i un

vermell mentre que el seu derivatiu portaria només el verd.

o000
100% Alternant

3:1
50% @
50% 00000

50% @@ 50%

50% 00 0@ Y
50% @@ ! 4} Adjacent |
50% OO0 ®® 0000
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50% @
50% 00000

50% @ ® ® Adjacentll ® ® ® 509

Figura 3.5 - Esquema que mostra una possible distribucié de sondes per identificar els productes
de segregacio de les translocacions reciproques.

Respecte a la segregacio alternant, les limitacions de la técnica tampoc permeten
distingir els productes amb una dotacié “normal” dels portadors d’una dotacio

‘equilibrada”. En canvi, els productes complementaris resultants de les
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segregacions adjacent |, adjacent Il i 3:1, si que presenten patrons de segregacio
diferents.

En el cas de la segregacié adjacent Il, les combinacions de senyals descrites a la
Figura 3.5 es poden veure alterades quan es donen fenomens de recombinacié a
les regions intersticials de la creu. El 50% d’aquests productes presenten una
combinacié de senyals diferent de les anteriors que permet la seva identificacio
(Figura 3.6).

..yﬁ

25% @ @ | [ X LA
25% 00 0 ® [ X X X It/

50% © ® @ Adjacent Il + quiasmes TY N

Figura 3.6 - Combinacions de senyals resultants de la segregacié adjacent Il d’'una translocacié
reciproca amb quiasmes intersticials.

En els Treballs 2 i 3 adjuntats a I'apartat de publicacions, es recullen estudis de
segregacio realitzats en portadors de translocacions reciproques basats en aquest

disseny experimental.

Inversions

En el cas de les inversions, donat que només hi ha un cromosoma implicat en la
reorganitzacio, els estudis de segregacio van dirigits al cromosoma reorganitzat i al
seu homoleg. L'existencia de fenomens de recombinacié dins de la regi6 invertida
dona lloc a productes portadors de duplicacions i deficiencies (apartat 1.3.3). Per
tal de poder distingir aquests desequilibris, és necessari identificar de forma distinta
les dues regions no invertides, fet que requereix la utilitzacid6 de com a minim dues
sondes marcades amb fluorocroms diferents.

La opcié de marcar el centromer amb un tercera sonda permet utilitzar aquest

senyal com a control d’hibridacié en el cas d’inversions pericéntriques. En el cas de

38



Material i métodes

les inversions paracentriques aquest senyal addicional permet determinar la
preséncia de cromosomes acéntrics i dicéntrics (Figura 3.7), per bé que son
variants cromosomiques inestables i per tant, amb tendéncia a perdre’s durant la

divisio cel-lular.
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Figura 3.7 - Combinacions de senyals resultants de la segregacié d’inversions pericéntriques i
paracéntriques en les que ha tingut lloc un fenomen de recombinacié a linterior de la regié
invertida.

En els Treballs 4, 5 i 6 adjuntats al capitol de publicacions, hi ha recollits estudis
de segregacio realitzats en portadors d’inversions pericéntriques i paracéntriques

en els que s’ha utilitzat I'estratégia que combina dues sondes.

» Sondes utilitzades pels estudis d’efecte intercromosomic

L’'objectiu d’aquests estudis és detectar la preséncia d’aneuploidies per altres
cromosomes no implicats en una determinada reorganitzacio.

En tots els individus es va analitzar la preséncia d’anomalies numeériques pels
cromosomes 18, X, i Y mitjangant una barreja de sondes centromériques (Annex
).

En alguns individus (Treball 2 i Treball 5), es va analitzar de forma
complementaria la preséncia d’anomalies numeériques pels cromosomes 13 i 21
(Annex lll). En els casos on el cromosoma 13 formava part de la reorganitzacio

(Treball 1), es va optar per estudiar els cromosomes 21 i 22 (Annex ll).
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3.3.4- HIBRIDACIO

La majoria de les sondes utilitzades requereixen un procés de desnaturalitzacié
previ a la hibridacio. La desnaturalitzacio del DNA s’aconsegueix mitjangant un
procés que combina I'efecte de la formamida (55% en el tampé de les sondes CEP
i 50% en el de les sondes LSI) i de la temperatura. El resultat final és la preséncia
de DNA en forma de cadena senzilla apte per hibridar amb les sequéncies
complementaries. El protocol consisteix en:

* Incubar a 73°C durant 5 minuts la mescla de sondes (preparada segons les
indicacions de les cases comercials).

* Afegir les sondes desnaturalitzades sobre la mostra.

+ Cobrir amb un cobreobjectes i segellar.

* Incubar les preparacions durant 12-16 hores en una cambra humida a 37°C.

3.3.5- RENTATS | CONTRATINCIO

Passat el temps d’hibridacid, els portaobjectes es sotmeten a uns rentats en
solucions salines amb astringéncia i temperatura decreixent per tal d’eliminar les
restes de sonda que no hagin hibridat, o que ho hagin fet de forma inespecifica:

* Treure el cobreobjectes amb cura.

* Rentar en 0.4xSSC/0.3% NP-40 (pH 7-7.5) durant 2 minuts a 73°C.

* Rentar en 2xSSC/0.1% NP-40 (pH 7-7.5) durant 1 minut a temperatura ambient.
Finalment, la cromatina dels nuclis es tenyeix amb el fluorocrom DAPI Il (Vysis Inc.)
i es torna a segellar el cobreobjectes amb esmalt d’'ungles.

Mentre no siguin valorades, aquestes mostres s’han de guardar en fosc a una

temperatura de -20°C per tal de preservar al maxim la fluorescéncia.

3.4- VALORACIO MICROSCOPICA

3.4.1- MICROSCOPI
La valoracié de les mostres es va realitzar amb un microscopi de fluorescéncia

Olympus BX-60 (Olympus Optical Espana, S.A.) dotat amb el seglent equipament:

» Lents
Les mostres es van avaluar a través d'uns oculars de 10X i d'un objectiu

d'immersio de 100X (Obertura numerica=1.35).
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» Bombeta de fluorescéncia

La font d’il-luminacié utilitzada va ser una bombeta de mercuri de 100W. Aquesta
esta formada per dos eléctrodes segellats dins d’'un bulb de vidre d’alta pressio que
conté mercuri i un gas inert (xené o argd). Un pols d’alt voltatge és emeés pels
eléctrodes, ionitzant el gas i fent que la bombeta emeti llum amb pics importants de

longitud d’'ona dins I'espectre ultraviolat (Figura 3.8).

Radiacit espectral relativa

500 600 700
Longitud d’ona (nm)

Figura 3.8- Espectre de Illum emesa per la bombeta utilitzada (imatge adaptada de
http://www.olympusmicro.com/primer/anatomy/sources.html).

El voltatge determina la intensitat de la llum que incideix sobre la preparacid. Com
més elevada sigui la intensitat, més fluorescéncia emeten els fluorocroms excitats,

perd també s’esvaeix més rapidament per foto-oxidacio.

» Filtres de fluorescéncia
Cada filtre de fluorescéncia esta format per un cub que consta de tres elements
basics (Figura 3.9):
- Filtre d’excitacio
Selecciona un rang de longituds d’ona concrets de I'espectre de llum que
emet la bombeta i que seran els que excitaran els fluorocroms de la mostra.
- Mirall dicroic
Es un component optic que reflexa selectivament la llum provinent del filtre
d’excitacio en direccié a la mostra a la vegada que deixa passar a través seu
la llum amb una longitud d’ona superior emesa pels fluorocroms.
- Filtre d’'emissio
Només deixa passar un determinat rang de longituds d’ona, especific pel
fluorocrom que es vol observar i que és diferent en cada un dels cubs

utilitzats.
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Figura 3.9 — Imatge d’un cub de filtres de fluorescéncia i esquema del pas de la llum a través de les
parts que el formen (Adaptat de http://www.tuckerlab.com/equip/microscope/cam/image/g000346.gif).

El microscopi utilitzat disposava d’una roda de filtres de quatre posicions. En els
estudis realitzats es van fer servir els seguents filtres:

- Filtre de banda unica pel fluorocrom FITC (Isotiocianat de fluoresceina)
Aquest fluorocrom requereix una excitacié amb llum A=494 nm i emet una
fluorescéncia amb A=525 nm, corresponent a la llum verda (Figura 3.10A).

- Filtre de banda unica pel fluorocrom Texas Red
Aquest fluorocrom és excitat amb llum de A=595-605 nm i emet llum amb
una A=620 nm, corresponent a la llum vermella (Figura 3.10B).

- Filtre de banda unica pel fluorocrom Aqua
Aquest fluorocrom requereix una excitacio amb llum A=429 nm que fa que
emeti una A=476 nm, corresponent a la llum blava (Figura 3.10C).

- Filtre de triple banda pels fluorocroms FITC / Texas Red / DAPI
Aquest filtre permet veure de forma conjunta la fluorescéncia verda, vermella
i blava (Figura 3.10D).

» Sistema de captura d’imatges
El microscopi portava incorporada una camera digital Olympus C-5050 Zoom

connectada a un monitor de TV per tal de poder capturar i visualitzar les imatges.
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Figura 3.10- Nuclis d’espermatozoides d’un individu portador de la reorganitzaci6 (9;19)(q10;p10)
hibridats amb les sondes Tel 19p SpectrumGreen, Tel 19q SpectrumOrange i LSI 9q34
SpectrumAqua. La mateixa imatge apareix capturada al microscopi de fluorescencia (a 3000X) a
través dels 4 filtres especifics utilitzats: A) Filtre de banda unica per FITC; B) Filire de banda Unica
per Texas Red; C) Filtre de banda unica per Aqua; D) Filtre de triple banda FITC/Texas Red/DAPI.

3.4.2- CRITERIS D’ANALISI
L’analisi citogenética mitjangcant FISH en nuclis interfasics requereix I'establiment

d’uns criteris forca estrictes. Aquests tenen en compte:

» Grau de descondensacio
El temps de descondensacio de la cromatina dels nuclis d’espermatozoides és un
parametre determinant per obtenir hibridacions de qualitat. Tant un excés com una
manca del temps d’incubacié pot provocar una alteracio de I'eficiencia d’hibridacié
de les sondes emprades (Figura 3.11):

- Si els nuclis estan poc descondensats les sondes no podran accedir al DNA

i per tant no s’observaran senyals.
- Si estan massa descondensats, els senyals quedaran dispersos i donaran

problemes d’interpretacid.
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TEMPS DE DESCONDENSACIO

Figura 3.11- Imatges de nuclis dels espermatozoides (captats a 3000X) i sotmesos a diferents temps
d’'incubacié en DTT (Sondes utilitzades: CEP X SpectrumGreen, CEP Y SpectrumOrange i CEP 18
SpectrumAqua; AneuVysion® Assay): A) Nuclis poc descondensats (abséncia de senyals); B) Nuclis
amb un grau de descondensacié optim; C) Nuclis massa descondensats (senyals dispersos i poc
especifics).
» Criteris de valoracié
Un cop obtinguda una hibridaci6 amb un grau de descondensacié optim, només
s’analitzen aquells espermatozoides que:

- Presenten com a minim un senyal.

- No estan superposats.

- Tenen el contorn ben definit.
En els espermatozoides que compleixen aquests requisits, es valora quants
senyals tenen i de quin color sén cada un dells. En el cas de que hi hagi dos
senyals amb el mateix color, només es consideren valids aquells que presenten:

- La mateixa intensitat.

- La mateixa mida.

- Una distancia de separacié igual o superior al seu diametre (Figura 3.12).

Figura 3.12- Nuclis d’espermatozoide hibridats amb les sondes LS| 13q14 SpectrumGreen i LSI
21922 SpectrumOrange (AneuVysion® Assay). L’espermatozoide (a) va ser valorat com a disdomic
pel cromosoma 13 (un senyal vermell i dos verds) mentre que el (b) es va classificar com a normal
(un senyal vermell i un verd: els dos senyals verds estan massa propers i un és més petit que l'altre).
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3.5- ANALISI ESTADISTICA DELS RESULTATS

L’analisi estadistica dels resultats obtinguts en els diversos estudis es va realitzar

amb la supervisio del Servei d’estadistica de la Universitat Autbnoma de Barcelona.

3.5.1- NUMERO D’ESPERMATOZOIDES VALORATS

Per tal d’establir el nombre minim d’espermatozoides a analitzar tant en els estudis
de segregacioé com en els d’'ICE, es va utilitzar el model estadistic de determinacio
de la mida de la mostra (Requadre 3.1). Aquest model té en compte els seglents

parametres:

» Nivell de confianga

El nivell de confianca és la probabilitat de que, a priori, l'interval de confianga
contingui el veritable valor del parametre que estem estudiant. Es a dir, el grau de
seguretat amb que podem afirmar el que estem buscant sense equivocar-nos.

En el nostre estudi vam establir com a nivell de confianca el 95%. A partir d’aquest
valor i segons les taules de distribucioé establertes per aquest tipus d’estudi, es va
obtenir el valor K (Zy) (Taula 3.4).

Taula 3.4- Valors K corresponents a diversos nivells de confiancga.

Nivell de confianga Valor K  Nivell de significacié (a)

90% 1.64 0.01

| 95% 1.96 0.05 |
95.5% 2 0.045
99% 2.57 0.001

» Incertesa

En la determinacié de po (proporcié esperada de observacions que presentaran la
caracteristica que valorem) i del seu complementari gqo=1-po (proporcio dels que no
la presenten), vam establir una situacié de maxima incertesa (és aquella en la que
no es coneix el valor p a priori). En aquest cas s’entén que, la probabilitat de que
una observacio presenti una caracteristica o de que no la presenti és la mateixa i
per tant p=g=0.5. A més a més, per aquests valors es pot demostrar que la mida de

la mostra que s’obtindra amb el calcul del model utilitzat sera la maxima.
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» Precisio

Pel que fa al valor e, aquest ens determinara el nivell de precisié amb que podrem
diferenciar una poblacié d’'una altra. Es a dir, la diferéncia de percentatge que, per
damunt i per sota d’'un valor determinat, creiem que representa una diferéncia
rellevant pels nostres resultats. Aquest valor s’estableix a criteri de I'avaluador, en
funcié del tipus d’estudi que vulgui realitzar. En el nostre cas vam establir que:

- En els estudis de segregacio, la diferéncia minima que es volia detectar era
del £5% ja que, la variacié d’un percentatge com aquest (o inferior) en la
valoracio dels diferent modes de segregacié, vam considerar que no
modificaria de forma substancial el patr6 de comportament d'una
reorganitzacio.

- En els estudis d’efecte intercromosdmic en canvi, les diferéncies minimes
que es volien detectar eren d’'un +1%, ja que variacions per sobre d’aquest
valor tenen una significacid bioldgica més important. Aixo es deu a que les
frequéncies observades en individus problema i en controls sén molt més
properes, de manera que €s necessari ajustar-les al maxim per tal de poder

detectar variacions significatives.

Tenint en compte que la poblacio a valorar en el nostre estudi és de tipus infinit (el
numero d’espermatozoides susceptibles de ser analitzats per cada individu és
il-limitat), la formula apropiada per calcular la mida de la mostra, on es troben

recollits tots aquests parametres, és la seglient (Requadre 3.1):

Requadre 3.1- Férmula del model estadistic de determinacié de la mida de la mostra.

On:

n = Mida de la mostra.

K = Es el coeficient obtingut a partir del nivell de confianga (1-
a). Fa referéncia al valor de l'abscissa en una determinada

. distribucié que deixa a la seva dreta una area igual a a/2. El

. - &
n= K p;- Q: valor a és el nivell de significacio, és a dir, la probabilitat de
I e 2 fallar en la nostra estimacié. Per exemple, en una estimacio

amb un nivell de confianga del 95%, el valor a és 1- 0.95 = 0.05.
po = Proporcié esperada d’observacions que presentaran la
caracteristica que valorem.

do=1- Po

e = Precisi6 amb la que es vol estimar un parametre (2e és la
amplitud del interval de confianga).
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A partir d’aquesta férmula es va establir que, en els estudis de segregacio, el
nombre minim d'espermatozoides a valorar per a cada individu havia de ser de
400:

A

K:“P -G _ 1.96°050.5
e? 0.057

n= = 384.16 ~ 400

Pel que fa als estudis d’efecte intercromosomic, es va calcular que la mida de
mostra a valorar havia de ser, sempre que fos possible, més gran de 10000

espermatozoides:

— 9604 ~|10000

1K PG 1960505
e’ B

0.01°

3.5.2- PROGRAMES ESTADISTICS

Els programes informatics que es van utilitzar per dur a terme les analisis
estadistiques van ser el SPSS 13.0 i el SigmaStat 2.0 (SPSS Inc.; Chicago, IL,
USA).

Donat que en els nostres estudis vam establir un nivell de confianga del 95%, es
van considerar estadisticament significatius tots aquells resultats que presentaven
una p<0.05.

3.5.3- POBLACIO CONTROL

Per tal de poder determinar la significanga dels resultats obtinguts en els estudis
d’efecte intercromosomic, és necessari disposar de dades sobre la frequéncia
basal d’aneuploidies dels cromosomes analitzats en individus de la poblacié
general amb cariotip normal i parametres seminals normals (World Health
Organization 1999).

En els estudis realitzats, es van utilitzar com a referéncia els valors obtinguts en
poblacions control publicades pel nostre grup de recerca (Blanco et al. 1997;
Blanco et al. 1998b; Soares et al. 2001).
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4.1- PORTADORS DE TRANSLOCACIONS ROBERTSONIANES

4.1.1- SEGREGACIO

Els estudis realitzats en els portadors de les translocacions der(13;14) (Treball 1),
der(13;22) i der(14;21) (dades no publicades) van mostrar una produccio preferent
d’espermatozoides amb un contingut normal/equilibrat (78.0-88.2%) amb una
mitjanatDE de 85.4+3.1 (Taula 4.1). Els gametes desequilibrats derivats d’una
segregaci6 adjacent (11.2-21.5%) van presentar una mitjanazDE de 13.84£3.0. Les
limitacions de la técnica no van permetre diferenciar els espermatozoides amb
contingut 3:0 dels diploides, que van ser agrupats sota el denominador polivalent
“3:0/2n”. Els portadors de combinacions de senyals que no es corresponien a cap
d’aquests grups van ser classificats com a “Altres” (Taula 4.1).

Taula 4.1- Percentatges d’espermatozoides obtinguts pels diferents modes de segregacidé en
portadors de translocacions Robertsonianes.

Alternant Adjacent 3:0/2n Altres | Total
(%) (%) (%) (%) | (n)

der(13;14) 86.5 12.6 0.4 0.5 |1361
der(13;14) 87.5 12.2 0.0 0.3 |2901
der(13;14) 83.0 14.5 0.2 23 [1012
der(13;14) 84.5 14.2 0.2 1.1 1002
der(13;14) 88.1 11.4 0.4 0.1 1272
der(13;14) 88.2 11.1 0.3 0.3 |6128
der(13;14) 87.7 11.6 0.4 0.3 774
der(13;22) 85.5 13.9 0.5 0.1 1134
der(14;21) 78.0 215 0.3 0.3 | 1102
der(14;21) 85.1 14.7 0.2 0.0 523

MitjanatDE 85.4%3.1 13.8%£3.0 0.3%0.1 0.5%0.7
Rang 78.0-88.2 11.1-21.5 0.0-0.5 0.0-2.3

Tal com es desprén dels valors de la taula, els percentatges d’espermatozoides
observats pels diversos modes de segregacié van ser molt homogenis en tots els
individus, amb desviacions estandard molt ajustades a la mitjana.

Degut al baix nombre de portadors de les reorganitzacions der(13;22) i der(14;21)
analitzats, no va ser possible comparar estadisticament els resultats dels tres tipus
de translocacions Robertsonianes. Per aquest motiu, els casos van ser agrupats en
funcié de la simetria del trivalent (translocacions entre cromosomes del grup D o bé
que impliquin un cromosoma del grup D i un altre del grup G). La comparacio
estadistica d’aquestes dues tipologies no va mostrar diferéncies significatives (Test
de Mann-Whitney; p>0.05).
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4.1.2- EFECTE INTERCROMOSOMIC

En tots els casos es va valorar la preséncia d’anomalies numeriques pels
cromosomes sexuals i les diploidies (Taula 4.2). En els portadors de la translocacio
der(13;14) també es van valorar les anomalies humériques pels cromosomes 21 i
22 (Treball 1) (Taula 4.2).

Es van observar increments significatius en els percentatges d’espermatozoides
portadors de disomies pels cromosomes sexuals en tres dels deu individus (Test
de %% p<0.05). El portador de la reorganitzacié der(13;22) també va mostrar una
produccié de gametes diploides significativament incrementada (Test de 3%
p<0.05) (Taula 4.2).

Taula 4.2- Resultats dels estudis d’'ICE en portadors de translocacions Robertsonianes i valors de
referéncia de les poblacions control.

Disomies 21 Disomies 22 Total |Disomies 18 Disomiescr. 2n Total
(%) (%) (n) (%) sexuals (%) (%) (n)
der(13;14) 0.1 0.00 880 0.00 0.23 0.15 1299
der(13;14) 0.10 0.10 6303 0.11 0.44 0.00 1841
der(13;14) 0.07 0.07 1494 0.12 0.94* 0.12 2440
der(13;14) 0.06 0.17 1788 0.00 0.18 0.19 1071
der(13;14) 0.31 0.18 1628 0.05 0.47 0.52 2115
der(13;14) 0.66 0.08 1209 0.00 1.34* 0.13 2240
der(13;14) 0.23 0.23 429 0.00 0.39 0.00 256
der(13;22) - - 0.03 0.38* 0.34* 10480
der(14;21) - - 0.09 0.17 0.09 10217
der(14;21) - - 0.09 0.04 0.09 2347
A 0.37 28044 -—-
Controls B - 0.06 90474 -
C - - 0.09 0.37 0.24 51368

A (Blanco et al. 1998b); B (Soares et al. 2001); C (Blanco et al. 1997).
*Diferencies significatives respecte la poblacié control (p<0.05).

Els percentatges de diploidies observats en cada un dels individus (Taula 4.2), no
van ser significativament diferents (Test de y% p>0.05) dels espermatozoides
classificats com a 3:0/2n en els estudis de segregacié (Taula 4.1), indicant una

ocurréncia practicament nul-la del mode 3:0.

4.2- PORTADORS DE TRANSLOCACIONS RECIPROQUES

4.2.1- SEGREGACIO
En els portadors de translocacions reciproques (Treballs 2 i 3), la produccio
mitjianatDE de gametes normals/equilibrats va ser del 46.4+6.5 (Taula 4.3). Pel

que fa a la ocurréncia dels modes de segregacio desequilibrats, el més frequent va
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ser I'adjacent | (rang 21.8-38.3%) amb una mitjanatDE de 33.6+4.4, seguit de
'adjacent Il (rang 0.2-25.4%), amb una mitjanazDE de 11.7+6.9 i finalment el 3:1
(rang 2.3-13.6%), amb una mitjanatDE de 6.8+3.5 (Taula 4.3). Les limitacions de
la técnica no van permetre diferenciar els espermatozoides amb contingut 4:0 dels
diploides, que van ser agrupats sota el denominador polivalent “4:0/2n”. Els
portadors de combinacions de senyals que no es corresponien a cap d’aquests
grups van ser classificats com a “Altres” (Taula 4.3).

Taula 4.3- Percentatges d’espermatozoides obtinguts pels diferents modes de segregacidé en
portadors de translocacions reciproques.

Alternant Adjacent| Adjacentll 3:1 4:0/2n  Altres | Total

(%) (%) (%) (%) (%) (%) (n)
t(9;19)(q10;p10) 43.5 324 17.8 4.7 1.2 0.4 1054
t(1;11)(q12;913) 51.2 21.8 16.7 8.0 1.9 0.5 648
t(5;8)(933;913) 45.1 38.3 7.0 6.6 1.2 1.8 9994
t(4;7)(931.1;932) 453 38.0 9.8 6.1 0.1 0.4 1046
t(2;6)(q37;p21) 39.5 33.8 12.2 13.6 0.2 0.6 1005
t(8;14)(922;932) 41.5 35.3 4.4 12.3 1.7 4.8 641
t(5;8)(935.1;p11.2) 47.7 34.5 9.6 7.0 0.1 1.2 2531
t(5;17)(q31;p13) 451 37.0 14.6 3.2 0.1 0.0 1453
t(9;20)(p24;913.1) 37.1 29.5 254 7.1 0.2 0.8 1006
£(10;13)(p13;p13) 61.8 34.4 0.2 2.5 0.5 0.8 1054
t(10;14)(q24;p11.2) 56.7 38.3 1.4 2.3 0.6 0.4 1051
t(11;22)(923;911) 42.9 33.3 13.2 9.8 0.1 0.6 3596
t(11;22)(g23;q911) 45.0 29.8 15.9 8.6 0.2 0.5 4058
(6;22)(q13;913) 46.7 33.5 16.0 3.4 0.0 0.4 1163

MitjanatDE 46.416.5 33.6t4.4 11.7£6.9 6.8%3.5 0.6£0.6 0.9%1.2
Rang 37.1-61.8 21.8-38.3 0.2-25.4 2.3-13.6 0.0-1.9 0.0-4.8

Les frequéencies dels diversos modes de segregacié en portadors de translocacions
reciproques, van ser meés heterogénies que les detectades en les translocacions
Robertsonianes, amb desviacions estandard més elevades i rangs més amplis.

Atenent a aquesta divergéncia, es va realitzar una analisi de conglomerats
jerarquics per tal d’avaluar estadisticament el grau de similitud existent entre els
patrons de segregacié dels catorze individus. El dendrograma? resultant va mostrar
dos grups clarament diferenciats (Figura 4.1): el Grup 1 (distancia d’associacio
<10), va englobar dotze casos que a la vegada estaven distribuits en diversos
subgrups meés petits, mentre que els dos individus restants van ser inclosos en el

Grup 2 (distancia d’associacio =25).

% Dendrograma = Diagrama en forma d’arbre que mostra les relacions de proximitat entre diversos

elements.
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Figura 4.1- Dendrograma obtingut a partir de I'analisi de conglomerats jerarquics realitzat sobre els
patrons de segregacié dels catorze portadors de translocacions reciproques. Per simplificar, els
ideogrames de les reorganitzacions s’han representat amb una sola cromatide.

El patr6 de segregacié dels individus del Grup 1 presentava una produccio
esglaonada decreixent de les segregacions alternant, adjacent |, adjacent Il i 3:1
(Figura 4.2A). En canvi, els individus del Grup 2 mostraven una abséncia quasi
total dels modes de segregacio adjacent Il i 3:1, compensada per un increment del
mode alternant (Figura 4.2B), que va resultar ser significativament més elevat que
el del Grup 1 (Test de Mann-Whitney; p=0.028).
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Figura 4.2- Frequéncies mitjanes i desviacions estandard dels modes de segregaci6 de les
translocacions reciproques del Grup 1 (A) i del Grup 2 (B).
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Els dos individus portadors de la mateixa translocacié reciproca t(11;22)(g23;q11)
van quedar agrupats a la distancia minima en un dels subconjunts del Grup 1, fet
que va posar de manifest I'elevada similitud dels seus patrons de segregacio
(Treball 2).

Donat que les diferéncies de comportament de les translocacions reciproques han
estat classicament associades a les caracteristiques propies de cada
reorganitzacio, els resultats obtinguts en el dendrograma (Figura 4.1) van ser

comparats amb les caracteristiques citogeneétiques de les translocacions:

» Posicio dels centromers/mida dels segments intersticials

La localitzacio dels centromers en les creus de translocacié del Grup 1 va ser molt
heterogénia, amb casos que presentaven els dos centromers al centre de la creu
(translocacions 1;11 i 9;19), d’altres amb un segment intersticial curt i I'altre llarg
(translocacions 2;6 i 5q;8p), i també translocacions amb el dos segments
intersticials llargs (translocacions 4;7 i 8;14). En cap dels diversos subconjunts del
Grup 1 es va detectar una implicacié preferent d’alguna d’aquestes caracteristiques
(Figura 4.1).

En els dos individus del Grup 2 es va observar que, el centromer del cromosoma
acrocéntric implicat en cada reorganitzacio, estava localitzat al centre de la creu.
L’altre centromer definia un segment intersticial de mida similar en ambdds casos
(Figura 4.1).

» Configuracions meiotiques

Les configuracions meiotiques esperades a metafase | per a cada una de les
reorganitzacions es van inferir a partir de les frequéncies de quiasmes estimades a
les diverses regions de les creus de translocacio (Taula 4.4). Aquestes dades van
ser calculades a partir dels resultats publicats per Codina-Pascual et al. (2006a) on
es valorava la freqiéncia i distribucié de quiasmes en dos individus feértils.

Amb aquestes dades es va establir en quins segments s’hi formaria com a minim
un quiasma i per tant sempre quedarien aparellats (Taula 4.4; valors en verd), i la
probabilitat de que aixd es donés en els altres segments (Taula 4.4; valors en
vermell). Les combinacions d’aquestes freqliéncies van determinar unes
configuracions o unes altres i la probabilitat amb que es donarien (Taula 4.4). A
mode d’exemple: en la reorganitzacio t(4;7) es va establir que es donaria almenys

un quiasma en els dos segments centrics (SC) i en un dels segments translocats
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(ST). A l'altre ST es va estimar que s’hi formarien 0.9 quiasmes (un quiasma en el
90% dels casos). Aixd va indicar que aquesta reorganitzacié formaria una
configuracio tancada (tots els segments units per recombinacié) en el 90% dels
casos, mentre que en el 10% restant, adoptaria una estructura oberta (tots els
segments units menys un). En el cas de la reorganitzacio t(10;13)(p13;p13) es va
establir que es donaria >1 quiasma en els dos SC mentre que, en un dels ST no
s’hi formaria mai un quiasma, i en l'altre s’hi formaria un quiasma sis de cada deu
vegades (0.6 quiasmes). Aixd va indicar la formacié d'un tetravalent obert en el
60% dels casos (tres segments amb recombinacid) i una configuracié en forma de

dos bivalents en el 40% restant (recombinacié només en els dos SC).

Taula 4.4- Distribucié de quiasmes i configuracions meidtiques esperades de les translocacions
reciproques estudiades.

Translocacio Foci/SC | Foci/ST Configuracions meiotiques
reciproca Cr. 1\ I+ | =+ | N+
£(5:8)(q33;913) 5| 20 0.7 100% .
8 1.0 1.2 (70% tancat, 30% obert)
o,
t4:7)q31.15q32) 4| 16 1.0 100% 1
7 1.6 0.9 (90% tancat, 10% obert)
5| 25 0.2 100% 1.1
t(5;8)(q35.1;p11.2) ’ : = —
8 1.2 1.0 (20% tancat, 80% obert)
8 1.3 0.9 99%
;14)(922;932 0 -
18;14)(a22;,932) 4| 1.6 0.1 | (9% tancat, 91% obert) 1%
0,
£(9:19)(q10;p10) 9 1.9 1.3 100% )
9 1.0 0.9 (90% tancat,10% obert)
6| 1.1 1.4 100% Grup 1
6;22)(q13;913 ’ ’ -—
( Ha13;q13) 2 1.1 0.0 (obert)
: . 5 1,7 0.9 92% \ 11l
US:17)(q31:p13) 71 1.7 0.2 | (20% tancat, 80%obert) 8%
: : M| 15 0.6 62% . o | =0
t(11;22)(q23;q11) 2| 0.2 0.9 | (17% tancat, 83% obert) 1% | 34%| 3% T
o,
1(2;6)(q37;p21) 2 31 0.1 100% Ul
1.5 1.0 (10% tancat, 90% obert) - I
749 )
£(9:20)(p24:913.1) 1.9 0.3 % 1% | 12%| 3% | _|
20 0.8 0.8 (32% tancat, 68% obert)
1 1,8 1.6 100%
t(1;11)(q12;913 ’ —
( Na12;q13) 11 1.0 1.2 (tancat)
0,
t(10;13)(p13;p13) 10| 16 0.6 60% 40% —
13 1.8 0.0 (Obert) Grup 2
10| 1.5 0.7 70% ]
t(10;14)(q24;p11.2 30%
( M= i) 1.7 0.0 (Obert) °

SC= Segments céntrics; ST= Segments translocats.
Verd= Recombinaci6 for¢osa (21 foci/segment); Vermell= Recombinacié esporadica (<1 foci/segment).
Configuracions meiotiques: IV = tetravalent (la probabilitat de que presenti una configuracio
tancada o oberta depén de la freqiéncia amb que es doni un quiasma
en el segment amb recombinacié esporadica).
lI+1l = dos bivalents.
I+ = trivalent i univalent.
II+1+] = bivalent i dos univalents.
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Els resultats van indicar que la configuracié meiodtica preferent en tots els individus
era la d’'un tetravalent (en forma tancada o oberta). En alguns casos, també es va
observar una probabilitat destacable de que es formessin altres configuracions:
- Trivalent + univalent
Les translocacions t(11;22) sén les que van mostrar una major tendéncia a
adoptar aquesta configuracio (34%), tot i que aquesta també va ser observada
amb menor frequéncia (12%) en el cas 1(9;20).
Pel que fa a la seva classificacid, aquests individus van ocupar posicions forca
properes dins del dendrograma (Grup 1; Subgrup 1.2) (Figura 4.1).
- Bivalent + bivalent
Les translocacions t(10;14) i t(10;13) sén les que van mostrar una major
tendéncia a adoptar aquesta configuracié (30% i 40% respectivament), tot i que
el cas 1(9;20) també va mostrar certa predisposicioé a formar aquesta estructura
amb una frequéncia més baixa (11%).
Mentre que la translocacidé t(9;20) va ser classificada en el Subgrup 1.2 del
dendrograma (veure punt anterior), els portadors de les t(10;13) i t(10;14) van

ser els classificats conjuntament en el Grup 2 (Figura 4.1).

» Mida dels segments implicats

Es va avaluar la relacio entre la produccié de gametes amb contingut adjacent | i la
mida dels segments translocats mitjangcant un test de correlacié de Pearson. Els
resultats van mostrar una correlacio significativa (p=0.0313; r=-0.575) indicant que,
les creus amb segments translocats més curts, presentaven major tendéncia a

segregar segons el mode adjacent | (Figura 4.3).
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Mida del segment translocat més curt (cM)

Figura 4.3- Relaci6 lineal entre la produccié d’espermatozoides amb contingut adjacent | i la mida
del segment translocat més curt.
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També es va valorar la influéncia de segments ceéntrics curts en la produccioé de
gametes amb contingut adjacent Il. En aquest cas no es va observar una correlacio
significativa (Coeficient de correlacié de Pearson r=0.438; p=0.117), tot i que la
linia de regressi®é va mostrar una progressiva reduccié dels productes amb
contingut adjacent Il amb l'increment de la mida dels segments céntrics (Figura
4.4). En la grafica obtinguda, la distribucid de punts va permetre observar dos
grups d’individus amb comportaments diferenciats: aquells casos amb segments
céntrics més curts produien una quantitat de gametes amb contingut adjacent I
superior a la dels casos amb segments centrics més llargs. La comparacio
d’aquests dos grups va indicar que eren significativament diferents tant pel que fa a
la produccié de gametes amb contingut adjacent Il (Test de Mann-Whitney;
p=0.003) com per la mida dels segments céntrics (Test de Mann-Whitney; p=0.002)
(Figura 4.4).

¥ = -BOT26x + 12,27
R"=0.1326

% espermatozoides amb
contingut adjacent Il
= =

1] S0 100 Yoo 200

Mida del segment céntric més curt (cM)

Figura 4.4- Relacié entre la produccié de gametes amb contingut adjacent Il i la mida dels
segments céntrics més curts. Els individus representats per un punt blanc (o) presenten diferéncies
significatives en la producci6 de gametes amb contingut adjacent Il respecte als individus
representats per un punt negre (e).

Tot i aixi, I'efecte de la mida dels segments en els modes de segregacio adjacents

no va quedar reflectit en el dendrograma obtingut.

» Caracteristiques dels cromosomes implicats
En les reorganitzacions dels diversos grups del dendrograma es va valorar la
presencia de:
- Cromosomes amb regions heterocromatiques polimorfiques.
Els tres casos que implicaven cromosomes amb heterocromatina polimorfica
(translocacions 1;11, 9;10 i 9;20) estaven agrupats en el Subgrup 1.2, perd en
extrems forca distants.
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- Cromosomes acrocentrics

La seva preséncia va ser especialment significativa en els dos individus del
Grup 2 ja que en ambdues reorganitzacions hi havia un cromosoma acrocéntric
implicat. Aquesta caracteristica pero, no va ser exclusiva del Grup 2, ja que tres
reorganitzacions del Grup 1 també involucraven acrocéntrics (translocacions
8;14, 6;22 i 11;22).

4.2.2- EFECTE INTERCROMOSOMIC

En tots els portadors de translocacions reciproques es va valorar la preséncia de
diploidies i d’anomalies numeériques pels cromosomes 18 i sexuals. De forma
addicional, en els individus portadors de la translocacio t(11;22) també es van
valorar les anomalies numeriques pels cromosomes 13 i 21 (Treball 2).

Set dels catorze individus analitzats van mostrar increments significatius de
gametes amb anomalies numériques (Test de y% p<0.05) (Taula 4.5). En sis d’ells,
els cromosomes sexuals hi estaven implicats de forma uUnica o combinats amb
disomies del 18 o diploidies. Només en un dels individus, els increments van
afectar tan sols a la producci6 de diploidies (Taula 4.5).

No es van observar frequéncies incrementades de disomies pels cromosomes 13 i

21 en cap dels individus en que van ser analitzades.

Taula 4.5- Resultats dels estudis d'ICE en portadors de translocacions reciproques i valors de
referéncia de les poblacions control.

Disomies 13 Disomies 21 Total | Disomies 18 Disomies cr. 2n Total

(%) (%) (n) (%) sexuals (%) (%)  (n)
£(9;19)(gq10;p10) - 0.09 0.17 0.71* 10496
t(1;11)(g12;913) - 0.26* 1.81* 1.02* 3421
t(5;8)(933;913) - 0.17 1.11* 1.58* 10165
t(4;7)(931.1;932) - 0.00 0.19 0.12 10328
t(2;6)(q37;p21) - 0.04 0.29 0.00 10573
t(8;14)(g22;g32) - 0.18* 0.81* 0.91* 10009
t(5;8)(q35.1;p11.2) - 0.08 0.88* 0.13 10054
t(5;17)(q31;p13) - 0.08 0.24 0.13 10154
£(9;20)(p24;q13.1) - 0.09 0.33 0.10 10476
t(10;13)(p13;p13) - 0.03 0.28 0.25 10110
t(10;14)(g24;p11.2) - 0.1 0.41* 0.62* 10327
t(11;22)(g23;911) 0.13 0.06 14875 0.03 0.14 0.19 15043
t(11;22)(g23;q11) 0.07 0.08 10193 0.11 0.60* 0.10 10222
£(6;22)(q13;913) - - 0.02 0.14 0.08 10115

A 0.37 28044 -

Controls B 0.10 - 90474 - --- --- -
C - - -- 0.09 0.37 0.24 51368

A (Blanco et al. 1998b); B (Soares et al. 2001); C (Blanco et al. 1997).
*Diferéncies significatives respecte la poblacié control (p<0.05).
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Els percentatges de gametes portadors de diploidies (Taula 4.5) no van mostrar
diferencies significatives respecte als espermatozoides classificats com a 4:0/2n en
els estudis de segregacié (Taula 4.3), indicant una ocurréncia practicament nul-la
del mode 4:0.

4.3- PORTADORS D’INVERSIONS

4.3.1- SEGREGACIO

Els percentatges de gametes normals/equilibrats observats en els estudis de
segregacioé realitzats en portadors d’inversions (Treballs 4 i 5), van ser molt
similars i elevats en quatre dels cinc individus analitzats, amb incidéncies al voltant
del 96%. En canvi el portador de la inv(6) va presentar una produccié
d’espermatozoides normals/equilibrats inferior al 50%, molt més baixa que les

altres quatre (Taula 4.6).

Taula 4.6- Percentatges de gametes normals/equilibrats (N/E) en portadors d’'inversions. En cada
cas s’especifica la mida (Mbp) i la proporcié (%) del segment invertit respecte al cromosoma afectat.

N/E Total | Mida inversié Porporcié inversié

(%) (n) (Mpb) (%)
inv(2)(p11.2913) 98.2 5460 29 11.9
inv(4)(p16921) 96.0 6406 85 44.5
inv(4)(p14p15.3) 97.0 8158 11 5.8
inv(6)(p23925) 45.7 10049 150 88.2
inv(10)(p13g22.3) 94.0 10723 65 48.2
MitjanaxDE 86.2+22.7 68.0£54.3 39.7+£33.1
Rang 45.7-98.2 11-150 5.8-88.2

Es important remarcar que la mida del segment invertit era molt desigual en els
cinc casos, tant pel que fa a la mida, com per la proporcié d’aquest segment dins
del cromosoma. Concretament, el cas amb menor producci6 de gametes
normals/equilibrats va ser el que presentava la inversi®6 més gran (150 Mpb
equivalents al 88% del cromosoma). La resta tenien mides que oscil-laven entre
11-85 Mpb, implicant una proporcié del 12-50% del cromosoma.

Per tal de valorar el grau d’influencia d’aquests parametres en la produccié de
gametes desequilibrats, vam realitzar una analisi estadistica a partir de tots els
casos publicats a la literatura (Treball 6). Els percentatges de gametes
recombinants van ser correlacionats amb la mida (Mpb) de les inversions

respectives i amb la proporcio de cromosoma invertit mitjancant el Test de
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correlacié de Pearson, obtenint un resultat significatiu en ambddés casos (p<0.01;
r=0.884 i r=0.793 respectivament) (Figura 4.5).
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Figura 4.5- Grafiques que mostren la relacié entre: A) mida del segment invertit (Mpb) i percentatge
de gametes recombinants; B) proporci6 de cromosoma invertit i percentaige de gametes
recombinants.

4.3.2- EFECTE INTERCROMOSOMIC

En quatre dels cinc individus portadors d’inversions es va valorar la preséncia de
diploidies i de disomies pels cromosomes 13, 18, 21, X i Y (Taula 4.7). En el cas
del portador de la inv(6), es van analitzar les anomalies numeériques pels

cromosomes sexuals i les diploidies (Taula 4.7).

Taula 4.7- Resultats dels estudis d’'ICE en portadors d’inversions i valors de referéncia de les
poblacions control.

Disomies 13 Disomies 21 Total |Disomies 18 Disomies cr. 2n Total

(%) (%) (n) (%) sexuals (%) (%)  (n)
inv(2)(p11.2913) 0.17 0.17 10128 0.00 0.18 0.10 10064
inv(4)(p16921) 0.09 0.04 5359 0.00 0.08 0.23 10121

inv(4)(p14p15.3), * * *

inv(Y)(p11.1q11.23) 0.26 0.22 10035 0.09 0.92 0.69* 10163
inv(6)(p23925) --- --- - 0.01 0.44 0.24 10007
inv(10)(p13922.3) 0.07 0.07 10121 0.01 0.15 0.11 10064

A --- 0.37 28044 - - -

Controls B 0.10 - 90474 - - - -
C - - - 0.09 0.37 0.24 51368

A (Blanco et al. 1998b); B (Soares et al. 2001); C (Blanco et al. 1997)
*Diferéncies significatives respecte la poblacié control (p<0.05).

Es van detectar increments significatius respecte la poblacié control en el cas
46,XY,inv(4),inv(Y) tant pel que fa a les diploidies, com per les disomies del

cromosoma 13 i dels sexuals (Test de x% p<0.05).
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Els resultats obtinguts durant la realitzacié d’aquest estudi han donat lloc a la
publicacio de 7 articles en revistes cientifiques internacionals que queden recollits a

continuacio:

- Estudis en portadors de translocacions Robertsonianes.
Treball 1- Sperm FISH studies in seven male carriers of Robertsonian
translocation t(13;14)(q10;q10).

- Estudis en portadors de translocacions reciproques.
Treball 2- Preferential alternate segregation in the common
t(11;22)(q23;,q11) reciprocal translocation: sperm FISH analysis in two
brothers.

Treball 3- Reciprocal translocations: tracing their meiotic behaviour.

- Estudis en portadors d’inversions.
Treball 4- Risk assessment and segregation analysis in a pericentric
inversion inv(6)(p23q25) carrier using FISH on decondensed sperm
nuclei.
Treball 5- Genetic reproductive risk in inversion carriers.
Treball 6- Sperm studies in heterozygote inversion carriers: a review.

- Article d’opinid
Treball 7- Role of sperm FISH studies in the genetic reproductive advice

of structural reorganization carriers.
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TREBALL 1

Sperm FISH studies in seven male carriers of Robertsonian translocation
t(13;14)(q10;910).
Human Reproduction 19:1345-1351

ANTON Ester, BLANCO Joan, EGOZCUE Josep, VIDAL Francesca
2004
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Human Reproduction Vol.19, No.6 pp.1345-1351, 2004
Advance Access publication April 29, 2004

DOI: 10.1093/humrep/deh232

Sperm FISH studies in seven male carriers of Robertsonian
translocation t(13;14)(q10;q10)

E.Anton, J.Blanco, J.Egozcue and F.Vidal®

Unitat de Biologia Cel lular, Facultat de Ciencies, Universitat Autonoma de Barcelona, 08193-Bellaterra, Barcelona, Spain

'To whom correspondence should be addressed. E-mail: francesca.vidal@uab.es

BACKGROUND: Robertsonian translocation t(13;14) is one of the most common structural reorganization in
humans, but meiotic segregation studies in these carriers are still limited. The segregation pattern of the chromo-
somes involved, the possible influence of the translocated chromosomes on the synapsis and disjunction of other
chromosome pairs [interchromosomal effects (ICE)] and the rates of unbalanced spermatozoa produced still deserve
attention, not only to obtain a better characterization of the meiotic behaviour of this reorganization, but also to
offer carrier couples accurate genetic counselling. METHODS: Multicolour fluorescence in-situ hybridization was
used to analyse the segregation of chromosomes 13 and 14 and the possible occurrence of ICE (on chromosomes 18,
21, 22, X and Y) in seven male carriers of a t(13;14)(q10;q10). RESULTS AND CONCLUSIONS: The individuals
analysed showed a homogeneous segregation pattern, with a clear predominance of alternate segregations resulting
in the production of normal/balanced spermatozoa (83-88.23%). A significant increase in the disomy rates for the

sex chromosomes, which could be considered as a positive ICE, was observed in two of the carriers analysed.

Key words: FISH/interchromosomal effects/meiotic segregation/Robertsonian translocations/spermatozoa

Introduction

Constitutional chromosome abnormalities in humans are
known to be directly related to human male infertility
(Egozcue et al., 2000). Structural chromosome rearrangements
account for ~21% of all chromosome abnormalities (De
Braekeleer and Dao, 1991; Pandiyan et al, 1996), and
Robertsonian translocations are one of the more common
structural reorganizations, with an incidence of 1.23/1000
newborns (Nielsen and Wohlert, 1991), of which ~50% are de
novo (Shaffer et al., 1992). Among them, the most frequently
seen in the general population is t(13;14), with an incidence of
0.97/1000 newborn carriers (Nielsen and Wohlert, 1991),
reaching frequencies up to nine times higher in infertile males
(De Braekeleer and Dao, 1991).

The cause of the infertility in these individuals has been
directly related to the meiotic process. In Robertsonian
translocations, pairing of the reorganized chromosomes during
prophase I gives rise to a trivalent structure (Vidal et al., 1982;
Luciani et al, 1984). It is well known that this meiotic
configuration tends to segregate in an alternate way (Sybenga,
1975), resulting in the production of normal or balanced
spermatozoa. However, a certain percentage of unbalanced
spermatozoa deriving from adjacent segregations are also
produced, and could be responsible for the miscarriages or the
severely affected aneuploid offspring frequently born to these
carriers (Egozcue et al., 2000). Furthermore, the meiotic
disturbances (synaptic anomalies) resulting from the behaviour

Human Reproduction vol. 19 no. 6 © European Society of Human Reproduction and Embryology 2004; all rights reserved

of the reorganized chromosomes and of other bivalents could
lead to different degrees of meiotic arrest, resulting in the
oligozoospermia or azoospermia frequently observed in these
patients.

Since cytogenetic studies of spermatozoa became possible,
several groups have tried to analyse the meiotic behaviour of
specific reorganizations and to evaluate the final production of
balanced or unbalanced sperm, in order to offer patients
accurate reproductive advice. Studies of the segregation
products in Robertsonian (13;14) translocation carriers have
been carried out since the early 1980s (Table I). The first
studies used the human-hamster interspecific fertilization
system (Pellestor er al., 1987; Martin, 1988), while Owaga
et al. (2000) microinjected mouse oocytes with human sperm.
In these three cases, the number of metaphases studied was
considered low to reach a definitive conclusion (78, 117 and
45, respectively). More recently, using fluorescence in-situ
hybridization (FISH), Escudero et al. (2000), Frydman et al.
(2001) and Morel et al. (2001) found a percentage of normal or
balanced spermatozoa ranging from 73.6% to 91% (Table I) in
eight carriers studied.

On the other hand, the possible occurrence of interchromo-
somal effects (ICE), affecting the normal disjunction of other
chromosome pairs not involved in any reorganization, has been
a classical topic of discussion since it was suggested by
Lejeune (1963). Several studies, including a wide spectrum of
chromosome reorganizations, have been carried out to assess
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Table I. Results obtained in the previous segregation studies of 13;14 Robertsonian translocation carriers

Translocation No. spermatozoa Segregation mode (%) Technique? Reference
scored
Alternate Adjacent 3:0 or
diploid

Normal Balanced Total
(13;14)(p11:q11) 78 50 423 923 7.7 0 1 Pellestor et al. (1987)
t(13q;14q) 117 359 37.6 735 26.5 0 1 Martin (1988)
t(13q;14q) 45 37.77 53.33 91.1 8.9 0 2 Ogawa et al. (2000)
t(13q;14q) 1016 73.6 233 0.5 3 Escudero et al. (2000)
t(13q;14q) 1006 77.4 19.1 0.8
t(13q;14q) 1045 91 9 - 3 Frydman et al. (2001)
t(13q;14q) 1023 90 10 -
t(13q;14q) 1008 87.1 129 -
t(13q;14q) 2984 38.21 43.13 81.34 18.06 0.6 3 Morel et al. (2001)
t(13q;14q) 1109 40.76 41.84 82.6 16.32 1.08
t(13q;14q) 1009 44 449 88.9 10.08 0.3

aTechniques: 1, heterospecific fertilization; 2, sperm injection into mouse oocytes; 3, FISH.

ICE by FISHing decondensed sperm nuclei in inversion
carriers (Colls et al., 1997; Blanco et al., 2000; Pellestor
et al., 2001; Anton et al., 2002), reciprocal translocations
carriers (Van Hummelen et al., 1997; Blanco et al., 1998b;
2000; Martini et al., 1998; Cifuentes et al., 1999; Honda et al.,
1999; Estop et al., 2000; Vegetti et al., 2000; Pellestor et al.,
2001; Oliver-Bonet et al., 2002), and Robertsonian trans-
locations (Rousseaux et al., 1995; Blanco et al., 2000; Morel
et al.,2001; Vegetti et al., 2000; Baccetti et al., 2002). Results
supporting or rejecting ICE have been obtained, and arguments
about the behaviour of each particular reorganization or even
about interindividual differences reported.

Although the information obtained by collecting data from
this diversity of chromosomal reorganizations is of interest, the
selection of a representative number of each reorganization and
the performance of the study in a single laboratory should
allow one to reach more solid and homogeneous conclusions
regarding the specific segregation behaviour of each structural
reorganization and any possible ICE.

In this study, we used multicolour FISH on decondensed
sperm nuclei to analyse the segregation of a t(13;14)(q10;q10)
in seven male carriers, as well as the possible occurrence of
ICE on chromosomes 18, 21, 22, X and Y.

Materials and methods

Patients

Seven unrelated males, carriers of the Robertsonian translocation
45,XY,der(13;14)(q10;q10), consulting for infertility were studied.
The patients’ age range was 30-37 years. In all cases abnormal
seminal parameters were observed (World Health Organization, 1999)
(Table II). The patients gave their written informed consent to
participate in the study, and the protocol used was approved by our
institutional ethics committee.

Semen sample processing

Sperm samples were fixed in methanol:acetic acid (3:1) and spread on
a slide. Sperm nuclei were decondensed by slide incubation in
5 mmol/l dithiothreitol, as previously detailed by Vidal er al.
(1993).

1346

70

Table II. Characteristics of the seven t(13;14)(q10;q10) carriers analysed

Patient Age Sperm count Global semen
(years) (spermatozoa/ml) analysis

1 33 28 000 OAT

2 37 <100 000 OA

3 35 <100 000 OA

4 33 300 000 OAT

5 30 70 000 OAT

6 32 100 000 OAT

7 33 16.8 X 100 OA

OAT = oligoasthenoteratozoospermia, OA = oligoasthenozoospermia.

FISH

A dual-colour FISH was used to determine the meiotic segregation of
the chromosomes involved in the reorganization. A locus-specific
probe for the 13q14 region (LSI 13, RB1, Spectrum Green; Vysis Inc.,
Downers Grove, IL, USA) plus a subtelomeric probe specific for the
14q region (TelVysion 14q, Spectrum Orange; Vysis Inc.) were used
to identify all genotypes resulting from the different segregation
modes.

In all patients, the occurrence of ICE for chromosomes 18, 21, 22
and for the sex chromosomes was also evaluated. Chromosomes 21
and 22 were assessed by dual-colour FISH using locus-specific probes
for both chromosomes (LSI 21, 21q22.13-q22.2, Spectrum Orange/
LSI 22, ber, 22q11.2, Spectrum Green; Vysis Inc.) and a triple-colour
FISH approach was used to analyse chromosomes 18, X and Y
(CEP18, D18Z1, Spectrum Aqua/CEPX, DXZ1, Spectrum Green/
CEPY, DYZ3, Spectrum Orange; Vysis Inc.).

The protocol for probes and sample denaturation, incubation and
detection was as standardized in our laboratory in accordance to
manufacturer’s instructions (Vysis Inc.), and sperm nuclei were
counterstained with DAPI II solution (Vysis Inc.).

Analyses were carried out using an Olympus BX60 epifluorescence
microscope equipped with filter sets for FITC, Texas Red, Aqua and
DAPI/Texas Red/FITC. Previously described standard assessment
criteria were followed for evaluation of the sperm nuclei (Blanco et al.,
1996).

Data analysis

Control data for chromosomes 18, 21, 22, X and Y were derived from
previously published results from our group (Blanco et al., 1997;
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Figuwre 1. Dual FISH on decondensed sperm nuclel using locus-specific probes | 13g14, green) and subtelomenic probes { 1dg. oramge). (A)
Normal spermatozoa. (B) Chromosome 14 disomic sperm. (C) Chromosome 13 nullisomic sperm (left) and normal sperm (right).

1998a; Soares et al., 2001). Furthermore, data resulting from the
analysis of sperm samples from five normozoospermic men (World
Health Organization, 1999) with an age range of 21-25 years,
integrated in the control population of our laboratory, were used to
assess the efficiency of the probes for the 13q14 region and for the 14q
subtelomeric region.

Data obtained were analysed statistically using SigmaStat 2.0
(SPSS Inc., Chicago, IL, USA) under the advice of the statistical
service of the Universitat Autonoma de Barcelona. Differences were
considered to be statistically significant when P < 0.05.

Results

Hybridization efficiency in sperm nuclei for the probes used in
the evaluation of segregation was determined from data
obtained from the five normozoospermic control donors.
Percentages ranging from 97.99 to 99.44% corresponded to
spermatozoa with one signal for each probe used (mean
98.66%) (Figure 1A). Disomy values for chromosome 13
ranged from 0 to 0.19% (mean 0.09%) and for chromosome 14
from 0 to 0.49% (mean 0.13%) (Figure 1B). The nullisomy
rates for chromosome 13 ranged from 0.1 to 1.45% (mean
0.57%) (Figure 1C) and for chromosome 14 from 0 to 0.24%
(mean 0.29%). A small percentage of diploid spermatozoa
were also found with a mean average of 0.27%. The
hybridization efficiency value obtained using a conservative
approach (Blanco et al., 1996) was 99.35%.

In Robertsonian translocation carriers, segregation analysis
was ascertained in a total of 14 450 spermatozoa, ranging from
774 to 6128 cells evaluated per patient. Detailed FISH results
are given in Table III.

In these patients, most spermatozoa resulted from a 2:1
alternate meiotic segregation, and the percentage of normal or
balanced spermatozoa ranged from 83 to 88.23%. The
proportion of unbalanced spermatozoa resulting from adjacent
segregations accounted for 11.11 to 14.53% of the cells
analysed. Taken as a group, all cases studied showed that the
percentage rate of nullisomies for chromosomes 13 and 14
were statistically higher than the respective complementary
disomies resulting from the adjacent segregation process (P <
0.001) (Table III). Individually, this difference was significant
(P < 0.05) for chromosome 13 in patients 4, 5 and 6, and for
chromosome 14 in patients 3 and 4 (Table III). No statistically
significant differences (P > 0.05) were observed when com-
paring the percentages of disomies for chromosome 13 (2.46%)
and for chromosome 14 (2.01%). The methodological
approach used did not allow to differentiate between 3:0
segregations and diploid spermatozoa (both cases show two
hybridization signals for the probes used). Unbalanced sperm-
atozoa bearing this combination of signals accounted for 0—
0.44% of the cells analysed. Spermatozoa with an unexpected
combination of signals according to the theoretical segrega-
tions were classified as ‘other’, and corresponded to 0.52% of
the total (range 0.08-2.27%) (Table III).
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Table III. Segregation analysis results in the seven Robertsonian translocation carriers t(13;14)(q10;q10) analysed

Patient no.
Segregation Chromosomal Signals 1 [n (%)] 2 [n (%)] 3 [n (%)] 4 n (%) 5[n (%) 6[n (%) 7 [n (%)l Total [n (%)]
mode constitution
Alternate 13qg/14q or GO 1177 2538 840 847 1121 5407 679 12 609
der(13q;14q) (86.48) (87.49) (83) (84.53) (88.13) (88.23) (87.73) (87.26)
Adjacent 13q/der(13q;14q) GGO 39 86 12 25 20 145 28 355
(2.87) (2.96) (1.19) (2.5 (1.57) (2.37) (3.62) (2.46)*
14q o 55 122 31 62 65 267 19 621
(4.04) 4.21) (3.06) (6.19)° (5.11)° (4.36)° (2.45) (4.30)°
14g/der(13q;14q) GOO 31 61 4 10 23 146 15 290
(2.28) (2.10) (0.4)¢ (0.99)¢ (1.81) (2.38) (1.94) (2.01)¢
13q G 46 84 100 45 37 123 28 463
(3.38) (2.90) (9.88)¢ (4.49)¢ (291 (2.01) (3.62) (3.20)¢
171 353 147 142 145 681 90 1729
(12.56) (12.17) (14.53) (14.17) (11.40) (11.11) (11.63) (11.97)
3:0 or diploid ~ 13qg/14q/der(13q;14q) GGOO 6 0 2 2 5 19 3 37
(0.44) (0.2) 0.2) (0.39) (0.31) (0.39) (0.26)
Other 7 10 23 11 1 21 2 75
(0.51) (0.34) (2.27) (1.1) (0.08) (0.34) (0.26) (0.52)
Total 1361 2901 1012 1002 1272 6128 774 14 450
“bSignificant differences between rows (P < 0.05).
“dSignificant differences between rows (P < 0.05).
G = green signal.
O = orange signal.
Table IV. Results of ICE for chromosomes 21 and 22
Patient Haploid Disomy 21 Disomy 22 Diploidy Other Total
[n (%)] [n (%)] [n (%)] [n (%)]
1 867 (98.52) 1 (0.11) 0 3(0.34) 9 (1.02) 880
2 6172 (97.72) 6 (0.1) 6 (0.1) 3 (0.05) 116 (1.84) 6303
3 1476 (98.8) 1 (0.07) 1 (0.07) 1 (0.07) 15 (1) 1494
4 1770 (98.99) 1 (0.06) 3(0.17) 9 (0.17) 5(0.28) 1788
5 1597 (98.09) 5(0.31) 3(0.18) 5(0.31) 18 (1.1) 1628
6 1173 (96.86) 8 (0.66) 1 (0.08) 6 (0.5) 21 (1.73) 1209
7 400 (93.24) 1 (0.23) 1 (0.23) 1(0.23) 26 (6.06) 429
13 455 (97.99) 23 (0.17) 15 (0.11) 28 (0.2) 210 (1.53) 13 731
Controls - 91 (0.37)2 - - - 28 0442
- - 57 (0.06)" - - 90 474

aData obtained from Blanco ef al. (1998a).
bData obtained from Soares et al. (2001).

A total of 24 993 spermatozoa were analysed to evaluate the
occurrence of ICE. Table IV shows the results from the
evaluation of chromosomes 21 and 22, and Table V shows
those for chromosomes 18, X and Y. No statistical differences
were noted in the aneuploidy rates of chromosomes 18, 21 and
22 compared with controls (P > 0.05) (Blanco et al., 1997;
1998a; Soares et al., 2001). Sex chromosome disomies were
statistically higher in patients 3 and 6 (0.94 and 1.34%,
respectively; P <0.001) than in controls (0.37%) (Blanco et al.,
1997). The global results of the group studied reflected a
significant increase (0.68%; P < 0.001) in the frequency of sex
chromosome aneuploidies versus controls (Blanco et al.,
1997).
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FISH data from ICE studies were also used to evaluate the
diploidy frequency. No statistical differences versus controls
were noted (P > 0.05) (Blanco et al., 1997). Furthermore,
percentages of diploid sperm determined through the ICE study
were equivalent (P > 0.05) to the percentage of spermatozoa
scored as 3:0 or 2n (diploid) in the segregation analysis.

Discussion

Despite the high incidence of Robertsonian translocation 13;14
in humans, FISH on decondensed sperm nuclei has previously
been carried out in only a low number of patients, and in
different laboratories (Table I); therefore, data about the
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Table V. Results of ICE for chromosomes 18, X and Y

Patient Haploid [n (%)] Sex chromosome Disomy 18 Diploidy Other Total
disomy [ (%)] [n (%)] [ (%)] [n (%]

1 1279 (99.23) 3(0.23) 0 2 (0.15) 15 (1.15) 1299

2 1813 (98.48) 8 (0.44) 2 (0.11) 0 18 (0.98) 1841

3 2288 (93.77) 23 (0.94)2 3(0.12) 3(0.12) 123 (5.04) 2440

4 1063 (99.25) 2 (0.18) 0 2 (0.19) 4 (0.37) 1071

5 2071 (97.92) 10 (0.47) 1 (0.05) 11 (0.52) 22 (1.04) 2115

6 2173 (97.01) 30 (1.34)2 0 3(0.13) 34 (1.52) 2240

7 254 (99.21) 1 (0.39) 0 0 1(0.39) 256
10 941 (97.15) 77 (0.68)* 6 (0.05) 21 (0.19) 217 (1.93) 11262

Control® 50 210 (97.75) 188 (0.37) 48 (0.09) 126 (0.24) 796 (1.55) 51368

aSignificant differences versus control (P < 0.05).
bData obtained from Blanco et al. (1997).

meiotic segregation and rates of unbalanced spermatozoa
produced are not totally homogeneous and are still limited. To
our knowledge this is the first study in which seven male
carriers of the Robertsonian translocation t(13;14)(q10;q10)
have been analysed, representing the largest population of
patients studied so far in the same laboratory.

The general results obtained in this work with a predomin-
ance of normal/balanced spermatozoa are in good agreement
with previously reported studies (Table I), and also with the
well-known configuration preferentially adopted by the
reorganized chromosomes in metaphase I favouring an alter-
nate segregation (Sybenga, 1975).

Our data support the existence of a similar meiotic behaviour
of the reorganized chromosomes in the seven males analysed,
reflected in the small range of spermatozoa resulting from an
alternate segregation (83-88.23%) and spermatozoa deriving
from adjacent segregations (11.11-14.53%). The wider range
(73.6-91%) reported from other laboratories analysing the
same reorganization (Escudero et al., 2000; Frydman et al.,
2001; Morel et al., 2001) is probably related to technical
aspects, such as the characteristics and the combination of the
probes used (locus-specific, subtelomeric or whole-chromo-
some paints) and/or the particular scoring criteria established
according the protocols used, rather than to inter-individual
differences.

The expected 1:1 proportion in the percentage of disomic
versus their complementary nullisomic spermatozoa deriving
from adjacent segregations was not observed, and was even
statistically different in patients 3, 4, 5 and 6. This discrepancy,
also noted by other authors (Frydman et al., 2001; Morel et al.,
2001; Honda et al., 1999), could be related to different and not
mutually exclusive causes.

(i) First of all, the unavoidable limitations of the FISH
technique itself. Certainly, hybridization failures scored as
nullisomies could probably be responsible for the observed
unexpected combination of signals classified as ‘others’
(Table III). However, one would expect hybridization failures
to randomly affect all combinations of signals evaluated and,
taking into consideration that the combination of probes used
had a hybridization efficiency of 99.36%, a total of only 0.64%
of sperm coming from all groups would be affected by this fact.

Thus, it would not be accurate to attribute the discrepancies
between the number of disomic versus their complementary
nullisomic spermatozoa exclusively to hybridization failures.

(ii) The possible intervention of meiotic checkpoints should
therefore also be considered. As is well known, any factor that
delays anaphase (erratic chromosomes, lack of tension, etc.)
may produce an arrest of the division cycle leading the cell into
apoptosis, as described in male mice carriers of Robertsonian
translocation (Eaker et al., 2001). This fact could explain the
oligozoospermia present in most carriers of chromosome
reorganizations. However, if the cell is capable of completing
the division process, the result may be the production of
aneuploid or diploid spermatozoa. In these situations, as
suggested by Honda et al. (1999), cell maturation arrest would
be specially stronger against disomic cells, thus resulting in the
observed increased proportion of nullisomies versus disomies.

As expected, and taking into consideration the similar size of
the chromosomes involved in the reorganization and the
theoretical number and location of chiasmata (Laurie and
Hultén, 1985), no statistically significant differences were
expected in the frequency of disomies for the chromosomes
implicated in the reorganization.

As deduced from the data, spermatozoa classified as
resulting from 3:0 segregations or as diploid in the segregation
analysis must be considered to be 2n, thus confirming that 3:0
segregation rarely occurs, or results in a selective elimination
as suggested by our data in Table III.

In the ICE evaluation, the data obtained did not provide any
evidence of an ICE for chromosomes 18, 21 or 22. It is well
known that some individuals with oligoasthenozoospermia or
oligoasthenoteratozoospermia show an increased incidence of
sex chromosome disomies. In fact, all seven patients had
oligozoospermia, but only patients 3 and 6 showed this effect.
It should be noted that in the case of patient 6, the incidence of
sex chromosome disomies was higher than that expected in our
oligoasthenoteratozoospermic population (P < 0.05) (Aran
et al., 1999). This fact could support the existence of an ICE on
the sex chromosomes.

Previous to our report, two other papers investigating ICE
showed an increased frequency of sex chromosome disomies in
the spermatozoa of some of the t(13;14) carriers analysed
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(Vegetti et al., 2000; Morel et al., 2001). Taken together, these
results support the occurrence of an ICE on the sex chromo-
somes in some cases of Robertsonian translocation. Classical
meiotic studies and synaptonemal complex studies in
Robertsonian translocation carriers have reported a non-
random association at prophase I between the trivalent, via
the short arm regions of the non-fused chromosomes (which
also carry the nuclear organizer regions), and the sex chromo-
somes in several males analysed (Luciani et al., 1984; Navarro
et al., 1991). These reports have also described the presence of
prophases with several partially asynaptic bivalents, an anom-
aly also detected in male mice carriers of Robertsonian
translocations (Grao et al., 1989).

Thus, the possible interference of the heterosynapsis (which
are a rescue mechanism when anaphase is arrested; Saadallah
and Hultén, 1986) with the normal segregation of the XY
bivalent could explain the increase of XY disomies observed.
Moreover, asynaptic bivalents could induce the malsegregation
of other chromosome pairs, not detected by the probes used.
Furthermore, the inter-individual variations observed among
the carriers studied could be related to specific characteristics
of the rearranged chromosomes, for instance the well-known
satellite polymorphisms (ct-satellite heteromorphism) common
in acrocentric chromosomes.

It is of note that carriers of Robertsonian translocations,
while producing a high proportion of normal or balanced
sperm, also produce very high proportion of abnormal embryos
(ESHRE PGD Consortium Steering Committee, 2002; Sermon,
2002). Furthermore, reduced pregnancy rates have been
observed in translocation carriers enrolled in preimplantational
genetic diagnosis cycles (ESHRE PGD Consortium Steering
Committee, 2002) and have been suggested to be linked to
cytogenetic abnormalities affecting chromosome pairs that are
not routinely analysed in these patients, as has been recently
shown in female carriers of Robertsonian translocation 13;14
(Pujol et al., 2003). Whether this could be related to the
abnormal segregation of other chromosome pairs (ICE) or to
other factors still deserves further investigation, because it is a
crucial factor in the reproductive future of these patients.

In conclusion, our results indicate that t(13;14) carriers have
an homogeneous segregation pattern with a clearly preferential
alternate segregation. However, it should be taken into
consideration that certain variability among patients was
observed and that the data presented demonstrate that in
some carriers the trivalent could interfere with the normal
segregation of the sex chromosomes. It would be interesting to
follow-up these studies in an ever larger series of Robertsonian
translocation carriers for the same reorganization, focusing on
the segregation analysis but also on the occurrence of ICE, to
shed more light on the meiotic behaviour in these individuals,
and its final outcome in the spermatozoa produced.
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Abstract

Segregation behaviour studics in 6 11:22) camriers have reported controversinl resulis. Wherens some sathors hove detected
a preponderance of 31 products, o evidence of such prevalence was foand by others. This study reports o fTuorescence -
sima hybeidization (FISHb segregation amalysis on decondensed spermestozoa in two brothers, carriers of the same
122 W2 g1 1) rearmangement. Dota revealed a similar mesolic sepregation pattern in both camers, 22 Aliemnaie
segregation being the mosi frequent (4294 amd 45%), while 3:1 gemMyvpes were the least fregquent in both patbemis, with
percentages around 1% . The production of three chissmata, based on the presence of fj--]ighl bands along the transbocaled
segments and the presence of recombination sites ot 11g and 32q distal regions, are proposed us the cause of a preponderance
of the Altermate segregation. Interchromosonial effecls imvolving chrsmosomes 13,18, 21, X and ¥ were also evalanted, An
mercased frequency of sex chromdosome dsomes was detected 1n one patienl. Revicwing the Ieralure, a relabomshp
between ths phenomenon and the imolvement of acrocentne chromosonses in the reorganization is suggested, FISH
segregation and interchromosomal effects siodies in spesomiatoroa are encouraged to gaiber information to esiablish the best
approach for preimplantational genetic diagnosis in reorganization carmierns.

Keywords: FISH, interchromosomul effecrs, reciprocal rransfocanion, segregarion anelyvsis, spermaerog

Introduction

Reciprocal translocations have a high incidence on the general
human population (0.14%; Nielsen and Wohlert, 1991). As a
result of the combination of different chromosomes and
breakpoints, most of them have only been observed once.
t(11;22) is the most frequent, with preferential breakpoints at
11923 and 22q11 (Boué and Gallano, 1984). Its recurrence is
widely recognized (Aurias et al., 1978; Boué and Gallano,
1984; Daniel et al., 1989; Youings et al., 2004) and has been
associated to the presence of palindromic AT-rich repeats in
the affected breakpoints promoting instability (Kurahashi et
ail., T},

Heterorygous carmiers produce a cetan percentage of
chromosomal unbalanced gametes as a result of different

modes of segrepation, which can lead 10 recurrent abostion or
produce offspring with an abnormal karyotype (Fruccaro ef al.,
1980; Iselius et al., 1983; Lockwood et al., 1989; Simi et al.,
1992; Tachdjian et al., 1992; Soler et al., 1993; Petkovic et al.,
1996; Shaikh et al., 1999).

Chromosome segregation of translocation carriers can be
inferred from gamete analysis through techniques such as
chromosome studies after fertilization of zona pellucida-free
hamster eggs or, more recently, by fluorescence in-situ
hybridization (FISH). A preferential alternate segregation has
been described both in Robertsonian (Rousseaux et al., 1995a;
Escudero of af., NN, Frydman e al, X001 Morel er ol
2001 a; Baccelm of al.. 2002 Amon e al., 2004) and reciprocal
transkscation  carriers  (Roasseaux  er al, 1995h; Yan
Hummieken e wl.. 1997; Blanco ef al.. 1998, 2000; Esop et
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al., 1998, 2000; Martini et al., 1998; Cifuentes et al., 1999; Giltay
et al., 1999; Honda et al., 1999; Rives et al., 2003; Morel et al.,
2004), producing a majority of normal or balanced gametes.

Howewer, in il 11:22) controversial sepregation resulis have been
described since the very early shadies underisken. ‘Whercas
Muartn ef ol (1984) reponted simalar Frequencies ol the dafferent
segregation modes through the analysis of sperm chromosomes,
Estop et al. (1999) and Van Assche et al. (1999) found a
preponderance of 3:1 genotypes by FISH (40.1 and 34.6%
respectively). A meiotic study in testicular material from a
t(11;22) translocation carrier (Armstrong et al., 2000) did not
find any evidence of a preferential 3:1 anaphase I segregation.
These authors suggested that the observed high frequency of 3:1
unbalanced offspring was the consequence of a post-zygotic
selection against other unbalanced products rather than a
preferential 3:1 meiotic disjunction.

Although interindividual differences could in part explain the
discrepancy among authors, other possibilities related to
methodological analysis (DNA probes used, assessment criteria,
sample size) cannot be ruled out.

On the other hand, there is a lack of information about possible
epigenetic effects in the meiotic behaviour of chromosomal
reorganizations. The small number of papers reporting
segregation analysis in several family-relsied carricrs of the same
reorganiralion { Estop ef al., 1992; Bousseaus of af_, 19955 Cora
of anl, 22 Morel of alf., 2004) and the difficulty of fnding the
ke Feorganization in non-fanly-related cammiers are the cause
of the scance infomatson available.

Finally. the concept of inferchromosomal effecis (ICED, thal is,
thee association between o balanced transbocation and incresscs in
Chromosomee :I.I'h,"l.l|1||.1i|.1:|- for chromosomes ot involved i the
trumsbocation is o maiier of debaic and cenainly far mone
cowriroversial. Several authors have camied ot epidemiological
studics b detect the possshle existence of ICE in different iypes
of chromnosoimal reorgan izsiions. susch as reciprocal translocston
{Aurias of of, 1978; Lindenbaum o aof., 1985; Courin ef al,
1987), Robertsonian translocation  (Mikkelsen, 19711 or
inversions (Serra of al., 1990). Albough in some cases the resulis
seemed in indicade a possible relationship between the presence
of o balanced reorganization and wmsemy 21, other
epidemdolezical subes {Uchida and Freeman, 1984: Schinee] e
il 15402 ) Failed to confirm it

T shed meore fight on these subjects, 0 multicolour segregaton
FISH analysis was perfomead on decondemsed sperm nucled in
two brothers, camiers of a W1122Hg23gl1) reciprocal
trapsbocation. The occumence of o possible imerchromosomal
effect (ICE) involving chromosomes 13, 18, 21, X and % has
been also analysed, with the sim of contributing more data sbout
this musch-discussed phenomenan.

Materials and methods

Semen samphes were obixined from two brothers, camiers of the
sarmne A6 Y011:2200q2 g1 1) reorganization (Flgore 1), They
were M and 35 years ol and had pormal seminal parameicrs
{World Heahh Crganization, |98

E Amtowr ot aal

The patients were enrolled to participate in this study after
consulting for infertility. The protocol was approved by the
institutional Ethics Committee and the patients gave their
informed consent in writing.

FIsH

Samples were fixed in methanol:acetic acid (3v:1v) and
processed for FISH analysis. Sperm chromatin was
decondensed by slide incubation in a 5 mmol/I dithiothreitol
(DTT) and 1% Triton X-100 solution. Details of sperm
fixation, nuclear decondensation and FISH processing of the
sample have been described previously (Vidal et al., 1993).

Chromosome content and segregation patterns were inferred
from FISH-signal evaluation after triple-colour FISH using a
locus-specific probe for chromosome 22 (LSI 22, ber,
22q13.1, Spectrum Green; Vysis Inc.; Downers Grove, IL,
USA), a subtelomeric probe specific for the 11q region
(TelVysion 11q, Spectrum Orange; Vysis) and a centromeric
probe for chromosome 11 (CEP 11, Spectrum Aqua; Vysis).
Probe hybridization efficiency, obtained through the analysis
of 5366 lymphocytes from two control donors, was 99.97,
99.93 and 98.92% for probes LSI 22, Tel 11q and CEP 11
respectively.

1 1
i 1 12.1
123
TR ag
232 den2

@ TelNysion 11y, Spectum O@nge
@ CEF 11, Spectium Agua
© LS| 22q Scr, Spectium Green
Figure 1. ldiograms of the chiomsosomes (upper part) and

tetravilent configuration (lower part) of the of 1122 0g23q11 5
Dhetinals absoiat DMNA probes ane also mdicated,
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As shown in Figare 1. the four chromosomes involved in the
transbocation displayed a differemt combination of signals
allowing the identification of the segregation producis.
Spermatoroa  containing the normal or the balanced
chromosomes could not be distinguished. Moreover, any
recombination evend in the imicrstitial segment beiween the
centromere and the translocation breakpoint makes i
impassible o discriminate  between  aliernate  and
ADJIACENT 1 products. Mevertheless, these crossovers
wiould result in equal pumbers of converted gametes in the
alicrnate and Adjacent | genotypes.

The sccurrence of ICE for chromosomes 13, 18,21, X and Y
was also evaloated., Chromosomes 13 and 21 were assessed
by dual-colour FISH wsing locus-specific probes (LSI 13,
13q14, Spectrum Green and LS1 21, 21g22.13-q22.2,
Spectrum Orange; Vysis), A triple-colour FISH approach
using centromenic DNA probes was applied 1o analyse
chromosomes 18, X and Y (CEFE, DIHLL, Specirum Agqua;
CEPX. DXZ1, Spectrum Green and CEPY. DYZ3, Spectram
Orange; Vysis)

For boah hybridizations, the prodocal for probes and sample
denaturaison, incubation and detection was as standardized in
the laboratory in accordance o the manufacturer's
instructions (Vysis).

Table 1. Sepregotson amalysis nesulis

Signal and data analysis

Amalyses were carmed oul using an Dlympus BX6OD
cpifluorescence microscope equipped with filer sets for
FITC, Texas Red, Agua and DAPL Texas Red FITC, Standard
assessment crileria, previously deseribed by Blanco ef al.
{19%6), were followed for the evaluation of the sperm aweben.

The number of scored cells was established ander the advice
of the Stafisiical Service of the Universital Awtdnoma de
Barcelona. A minimum of 3500 and 10000 spermatoron per
patient were evalusied in segregation and in ICE studies
respectively.

Data obtained were analysed vsing SigmaStat 20 (SPSS Inc.:
Chicago, IL. USA)Y and differences were consudered 1o be
statistically significant when P =< 005,

Results

In the segregation analyvsis, a bolal of 3596 amd J055
spermatorea were evalumed for patient | (P1) and patient 2
(P2} respectively (Table 1), In bbb cases, a preferential
aliernate segregation mode was observed (4294 and
A5.005% ). Adjacent | producis were the second mone frequoend
genotypes (3334 and 798495, followed by Adjacent 1T (13,18

Segregation Clirrumasonie Sighnals® i o)) PX [kl
A TUEATIT A
2.2 Alermate n
132 1544 (42.94) 1826 (45.00)
f- -2 Aden 1) Aden 22)
22 Adjncent | -1 e 11 132 5RO (16.38) G2 (14 83)
n-22 +der(22) 1.1.2 G100 16.96) 0 (15,000
Sub-1otal LG9 (333405 1200 (2084
22 Adjacent
1] i~ D Ader(22) 1.3 247 (68T) EI R L]
n-22#deri 1) 1322 113 (3.04) 138 (3400
i1 4220 i3 350097 200123
e 11 22 e 12},+dcr{22h‘ 1.1 H(0.56) 44 (1 .108)
n-224100 1122 34 (0.95) 34 (D84)
.- 1122 den] 1) +den 1137 3322 25 (0.6Y) 30 (0A9)
Sub-total AT4(1318F 647 {Ij.‘kl'p‘]
£ | n+der(22) 1032 23 (064) 14 (034)
el 22 4den(11) 23 116 (322 10 (2449
naderi 1) 13322 2 (LIRS} J 0Ty
1122 Adden( 22) 1 H (0.56) 31 (0.76)
n-22sderi 11} +deri22) 11322 0 30T
n-ll 3 14 (0.6T) 23 (05T
e L e 1) Aider{ 22 1332 I8 (D.TE) 28 (D.69)
n-22 1 139 (38T} 145 (3537
Sub-iotal 352 {079y AR (RET)
4:0 or Dipload n 113322 Sq0,14) 6, 150
mher 20610 20 (0.A49)
Todal no. 1506 4058
spenmtoz
wh, ol g 1 differemees b iralividlaads [P o 0U05).

%1, 2. % whews mumihens

iy the codianed mamicers in Figene | = red, bioe. prees respectively, e TelVysion 11g.
?mmmhll.rﬂl;mII.WMIJ.MI:HI 12q P, Spectrem Grom {3, proca
Chmmosame cosploments rowuliing: From the presence of imbenistaal chiasmata.

Gid
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Tahle 2. Inerchromosomal effect {HCE) results
TP A WRLRT PR TR P P jm e L1 P2 jmits L ramhrin I'l: =y
Sex chromosome disomy 21 (014} &l (0.6 188 {((0.37)
Dizomy 18 4 (003 (IRLAN] 48 (0.09)
Daploidy 2R (0L19) 10 (00 Ny 126 (.24}
Total spermatozoa analysed (m) 15043 10222
Diisomy 13 2000.13) T (00T) Q3 (0.0
Diasoeny 21 ERLIEI] K (0E) Q1 (03T)
Diploidy 43 (0300 3 (00} 126 (.29}
Total spermatozoa analysed (m) 14873 10193

.'.'Mjﬂlll\.'ll'l alflepenoe verses oommtrol (F o 004 Blanoo &ral. PP
Tt obiamed from Dlasco o ail. (19T idisomy 18, sex chromesomes daomy ad dipioidy). Blanco er al, (1598h)

(@momy 21) e Soares e &, (2001) (disomy 13).

and 15.94%). 3:1 was the least frequent segregation in both
patients, with percentages close to 10%.

As a consequence of the methodological approach, 4:0
segregation and diploid spermatozoa were indistinguishable (two
hybridization signals for every single probe; Table 1).
Unbalanced spermatozoa bearing this combination of signals
represented 0.14% for P1 and 0.15% for P2.

In both patients, complementary products were significantly
different (P < 0.05) for Adjacent II (without the presence of
interstitial chiasmata) and 3:1 segregation modes. In these
groups, partial nullisomies were observed more frequently than
their complementary genotype (Table 1).

In spite of the apparent similarity in the segregation pattern in
both patients (Table 1), statistically significant differences were
observed in the whole inter-individual comparison (P = 0.001)
due to the significant differences noted in Adjacent I and II
products.

To evaluate the possible occurrence of ICE, a total of 29,918
spermatozoa in P1 and 20,415 spermatozoa in P2 were analysed
(Table 2). No increase of disomies for autosomes 13, 18, 21 and
diploidy was found, compared with controls (Table 2). A positive
ICE for the sex chromosomes (P < 0.05) was observed in P2
(Table 2).

Diploidy rates found in the ICE studies were compared with the
percentages of spermatozoa scored as diploid/4:0 in the
segregation study and no significant differences were observed.

Discussion

Segregation pattern

A preferential production of normal or balanced gameics was
observed m both brothers, indicating a predominant 2:2
Alternate meiotic segregation. These results are equivalent to
the segregation pattern distribution found in most reciprocal
translocations (reviewed by Shi and Martin, 2000) bat disngres
with the two previously published sperm FISH studies
umlertaken i o 11:22) carriers, where a prevalent 3:1
segregation was repomicd (Estop ef al. 19949 Van Assche of al.,
1900, This disrepancy could be explansd by o non

mutually exclusive causes. First, there is a technical aspect
related to the fact that a high percentage of 3:1 products mainly
corresponded to partial nullisomies (35.17% in Estop’s study
and 31% in Van Assche’s study). Although a negative selection
against partial disomies could explain these results, as has been
suggested (Honda er al., 2000; Anton et al., 2004), the high
percentage of nullisomies could also include a pool of
combinations of signals generated by hybridization failures or
overlapped spots. The second factor is related to the breakpoints
involved in the reorganization: whereas the breakpoints
involved in the t(11;22) studied by Estop ez al. (1999) had the
same breakpoints as ours, the breakpoints of the translocation
studied by Van Assche et al. (1999) were different, producing a
quadrivalent with a much shorter 11q translocated segment than
the one shown in Figure 1. This configuration could have
remarkably different meiotic implications (see below).

More recently, a meiotic study carried out on testicular
material from a t(11;22)(q23:;q11) carrier (Armstrong et al.,
2000), combining synaptonemal complex analysis and the
evaluation of chromosome pairing and chromosome
segregation in spermatocytes by FISH, reported no evidence of
a preferential 3:1 segregation. Although some of the meiosis II
configurations could be attributed to either Alternate or
Adjacent I segregation, and it was not possible to determine
the exact percentage of each segregation mode, the study
provided an estimated production of 38.52% normal/balanced
gametes, which is mostly consistent with the present findings.

It has become generally accepted that a chiasma formation
failure within the short 22q segment (Korduru and Chaganti,
1989) would be responsible for a preferential 3:1 first meiotic
sepregation in (11:22) carmiers. Going more deeply ino
w1122 evingenctic charscieristics, the presence of large
CGilight bamds along the tmnslocated sepments (Figure 1)
should favour the presence of chiasmata (Ashiey, 1988), thus
assasting proper chmmosome dispunction. The presence of af
least one chiasma in the !lq and the 22q arms would be
supported by studies of chiasma distribution in human
diakinesis/metaphase I cells, as described by Laurie and
Hultén (1985). Moreover, by combining immunofl eoescenos
and milti-codour FISH techniques, Sun e al. (2004) have
|'|,'|.'-|;'I1I|:|.' demonsirated o pn'valq:nl disgribgtion  of
recombunmalion siles at the 11q and I?.q distal regaons, within
the: estimated chromosomal segments transbocatesd i i1 1;:22)
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carriers (15% for chromosome 11 and 60% for chromosome
22). Although chiasma formation in the non-translocated
segment of chromosome 22 would not be expected (it is a
small heterochromatic region; Figure 1), the production of at
least one chiasma in each of the other tetravalent arms would
be quite possible, leading to the formation of zigzag-chain
configuration. As a result, in both cases the four chromosomes
would be kept together and a balanced orientation of the
centromeres would favour a 2:2 segregation.

In fact, a similar meiotic mechanism could be responsible for
the high percentage of 3:1 genotypes described by Van Assche
et al. (1999): chiasma formation would rarely occur within the
very short 11q translocated segment and the 22 interstitial
segment. Thus, the presence of only two chiasmata in their
tetravalent would result in the formation of a trivalent plus a
univalent (Sybenga, 1975) and, in consequence, 3:1
segregation would be favoured.

Meiotic segregation outcome in the
offspring

Sewernl studies have reported a high percemage of anbalanced
live-born offspring with partial trisomies of chromosome 22
from t(11;22) carriers (Fraccaro et al., 1980; Iselius et al.,
1983; Stene and Stengel-Rutkowski, 1988; Shaikh et al.,
1999). The results argue in favour of a negative selection
against other unbalanced genotypes that could be more related
to the high frequency of these genotypes rather than a
preferential 3:1 segregation. In fact, data obtained from pre-
implantation genetic diagnosis (PGD) on embryos from
t(11;22) male carriers (Van Assche et al., 1999; Munné et al.,
2000; Mackie Ogilvie and Scriven, 2002; Vidal et al.,
unpublished data) revealed a major percentage of
normal/balanced embryos (47.9%). Even more, among
unbalanced diagnosed embryos, genotypes from 3:1
segregations were not preponderant,

Interchromosomal effect

An increased frequency of sex chromosome disomies was
found in P2. Although the presence of a positive ICE has been
related to characteristics of every single reorganization
(chromosomes involved and translocated segment size),
discrepant results have been described in carriers of the same
reorganization. A study of seven t(13;14)(q10;q10)
Robertsonian translocation carriers revealed a positive ICE for
sex chromosomes in only two of them (Anton et al., 2004).
Morel et al. (2004) evaluated a possible ICE in two brothers,
carriers of the same t(7;8)(ql1.21;cen) reciprocal
translocation, and found an increased frequency of Y disomies
in only one brother.

For a long time, ICE has been related to the presence of
heterochromatic regions (NOR sequences) in acrocentric
chromosomes (Stahl ez al., 1975). This hypothesis is supported
by the strong tendency of heterochromatic regions to stick
together (Schmid er al., 1983) or pair with other unpaired
regions through heterosynapsis  (Guichaoun of al,, 1991).
These regions are wsually involved in several human
polymorphisims. In wranslocation carricss, the non-transhocaied
serocentric chromasomes (22 in the present case) could be

different with regard 1w the possible presence of o
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polymorphism in the short arms (even in family-related
carriers there is a 50% chance of having a different parental
origin). Whether these differences could interfere in the
segregation of other chromosome pairs is still an unsolved
question.

Interestingly, there seems to be a correlation between
acrocentric chromosomes and interchromosomal effects.
Reviewing the published results, it is noticeable that the
occurrence of a positive ICE is higher in reciprocal
translocation carriers when at least one of the translocated
chromosomes is acrocentric (four of eight cases; 50%)
(Rousseaux et al., 1995b; Giltay et al., 1999; Blanco et al.,
2000; Estop et al., 2000; Morel et al., 2001b; Oliver-Bonet et
al., 2002; Baccetti et al., 2003) than in non-acrocentric
reciprocal translocation carriers (seven of 21 cases; 33.33%)
(Lu et al., 1994; Rousseaux et al., 1995b; Van Hummelen et
al.. 1997; Blanco et al., 1998a; Martini et al.. 1998; Cifuentes
et anl., 1904 Hoonda ef af.. 1999 Exop e ol., 2000; Oliver
Bonet ef o, 20H11, HNX2: Bives of o, 20803; Morgl o af,,
). In fact, ICE is also very freguemt in Roberisonns
translocations whene both chromosomes miplicated are always
nerocenng (five of 13 cpses: 3E46% ) (Roussconx of af.,
1995a; Blanco et al., 2000; Morel et al., 2001a; Acar et al.,
2002; Anton et al., 2004).

In this sense, sex chromosome segregation is considered one
of the most susceptible to be affected by unrelated
chromosomal reorganizations, due to the presence of unpaired
non-homologous regions at pachytene (Vidal et al., 1982;
Luciani et al., 1984; Gabriel-Robez et al., 1986; Johannisson
et al., 1987). Several papers have previously described an
increased frequency of sex chromosome disomies associated
with the presence of reciprocal translocations (Oliver-Bonet et
al., 2001, 2002; Morel et al., 2004), Robertsonian
translocations (Morel et al., 2001a; Anton et al. 2004) and
inversions (Amiel ef al., 2001), but it should be noted that sex
chromosomes are mod the oaly ones affecicd by ICE
(Housseas of al., 19950, 1995h; Merceer of al,, 1995, Blanco
et al., 2000, 2003; Morel er al., 2001a,b; Amiel er al., 2001,
Oliver-Bonet et al., 2001, 2002; Baccetti et al., 2003; Morel et
al.,2004).

Finally, evaluating the segregation profiles in these two
patients, the similar segregation pattern displayed becomes
evident. Significant differences indicated through the
statistical analysis are mostly attributable to the high resolution
power of the study performed.

Similar segregation profiles have also been reported by other
authors analysing family-related translocation carriers (Estop
et al., 1992; Rousseaux et al., 1995b; Cora et al., 2002; Morel
et al., 2004). Although it is still an open question whether
epigenetic factors could affect the meiotic process, it seems
clear that the chromosomes and breakpoints implicated in a
given reorganization are critical in determining some features
of the meiotic behaviour of the reorganization. These features
could also predispose for a positive ICE, but they would not be
decisive, and individoal chasscteristics might interfere (..
heterochromatie DNA ASUERCES n
chromosommes), Therefore, the number of abnormal gametes

acrocemlne

for cheomsomes unrelabed to the reorganieation itself could
represent a substanbial percentage m these mdvaduals. This
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faci could explain, in part. the lower-than-expecied pregnancy
rates oblained in PGD cyeles from reciprocal translocation
cammiers (ESHRE PGD Consomtium Steering Commitiee, 2002;
Findikli er al.. 2003} and the incorporation of screening of
aneuploidies for chromosomes unrelated to the reorganization
in PG cycles in affected coaples (Gionaroli e al.. 20020,
Although afier a PGD cycle prenatal diagnosis is usually
recommended, PGD could allow accurste  selection of
chromosomally nosmal embryos reducing significantly the
chance of miscarriage or affected fetuses (Kuoliev and
Verlinsky, 20825, It seems advisable that preliminary
sperm-FISH  screening  swdies  (segregation  and
imerchromosomal  effects  evalumtion) showuld alss be
imcosporated in couples onemed 1o PG, w gather information
adibressed 1o establish the best diagnostic approach,

Al the rsk of repetition, it is considered that further stsdies
analysing  the comelation  between  chromosome
rearrangements, chromosomally  abnormal  spermatozoa
produeced, 1CE and the resulting incidence of specific
chromosome abnomualitics in PGD-derived embryos should
be aledressed and encouragecd.
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ABSTRACT

Purpose

Segregation and interchromosomal effect (ICE) studies have been performed in
reciprocal translocation carriers by sperm-FISH reporting a great heterogeneity.
The divergences have been attributed to the particular cytogenetic characteristics of
each rearrangement. Nevertheless, there is no consensus in the factors which are
responsible for such variability. The purpose of this study was to determine which
cytogenetic features influence in the segregation and ICE outcome.

Methods

Segregation and interchromosomal effects analyses were performed in 14
reciprocal translocation carriers, selected because they presented very different
cytogenetic features regarding the tetravalent pairing geometry. In each
segregation study, a customized combination of probes was used to identify all the
segregation products. In the interchromosomal effect study, we used a triple-color
FISH for chromosomes X, Y and 18.

Results

A preferential segregation pattern with a gradually decreasing production of
alternate, adjacent |, adjacent Il and 3:1 segregation was observed in the
segregation analysis. Some specific features have been observed to influence this
distribution: size of the translocated and centric segments, and the presence of
centromeres from acrocentric chromosomes in the centre of the cross.
Aneuploidy/diploidy screening revealed increased frequencies of numerical
anomalies in seven carriers.

Conclusions

Our data suggest that reciprocal translocations display a more homogeneous
behavior than the described in the literature. The interchromosomal effects

represent an additional source of imbalances in these carriers.

KEYWORDS

FISH; ICE; meiotic behavior; Reciprocal translocation; Segregation pattern
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INTRODUCTION

Reciprocal translocations are one of the most
common structural chromosome reorganizations
in humans, with an incidence of approximately

0.14% in newborn '

. In these rearrangements,
usually two chromosomes are involved, each
one of them having a breakpoint which
generates two distal segments that are
interchanged.

The numerous possibilities of breakpoints and
chromosomes that can be combined give rise to
the formation of almost singular reorganizations
although it has been seen that not all of the
bands are equally involved 2 and some specific
characteristics can promote the occurrence of
reciprocal translocations with a higher
recurrence >°.

In reciprocal translocations, the two derivative
chromosomes produced as a consequence of
the interchange of the distal segments are partly
homologous to the respective original partner
and partly to the donor chromosome. During
meiosis, both derivative chromosomes plus their
respective normal homologues can pair, forming
a structure called “tetravalent”, which allows
complete

homosynapsis among the

chromosomes involved. In the absence of
interstitial chiasmata within this structure, the
balanced delivering of the chromosomes in the
daughter cells would only be accomplished by
the occurrence of an alternate segregation (the
two normal chromosomes to one pole and the
derivatives to the other) whereas any other
segregation mode would lead to the production
of unbalanced gametes.

Sperm segregation studies published in the
literature (around 70 reciprocal translocation
carriers) report ranges of normal/balanced
gametes from 19%-81% °. According to such
variability, it has been assumed that the

proportion  of  normal/balanced gametes
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produced is specific in each case . The main
variables proposed to influence the segregation
behavior of reciprocal translocations are the
length of the translocated and interstitial
segments, the position of the centromere and
the presence/absence of heterochromatic
regions 8, Altogether, these are the major factors
that affect the distribution and frequency of
chiasmata within the tetravalent. Variations in
any of these aspects could somehow influence
the way of delivering the four chromosomes
involved in the tetravalent and thus determine
the different patterns of segregation that have
been observed in reciprocal translocation
carriers.

In this way, the reproductive competence of
these carriers and the risk of transmitting
chromosome abnormalities to the offspring will
also be greatly related to these features. The
reduced fertility of these patients is the cause
that most of them enquire for reproductive
advice. The understanding of the behavior of
these rearrangements and the features that can
influence the production of normal/balanced
gametes in these patients is of substantial
importance for their clinical guidance.

In this work, sperm FISH studies have been
performed on 14 reciprocal translocations
carriers to evaluate the segregation behavior of
their respective rearrangements. This population
represents the largest series of reciprocal
translocations analyzed so far in the same
laboratory. These 14 cases were selected from
a larger population of reciprocal translocation
carriers recruited in our laboratory because they
very
characteristics. This selection was performed

presented different cytogenetic
with the aim of including as much variability as
possible in the population analyzed, and thus to
reflect any existent variation in the segregation

patterns displayed. The results obtained have
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been statistically analyzed and then discussed
according to the cytogenetic features of the
rearrangements.

An aneuploidy screening for chromosomes 18,
X and Y was also performed in the sperm
samples of these carriers. This study was
focused on shedding more light on the
controversial existence of an interchromosomal
effect °, a phenomenon that has been described
to be a consequence of interferences produced
by the rearrangements in the segregation of
other chromosome pairs. In this sense, the wide
range of reciprocal translocations analyzed with
their

extensive vision of the distribution of this effect.

different configurations allows for an

MATERIAL AND METHODS
Patients

This study was carried on 14 reciprocal
translocation carriers that sought advice for
infertility (Table 1). This population was formed
by including the cases recruited in our
laboratory, which brought more heterogeneity to
the group regarding the  cytogenetic
characteristics of the rearrangement. Among
them are with
tetravalents (P1, P2, P3 and P4), cases with a

very small translocated segment (P5, P6, P7

cases fairly symmetric

and P8), cases with both translocated segments
being very small (P9, P10 and P11) and cases
with one of the translocated segments and one
of the non-translocated segments being very
small (P12, P13 and P14). Partial data from
cases P3, P12 and P13 have already been
published '™,

The age range of the patients was 22-54 years
and their seminal parameters were established
according to the criteria of the World Health
Organization ' (Table 1).

Patients gave their informed consent in writing

to participate in the study and the protocol used
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was approved by our Institutional Ethics
Committee.

Semen sample processing

Sperm samples were fixed in methanol:acetic
acid (3:1), and sperm nuclei were decondensed
by slide incubation in 5 mM dithiothreitol (DTT)
as detailed elsewhere *°.

Fluorescent in situ hybridization

As detailed in Table 2, specific combinations of
3 or 4 probes were used in the segregation
study to identify the segregation products of
each reciprocal translocation (Table 2).

In all patients, the occurrence  of
interchromosomal effects for chromosomes 18,
X and Y was also evaluated by a triple-color
FISH approach (CEP18, D1821, Spectrum Aqua
/ CEPX, DXZ1, Spectrum Green / CEPY, DYZ3,
Spectrum Orange; Vysis Inc.).

The

denaturation,

protocol for probes and sample
incubation and detection was
standardized in our laboratory in accordance to
the manufacturer's instructions (Vysis Inc.,
Downers Grove, IL; Qbiogene, Inc., Irvine, CA).
Between 600-10000 spermatozoa per patient
were analyzed for the segregation study (Table
3), and 3000-10000 for the ICE evaluation
(Table 4).

Olympus BX60 epifluorescence microscope

Analyses were done using an

equipped with filter sets for FITC, Texas Red,
Aqua and DAPI/Texas Red/FITC using standard
assessment criteria '*.

Statistical analysis

Data obtained were statistically analyzed using
SPSS 13.0 (SPSS Inc.; Chicago, IL, USA) under
the advice of the Statistical Service of the
Universitat Autdbnoma de Barcelona. A
Hierarchical Conglomerates analysis was used
to group the cases according to the similarity of
the segregation patterns displayed. The non-
parametric Mann-Whitney Test was used to

evaluate the existence of significant differences



in the production of the diverse segregants
between the main groups.

Percentages of adjacent | and adjacent Il
segregants were statistically analyzed in relation
to the

segments, respectively, using the Pearson’s

length of translocated and centric
Correlation Coefficient. Differences between
individuals with large centric segments and short
centric segments regarding their production of
adjacent Il segregants, were evaluated using the
Mann-Whitney Test.

The frequencies of aneuploidies detected in the
ICE study were compared to control values
using a Chi-square Test. This control population
was previously analyzed in our laboratory using

the same protocol and scoring criteria °.
Different parameters that could be related to a
possible promotion of those aneuploidies in the
were evaluated:

analyzed population

seminogram, chromosomes involved in the
rearrangement and age of the patients. A
Pearson’s Correlation Coefficient was used to
and results were

evaluate this last factor,

considered statistically significant when p<0.05.

RESULTS

Data obtained in the segregation analysis of the
14 reciprocal translocations (Table 3) showed a
main occurrence of the alternate segregation
mode with a production of normal/balanced
gametes ranging from 37.1% to 61.8%, with an
average *SD of 46.4 16.5. Regarding the
production of unbalanced gametes, the adjacent
| segregation mode was the most frequent
(range 21.8%-38.3%) with an average +SD of
33.6 +4.4, followed by adjacent Il (range 0.2%-
25.4%, with an average +SD of 11.7 +6.9) and
finally, the 3:1 segregation mode (range 2.3%-
13.6%, with an average +SD of 6.8 £3.5). In the
segregation study, the methodological approach

did not allow us to differentiate between 4:0
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segregations and diploid spermatozoa, which
accounted for 0% to 1.9%.

In the statistical processing of data, the
percentages obtained from each individual for
these four segregation modes were evaluated
using an Analysis of Hierarchical Conglomerates
that The

classification obtained has been presented in a

established different  groups.
dendrogram (Figure 1) that allows one to easily
see the clusters formed. In this diagram, the
cases are grouped at a certain distance level
that goes from 0 (maximum similarity) to 25
(less correspondence). As we can see in Figure
1, most of the individuals appeared grouped in a
major cluster (Cluster 1) at a distance=10, which
indicated a considerable resemblance among
them. At the same time, this group contained
two smaller clusters:

- Cluster 1.1 (Figure 1) included cases P3, P4,
P7 and P6 which were characterized by having
a high production of alternate segregation
gametes closely followed by adjacent | with
averages +SDs of 449 +25 and 36.5 +1.9,
(Figure 2).

adjacent Il was small and similar to the 3:1

respectively The production of
segregation gametes (around 8%).
- Cluster 1.2 (Figure 1) comprised the major part
of the individuals (P1, P2, P5, P8, P9, P12, P13
and P14). Compared to Cluster 1.1, these
individuals presented an increased adjacent Il
segregation mode describing a more staggered
distribution of all the segregation modes. Within
this group, these individuals were distributed as
follows:
- Cases P1, P14 and P8 were grouped
together (Cluster 1.2.1; Figure 1) and showed
a reduced 3:1 segregation mode (average
1+SD = 3.8 £0.8), which was noticeably distant
to their respective adjacent Il segregation
mode (average +SD of 16.1 £1.6) (Figure 2).

The remaining segregation modes were
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similar to those observed in Cluster 1.1
(average 1SD of 45.1 +1.6 for alternate
segregation and 34.3 +2.5 for adjacent |
segregation).

- Cases P12, P13 and P5 (Cluster 1.2.2;
Figure 1) were characterized by having a
and 3:1

with  higher

close production of adjacent Il
segregants (Figure 2), but
percentages than Cluster 1.1 (13.8 £1.2 and
10.7 £2.6, respectively).

- And,

classified separately. Case P2 due to its high

finally, cases P2 and P9 were

proportion of adjacent Il segregation products

(25.4%) and Case P9 due to its low
proportion of adjacent | segregation products
(21.8%).

Apart from this major group, another cluster was
created at a very distant level (distance = 25)
which included the individuals P10 and P11
(Cluster 2; Figure 1). The principal features that
made these two cases so distinct from the rest
were the nearly total absence of products
resulting from adjacent Il and 3:1 segregation.
Regarding the rest of the segregation modes,
these 2 cases showed a significantly increased
production of alternate segregation gametes
when compared to the rest of the reciprocal
translocation carriers analyzed (p<0.028; Mann-
Whitney Test), whereas adjacent | segregation
gametes similar
(p=0.201; Mann-Whitney Test).

To better ascertain the occurrence of adjacent |

presented frequencies

and adjacent Il segregations in the different
cases, the percentages obtained for these two
segregation modes were correlated with the
length of the shortest translocated segment of
the translocation and the length of the shortest
centric segment, respectively (Pearson’s
Correlation Coefficient). A statistically significant
correlation was found in the first case (r=-0.575;

p=0.0313) (Figure 3) but not in the other
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(r=0.438; p=0.117) (Figure 4). Nevertheless, in
this last case, a clear tendency of the individuals
with shorter centric segments to produce higher
amounts of adjacent Il segregants was observed
in the descriptive statistics (Figure 4), whereas
with

appeared to

individuals large centric segments

produce lower adjacent |l
segregants. The dissimilarity between these two
groups was analyzed using the non-parametrical
Mann-Whitney Test, and significant differences
were obtained for both parameters: the
production of adjacent Il segregants (Z=-2.969;
p=0.003) and the length of the centric segment
(Z=-3.102; p=0.002).
Concerning the evaluation of the
interchromosomal effect, 7 of the 14 cases
showed statistically significant increases in the
aneuploid frequencies obtained for some of the
chromosomes analyzed when compared to the
control population (p<0.05) 1 (Table 4): cases
P2, P3, P6, P7, P11 and P13 presented
increased sex-chromosome disomies.
Moreover, cases P2 and P6 also presented an
increased frequency of chromosome 18
disomies. Diploidy rates did not appear to be
significantly different from the percentages of
spermatozoa scored as diploid/4:0 in the
segregation study, thus indicating a low or null
occurrence of the 4:0 segregation mode. The
percentages of diploid gametes appeared to be
significantly increased in cases P1, P2, P3, P6
and P11 when compared with the control
population (p<0.05) ',

other

Regarding the evaluation of the

parameters considered of interest for the
influence in the occurrence of aneuploidies, we
could not find any preference in the distribution
of the seminal parameters among the individuals
that presented a positive ICE (the seminograms
varied from

of those individuals

normozoospermia to oligoasthenoterato-



zoospermia; Table 1). The chromosomes
involved in the rearrangements associated to a
positive ICE included all kinds of morphological
variables (metacentrics, submetacentrics,
acrocentrics). And we could not find a statistical
correlation between the percentages of
aneuploidies and the age of the individuals

analyzed (p=0.336).

DISCUSSION
General behavior
Segregation patterns displayed by reciprocal
translocations show a great complexity due to
the numerous segregation products that can be
generated. However, these products are mostly
distributed among four segregation modes
which can display variable frequencies.

In the 14 cases presented in this study, a clear
prevalence of the alternate segregation mode
was observed, closely followed by adjacent |
segregation. This pattern is in agreement with
the cytogenetic behavior classically associated
with reciprocal translocations '°, which describes
an enhanced tendency of homologous
centromeres to migrate to opposite poles. This
behavior has also been observed in most of the
previously published sperm FISH segregation
studies performed in reciprocal translocation
carriers &' 1721,

From a cytogenetic point of view, the distribution
of the chromosomes by adjacent Il segregation
can be considered equivalent to what happens
(the

involved in the

in a non-disjunction homologous

centromeres tetravalent
segregate to the same pole). For this reason,
this segregation mode has been classically
considered to be more unlikely than the previous
ones. Nevertheless, in the literature, Escudero

2 and Brugnon et al. ' described

et al
frequencies of adjacent Il higher than alternate

or adjacent |. Those same studies together with
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Martini et al. 23, Rives et al. 24, Van Assche et al.

25 6 7, also

, Estop et al. ® and Geneix et al. ?
described high frequencies of 3:1 segregation
products, a kind of segregation which in our
population appeared to be the least frequent.
Regarding that point, we think that it is important
to note that segregation studies in reciprocal
translocation  carriers involve a greatly
complicated methodological approach which, as
has been discussed elsewhere ?, can result in
an overestimation of some specific types of
unbalanced gametes. For this reason, we must
be very cautious in the interpretation of the
results obtained in reciprocal translocation
segregation studies as it is very difficult to rule
out the possibility that such unusual segregation
patterns with such high rater of gametes with a
combination of few signals do not involve
misinterpreted hybridization failures.

Cytogenetic features predisposing segregation
In our population, despite the fact that most of
the analyzed individuals displayed a general
tendency of behaving according to the classical
pattern described, the statistical analysis of the
data obtained for all of the segregation patterns
revealed the existence of slight variations in the
previously pointed-out scaled distribution of the
(Figure 2). Within

Cluster 1, the differences among the sub-

four segregation modes

clusters could not be associated with any of the
cytogenetic features of the individuals that
formed each group, neither when we looked at
the symmetry of the cross nor when we
analyzed the sizes of the translocated and non-
translocated segments. The position of the
centromeres and, thus, the size of the interstitial
segments were also very different within the
groups, but we could not find a preferential
implication of specific chromosomes or
heterochromatic blocks in the different groups.

Still we can not discard the fact that a potential
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interindividual variation in the occurrence and

2932 could

distribution of recombination events
influence this differential behavior.

On the other hand, the individuals included in
Cluster 2 (P10 and P11) who displayed a much
different segregation behavior compared to
Cluster 1 (increased frequencies of alternate
and adjacent | gametes to the detriment of
adjacent Il and 3:1 segregation), were carriers of
a kind of reciprocal translocation that shared
very similar features: very short translocated
segments (according to the Généthon map, 0
cM for the shortest translocated segment in both
cases and <50 cM for the largest translocated
segment) and the presence of centromeric
heterochromatin in the center of the cross (see
Table 1).

characteristics

idiograms in These specific

cytogenetic would have a
negative effect on recombination since they
difficult the

chiasmata within the translocated segments and

would make occurrence of

in the central region of the cross
(pericentromeric region). Without recombination
in those regions, no structures would maintain
the four chromosomes paired after prophase | 3
and the chromosomes would reach the
metaphase | plate as two independent bivalents.
This atypical circumstance would explain the
observed segregation outcome of the two
translocations: each one of the two bivalents
would behave independently at anaphase | and,
thus, the segregation products generated would
be equivalent to those obtained by either an
alternate or an adjacent | segregation mode
(adjacent Il and 3:1 segregation would imply the
occurrence of a double non-disjunction and a
single non-disjunction event, respectively).

Nevertheless, the formation of a “standard”
tetravalent by these two singular reciprocal
translocations can not always be discarded. In

the case that the largest translocated segments
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would also host a chiasma, the four
chromosomes would display a zigzag-chain
configuration. In this situation, we would expect
a prevalent alternate segregation as well,
followed by adjacent | and then, adjacent Il and
3:1 segregation. That could explain the small
number of sperm detected with an adjacent ||
and 3:1 content.

Even though the tetravalent configuration of
cases P10 and P11 is not very usual, another
with

cytogenetic features has been reported in the
17

reciprocal translocation those same
literature This carrier, with Kkaryotype
46,XY,t(2;22)(q33;p11), displayed a segregation
pattern very similar to that observed in cases
P10 and P11 (53.9% alternate; 43.8% adjacent
I; 0.3% adjacent II; 2% 3:1), concurring with the
possible influence of the cytogenetic features
mentioned in the described behavior.

Among the other reciprocal translocation
carriers analyzed herein, the case P9 also
presented small translocated segments (39 and
18 cM) but none of these segments were as
short as in cases P10 and P11. This case did
not present a centromere in the central region of
the cross either. For these reasons, a prevalent
formation of a complete tetravalent by this
rearrangement could be expected, which would
segregate in a similar way to that observed in
the other reciprocal translocation carriers.
Besides the implication of the cytogenetic
features described for cases P10 and P11, other
characteristics have been previously proposed
by some authors to have a direct influence on
the meiotic behavior of the chromosomes
involved in a reciprocal translocation. Faraut et
al. * described a predisposition for the adjacent
| segregation mode in those cases with short
this

parameter in our population and we also found a

translocated segments. We analyzed

statistically significant correlation between the



percentages of adjacent | segregation products
and the lengths (cM) of the shortest translocated
segment (Figure 3).

Notwithstanding, Faraut et al. (2000) also
presented a significant correlation between the
presence of short centric segments and the
production of gametes with an adjacent Il
content, but this correlation was not statistically
(Figure 4).

Nevertheless, two groups of individuals with a

significant in our population
clearly different behavior were observed: those
cases with one of the centric segments shorter
than 90 cM presented a production of adjacent Il
13%-25%

represented by a white dot; Figure 4) whereas

segregants between (individuals
those with larger centric segments (>90cM) had
a lower production of this segregation mode
(0%-15%) (individuals represented by a black
dot; Figure 4).

Interchromosomal effect

ICE

7 out of the 14 cases

in our
(50%)
presented increased frequencies of aneuploidies

Regarding the evaluation of

population,

and/or diploidies for the analyzed chromosomes.
To further delve into the occurrence of this
that

associated with those increases were analyzed:

phenomenon, other factors could be
- Concerning the morphological features of the
chromosomes involved in the rearrangements,
we considered those aspects that could interfere
with the synaptic process. Firstly, the influence
of acrocentric chromosomes was discarded, as
they were equally involved in the cases with a
positive ICE as well as with a negative ICE. On
the other hand, asymmetric tetravalents did not
present a preferential predisposition in causing
aneuploid increases. And, finally, chromosomes
with large blocs of heterochromatin (i.e. 1, 9 and
in carriers with

16) were present either

manifested ICE and in carriers without ICE.

Publicacions

- Alternatively, the presence of abnormal
seminal parameters was also considered since
an association between low semen quality and
increased tax of aneuploid sperm has been

described %+ 3%

. In this sense, a recent study
(Sarrate et al. unpublished results) has revealed
a 14%

individuals with altered seminal parameters and

incidence of this phenomenon in

a normal karyotype. Nevertheless, in the
population of reciprocal translocation carriers
analyzed in this work, the frequency of cases
with increased percentages of aneuploidies rose
to 50%.

explained by the existence of other sources than

Such a difference could only be

the ones existing in a general infertile population
28_

- And, eventually, the influence of age in the
production of aneuploid gametes was also
evaluated. Some previously published works
described an increasing production of gametes
with numerical abnormalities according to the
age of the individuals whereas others have not
% Although limited because of the sample size
and the range of ages of the males studies, we
did not find a statistical correlation between the
percentages of aneuploidies and diploidies
observed and the age of
that this

determinant in the ICE results.

the patients,

suggesting parameter was not
Altogether, and despite the divergences of
opinion about the origin of such aneuploidies in
structural reorganization carriers, it appears to
be very plausible that this kind of reorganization

has a direct influence in the production of

additional numerical abnormalities for other
chromosomes than those involved in the
rearrangement. The distribution of this

phenomenon among reciprocal translocation

carriers appears to be random. And the
chromosomes that might be affected could be

others than those analyzed in this work since
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other studies report significant increases for

chromosomes 1, 15, 16 and 21 " 18203940

To conclude, from the results obtained in the

reciprocal translocation analyzed, we can
observe a preferential segregation pattern with a
gradually decreasing production of alternate,
adjacent |, adjacent Il and 3:1 segregation. This
is especially important when considering that the
population analyzed was created by selecting
that

included more variability in the sample regarding

those reciprocal translocation carriers

the configuration of the rearrangements.
Consequently, it would be plausible that those
cases with cytogenetic resemblances to the
ranges described would also display similar
segregation patterns than those observed.

Still, it seems that some specific cytogenetic
features can influence the segregation behavior
this

pattern (the shortness of the translocated

of reciprocal translocations, modifying
segments could promote adjacent | segregation
with  the

centromeres in the centre of the tetravalent,

which, combined location  of
could result in a drastic reduction of adjacent II
and 3:1

according to the observation of singular models

segregation). In this sense, and

of behavior among reciprocal translocations,

segregation studies with an elaborate, strict

scoring criterion in large series of reciprocal

translocations that bring more heterogeneity

than the recruited in this study could help to
clarify the remaining unknown factors about the

cytogenetic behavior of these reorganizations.
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TABLES

Table 1- Detailed characteristics of the cases studied.

Seminal
Case Karyotype Tetravalent Age parameters
der(Q)El]:ﬂ&:l]w
9 der(19)
P1  46.XY,1(9:19)(q10:p10) TE t EE 34 n.r.
1 der(11)
P2 46,XY,t(1:11)(q12:q13) der(1 u-u-JJET Fﬂ 37 OAT
5w&mcuer(8)
P3 46,XY1(5;8)(933:913) "“‘*”H”I“‘EET o 42 N
4[IEIIII]]IIIEEEII:[IIII(19T(7)
P4 46,XY 4(4:7)(q31.1:932) defmﬂ?ﬂlﬂggﬂﬂ?ﬂw 40 N
der(2) EE 6
P5 46,XY,(2;6)(q37;p21) ORI W a3/ n.r.
2 der(6,
i - i ©
)
P6  46,XY,(8;14)(q22;432) der&s{':i::; Timig 39 nr.
SO WEIN (N ) [ We Wy T 1) der(8)
P7 46,XY ,t(5;8)(q35.1;p11.2) dert) ! g}“ﬂﬂ” 54 A
SIIIII:I:-:-]]EE]]]:I]]der(ﬂ
P8 46,XY 4(5;17)(q31;p13) e IMINI ML CI0HID 17 34 N
der(9) T NN TENEMUNE | K120
PO 46,XY,1(9:20)(p24:q13.1) o ML NENMLNE | LEE deri20) 22 OA
P10 46,XY,t(10:13)(p13:p13) der(13>%_%ﬁ5$?§"”’ 36 OA
_ _ 100N I_ll._.li BOrmETaD der14)
P11 46,XY,1(10;14)(q24;p11.2) der(10) W N W T HM -lTuIl]l: 14 40 OA
P12 46,XY,(11;:22)(q23;911) U - - 35 N
11 TN [ der(22)
P13 46,XY,t(11;22)(q23;q11) t t 34 N
de"(s)E[I:[I-aEINZZ
6 T T der(22)
P14 46,XY,(6:22)(q13:913) Eﬂ 34 n.r.

O- Oligozoospermia; N- Normozoospermia; A- Astenozoospermia
n.r.- Not recorded in the clinical history
(1) arrows indicate the position of the centromeres



Table 2- Probes used in the segregation studies.

Publicacions

Reorganization

Probes

t(9;19)(q10;p10)
t(1;11)(q12;q13)
t(5:8)(q33;q13)
t(4;7)(q31.1;932)
t(2;6)(q37;p21)
t(8;14)(q22;q32)
t(5;8)(q35.1;p11.2)
t(5;17)(q31;p13)
t(9;20)(p24;q13.1)
t(10;13)(p13;p13)

LSI1 934 Aqua TelVysion 19q Orange

CEP 11 Aqua
CEP 8 Green
CEP 4 Aqua
CEP 6 Aqua
CEP 8 Aqua
CEP 8 Aqua
CEP 17 Aqua

LSI 9934 Aqua

CEP 10 Aqua

t(10;14)(q24;p11.2) CEP 10 Aqua

t(11;22)(923;911)
t(11;22)(q23;q11)
t(6;22)(q13;q13)

CEP 11 Aqua

CEP 6 Aqua

TelVysion 1q Orange
CEP 8 Orange
TelVysion 4q Orange
TelVysion 2q Orange
TelVysion 14q Orange
LSI 8g24 C-myc Green
Tel 5q Orange
TelVysion 20q Orange
LSI 13914 Orange
TelVysion 10q Orange

TelVysion 11q Orange

Tel 69 Orange

TelVysion 19p Green
TelVysion 1p Green

LSI 8924 C-myc Orange LSI 5p15.2 Green

TelVysion 7p Green
TelVysion 2p Green
TEL 8q Green

LSI 8p22 Orange
TelVysion 17p Green
TelVysion 20p Green
TelVysion 10p Green
TEL 14q Green

LSI 22-bcr Green

LS| 22-bcr Green

LS| 5p15.2 Green

All probes were from Vysis Inc. except (*), which were from QBiogene Inc.

Table 3- Results obtained from the segregation study.

ot Segregation modes (%) Total
Case Reorganization Alt | Adj1 | Adjll | 3:1 | 4:0/Dipl | Other | (n)
P1  t(9;19)(q10;p10) | 435 | 32.4 | 17.8 | 47 | 1.2 0.4 | 1054
P2 t(1;11)(q12;q13) | 512|218 | 167 | 80 | 1.9 05 | 648
P3  t(5;8)(q33;q13) 451|383 | 70 | 66| 12 1.8 | 9994
P4  t(4:;7)(q31.1;932) | 453|380 | 98 | 6.1 | 0.1 04 | 1046
P5  t(2:6)(q37;p21) 395|338 | 122 |136| 02 0.6 | 1005
P6 t(8;14)(q22;q32) 415|353 | 44 |123 1.7 4.8 641
P7  t(5:8)(q35.1;p11.2) 47.7|345| 96 | 7.0 | 0.1 1.2 | 2531
P8  t(517)(q31;p13) | 451|370 | 146 | 32 | 0.1 0.0 | 1453
P9 t(9;20)(p24;913.1) | 371|295 | 254 | 71 0.2 0.8 1006
P10 t(10;13)(p13;p13) 618|344 | 02 | 25| 05 0.8 | 1054
P11  t(10;14)(q24;p11.2) | 56.7 | 383 | 1.4 | 23 | 06 04 | 1051
P12 t(11;22)(q23;911) | 42.9|333| 132 | 98 | 0.1 06 | 359
P13  t(11;22)(q23;q11) 45,01 29.8 | 159 | 8.6 0.2 0.5 4058
P14  1(6;22)(q13;q13) | 46.7 | 335 | 16.0 | 3.4 0 04 | 1163
Average 464 336 11.7 6.8 0.6 0.9
*SD 6.5 *4.4 6.9 *3.5 +0.6 +1.2
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Table 4- Results obtained from the ICE study.

i Total Haploid Sex Chr. Chr.18 Diploidy Other
Case Reorganization (n) (%) Disomy (%) Disomy (%) (%) (%)
P1  t(9;19)(q10;p10) 10496 99.0 0.17 0.09 0.71° 0.09
P2 t(1;11)(q12;913) 3421 96.8 1.81° 0.26° 1.02° 0.15
P3  t(5;8)(q33;q913) 10165 96.4 1.112 0.17 1.58% 0.75
P4  t(4;7)(q31.1;932) 10328 99.7 0.19 0 0.12 0.04
P5 (2;6)(q37;p21) 10573 99.3 0.29 0.04 0 0.34
P6 t(8;14)(q22;q32) 10009 97.4 0.81° 0.18% 0.91* 0.70
P7 t(5;8)(q35.1;p11.2) 10054 97.5 0.88° 0.08 0.13 1.36
P8 t(5;17)(q31;p13) 10154 99.5 0.24 0.08 0.13 0.50
P9  1(9;20)(p24;9q13.1) 10476 99.3 0.33 0.09 0.10 0.23
P10 t(10;13)(p13;p13) 10110 99.3 0.28 0.03 0.25 0.17
P11 t(10;14)(q24;p11.2) 10327 98.8 0.41° 0.11 0.62° 0.12
P12 t(11;22)(q23;911) 15043 99.6 0.14 0.03 0.19 0.03
P13 t(11;22)(g23;q11) 10222 97.5 0.65% 0.11 0.10 1.68
P14 1(6;22)(q13;q13) 10115 99.4 0.14 0.02 0.08 0.37

? Significant differences versus control (P<0.05
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Figure 1 - Dendrogram obtained in the Hierarchical Cluster analysis using the Ward
Method.
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Figure 2 - Graphic representation of the segregation patterns obtained and grouped

according to the Hierarchical Cluster analysis.
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Risk assessment and segregation analysisina
pericentric inversion inv(6)(p23q25) carrier
using FISH on decondensed sperm nuclei

E. Anton, J. Blanco, J. Egozcue and F. Vidal
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Bellaterra (Cerdanyola del Valles) (Spain)

Abstract. Fluorescent in situ hybridization (FISH) in de-
condensed sperm nuclei has been used to determine the per-
centage of normal/balanced or unbalanced spermatozoa pro-
duced by an inv(6)(p23q25) carrier, and the possible interchro-
mosomal effect (ICE) of the reorganized chromosomes on other
chromosome pairs. A dual color FISH with specific subtelo-
meric probes for the 6p and 6q regions was performed to deter-
mine the segregation pattern of the inverted chromosome. ICE
on chromosomes 18, X and Y was assessed using a triple color
FISH assay. In the segregation analysis 10,049 spermatozoa
were analyzed, and only 45.7 % of them were normal/balanced.
The high number of unbalanced gametes in our carrier could be
the consequence of the large size of the inverted segment. This
situation could facilitate the formation of an inversion loop,

where formation of an odd number of chiasmata (usually one)
result in the production of 50 % normal and 50 % unbalanced
sperm. Furthermore, an increase in the disomy rate for chro-
mosome 6 was also observed. In the screening for ICE, 10,007
spermatozoa were analyzed. The disomy rate for the sex chro-
mosomes and chromosome 18 were not significantly different
from those found in our controls, suggesting no evidence of
interchromosomal effects in this patient. The use of FISH in
decondensed sperm nuclei has proved once more to be an accu-
rate approach to determine the chromosome anomalies in
sperm and could help to better establish a reproductive progno-
sis.

Copyright © 2002 S. Karger AG, Basel

Pericentric inversions are chromosomal reorganizations
which, in humans, are found with a frequency of 1-2% (de la
Chapelle et al., 1974; Kaiser, 1984). Although many of them
affect short heterochromatic regions and are considered as pop-
ulation polymorphisms, the meiotic behavior in euchromatic
pericentric inversions (involving longer intermediate non poly-
morphic segments) can result in unbalanced spermatozoa and
produce spontaneous abortions or viable chromosomally ab-
normal offspring. For this reason the frequency of this reorgani-
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zation detected in infertile patients is about 13 times higher
than in the general population (De Braekeleer and Dao, 1991).

The meiotic behavior of each inversion depends on the
length of the inverted region and the morphological characteris-
tics of the chromosome involved (Kaiser, 1984). In general,
short inversions are seen as asynaptic regions in the affected
bivalent, while long inversions give rise to the formation of an
inversion loop that allows pairing of the inverted region with its
normal homologue. The process of formation of an inversion
loop involves asynapsis of the inverted region followed by
twisting and folding of the bivalent to allow homologous pair-
ing (Saadallah and Hultén, 1986; Chandley et al., 1987; Marti-
nez-Flores et al., 2001). The presence of chiasmata within the
loop can give rise to the production of unbalanced gametes,
containing different combinations of duplications and defi-
ciencies involving the segment outside of the inversion, and
this may result in reduced fertility.

Although until a few years ago the results of the meiotic
behavior of chromosome reorganizations were analyzed using
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the hamster test (reviewed by Templado et al, 1996}, maore
pecently the development of new probes {locus-specific and
subtelomene) and their application on decondensed sperm
heads has allowed a more accurate study of the segregation pat-
ierns of different types of chromosome reorganizaiions during
meicsis {Van Hummelen et al., 1997; Blanco et al., 1998). How-
ever, in inversion carriers this methoedology has been limited o
the study of only two carners (Jaarola e al., 1998) previously
analyzed in sperm chromosome preparations (Martin, 1993;
Martin et al., 1994).

The use of FISH also allows us to determine whether a given
chromosome reorganization may have an influence on the
segregation of other chromosome pairs. This phenomenon
called interchromosomal effect {Lejeune, 1963), may result
from the presence of asynapiic regions in some bivalenis (Vidal
et al. 1982) or the formation of heterosynapses between
unpaired regions of the reorganized chromosomes and other
bivalents within the same cell, specially the sex chromosomes
in the male. 1n fact, helerosynapsis 15 one of the strutegies 1o
rescue meiosis (Saadallah and Hultén, 1986; Guitart et al.,
1987) and avoid apoptosis.

In this work, we have analyzed the segregation pattern and
the occurrence of possible ICE involving the sex chromosomes
and chromosome 18 in a male carrier of a pericentric inversion
inv(6)(p23q25) using multicolor FISH procedures.

Materials and methods

A 3T your-old make, carmer of an inv{6)Xp2 3g25) was the subjoct of ths
study. The palient was ascertained when consulting for medical help duc 10
recummen] muscamiage, OQur mstitutional ethics commidlee approved (he pro-
toood, and the paticnt gave his informed consent in wriding.

A semen sample with sormal seminal parameters (WHO, 1952 was
ohtaimed by masiurbation. The sample was (ixed in metanol:ncetic scid (3:1)
and processad for FISH, Sperm suclel were decondensed by slade incshation
1 & b dithistbreital (DTT)and 1% Trton X-100. Detals of sperm Axa-
1son, nclear devondensation and FISH processing have boen dosenibed pre-
viously (Vidal et al., 1993)

Drualcolor FISH was performed 1o delermine 1B meuls segregation of
chromosome . The following combination of probes was weed: a sublelomers
ic probe specilic for the tp region (TelYysion ép, Specimam Groen, Vs
Ine., Domners Grove, 1L, USA) and a sublelomeric probe spocilic for the g
region (Tel¥ysion 6g, Spectrem Owange) {(Fig. 10 Pairing of ihe inveried
region with formation of one or more chiasmata within the loop could give
rise to different combinations of duplications and deficiencies (Fig. 2).

The possible interchromosomal effects on the sex chromosomes and
chromosome 18, and the percentage of diploid sperm were also evaluated,
using a triple-color FISH assay with a combination of centromeric probes for
chromosome 18 (CEP 18, Spectrum Aqua, Vysis Inc., Downers Grove, IL,
USA), chromosome X (CEP X, Spectrum Green), and chromosome Y (CEP
Y, Spectrum Orange).

Both FISH protocols were performed according to manufacturer’s in-
structions (Vysis) and analyses were done using an Olympus BX60 epifluor-
escence microscope equipped with a triple-band pass filter for DAPI/Texas
Red/FITC and single-band pass filters for FITC, Texas Red and Aqua. Stan-
dard assessment criteria, previously described by us (Blanco et al., 1996),
were followed for the evaluation of chromosome 18, X and Y signals. In the
segregation analysis, scoring criteria were partially modified in order to
objectively correlate the number and the distribution of the subtelomeric
hybridization signals with the genotype (see Discussion).

Data were statistically analyzed using InStat 3.05 (Graph Pad, San Die-
20, CA, USA) and the statistic Chi-square test.

150 Cytogenet Genome Res 97:149-154 (2002)
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q25

B TelVysion 6g, Spectrum Orange
B TelVysion Bp, Spactrum Green

Fig: 1. Characiensisxes of the in|ANp2 kg2 5)
and probes used. Left: normal chromosome.
Right: inverted chromosome.

Table 1. Results of two color FISH using subtclomeric probes 6p
and 6q.
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Feirrmral o inversed e o 4390 (45,7}
dhpd g e lidp e o 1876 (18.67)
dupi i ideligag) a @ BT (191 6)
Tokal XEE (17,85
kel o ka5 (LK)
deliig) o 340 1AR)y
dugi g 2 o0 N (107
i) e o8 125 [1.3H)
dupi g el = g 2 a8 132{131)
dupltpidelitg) » &p 2 6o 1R (1318
Tistal |56 {10 4K)
Dipdioind o d isomm a0 o0 T3R5
20 o8 (L0
o0 ol 13 (1%
o0 00 18 0. 18)
20 00 T8 (0L2H)
Total 140 (1.4)
Nullisomies or hybridization failures 158 (1.57)

Results

A total of 20,056 sperm were analyzed. Of these, 10,049
were used to determine the meiotic segregation of the inversion
and the other 10,007 were examined to evaluate the possible
ICE on chromosomes 18, X and Y, and the percentage of dip-
loid sperm. Hybridization efficiency for both combinations of
probes was over 99 %.

Table 1 shows the result from segregation studies. Only
45.7% of spermatozoa were normal or balanced (Fig. 3A) while
the remaining (52.73 %) showed different types of duplications
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Fig. & Meiotic origin of 1the combinations of
FISH signals amd iheonctical propormons ci-
poctod. Chromatid and chiasma  interforonce
would probably prevent the formation of two
chiasmala within the koop. The proportion of
sperm of ench type does mol ke inlo gonsider-
i the posaible ks of acenlee Fragments o
anaphuse | or the comsequences derved from the
anaphase | bridge produced ol amaphase | by the
dicentrie elromalid

and/or deficiencies for chromosome 6. In the group of abnor-
mal spermatozoa, most sperm (37.85 %) had a duplication with
its complementary deletion (two Green signals or two Red sig-
nals) (Fig. 3B). The proportion of these two groups followed the
expected 1:1 distribution (p > 0.05).

On the other hand, we also observed sperm with only one
Red signal (3.93%) or one Green signal (3.48%), as well as
sperm with different possible combinations of these hybridiza-
tion signals (RRG, Fig. 3C; GGR; RRR; GGG). As a whole,
these spermatozoa corresponded to 13.48 % of the total.

In 1.4% of the sperm analyzed we found different combina-
tions of four hybridization signals (Table 1). These could corre-
spond to diploid sperm or to sperm with a disomy for chromo-

some 6 (resulting from non-disjunction events at either meiosis
I or meiosis II).

The frequency of sperm disomic for the sex chromosomes
(0.44 %) or for chromosome 18 (0.01%) were no different (p >
0.05) from the frequencies found in our control population
(0.37% and 0.10 % respectively; Blanco et al., 1997). The per-
centage of diploid sperm (0.24%) was no different (p > 0.05)
from that found in our control population (0.24 %; Blanco et al.,
1997).

Cytogenet Genome Res 97:149-154 (2002) 151
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Discussion

The resulis obtained in this work underline ence more the
acewracy and the importanee of the analysis of the segregation
of chromosome reorganizations using FISH on decondensed
sperm heads.

The inversion studied by us (Fig. 1) was the longest of all
those reported in the literature (Table 2). As previously indi-
cated, the length of the inverted segment (Kaiser, 1984) and
also the location of the breakpoints (G-light band or G-dark
band) (Ashley, 1988) are important to determine the behavior
of the chromosomes implicated during meiosis. A long inver-
sion and two G-light band breakpoints (as in our carrier) would,
in principle, facilitate the recognition of homology and the for-
mation of an inversion loop, with at least one chiasma. Theo-
retically, this would produce 50% of normal or inverted chro-
mosomes and 50% of recombination aneusomies. On the other
hand, it was also expected that chromatid and chiasma interfer-
ence would prevent the formation of a second chiasma within
the loop. The results obtained correspond to those expected
from the formation of a single chiasma within the inversion
loop, with a proportion of normal or inverted chromosomes
similar to the proportion of recombination aneusomies.

In many of the sperm chromosome studies in inversion car-
riers (Table 2) the proportion of abnormal sperm was nil (Bal-
kan et al., 1983; Jenderny et al., 1992; Martin et al., 1994; Colls
et al., 1997). In others, the percentage of abnormal sperm was
much lower than the one observed in our study (Martin, 1991;
Navarro et al., 1993; Jaarola et al., 1998). In the only study in
which two inversion carriers were analyzed using FISH (Jaaro-
la et al., 1998), the percentage of abnormal sperm in one of
them was also low (0.67%). It should be noted, however, that
the inversions studied so far were much shorter than the one
analyzed in this work, a situation that would favor pairing of

152 Cytogenet Genome Res 97:149-154 (2002)
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Fig. 4. Example of a possible chromatid break. The segregation of the
resulting chromosomes and chromosome fragments could explain some of
the genotypes observed in our study.

the homologous segments over pairing of the inverted segment,
and produced basically balanced sperm. The longest inversions
(Martin, 1991, 1993; Navarro et al., 1993; Jaarola et al., 1998)
produced 30.8%, 11.4%, 25% and 16.7% abnormal sperm
respectively, which is much lower than the 52.73% found in
our patient.

In our study most abnormal sperm (37.85%) corresponded
to short arm duplications/long arm deletions or vice versa
(Fig. 2) which is the result to be expected from the formation of
a single chiasma within the inversion loop. Complementary
genotypes did not differ from the expected 1:1 proportion.
Thus, at least in our case no genotypic selection seems to exist;
this is in contrast with the results obtained in some reciprocal
translocations where some segregations are observed more fre-
quently than others (Van Hummelen et al., 1997).

Pairing configuration (Van Hummelen et al., 1997; Durban
et al., 2001) and gene defects (Blanco et al., 1998) have been
proposed as the mechanisms involved in translocation carriers
for the genotypic selection. Since in inversions only one chro-
mosome pair is involved, it is to be expected that any configura-
tion will always produce complementary genotypes. Moreover,
in the case analyzed the regions involved in the duplications/



Table 2. Results of chromosome segregation in pericentric inversion car-
riers reported by different authors

Reference In version Method®  No. sperm % Non-
recombinant
Balkan et al., 1983 inv(3)(pllqll) SC 111 100
Martin, 1991 inv(3)(p25q21) SC 144 69.2
Martin, 1993 inv(8)(p23q22) SC 166 88.6
Jenderny et al., 1992 inv(20)(p13q11.2) SC 26 100
Navarro et al., 1993 inv(7)(p13q36) SC 140 75
Martin et al., 1994 inv(1)(p31q12) SC 159 100
Colls et al., 1997 inv(9)(pl1q13) SC 314 100
Jaarola et al., 1998 inv(1)(p31q12) FISH 6006 99.33
Env(S)(p23q22) FISH 3168 86.30
Our study inv(6)(p23q25) FISH 10049 45.7

a

SC = Sperm chromosomes; FISH = Fluorescence in situ hybridization.

deficiencies are so small that the excess/defect of genetic infor-
mation probably cannot be considered as a selective factor.

As indicated, sperm with only a single hybridization signal
or with three signals were also observed. Their origin is more
difficult to explain. Initially, the absence of a signal could be
considered as a hybridization failure. However, since our
hybridization efficiency was very high, another possible expla-
nation would be the production of chromatid breaks in some of
the cells. The process of loop formation, as described in chicken
(Bitgood et al., 1982) and rats (Martinez-Flores et al., 2001),
involves the formation of a loop and its twisting around the
middle point to produce a structure that can be folded on its
own. At some time during this process (Fig. 4) the mechanical
tension to which the chromosomes are subjected (Martinez-
Flores et al., 2001) could produce chromatid breaks that, if
unrepaired, could result in the loss of the acentric fragment by
lagging. The centric fragment could segregate correctly or
remain paired after meiosis II resulting in one cell with two
Green signals and one Red signal (if is affected the normal
chromosome as in the example of Fig. 4) or a cell with two Red
signals and one Green signal (if it affected the inverted chromo-
some).

In our study, we found about 10% of sperm with a bipartite
signal as illustrated in Fig. 3D. In principle, and according to
the strict criteria used by most authors (Egozcue et al., 1997,
Downie et al., 1997), for two signals to be considered as such
they must be of the same size and intensity, and be separated by
a distance equal or longer than their diameter. In our case, the
signals were always of the same size and intensity, but were
seen very close to each other. Although in this case they could
not strictly be considered as two signals, their high percentage,
their excellent definition and the fact that in peripheral blood
lymphocytes in G, (two chromatids; current experience in our
lab) the signals have the same aspect as the ones considered
here, led us to the conclusion that each one corresponded to a
telomeric dominion of chromosome 6 (two chromatids), and
the signals were considered to be representative of each telo-
mere. We would like to note that this phenomenon could affect
many other segregation analyses using telomeric probes, result-
ing in an underestimation of the percentage of unbalanced
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gametes. This could explain in part, the increased number of
chromosome abnormalities observed in embryos from affected
couples compared to the incidence described in spermatozoa
(Van Assche et al., 1999; ESHRE PGD, Consortium Steering
Committee, 2002).

In the dual hybridization experiment we also found a cer-
tain percentage of sperm (1.4%) with four signals. Since each
pair of signals corresponded to one chromosome 6, the sperm
were at least disomic. To determine whether these sperm were
in fact disomic or diploid, we carried out a triple FISH analysis
and the patient did not show an increased diploidy rate as com-
pared to controls (Blanco et al., 1997). Thus, the same analysis
allowed us to determine that a high percentage of sperm with
four signals (~ 1.1 %) were in fact disomic for chromosome 6.

This frequency is much higher than the one found in con-
trols (Blanco et al., 1996) and its contribution to the patient
infertility should not be underrated. The origin of disomic
sperm may be a reduction of recombination or an increase of
recombination between the two chromosomes involved. Ac-
cording to Laurie and Hultén (1985) the mean number of chias-
mata for chromosome 6 is three. The simultaneous presence of
three chiasmata and of a complex configuration could prevent
the correct disjunction of the bivalent (Lamb et al., 1996) and
produce disomic secondary spermatocytes. On the other hand,
a reduction in the number of chiasmata or their absence, as
could be expected if the inverted regions remained unpaired in
a chromosome pair with very short homologous regions, could
also result in non-disjunction events (Sybenga, 1975).

No evidence of interchromosomal effects was observed.
Taking into account that our data seem to indicate the forma-
tion of an inversion loop (homosynapsis) and that ICE has been
mainly related to asynapsis or to the existence of heterosyn-
apses between unpaired regions, this result was as expected.

Gamete cytogenetic analyses in reorganization carriers are
of help for reproductive counseling in these patients. This study
illustrates once more the usefulness of sperm FISH analyses to
accurately determine the frequency of chromosomally abnor-
mal gametes produced. The results obtained in this inversion
carrier correlate closely with the ones to be expected from a
theoretical model of pairing and segregation. In this case, tak-
ing into consideration the very high frequency of abnormal
sperm produced and the reproductive history of the couple,
preimplantation genetic diagnoses (PGD) was advised. In the
first PGD cycle, three of seven embryos diagnosed as normal/
balanced were transferred resulting in the birth of a healthy boy
(unpublished results).

At present, sperm FISH studies cannot be necessarily con-
sidered as the most reliable analysis to predict the risk of trans-
mission of chromosome anomalies. However, the information
obtained in the study of carriers of structural reorganizations is
not superfluous and can contribute to a more accurate repro-
ductive counseling and to a better understanding of the meiotic
behavior of chromosomal reorganizations.
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Genetic reproductive risk in inversion carriers

Ester Anton, M.Sc., Francesca Vidal, Ph.D., Josep Egozcue, M.D., Ph.D., and Joan Blanco, Ph.D.

Unitat de Riologia Cellular (Facultat de Ciéncies), Universitat Autonoma de Barcelona, Rellaterra, Spain

Dbjective: To cvalusie the fsk of fowr inverston carmers for producing unbalanced gametes.

Design: Prospective analysis of sperm nuclel by fluorescence in situ hybridization (FISH).

Setting: Universital Autbnoma de Barcelona,

Patienb{s): Four inversion carriers.

Intervention{s): A semcn sample from cach patbem was collected and prepared for FISH.

Main Dutcome Measure(s): The scpregation outcome of exch inversion was analyzed. The presence of inter-
chromosomal effects (ICE) on chromosomes 13, 18, 21, X, and ¥ was also evaluated,

Resull{s): A varable production of unhalonced gameies, which implics a heterogencous behavior ol the
inversions, was detecied. This varinbility seems 10 be directly related to the size of the inversion, indicating tha
the production of recombinant gametes in inversion comiers would not be nelevant when the invened sepmeni is
smudler than 100 Mbp,

Concluslon(z): Inversions have a well-defined reproductive effect on casriers, Carriers of inversions up o 100
Mibp have a low penetic reproductive risk and would not usaally benefit from preimplantation genctic diagnosis.

(Fentil Steril® MG R5-661=6, Q2006 h} American Society for H-uprmhl;lin: Mlehicine. )

Key Words: FISH, spermatozon. inversions, recombinant products, 1ICE

For a long time it has been known that the presence of
structural chromosomal abnormalities is associated with fer-
tility problems in reorganization carriers. In affected cou-
ples, it is possible to estimate the risk of producing offspring
affected by chromosomal abnormalities derived from the
meiotic behavior of the reorganized chromosomes.

In male carriers, sperm fluorescence in situ hybridization
(FISH) studies to evaluate the production of abnormal ga-
metes allow counselors to offer patients better reproductive
genetic advice. Segregation studies have related the percent-
age of unbalanced spermatozoa to the characteristics of the
reorganization: reciprocal translocation carriers produce a
high proportion of unbalanced spermatozoa (wround S0% ) in
most cases, although some studies have reponed percentages
further destanced Trom this value (15, This varability has
been directly related 10 the chromosomes and breakpoinis
involved (2). Robensonian translocation analyses have re-
vealed a homogeneous behavior, with the production of 105
1o 15% unbalanced gametes (3. Although not a5 numerous
as in translocation carviers, spemm siudies in inversion cami-
ers have described a wide variability in the production of
recombinant gametes, with cases where no recombinant
products were observed and odhers with percentages reach-
ing 38% (4} This vanability highlights the divergent effect
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that inversions can have on the reproductive fitness of the
couples.

To achieve a better characterization of the meiotic
behavior of inversions, multicolor FISH on decondensed
sperm nuclei was used to analyze the segregation products
in four cases: three carriers of pericentric inversions
[46,XY.,inv(2)(p11.2q13); 46,XY,inv(4)(p16g21); 46,XY,
inv(10)(p13q22.3)] and the carrier of a paracentric and
a pericentric inversion [46,XY,inv(4)(p14p15.3),inv(Y)
(pll.1q11.23)].

Other than segregation studies, the possible influence of
inversions on the meiotic segregation of other chromosome
pairs (imerchromosomal effects) (5) was also evaluated for
chromosomes 13, 18, 21, X, and Y. The incidence of this
phenomenon in inversion carmiers still deserves attention
because il hos been deétected in some cases (6) bul not in
athers (T, 8.

The final aim of our study was 1o determine the uselulness
of sperm FISH studies in inversion camers o help repro-
ductive counselors offer more accurate genetic counseling o
ihese couples.

MATERIALS AND METHODS

Four patients aged between 29 and 55 years were enrclled in
the study. Seminal parameters are detailed in Table | (9).
Prodocols used were approved by our instituiional ethics
committee, and the paticnts gave their informed consent in
writing.

Semen samples were obtained by masturbation and were
subsequently fixed with methanol/acetic acid (3:1). Sperm
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| TABLE 1

| Characteristics of the patients studied.

Karyotype Age (y) Semenogram
Case 1 46,XY.inv(2)(p11.2q13) 38 OA
Case 2 46,XY,inv(4)(p16g21) 36 0A
Case 3 46 XY, nv(4)(p14p15.3),inv(¥)(p11.1911.23) 29 OA
Case 4 46,XY.inv(10)(p13g22.3) 55 N

Anfon, fverdions aizr and geneiic reprodeciioe nik,. Ferdl Sieni! 08

nuclei were decondensed by slide incubation in 5 mM di-
thiothreitol (DTT) and 1% Triton X-100 and processed for
FISH analysis { 10,

Scgregation suedics were performed using a specific dual-
color FISH approsch sccording to the following combination
of probes (Fig. 1)

® Case 1, 46,XY,inv(2)(p11.2q13): TelVysion 2p, Spectrum
Green (Vysis Inc.; Downers Grove, IL) and TelVysion 2q,
Spectrum Orange (Vysis).

® Case 2, 46,XY,inv(4)(p16q21): TelVysion 4p, Spec-
trum Green (Vysis) and TelVysion 4q. Spectrum Or-
ange {Vysis),

® Case 2, 46.XY.anvidNpl4pl 3 3hnv(Y ) pll. 1l 123k
Segregation study of inv(4)ipl4pl3.3) using the same
probes as in case 2o Y -chromosome segregation evaluated
by triple-color FISH for chromosomes 18, X, and Y.

® Case 4, 46,XY.,inv(10)(p13g22.3): TelVysion 10p, Spec-
trum Green (Vysis) and TelVysion 10q, Spectrum Orange
(Vysis).

"FIGURE 1

|decgrams of the reorganized chromosomes from the four cases analyzed. Details about breakpoints, size
and percentage of the inverted segment, and DNA probes used are also indicated.
Case 1: Case 2: : m’i‘ﬁs:” 3. Cuse 4:
i 2ipd 1.2g 138 | invidipl6g2 o AP, i 1 8ipd Jq2 2.3,
ww(2)ipd 1. 2q13) | invidlplog2l) St Vet Te11.20 Nipligll.i}
- -
- . o
T |
=T R ume oz
o = = =
fpira._ LI R - : :
Il‘p. - = - - =
woB o |edm 0O = = il B
§ = - = -
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chr1  des()] ehr 4 derid) chrd  derfd) ke ¥ dan(Y) ehe 10 den(10)
Inveried segment: | Invened scgment: | Inverted segment:| [nveried segment] Invered segmieni:
11.93% dd 50% 5 76% 207G 45, 15%
Pobes {Vysish Probes (Vysisk Proshes (Vysisk Probes {Vysisk
& TelVysion 2p S TelVysion4p | & TelVysion 4p = TelVysion 10p
W TelVysion Eq L= 'I'cl'u'!\inn dg @ TelVysion -lq B TelVysion 1i0g
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| TABLE 2

Results obtained in segregation studies.

Recombinant  Diploid/disomic®

Inversion Mormal n (%) n %a) n (%) Total spermatozoa
Case 1 inv(2)(p11.2q13) 5,364 (98.24) 0 4 (0.07) 5,460
Case 2 invd)(p18g21) 6,154 (96.07) 50 (0.78) 8{0.14) 6,406
Case 3 inv(4)(p14p15.3) 7,917 (97.04) 3 (0.03) 91(1.12) 8,158
Case 4 inv(10)(p173g22.3) 10,085 (94.05) 366 (3.41) 13(0.12) 10,723

" For the chromosome implicated in the inversion studied.
¥ Statistically significant difference versus control (P<.05) (Blanco et al. 1987).

Aarci. Myversbons 520 el Beaeite Fepoalsciene mal el Seeni S0

The incidence of numerical chromosomal anomalies for
chromosomes 13, 18, 21, X, and Y was evaluated using a
dual-color FISH assay for chromosomes 13 (LSI 13ql14,
Spectrum Green; YWysis) and 21 (L31 21922, Spectrum Or-
ange: Vysis) and a triple-color FISH assay with a combina-
tion of centromenc probes for chromosomes 18 (CEP 18,
Spectrum Agqua; Vysis), X, (CEP X, Spectrum Green; Yysis)
and Y (CEP Y. Spectrum Orange: Visis),

The proiocol for probes and sample denaturation, mcuba-
uen, and detection was as standardized 10 our laborstory in
accordance o the manufacturer’s instructions (Vysis), Anal-
yaes were carmicd ou using an (Mympus BXGD epifluores-
cence microscope equipped with a triple-band pass filter for
DAPLTexas Red/FITC and single-band pass filters for FITC,
Tesas Red and Agqua. Standird assessment crileria were
followed, as previously described by elsewhere (11).

Dt were statistically analyzed under the advice of the
statistics service of the university with the chi-square test.
P 05 was considerad statistically significant.

RESULTS

In the segregation analysis, from 5460 to 10,723 spermato-
zoa were analyzed per patient. A high prevalence of sper-
matozoa with a combination of signals commesponding o
normal oF invertad chromosomes was observed in all cases
(040 1o 98, 24%) (Table 2; column 2).

Recombination products were absent in case |, whereas
cases 2, 3, and 3 showed percentages of (L78%, 0.03%,
and 3.41%, respectively (sce Table 20 column 3y, Diploidf
disomic sperm were indistinguishable using this experimen-
tal approach (see Table 2; column 4). This value increased in
a statistically significant manner (P<<03) in case 3 (1.12%)
as compared with the percentage of diploid sperm described
in controls (02493 (121

Diploidy frequencies were more precisely assessed by the
iterchromosomal effects (ICE) evaluation (Tables 3 and 4},
No stanstically significant differences were observed in
cases 1, 2. or 4 a5 compared with comrols (0.24%:) (12},
whereas case 3 displaved a statistically significant diploidy

| TABLE 3

| Results obtained in the study of aneuploidies for chromosomes 13 and 21.
Chromosome 13 Chromosome 21 Diploidy Sperm
Inversion disomy n (%) disomy n (%) n (%) evaluated
Case 1 inw(2){p11.2g13) 17 (0.17) 17 (0.17) 11 (0.17) 10,128
Case 2 inv(4)(p1Bg21) 5 (0.09) 2 (0,04} 6(0.17) 5359
Case 3 invid)ip14p15.3) 26 (0.26)° 22 (0.22) 83 (0.83)° 10,035
ima(Yip11.1g11.23)
Case 4 inw10)(p13g22.3) 7 (0.07) 7 (0.07) 15 (0.15) 10,121
23 (0.10) - — 890,474
Controls® — 81 (0.37) _— 28,044
— — 126 (0.24) 591,368
" Data from Blanco et al, 1997 (diploidy), Blanco et al. 1998 (disomy 21), and Soares at al. 2001 (disomy 13),
b Statistically significant difference versus contral (P<.05)
Aafon. faversions afze aad gractic Feprodecidnr sl Faersdl Steeid 2006
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increase both in the wple-color FISH evaluation for chire-
mosomes 18, X, and Y (0069%; P<05) and in the dual-color
FISH evalumion for chromesomes 13 and 21 (008395
F<05). These values were also stanstcally significantly
lower than the percentage of diploididisomic spermatozoa
obtained in the scgregation study (see Table 2@ 112%,
F< 05).

10,064
10,121
10,163

10,064
51,368

Total
sperm evaluated

Regarding ancuploady evaluation, no statistically signifi-
cant differences for chromosomes 13, 18, 21, X, and Y as

5 E.‘L =5 compared with controls {12-14) were observed in cases |, 2,
:E FlaY E N and 4. A statistically significant increase of chromosomse 13
E-‘E’ E‘%E’ _E_'% dizomies (0265 see Table 31 XY disomics (00545 see
= i S Table 4y, and total sex-chromosome disomies (L9235, see

Tahle 4) were detected in case 3 (FP<015),

DISCUSSION

Sperm FISH swdics of reorganization camicrs allow for an
accurate, fast, and specific analysis of the meiotic behavior
of different types of chromosomal rearrangements, The con-
venience af their use previous 1o 3 preimplantation genelic
diagnosis cvele s a maner of discussion in the literaune
regarding the vselulness of the information obtained for
genetic counseling. In this sense, the study of the meiolic
behavior of inversions would be an important source of
information on the wiility of sperm FISH stedics of inversion
carriers for a betler assessment of the affecied couples.

disomy n [%)
]
0
a (0.09)
1(0.01)
48 (0.09)

Chromosome 18

Total
18 (0.18)
8 (0.08)
o4 (0.92)"
15 {0.15)
188 (0.37)

Results obtmined showed the preduction of almost no
unbalunced gamieles in two cases where Inversions were very
small fease | and case 3: 29 and 11 Mbp in length, respec-
tively), whereas few recombinan products were detected
in case 2 (inveried segment: 85 Mbp in lengih) and case 4
(65 Mbp in leagth) (see Fig. 1) The shorer inversions
also corresponded o smaller proportions of the chromo-
somes implicated (1,93% in case | and 5.76% in case 3);
bul in cases 2 and 4 the inversion corresponded o almost
hall of the total chromosome length (44.5% and 48.14%,
respectively )

XY
14 (0.14)
4 (0.04)
54 (0.54)°
3 (0.03)
56 (0.11)

3(0.03)

3 (0.03)
23 (0.23)

8 (0.08)
83(0.16)

Sex chromosome disomy n (%)

Besides hese cases, another sperm FISH stdy was pre-
viously performed by our group in a larger inversion canmier
who carmed a 180-Mbp inversion on chromosome & (around
BE.24% of total length of the chromosome) (7L In this case,
a much hgher amount of recombinant gametes (3T.R5%)
was detecied.

1{0.01)

1(0.01)
4(0.04)

17{0.17)
49(0.10)

These studics are representative of the heterogencous
behavior of inversions. Nevertheless, from these data and
others published in the literature {4), a nonrandom distri-
bution of the percentiges of recombinant gameles produced
becomes evident: no recombinant gametes ane expected in
carriers of small inversions (inveried segmenis shorter than
50 Mpb, which cormespond o up o 40% of the chroma-
some), few recombinant gametes n inversion carmiers of
segments around 50 Mph in length (corresponding 1o £00 (o
50% of chromosome length), and finally, a high number of
recombinant gametes in large inversion carriers (mverted

obtained in the study of aneuploidies for chromosomes 18, X, and Y.

inv{Y)p11.111.23)
Case 4 inv{10)ip13g22.3)

Controls®

U Statistically significant differences versus control (P<.08).

Aniow, Tevernivns sioe sl geneiic sepeodacinie nsk. Feenid See el 200

Case 3 inv{d){p14p15.3)
* Data from Blanco at al. 1997

Casa 1 inv{2)(p11.2q13)
Casa 2 invi4)(p16g21)

Inversion

[ Anton et al inversions size and genelic reproductive risk Vol. 85, No. 3, March 2006

120



segments longer than 100 Mbp and involving at least 50% of
the chromosome). Therefore, the genetic risk of inversion
carriers would be clearly related to the size of each inverted
segment, and only inversions of a certain length (more than
100 Mbp long) would have a significant effect on the repro-
ductive fitness of the carrier.

On the other hand, the reproductive fitness of the inversion
carriers could also be compromised by the occurrence of ICE
events. This phenomenon did not appear to have any signif-
icant consequences in cases 1, 2, and 4, but a statistically
significant increase of disomies for sex chromosomes and
chromosome 13 was detected in case 3. This case also
showed significantly increased diploidy rates, which, when
compared with the percentage of spermatozoa classified as
diploid/disomic in the segregation study, revealed a high
frequency of chromosome 4 disomies.

In the literature, several sperm segregation studies in
carriers of inversions ranging from 7 to 180 Mbp also
evaluated the occurrence of ICE as an alternative source of
chromosomal abnormalities, but none of them found signif-
icant results (7-8, 15-23)% Oaly the stedy performed by
Amiel et al, (6) in a heterozygous inv(9gh+ ) carmier de
tected statistically significant increased frequencies of
aneuploidies for the chromosomes analyzed; they specu-
lated about the relation of this phenomenon with the
presence of a great difference between both polymorphic
heterochromatic regions.

Hence, from all of these data, it seems that ICE would not
be directly related to the size of the inverted segments. In our
case, the ICE detected in case 3 could be related to several
factors. First, it is noteworthy that the inversion reorganized
the Y chromosome, placing the centromere next to the Yq13
heterochromatic region. Position effects on gene expression
by heterochromatization have been clearly demonstrated
(i.e., eye color in Drosophila). If a similar phenomenon
could affect the capacity of orientation of the centromere of
the Y chromosome, it would be an open question that could
explain the presence of sex-chromosome aneuploidies.

Secomd, it 15 also important o note that the Yy region 1s an
area rich in genes relmed w spermiatogencsis (245, It has
been observed that 3% o 1FE of inferule men with idio-
paithic sligozoospermia hove deletions of Y sequences (25),
Chromosomal reorganizations affecting the Yq region could
increase the probability of disruption of these genes, result-
ing in a variation of the microtesticular environment and the
production of meiotic disturbanees. Furthermore, infertile
men with abnormal seminal parameters have a higher inci-
dence of aneuploidies than in the general populaon (26),
These data show that nod all cases with increased ancuploidy
frequencies reflect an interchromesomal effect related w a
reorganization; other individual factors could also cause
aneuploidy. In case 3, the high frequency of aneuploidies
could be more related to the genetic characteristics of the
patient than to the classic interpretation of ICE.

Fertility and Starility®
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From these facts, ICE appears to be an extra source of
aneuploidies to be taken into account in the genetic coun-
seling of infertile patients requesting information concerning
their infertility.

Finally, data obtained in this work regarding the produc-
tion of unbalanced recombinant gametes in inversion carriers
underline the usefulness of genetic advice in these cases,
based on the size of the inversion. Because no recombinant
products are expected in small inversion carriers (inverted
segments up to 100 Mpb), it appears that this group of
patients would not benefit much from a reproductive assess-
ment through preimplantational genetic diagnosis. Neverthe-
less, sperm studies in carriers of inversion of different sizes
will help to elucidate this topic further.
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celona), Institut Marques (Barcelona), and Hospital Clinic de Barcelona
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Abstract. The risk of producing unbalanced gametes in het-
erozygous inversion carriers mostly depends on the occurrence
of recombination events within the inverted segment. Recom-
bination determines the possibility of producing chromosomes
with duplications/deficiencies (pericentric inversions) or with
duplications/deficiencies which furthermore appear as dicent-
ric and acentric fragments (paracentric inversions). In this
work, a general description of the close relationship between
the occurrence of crossovers in pericentric and paracentric
inversions and the final segregation outcome is presented. After
this introduction, a compilation of inversion segregation data
and interchromosomal effect results from previously published
sperm studies have been reviewed. Segregation results indicate
a great heterogeneity in the percentage of unbalanced gametes,

from 0 to 37.38%. The size of the inverted segments and their
proportion in the chromosome are two parameters closely relat-
ed with the incidence of recombination (P < 0.0001; using a
quadratic model and Pearson’s correlation test). These results
suggest that the production of a significant level of unbalanced
gametes would require a minimum inversion size of 100 Mbp
and the inversion of at least 50% of the chromosome. Inter-
chromosomal effects are seldom observed in chromosomal
inversions. Finally, implications of the meiotic behavior of the
inversions in the progeny of the carriers and the incorporation
of sperm FISH segregation analysis for reproductive genetic
counseling are discussed.

Copyright©2005 S. Karger AG, Basel

Inversions are structural intrachromosomal reorganiza-
tions, resulting after two breaks in the same chromosome and
an exchange of the distal fragments between the proximal frag-
ments before repair of the naked ends. According to the posi-
tion of the centromere in the reorganized chromosome, inver-
sions are classified as pericentric (centromere located within
the inverted segment) or paracentric (centromere placed out-
side of the inverted segment).

In humans, pericentric inversions are found with a frequen-
cy of 1-2% (de la Chapelle et al., 1974; Kaiser, 1984) although
most of them affect chromosome 2 or the heterochromatic
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regions of chromosomes 1, 9, 16 and Y and are considered as
polymorphisms. The incidence of paracentric inversions is
much lower, with values ranging from 0.002 to 0.049% (Van
Dyke et al., 1983; Ferguson-Smith and Yates, 1984; Warbur-
ton, 1984; Fryns et al., 1986; Jacobs et al., 1992).

Generally, reorientation of a chromosome region in the
opposite direction does not alter the function of the genes
involved; thus, inversion carriers do not usually show any phe-
notypic alteration. Only when a critical gene is disrupted or
when its relative position to other regulation genes or imprint-
ing centers is substantially changed, the relocation could lead to
pathological consequences (Greger et al., 1997; Concolino et
al., 2002; Saito-Ohara et al., 2002).

Nevertheless, the reproductive capacity of the heterozygous
carriers can be compromised as a consequence of meiotic dis-
turbances generated by the reorganization, which can lead to
spermatogenic failure and/or to the production of chromosom-
ally unbalanced gametes. Actually, De Braekeleer and Dao
(1991) detected a 13-times higher frequency of inversion car-
riers among infertile men than in the general population.
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Outline of the meiotic behavior of inversions

The cytogenetic characteristics of each inversion will deter-
mine the synaptic behavior of the homologs involved, thus con-
ditioning the meiotic process and the production of recombi-
nant gametes.

During meiosis, heterozygote inversion-pairing mostly de-
pends on the length of the inverted segment (Kaiser, 1984) and
this feature is determinant for the configuration adopted by the
bivalent. Short inversions usually have difficulties for aligning
homologous regions and often remain as asynaptic “balloons”
(Fig. 1.1) or resolve this situation by heterosynapsis (Winsor et
al., 1978). Otherwise, the homologous pairing of the whole
inverted chromosome with its normal homolog requires the
formation of a structure called inversion loop which implies a
major length of the inverted segment. The inversion loop con-
figuration aligns all the homologous regions by twisting and
folding of the inverted segment (Fig. 1.2). Such structures have
been observed in several meiotic studies in the pachytene stage
either in humans (Guichaoua et al., 1985; Saadallah and Hul-
tén, 1986; Chandley et al., 1987; Gabriel-Robez and Rumpler,
1994; Cheng et al., 1999) or in other species (Ashley et al., 1981;
Poorman et al., 1981; Chandley, 1982; Tease and Fisher, 1986;
Rumpler et al., 1995; Martinez-Flores et al., 2001). When the
inverted region is very long and involves most of the chromo-
some length, synapsis of the inversion with its homologous non-
inverted segment prevails over pairing of the terminal seg-
ments. In these cases, the terminal noninverted segments can
remain unpaired (Fig. 1.3) or aligned through heterosynapsis
and no inversion loop is formed.

Furthermore, other factors such as the location of the break-
points involved in the rearrangement (G-light band or G-dark
band) and chromatin packaging seem to affect the chance of the
loop formation (Ashley, 1988; de Perdigo et al., 1989). Since
breaks in G-dark bands result in the production of large asynap-
tic regions, they would prevent the formation of chiasmata in
hot spots located in the vicinity of the break.

Homologous synapsis is necessary for recombination
events. In inversions, the formation of chiasmata within the
inverted segment determines the possibility of producing chro-
mosomes with duplications/deficiencies (pericentric inver-
sions) or with duplications/deficiencies which furthermore ap-
pear as dicentric and acentric fragments (paracentric inver-
sions) and, therefore, unbalanced gametes. When homosynap-
sis does not take place, the occurrence of crossing-over is inhib-
ited and no unbalanced recombinant gametes are produced.
Alternatively, asynapsis can obstruct a proper bivalent disjunc-
tion, thus favoring aneuploidy production (so-called interchro-
mosomal effect) or even causing meiotic failure (Miklos, 1974;
Chaganti et al., 1980). Synaptic adjustment appears to be a res-
cue mechanism characterized by resolving asynapsis by nonho-
mologous synapsis, to prevent meiotic arrest and avoid apopto-
sis (Saadallah and Hultén, 1986; Guitart et al., 1987).

To sum up from all of these assumptions, we could expect
that during gametogenesis, consequences of inversions would
be reflected as a risk of producing meiotic failure, unbalanced
recombinant gametes or aneuploidy for the chromosomes not
involved in the reorganization.

298 Cytogenet Genome Res 111:297-304 (2005)
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Fig. 1. Pairing possibilitics of an inversion depending on the length of the
inverted segment.

Recombination and the formation of unbalanced gametes

The production of balanced/unbalanced gametes depends
on the number and position of crossovers inside the pairing
loop:

Pericentric inversions (Fig. 2). In this kind of rearrangement
recombination gives rise to the production of chromosomes
with duplications and deficiencies:

a) The formation of one or more chiasmata outside the loop
does not have any effect on the bivalent resolution, even when
other chiasmata are present in the inverted loop.

b) If a single chiasma is formed within the inversion loop,
the two nonimplicated chromatids would lead to a normal and
an inverted product, whereas the other two would carry dupli-
cations and deficiencies (Fig. 2.1).

c¢) The products generated by the formation of more than
one chiasma within the loop would depend on the chromatids
involved: If two chiasmata involve the same two chromatids,
one would cancel the other and only normal/inverted chroma-
tids would be formed (Fig. 2.2). If one chromatid is common in
both chiasmata (Fig. 2.3), the resolution would be the same as
that described in (b), and if no chromatid is common only chro-
matids with duplications/deficiencies would be formed (2:2)
(Fig. 2.4).

d) The formation of more than two chiasmata would result
in combinations of the same previous events.

In pericentric inversions, the duplicated-deficient chroma-
tids resulting from the recombination process can differ in
length from the original ones when the noninverted segments
outside the inversion loop are unequal in size. The chiasma
location or the centromere position does not affect this varia-
tion.

Paracentric inversions (Fig. 3). In this case, recombination
can result in the formation of acentric and dicentric chromo-
somes which contain duplications and deficiencies:

a) The formation of one or more chiasmata outside the loop
does not have any effect on the bivalent resolution and the ratio
of normal:inverted chromosomes is 1:1.
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Fig. 2. Moot configurstion of & pericentric iaversion with diffenest
recombanation peants and thaar respective anaphase | segregation.

b} If a single chiasma is formed within the inversion loop,
four different products would be generated: a normal and an
inverted chromatid (from the two chromatids not involved in
the chiasma) and a diceniric and an aceniric one {from the
implicated chromatids) {Fig. 3.1} Whereas the acentric will not
be able to orient itself and will probably be lest or incorporated
by chance into a gamete, the dicentric chromatid will form a
bridge during anaphase [. During segregation this structure
could either break into two partial chromatids (carriers of
duplications or deficiencies), maintain the chromesomes (o-
gether duning metosis 1 (thus favoring the production of a dip-
loid cell), be included in one of the resulting products (as a sta-
ble structure by the inactivation of one of the centromeres), or
be excluded from the final outcome.

©) The products generated by the formation of more than
ane chiasma within the leop would depend on the chromatids
affected. If two chiasmata involve the same two chromatids one
would cancel the other and only normalfinveried chromatids
would be formed. I one chromatid is common to both chias-
mata, the resolution would be the same described in (b), and if
no chromatid is commaon only acentric and dicentric fragments

Fg. 3. Meiotic conligumtion of &5 parscenstne inversaon willk dilferent
recombination poants and ibeir respective anaphase | segregation

[Fig. 4. Brcakage and reusion berween homol-
wgous chrematids in a U-loop eachange.

b4

woulbd be formed (1:1) (Fig. 3.2), In this case, a double chroma-
tid bridge would be formed during anaphase 1.

db The formation of one chiasma within the loop and anath-
eroutside would have a combined effect if the outer chinsma is
[ecated in the interstitial segment and both have only one com-
mon chromatid (Fig. 3.3). Then, the same products deseribed
in (b} would be generated but in this case, the anaphase bridge
would appear at meiosis 1l whereas at anaphase | a loop
between sister chromatids would be formed,

¢} The formation of more than two chiasmata would resuli
in combinations of the same previous cvents.

Orher mechanizms of generaring unbalanced gameles

Abnormal processes involving chromatid breakage and reu-
nion ¢an rarcly occur, This is the case of U-tvpe exchanges
whene a double chromatid break proceeds with reunion which,
instead of continuing in the same way towards the other chro-
matid, inverts the direction of the chromosome (Fig. 4). Al-
though the freguency of this phenomenon is unknown, ils
occurrence would result in a duplication of the segment limited
by the L-exchange and a deletion of the rest. In panicular, the
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Table 1. Results of chromosome segregation and ICE in inversion carriers reported by different authors

Author Inversion® Mecthod®  No. sperm % Sperm Inverted seg. size  Chr. size % Inverted
evaluated  recombinant  (Mbp) (Mbp) segment
Pericentric Inversion:
Balkan ct al., 1983 inv(3)(plliqll) 1 111 0 7 200 35
Martin, 1991 inv(3)(p25q21) 1 144 30.8 124 200 62
Martin, 1993 inv(8)(p23q22)* 1 166 114 105 146 71.92
Jenderny et al., 1992 inv(20)(p13q11.2) 1 26 0 37 63 58.73
Navarro et al., 1993 inv(7)(p13q36) 1 140 25 118 158 74.68
Martin ct al., 1994 inv(l)(pSlqu)i 1 159 0 75 246 30.49
Colls et al., 1997 inv(9)(pllql3) 1 314 0 20 136 14.71
Jaarola et al., 1998 inv(1)(p31q12)° 2 6006 0.38 75 246 30.49
inv(8)(p23q22)* 2 3168 13.10 105 146 71.92
Anton ct al., 2002 inv(6)(p23q25) 2 10049 37.85 150 170 88.24
Yakut et al., 2003 inv(1)(p34q21) 2 1636 16 118 246 47.97
Mikhaail-Philips et al., 2004 inv(2)(p23q33) 2 1005 345 180 243 74.07
Anton et al. (unpublished) inv(2)(p11.2q13) 2 5460 0 29 243 11.93
inv(4)(pl6g21) 2 6406 0.78 85 191 44.50
inv(10)(p13q22.3) 2 10723 3.41 65 135 48.15
Paracentric Inversions:
Martin, 1986 inv(7)(ql11q22) 1 94 0 50 158 31.65
Brown et al., 1998 inv(9)(q32q34.3) 3 282 0 32 136 23.53
Martin, 1999 inv(14)(q24.1g32.1) 1 120 0 27 105 25.71
Devine et al., 2000 inv(2)(ql4.2q24.3) 2 496 0.81 49 243 20.16
Anton et al. (unpublished) inv(4)(p14p15.3) 2 8158 0.03 11 191 5.76

a %
b

," = same patients.

1 = Sperm chromosomes; 2 = Fluorescence in situ hybridization; 3 = Sperm-typing.

occurrence of this process within the inversion loop would gen-
erate acentric and dicentric chromatids in pericentric inver-
sions and chromatids with duplications and deficiencies in
paracentric inversions.

Sperm studies

Segregation outcome

Throughout the years, several approaches have been used to
evaluate the segregation products of these reorganizations.
First, the use of the hamster test enabled the analysis of sperm
chromosome complements from several paracentric (Martin,
1986, 1999) and pericentric inversion carriers (Balkan et al.,
1983; Martin, 1991, 1993; Jenderny et al., 1992; Navarro et al.,
1993; Martin et al., 1994; Colls et al., 1997) with a range of
26-314 spermatozoa analyzed per patient. This technique per-
mits not only the segregation analysis of the inverted chromo-
somes but also the evaluation of all the other chromosomes of
each cell, providing extensive information about structural and
numerical abnormalities. Nevertheless, the cost and difficulty
of this method results in the analysis of a small number of sper-
matozoa in each case (Table 1).

Another methodology used in sperm segregation studies was
sperm typing (Li et al., 1988). The application of this technique
in inversion carriers was employed by Brown et al. (1998), who
analyzed 282 spermatozoa from an inv(9)(q32q34.3) carrier
(Table 1). The complexity of this method is also a limiting fac-
tor for a wide analysis of cells.

Finally, the use of fluorescent DNA probes labeled with dif-
ferent fluorochromes to differentiate the segregation products
through color-spot patterns was put into practice. The applica-
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tion of the fluorescence in situ hybridization (FISH) technique
on decondensed sperm heads has allowed researchers to per-
form a large number of studies of different types of chromo-
some rearrangements including paracentric (Devine et al.,
2000) and pericentric inversions (Jaarola et al., 1998; Anton et
al., 2002; Yakut et al., 2003; Mikhaail-Philips et al., 2004).
Usually, the combination of probes used in FISH studies of
sperm from inversion carriers consists of labeling the p and q
telomeres of the inverted chromosome with two different col-
ors. This approach allows for the identification of both ends of
the chromosome and, when recombination events occur inside
the inverted segment, the resulting color pattern will indicate
the presence or absence of the corresponding telomeres
(Fig. 5).

The combination of these techniques allowed obtaining a
substantial amount of data. Table | is a summary of results
obtained by different authors who have performed sperm segre-
gation studies in a wide range of paracentric and pericentric
inversions.

This compilation displays great heterogeneity in the num-
ber of spermatozoa analyzed per patient (from 26 to 10,723
spermatozoa) and also in the percentage of recombinant ga-
metes: while several studies did not find any recombinant
gametes (Balkan et al., 1983; Martin, 1986, 1999; Jenderny et
al., 1992; Martin et al., 1994; Colls et al., 1997; Brown et al.,
1998; Anton et al., unpublished), percentages of 0.38-37.87%
recombinants for pericentric inversions and 0.03-0.81% re-
combinants for paracentric inversions were observed by others
(see Table 1).

As previously stated, the size of an inverted segment seems
to be closely related to recombination. To shed more light on
this subject, we have calculated the inverted segment size
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{Mbp) of all the inversions contained in Table | (range of 7-
180 Mbp), and we have made a statistical comparison between
these values and the percentages of recombinani gametes, The
results reflected a Pearson correlation (F < 0.0001) between
both parameters (R® = 083355, using a quadratic modcl;

Fig. 6a) which confirms the idea that the size of the inverted
segment and, therefore, its pairing abilities (Kaiser, 1934) are
closely related to the production of recombinani chromosomes
and, thus unbalanced gametes,
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From the graph displayed in Fig. 6a, a slight tendency of the
percentage of recombinants to reach a plateau stage in large
inverted segments can be seen. This stage defines a maximum
production of unbalanced gametes of approximately 50%. This
observation would agree with the assumption that when the
inverted segment is large enough, the formation of one, two or
more chiasmata in the loop would always affect random chro-
matids, thus producing 50% normal gametes and 50% unbal-
anced (Figs. 2 and 3).

Taking into account that the largest inversions do not
always involve the major part of the length of a chromosome,
the length of the inverted segments was calculated with respect
to the whole size of the respective chromosome to obtain the
proportion of the chromosome which has been inverted. These
relative values (range: 3.5-88.24%; Table 1, column 8) were
also compared with the production of recombinant gametes
(Table 1, column 5). Again, results pointed out a positive Pear-
son correlation (P < 0.0001) (R? = 0.7397, using a quadratic
model; Fig. 6b).

The graphs shown seem to indicate that the production of
significantly increased levels of unbalanced recombinant ga-
metes would require a minimum inverted segment size close to
100 Mbp (Fig. 6a) and the inversion of around 50 % of the chro-
mosome (Fig. 6b).

Interchromosomal effects

The observation of an influence from structural chromo-
some reorganizations in the segregation of other chromosome
pairs has been described by several authors in many works
(Rousseaux et al., 1995a, b; Van Hummelen et al., 1997; Blanco
et al., 2000; Amiel et al., 2001; Morel et al., 2001a, b, 2004;
Oliver-Bonet et al., 2001, 2002; Baccetti et al., 2003; Anton et
al., 2004). This phenomenon is called interchromosomal effect
(Lejeune, 1963) and has been related to the presence of
unpaired regions in the reorganized chromosomes which can
interfere with other bivalents.

Inversion loops have been observed associated with other
chromosome pairs (Batanian and Hultén, 1987), and their
implication on the segregation of other chromosome pairs has
been analyzed in several published studies. So far, no increase
of numerical abnormalities unrelated to the reorganization was
detected in any of the sperm chromosome studies performed in
paracentric or pericentric inversions (Balkan et al., 1983; Mar-
tin, 1986, 1991, 1993, 1999; Jenderny et al., 1992; Navarro et
al., 1993; Martin et al., 1994).

Few studies have evaluated a possible ICE occurrence in
inversion carriers by FISHing decondensed sperm nuclei (Colls
et al., 1997; Amiel et al., 2001; Anton et al., 2002; Mikhaail-
Philips et al., 2004), and only Amiel et al. (2001) have described
increases in the disomy frequencies for the chromosomes ana-
lyzed. It has to be noted that this reorganization (inv(9)),
besides being considered as a polymorphism, involves a large
heterochromatic region. Among the cytogenetic characteristics
of heterochromatin, we can underline the high density of repe-
titive sequences shared with other chromosomes (reviewed by
Miklos and John, 1979; reviewed by Lee et al., 1997), their later
pairing in the meiotic process (reviewed by McKee, 2004) and
the absence of crossing-over and, hence, the lack of recombina-
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tion in these regions (Olson and Magenis, 1988; reviewed by
Grewal and Moazed, 2003). All of these features make hetero-
chromatic regions a candidate to associate with other unpaired
regions of the genome through heterosynapsis during the devel-
opment of the meiotic process, thus disturbing the normal
segregation of the affected chromosomes. Therefore, in the case
described by Amiel et al. (2001), the polymorphic heterochro-
matic region included in the inversion could play an important
role.

It would be interesting to perform further aneuploidy analy-
ses of chromosomes susceptible to being disturbed by other
chromosome abnormalities. This would allow researchers to
gain substantial information about the occurrence and the cyto-
genetic causes of this phenomenon.

Inversion carriers’ progeny

As previously discussed, the cytogenetic characteristics of
each inversion will determine the risk of producing recombi-
nant gametes. These products will be potentially able to form
viable embryos and, so, recombinant offspring affected by dis-
orders of variable severity.

Many cases of recombinant progeny from pericentric inver-
sion carriers have been reported in the literature (Ishii et al.,
1997; Mejia-Baltodano et al., 1997; Goodman et al., 1999;
Angle et al., 2000; Dufke et al., 2000; Ilgin Ruhi et al., 2001;
Lazzaro et al., 2001; Battaglia et al., 2002; Garcia-Heras and
Martin, 2002; Lagier-Tourenne et al., 2004). The viability of
the recombinant products mostly depends on the genetic con-
tent (and so the size) of the noninverted segment because they
are the potential regions to be deleted or duplicated by recom-
bination. Therefore, losses/gains of large distal segments usual-
ly have a strong negative impact on the viability of the resulting
recombinants.

Regarding the outcome of unbalanced progeny, paracentric
inversions usually have a better prognosis due to the fact that
recombination events usually give rise to the production of
nonviable products (acentric and dicentric chromosomes).
Nevertheless, some cases of recombinant offspring from these
carriers have been described (reviewed by Pettenati et al., 1995;
Yang et al., 1997; Courtens et al., 1998; Whiteford et al., 2000;
Lefort et al., 2002).

No evidence of dicentric/acentric unbalanced offspring re-
sulting from U-type exchanges in pericentric inversion carriers
has been described. However, Escudero et al. (2001) have
warned about the risk of occurrence of these events by inter-
preting the unexpected signals’ combination of 54% of the
abnormal embryos diagnosed by preimplantation genetic diag-
nosis (PGD) as a result of U-type exchanges.

Feldman et al. (1993) reported five cases of unbalanced off-
spring from paracentric inversion carriers and presumed that
their origin came from U-type exchanges within the inversion
loop. Subsequently, Pettenati et al. (1995) established a 3.8 %
incidence of this kind of “recombination” when they reviewed
the progeny from 446 paracentric inversion carriers. Neverthe-
less, it has been pointed out that some cases included in Petten-
ati’s work may rather correspond to insertions (3-break rearran-



gements capable of generating the same type of products by the
occurrence of chiasmata) than inversions (Sutherland et al.,
1995). Therefore, the risk of occurrence of U-type exchanges

would be lower.

In FISH studies of sperm from inversion carriers, the com-
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somally abnormal gametes allows for the offering of a more
accurate genetic counseling to these couples and also the evalu-
ation of the need of a preimplantation genetic diagnosis (PGD)

to establish a better diagnostic approach in order to reduce risks

to a minimum.

bination of a centromeric probe plus telomeric probes for the
inverted chromosome (Fig. 5) could help to establish the inci-

dence of this kind of event during meiosis.
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Role of sperm FISH studies in the genetic reproductive
advice of structural reorganization carriers
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The use of luorescence in-situ hybridization (FISH) in decondensed spermatozon from carriers of structural chromo-
somal abnormalities provides a way to estimate the amount of unbalanced products, This methodology has become
a tool of special imterest for & better approximation of the reproductive competence of the carriers. Although there
is mi discussion regarding the cytogenetic value of the information obtained, the usefulness of performing individual
sperm FISH studies must be weighed depending on the object of the study.

In this paper, we introduce some considerations concerning the convenience of a routine application of sperm FISH
analysis in the major populations of structural reorganization carriers, For each group, the significance of the infor-
mation that can be obtained and its relevance for genetic reproductive advice are discussed.

Kevwords: struciural seorgunization camers: sperm FISH studies; messtic scgregation; interchromaosomal cffects

Introduction

Itis well known that carriers of structural chromosomal anomalies
have a certain rizk of producing onbalanced gametes during
meiosis. Although their phenciype is generally nomal, their
reprosductive competence 15 sagmificantly reduced and  they
have a high nisk of tmnsmitting chromosomal abnormalities to
the offspring. The extent of this effect has been related 1o the par-
ticwlar choractenistics of each kind of reorpanization and this
infusrmatbon has been classically used for the reproductive coun-
seling of these indivaduals (HC Forum™ : Gardner and Suther]and,
004,

The mivent of Auorescence in-situ hybridization (FISH) in
decondensad sperm nuclet offered o pew approach, Sperm FISH
analysis his been revealed as the fastest and easiest micthod
W measane the proportion of onbalanced pametes produced
b these individuals. lis use has become very commaon worldwide,
even mecommended for being routinely incorpomted into the
genctic screening offered prior to preimplantation genetic diagno-
sis (PGD; Escudero erall, 20003; Gianaroli er af., 2005}

In this paper, we introduce some considertions conceming
the benefit of undertaking sperm FISH analysis in camers of
Robersonian  translocations, reciprocal translocations  and
chromosome inverstons, il the implications of these snidies
in obaining relevam information for improving the genetic
reproductive advice of these carmers,

M58

Hoberisonian iranslocalion carriers

Since 1995, segregation sperm FISH stedies have been per-
formed im 51 coamiers iwvolving different chromosomes:
den( 13;14), den(13;15), den13;21), den13:22), den14:15),
berl 14:210, den(14:22) and  den(21:22) (Rousseanx e al.,
1995; Mennicke ef al.. 1997; Escudero ef af., 2000 Frydman
of o, 2000 Morel er al.. 2000; Anton er al.. J004b; Anahaory
ef al, N5, RBoux e af, 2005; Brognon ef al, 2006;
Hutakeyama ef al., 2006; Morwdkhani er af.. 2006b: Ogur
e il 2.

The percemtages of nosmal/balanced gametes ohserved
describe o relatively wide ronge. which goes from 60 o 93%.
However, the production of normal Balanced gametes in imost
of the carriers s close 1o the avernge £ 50 of 845 + 6,1%.

It has been notieed that these percentages are more homo-
geneous among the senes of individuals analysed within a
single laboratory even when different kinds of Robersonian
translocations are compared (Frvdman & al, 2001; Brugnon
of al., 2006; Moradkhani er ai., 2006b), This would mdicas
that a cersin amount of the vanability observed could
be more related 10 lechnical aspects (such as e protocols
wsed, the selected probes. the particular scoring  criteria
estibhished in the proups asccording to the protocols used,
eic.) than o the specific cytogenetic characieristics of the
resrTnement.
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To conclude, Robertsonian translocations are rearrange-
ments with a very homogensous segregation behavior, inde-
pendent of the chromosomes nvolved.

The determinmtion of the exact amount of normiel balanced
gametes in every single cise could be pertinem for basic cyto-
genetic research. However, this information would not be rel-
evant for amy subsequent counseling and there is little reason
for incorporsting this kind of studies as routine analysis for
better reproductive advice in these camerns,

Reciprocal translocation carriers

Driring the periodd 1997 <2006, complete segregation patierns
have been obiained by sperm FISH analysis in 62 reciprocal
transkocation camiers  (reviewed by Amon o ol 2004a;
Benet e al, 2005, Brugnon er af., 2006; Midro e ol 2006;
Wiland er al., 2006; Yakut er al, 2006). From these studics,
the observed production of normal /balanced gametes describes
o range that goes from 186 to 62.8%, with an average + SDof
42.5 & 10.7%, As it can be seen, the results obtained are more
heterogeneons than for Robersonian ranslocations,

These divergences have been classically anributed to the
particular cytogenetic chamcteristics of each reamngement
(centromere  pasition, site of the pairing segment, ele.)
(Sybenga, 1975) MNevertheless, i is important 10 note tha
these kind of segregmion studies involve a more complicited
methodological approach. In part, this arises from the fact
that four chromosomes are involved in this type of reorganiz-
wiion, making necessury the use of w least three probes and
fleorochromes o allow the idemtification of the high number
of segregation products defined by different probe combi-
nations, Moreover, the designed combinations  usually
involve various closses of probes of different sizes, hybridiz-
ation efficiencies and sagnal intensities, Therefore, it seems
very likely that pant of the variahility observed coald be influ-
enced by different methodobogical approacles,

On the other hand. FISH procedures also have technical
liritatsons that can bias the resubis observed. One of them s
reluted 1o the imcreased probability thi, using o high number
of probes and given that the size of the sperm head s
limited, some of ihe signals appear masked by others situaied
very chose to them. Thus, some signals wounld not be considerad
individualized when applying stnct sconng coniteria, and that
will faver a general increase in the products defined by fewer
signals (for instance: products with one chromosome from a
31 segregation versus their complementary products with
three chromosomes).

Aarather handacap of the FISH techmgue concemns the évalu-
ation of & lack of a signal, as it is impossible to distinguish
between the true absence of a target region and & hvbndization
failure, The dircet consequence of incheding hybridization fail-
ures o the scorimg wiould be an artifsciual increase of progscts
with only one chromosome. This would be reflected in an
overestimation of the 31 segregation mode to the detriment
of alternate and adjacent scoregation moddes. Regarding this
fact, it can be noticed From the results published in the lierature
that the wideness in the range of normal halanced gameles
produced is highly influenced by some siudies thal report
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cases with an unusyal segregation pattern charcterized by an
exaggeriled presence of 3:] segregation products (Estop
ef al., 1999, Vi Assche o al., 1999, Escudero of af., 2008)
which, in some cases, could also involve misinterpreted hybrid-
ization fmlures, Obviously hybndization fmlures will also
affect Roberisonian translocation and inversion studies. The
difference in these cases 15 thal sperm will probably not be
imcluded in the assessment because they cannol be assigned
1o any of the expected genolypes.

Altogether, it seems that only through the analysis of o high
number of camiers using the same assessment critens wmd the
same rigor would it be possible 1o clarnify to which extent the
arigin of the variability is the consequence of the cylogenetic
characiensiics of the rcammngement or o methodological
approaches,

To acheive this objective, a large population of reciprocal
translocation cumiers with very different cylogenetic features
has been analysed in our laboratory (Anton ef of,, 2(06a). In
ithis study, a very similar production of normal /balanced
gametes (around 43,9 + 4%) has been observed in most of
the individuals analysed (12 our of the 14 cases) Resulis
point to o generalized homogeneity in the production of
naarmal ‘halanced gametes. The percentage of normal gametes
{ =A%) detecied in the two other cases were assochited with
the very unusual configuration adopted by those tetravalents.
A deviation of the wandard segregmion behavior would
depend on the distribution of chinsmata which in its turn
depends on the size and the chromain charscteristics of the
panring segments. In this sense, extremely short segments, the
presence of heterochromatin or the proximity of the centromere
are clearly associited with o suppression of recombination.
Thus, those situations hampering the formation of o tetrmvalent
as o result of the factors mentioned above would represent a
risk of deviation of the standand segregation pattern, producing
an imerease or 4 decresse in the percentage of normal /balanced
gametes amd having significant reproduciive consequences in
the patients.

In conclusion, most reciprocal translocations lead o a
regular production of normal/balanced gametes (~35 <506,
These figures are informative enough o judge the penetic
reproductive nsk for most of the camiers. This namow range
will probably not represent any variation in the final decision
of the putients regarding any further commitment o PGD.
Only a basic cyvtogenetic research purpose or a suspicion of a
possible devimtion from the standard segregation behavior
would justify the execution of a particular segregation study
addressed toward reproductive counseling.

Inversion carriers
Segregation sperm FISH studies have been performed in 18
inversion  cammiers during the periogd 19983006 (Jamroly
ef al, 199K; Devine eof wl, 2000 Anton ef wal, 2002
Yokut er of., 2003 Mikhaall-Philips er of.. 2004; Mikhanil-
Philips e al, 2005; Anton er ol 20060 Malan ef al., 2006;
Morel er al,, 26,

The methodological approach wsed for the segregmtion
siuddies in this kind of stroctural vanants is fairly simple os it
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only requires the combinstion of wo probes for o single
chromosome. Meveriheless in these camiers, the production
of normnl gameles describes a range that poes from 457 1o
9.4%. with an average + 5D of £2.9 + 17.1%. This wide
vanety therefore would hardly be explamed by methodological
cunses but would rmther refect the highly vanable effect of this
kind of stractural reorganization on the reproductive compe-
tence of the camiers, which in some cases have the same prog-
nosis as the normal populition and in other cases have their
fertility reduced 1o hali.

It is well known that the production of onbalinced gametes
in inversion camiers depends on the occurrence of recombina-
tion events within the inverted segmemt, which s directly
related to the cytogenctic charscieristics and thus the manner
of painng of thess rearmngements,

By analvsing the relationship between the parameters of
inverted segment length and proportion of the chromosome
inveried with the production of unbalanced pometes, o statisti-
cally significant correlation was detected {Anton « al., 2005).
According o these resulis, the production of unbalanced
gameles in those cases with an inverted segment larger than
= [} Wibp o involving more than - 30% of the chromosome
is high (up to 53046}, Thus, these camriers have 4 predictable,
high genetic reproductive risk withom performing  funber
sperm FISH stusdies. On the other hand, in carmiers of inverted
segmeits shoster than --50 Mbp and /or involving less than
~40F% of the chromosome, the production of unbalanced sper-
matozon s 5o unlikely that there is no need of performing
further segregation studies. Therefore, only in those carriers
of inveried segments of ~30 to |00 Mph, or involving ~20-
50% of the chromosome, sperm FISH stodies would be
useful in determining the particelar behavior of each
reorganization.

In summary, the usefulness of sperm FISH studies for the
genetic reproductive advice of mversion carriers shoald be con-
sidered sccording to the dimensions of the inverted segmeiil
{Anton ¢f af., 2006a). Data from further particular segregation
stucies in inversion carriers will contribute n cdefining the
limmats of distribution of these three groups more accurately.

Interchromosomal effect studies

Besides studying the segregation outcome in carriers of struc-
twral chromosome abnormalitics, sperm FISH studics have also
been performed for evaluating the presence of ancuploidics for
chromosome pairs not invoelved in the reorganization. These
anomalies have been postulated 1o be a potential conseguence
of mewotie disturbances produced by the rearmmgements {Inter-
chromosomal effect; Lejeune, 1963), Results supporting the
existence of this phenemenon have been publidhed by some
authors, while others have not found any evidence of this
{reviewed by Douet-Guilbert, 2005).

Duta collected seem o indicate that Robernsonin transioca-
tions carmiers have an important susceptibality for this kind of
ancmaly. In fect, around 39% (7 out of 18) of the cases in
which an ICE study has been added 1o the segregation study
{Rousseanx o af., 1995 Morel er ol 3000; Amon e al.
2004b: Hatakeyama e al., 2006; Ogur er al., 2006} showed

0

significant incressed frequencies of numerical abrormalities
for at keast one of the chromosomes evaluated. In the reciprocal
translocation camers, the incidence was even higher with
around 44% of positive ICE (12 cases out of 27) (Mercier
ef al, 19948; Oliver-Bonel et af., 2000; Morel e al, 20Hk;
Andon ef af., 2006a). Concerning inversion carmers, around
14% of the cases analysed showed a positive ICE, which rep-
resenied only one paticnt (Anton ef af, 2006a) of the seven
ciases in which segregation behavior and ICE were analysed
iMikhaail-Philips er al., 2004; Mikhuail-Philips er al.. 2005;
Amton er af, 2006b) This incidence is relatively low when
compared with the other structural reorganizations, but the
population of inversion carmers studied s also smaller,

The origin of these aneuploidics is a controversial issue. This
is based on the fosct that carriers of structural chromaosomal
abnormalities vsually have an altered semenogram, a feature
which is also common in infertile patients. Increased aneu-
ploidy fregquencies are also frequent in this last group of mdi-
viduals mvdependently of whether they have a nermal or
abpormal karvotype (Machev e wl. 2005; Mihamo, 2HES;
Rives, 2005), Meiotic errors, either affecting synapsis during
prophase | or meiotic recombination (Egozcoe er af., 2000,
can be the starting point for the production of these chroimiso-
mally unbalinced spermatozoa. These meiotic abnormalities
have been related o mutmions of meiosis specific penes
invelved in symaptic events, DNA recombination and DNA
repair (Buarends ef al.. 2001}, as well as w environmental
factors (Mroz o7 of,, 1998); such origins could also be appli-
cable in structural reorganization carmers.

A pecent study performed in a Jarge popalation of infertile
patients with altered seminal porameters and normal karyo-
tvpes (Sarrate of al., unpublished datab reporied a 13% inci-
dence of significantly increased numencal abnormalities.
This incidence is very simalar o that obtained in the ancuploidy
serdening performed in inversion camiers (14.3%) bul natice-
ably smaller than the freguencies detected in Robensonian
transbocation carmiers (38.9% ) and in reciprocal translocation
carriers (43,550, This would indicate that, o least in wransloca-
thon carriers, the increases observed should be attributed o
other factors than these mentioned above for infenile patens,
In this context, the meiotic imteraction ol meiosis | between the
reorganized chromosomes and other bivalents appears 1o be a
reliable event for expluiming the sbnormal segregation of
these chromosomes, and would support the interchromosomal
effect premise.

Owerall, independent of the origin of the ancuploidics in
sperm, these carriers appear o have an increased nisk of produ-
cing aneuploid gametes, At ile embryo level, the consequences
of this phenomenon are also controversial. Whereas some
authors have found an apparent contribution from these inter-
chromosomal effects in the number of aneuploid embryos gen-
ermed (Gianaroli ef of,, 2002), others have not {Munne e ol
200053, In this sense, we think that it is imporant (e poimt o
that aneuploddy screenings only reflect a portion of the whaole
chromosome contemt of spermy/embryos, and thus, resulis
obtamed by sperm FISH stodies should just be conceived as
an estimation of the possible disturbances existemt in each
paticnis.
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Therefore, structural camiers with significant increases in
ancuploidies would have two genetic nisks: those derived
from the segregation of the reorgamized chromosomes, and
interchromosomal effects. Considening the high presence of
this phenomenon i camers, the absence of conclusive data
about the charectenstic of the reorgamizations related io ICE,
and its comtroversial effect at the embevo level, ICE sdies
in sperm conld be useful in the genctic reproductive advice
for carriers involved in a PGD program, In cases of o positive
effect, a supplementary ancuploid PGD screening should be
incorposted  into  the  conventional PGD for  stmictural
anormalies,

Summary

Compiled dita indicate that Robertsonian translocation carriers
would not obtain moch benefit from particular segregation
studies due 10 their very similar segregation pattern. They
have a relatively high production of  normal /balanced
gametes thit con be anticipated o arowmd S4%.

In reciprocal  ranslocation  carmers, the production of
normal /balmeed  gametes would G inte o smull range with
similar reproductive implications (around 43%). Only some
specific cases with particular cyvtogenetic  charncteristics
wiortld deserve further consideration.

In inversion camiers, the usefulness of sperm FISH studies
for genctic reproductive advice should e considered in
relution to the dimensions of the verted segment. Only in
those cases where the risk of producing unbalanced gametes
is variable with significant reproductive consequences (carmers
of inverted segments invalving ~40-30% of the chromo-
somel. would particular sperm FISH studies be recommended,

Finally, due to the high susceptibility of structural reorgan-
peation carriers  for  producing  aneuploid and for  diplosd
gametes, a screening of mumernical abnormalities by sperm
FISH prior o a PGD cyele would be o very recommiendable
option (o onentate further PGD analysis in these camiers.
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6.1- SEGREGACIO

6.1.1- TRANSLOCACIONS ROBERTSONIANES

Les translocacions Robertsonianes presenten un comportament molt homogeni,
amb una segregacid preferentment alternant que déna lloc a prop del 84% de
gametes normals/equilibrats. Aquests resultats concorden amb el models tedrics
classics que proposaven el mode alternant com el repartiment més afavorit en la
segregaci6 d’un trivalent (Sybenga 1975).

Les dades publicades a la literatura (Annex |I; Taula 1.1) descriuen un
comportament molt similar al dels nostres resultats, que en tots els casos es
caracteritza per presentar frequéncies decreixents dels modes alternant, adjacent i
3:0 (Figura 6.1).

100 4

a0

% espermatozoides
£
o

U . y / ; .z
Alternant Adjacent 3.0 Modes de segregacio
B4.646.4 14.745.7 0.9+0.6 MitjanaDE (%)

Figura 6.1- Resultats publicats dels estudis de segregacio realitzats en portadors de translocacions
Robertsonianes. Cada un dels casos analitzats esta representat per un color diferent. Els casos 1 2
son els que presenten valors més allunyats de la mitjana (Syme i Martin 1992 i Mennicke et al. 1997
respectivament).

La comparacié estadistica de la nostra poblaci6 amb el conjunt de dades de la
literatura, no mostra diferéncies significatives ni pel que fa als resultats de la
segregaci6 alternant (T-student; p=0.58) ni per I'adjacent (T-student; p=0.59).

El petits desajustaments detectats en els patrons de segregacié dels diversos
individus es poden associar a dos origens no excloents que es detallen a

continuacio.
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» Factors cromosomics

Alguns autors han relacionat una major produccié de gametes amb contingut
adjacent a la implicaci6 de cromosomes acrocentrics de mides diferents
(cromosomes del grup D i G) (Munné et al. 2000). Aquesta observacio es basa en
el fet que, aquests cromosomes, formarien un trivalent altament asimetric, que
afavoriria  un repartiment cromosomic desequilibrat. La participacidé d'un
cromosoma petit (amb baixa taxa de recombinacid) en la reorganitzacio, també
podria afavorir la segregacié adjacent ja que, en abséncia de quiasmes, aquest
cromosoma quedaria en forma d’univalent i segregaria a I'atzar.

En els individus de la nostra poblaci6 no es van detectar diferéencies de
comportament en les translocacions Robertsonianes amb cromosomes del grup D
respecte a les que implicaven cromosomes del grup D i G. Pel que fa les dades de
la literatura on hi ha més variabilitat de casos, la comparacié entre els patrons
observats en translocacions Robertsonianes entre cromosomes D/D, D/G i G/G
tampoc va mostrar diferéncies significatives (Test de Kruskal-Wallis; p>0.05).

En aquest sentit i tal com s’observa a la Taula 6.1, el grau de variacié dels diversos
modes de segregacio, tot i ser reduit, sovint és més gran dins un mateix tipus de

translocacié Robertsoniana que entre les diverses variants estudiades.

Taula 6.1 - Grups de translocacions Robertsonianes publicats a la literatura amb les freqiéncies
mitjanes+DE dels diferents modes de segregacio.

Alternant Adjacent 3:0/2n Altres Casos

(mitjanatDE) (mitjana*DE) (mitjanatDE) (mitjanatDE) (n)
der(13;14) 84.2+4.9 15.0+4.8 0.6£0.9 0.3+0.9 29
der(13;15) 82.2+6.8 17.216.5 0.5+0.4 0.0 6
der(13;21) 87.6x1.1 11.4+0.4 0.5%+0.3 0.3+0.5 2
der(13;22) 86.7 12.8 0.5 0.0 1
der(14;15) 88.315.3 10.6+x4.4 0.9+0.7 0.0 4
der(14;21) 85.5+8.3 13.1+6.8 0.320.5 1.0+£3.0 9
der(14;22) 79.4+0.8 20.1+£0.9 0.60.0 0.0 4
der(15;22) 89.6 10.4 0.0 0.0 1
der(21;22) 82.0+15.5 16.4+£14.0 0.5+0.3 0.0 4
Total 84.2+6.2 14.816.1 0.6£0.7 1.1+£2.2 60

Aix0 descartaria un comportament propi de cada tipus de reorganitzacio, tot i que
cal tenir en compte que algunes translocacions Robertsonianes han estat
analitzades en un nombre baix de casos (Taula 6.1). De fet, practicament el 50%

de les dades provenen de la translocacié der(13;14) mentre que les que tenen
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menor incidéncia poblacional (Nielsen i Wohlert 1991) estan molt menys
representades o fins i tot no se’'n tenen dades com és el cas de la der(15;21). Per
aquest motiu, 'ampliacié d’algun dels grups d’estudi ajudaria a descartar de forma
definitva una influencia cromosdomica en el comportament d’aquestes

reorganitzacions.

» Factors no cromosomics

Entre els factors que poden influir en els resultats publicats, cal tenir present la
variabilitat del nombre d’espermatozoides avaluats (rang 24-16578; Figura 6.2).
Els treballs amb recomptes mostrals més baixos sén els que poden tenir major
efecte distorsionant, ja que tenen un poder estadistic menor.

no
espermatozoides
>10000
9000

8000

7000
GO0

5000
4000

3000

2000

1000 4 i |

0 - TTT T
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Figura 6.2- Mida de les mostres analitzades en els estudis de segregacié en portadors de
translocacions Robertsonianes publicats a la literatura (Taula 1.1; Annex I).

Concretament, els casos que meés es desvien de la mitjana poblacional es
corresponen a estudis en els que el nombre d’espermatozoides avaluat és menor,
com per exemple els individus 1 i 2 de la Figura 6.1 en els que es van analitzar
146 (Syme i Martin 1992) i 350 espermatozoides (Mennicke et al. 1997)
respectivament (Annex I; Taula 1.1).

Finalment, no es pot descartar la participacié de caracteristiques propies de cada
individu en els resultats obtinguts. Aquestes podrien estar relacionades amb
'existéncia de diferéncies en els processos cel-lulars o en els mecanismes de
control del cicle que donarien lloc a una major/menor efectivitat en I'eliminacié de

cel-lules cromosomicament desequilibrades (Honda et al. 1999).
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6.1.2- TRANSLOCACIONS RECIPROQUES

Els patrons de segregacio obtinguts en portadors de translocacions reciproques
mostren un predomini del mode de segregacio alternant que, tot i ser forca més
baix que en translocacions Robertsonianes, déna lloc a prop de 45% de gametes
normals/equilibrats.

Tant la segregacio alternant com l'adjacent | (segon mode majoritari) impliquen una
distribucié oposada dels centromers homolegs a anafase |, que coincideix amb el
comportament més afavorit segons els models de citogenética classica (Sybenga
1975). Les frequéncies dels modes de segregacié adjacent Il i 3:1 van ser més
baixes o fins i tot nul-les en alguns casos, corroborant el fet que el repartiment dels
cromosomes homolegs cap a un mateix pol és veu citogenéticament desafavorit
(equivaldria a una no-disjuncio).

Pel que fa a les dades publicades per altres autors, els 56 estudis de segregacio
que utilitzen la técnica de FISH (Annex I; Taula 1.2) mostren un comportament molt
més heterogeni que l'observat a la nostra poblacié, amb casos en els que, els
productes majoritaris, poden ser qualsevol dels tres modes de segregacio

desequilibrats (Figura 6.3; casos 1, 2, i 3).
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Figura 6.3- Resultats publicats dels estudis de segregacié en portadors de translocacions
reciproques mitjangant FISH en espermatozoides. Cada un dels casos analitzats esta representat
per un color diferent. Els casos 1, 2 i 3 mostren una prevalenga dels modes de segregacio adjacent
I, adjacent Il i 3:1 respectivament (Escudero et al. 2003).

Els factors que poden explicar les variacions dels patrons de segregacioé observats

en translocacions reciproques s’apunten a continuacio.
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» Factors cromosomics
Classicament, aquestes diferéncies de comportament han estat associades a les
caracteristiques citogenétiques de les reorganitzacions (Shi i Martin 2001). Per tal
d’acotar els factors responsables dels resultats obtinguts a la nostra poblacié, els
casos van ser agrupats en funcido de la similitud dels patrons de segregacid
mitjangant una analisi de conglomerats jerarquics. El dendrograma resultant mostra
'existéncia de dos comportaments clarament diferenciats: un patré6 amb
frequéencies progressivament decreixents dels modes alternant, adjacent |, adjacent
i 3:1 (Grup 1), i un patré amb abséncia dels modes adjacent Il'i 3:1 (Grup 2).
Pel que fa a les translocacions reciproques classificades en el Grup 1, els
parametres cromosomics valorats no evidencien cap caracteristica cromosdmica
que justifiqui la distribucié dels casos en els subgrups formats. Tot i integrar dues
reorganitzacions que, a mes d’'un tetravalent, presenten certa tendéncia a adoptar
altres configuracions meiotiques (Taula 4.4), aquestes no demostren un
comportament significativament diferent de la resta. Aixo s’explicaria per:
- t(11;22) (Anton et al. 2004b)
En les situacions on es formés una configuracio I+l (34%), la segregacio a
I'atzar de 'univalent donaria lloc majoritariament a productes amb un contingut
alternant (50%) o 3:1 (50%). Per tant, el patré de segregacié d’aquesta
reorganitzacio tan sols es podria veure modificat per un lleuger increment dels
productes amb contingut 3:1 respecte a les segregacions adjacent | i adjacent
II, mentre que la segregacio alternant continuaria essent la majoritaria.
- (9;20)
La formacié de les configuracions IllI+Il i lll+], tindria lloc amb frequéncies
relativament baixes (11% i 12% respectivament) de manera que els seus
efectes encara haurien de ser més menors. En cas d’adoptar una configuracio
llI+], les consequéncies serien les mateixes que les descrites per la t(11;22).
Pel que fa a la formacié de dos bivalents, aquesta configuracié principalment
donaria lloc a gametes amb contingut alternant i adjacent | (veure Figura 6.4).
Per tant, els efectes produits per la combinacié d’aquestes situacions quedarien
repartits entre els diversos de modes de segregacio, i per tant dificilment

alterarien el patro global de segregacié descrit per als individus del Grup 1.
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En els individus del Grup 2, I'avaluacié de les caracteristiques cromosomiques
mostra I'existéncia de les seguents particularitats:

- Participacié d’'un cromosoma acrocentric.

- Localitzacié del centromer del cromosoma acrocéntric al centre de la creu.

- Preséncia de segments translocats extremadament curts.

- Configuracions meiotiques esperades en forma de tetravalent obert (60-

70%) i dos bivalents (30-40%).

A anafase |, i com a resultat d’aquests factors, els cromosomes implicats poden
segregar amb elevada frequéncia com si fossin 2 bivalents independents. En
aquests casos, la biorientacio dels centromers homolegs doéna lloc a gametes amb
contingut alternant (50%) o adjacent | (50%) (Figura 6.4), ja que les segregacions
adjacent Il o 3:1 impliquen fendmens de no-disjuncié (Figura 6.4). Aquest fet
explicaria per qué els gametes corresponents a aquests ultims modes soén tan
minoritaris, especialment els productes derivats de la segregacioé adjacent Il, que

nomes s’originarien per una doble no disjuncio (Figura 6.4).
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Figura 6.4- Resultats possibles de la segregacio dels cromosomes implicats en una translocacio
reciproca disposats en forma de dos bivalents.

Recentment s’ha publicat un estudi de segregacid realitzat en un portador d’una
translocacié reciproca amb caracteristiques similars (Brugnon et al. 2006). Aquest
individu amb cariotip 46,XY,t(2;22)(q33;p11) mostra un patré de segregacié molt
semblant al dels individus del Grup 2 (Annex |; Taula 1.2) corroborant la influéncia

d’aquests parametres en el comportament de la reorganitzacio.
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De forma poblacional, els individus del Grup 1 i del Grup 2 presenten una
producciéo de gametes amb contingut adjacent | i adjacent Il influenciada per la
mida dels segments translocats i dels segments céntrics respectivament. La relacio
entre aquest comportament i la simetria de les creus va ser descrita per Rickards
(1983) i corroborada posteriorment en un estudi realitzat per Faraut et al. (2000).

La influencia de la mida dels segments céntrics i translocats en la segregacié de
les translocacions reciproques es basa en el balan¢ de forces que s’estableix en el
repartiment dels cromosomes d’un tetravalent amb configuracié oberta. En aquesta
situacio, la distribucié dels centromers segueix preferentment un repartiment
1/1/1/1 que genera productes alternants, pero l'equilibri també es pot assolir a
través d’una distribucié 1/2/1 (Figura 6.5). En una reorganitzacié amb un segment
translocat molt curt (abséncia de recombinacid), el tetravalent queda obert amb un
cromosoma normal a un extrem i el derivatiu de l'altre cromosoma a I'extrem
oposat. En aquesta situacio, el repartiment 1/2/1 equival a al mode de segregacio
adjacent | (Figura 6.5A). En canvi quan el segment curt és un dels no translocats,
el tetravalent queda obert amb un cromosoma normal a un extrem i el seu derivatiu
a laltre. En aquest cas el repartiment 1/2/1 és equivalent a una segregacio

adjacent Il (Figura 6.5B).
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Figura 6.5- Orientacions centromériques més afavorides citogenéticament en un tetravalent amb
configuracié oberta degut a: A) abséncia de recombinacié en un dels segments translocats; B)
abséncia de recombinacié en un dels segments centrics.

Els resultats obtinguts a la nostra poblacié confirmen la relacid entre aquests

parametres, tot i que les variacions de les frequéncies dels modes adjacent | i
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adjacent Il es compensen de diverses maneres en els patrons de segregacio de
cada individu. Per aquest motiu, i donat que la mida és un parametre d’efecte

progressiu, la seva influéncia no queda reflectida en el dendrograma.

» Factors no cromosomics
Tot i que els parametres citogenétics esmentats expliquen la majoria de les
divergéncies observades en la nostra poblacié d’estudi, aquests factors no sén
suficients per justificar I'elevat grau d’heterogeneitat observat a la literatura (Figura
6.3). En aquest punt és important remarcar que, gran part de la variabilitat
observada prové de determinats estudis que presenten una ocurréncia inusualment
elevada dels modes de segregacio citogenéticament més desafavorits, tals com
I'adjacent Il (Escudero et al. 2003), o el mode 3:1 (Estop et al. 1999; Van Assche et
al. 1999; Geneix et al. 2002; Escudero et al. 2003; Brugnon et al. 2006). Alguns
casos també mostren una predominanga d’aquests modes respecte la segregacio
adjacent | encara que mantenen la segregacié alternant com a majoritaria
(Mennicke et al. 1997; Martini et al. 1998; Rives et al. 2003a; Nishikawa et al. 2008)
(Annex I; Taula 1.2).
Tot i que alguns d’aquests resultats queden justificats pels autors (Estop et al.
1999; Van Assche et al. 1999), molts dels percentatges incrementats son deguts a
la preséncia de tan sols alguns dels productes possibles dels modes de segregacio
implicats, basicament aquells definits per un nombre més baix de senyals
d’hibridacié. En canvi, els productes complementaris amb major nombre de
senyals, sén presents en proporcions de 10 a 200 vegades inferiors (Mennicke et
al. 1997; Estop et al. 1999; Geneix et al. 2002; Brugnon et al. 2006). En aquests
resultats queden paleses les limitacions propies de la técnica de FISH que
impedeixen discernir entre els errors d’hibridacio i les absencies de senyal, i que
podrien explicar una part important de les divergéncies observades. Aquest factor
també es pot veure condicionat per la major complexitat dels estudis de segregacio
en translocacions reciproques que, en contraposicié als estudis en translocacions
Robertsonianes i inversions, es caracteritzen per:
- Requerir un minim de tres sondes per distingir tots els productes de
segregacio possibles (17 combinacions de senyals diferents; apartat 3.3.3).
Les sondes utilitzades sovint tenen mides i eficiéncies d’hibridacio diferents,
i com meés n’hi hagi, més properes quedaran dins d'un mateix nucli,

dificultant-ne la interpretacio.
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- Les abséncies de senyals resultants d'errors d’hibridacié sovint no
impedeixen que les cél-lules afectades es classifiquin dins algun mode
segregaci6 diferent del que provenen en realitat (en altres reorganitzacions,
els errors dhibridacidé majoritariament donen lloc a productes no
catalogables). Aquest fet provoca sobreestimacions dels modes de
segregacio amb menor nombre de senyals amb detriment d’altres productes,

i també una distorsio de les proporcions 1:1 dels productes complementaris.

6.1.3- INVERSIONS

Els estudis de segregacid realitzats en portadors d’inversions mostren una
producci6 de gametes recombinants que oscil-la entre practicament nul-la,
moderada i elevada. A la literatura (Annex I; Taula 1.3) els valors observats també
descriuen des d’'una abseéncia total d’aneusomies de recombinacioé (Balkan et al.
1983; Martin 1986; Jenderny et al. 1992; Martin et al. 1994; Colls et al. 1997; Brown
et al. 1998; Martin 1999; Morel et al. 2007) fins a la preséncia de més del 25% de
gametes desequilibrats (Martin 1991; Navarro et al. 1993; Mikhaail-Philips et al.
2004; Mikhaail-Philips et al. 2005; Caer et al. 2007).

En una revisié retrospectiva de les dades (Anton et al. 2005) ja es va demostrar
que aquesta heterogeneitat no es déna a I'atzar, sind que esta relacionada amb la
mida i la proporcié del segment invertit, i que a mesura que augmenten aquestes
variables, major nombre d’espermatozoides amb aneusomies de recombinacio es
produeixen.

Estudis de segregacié publicats més recentment’ han ampliat el ventall de
inversions analitzades amb mides i proporcions diferents (Annex I; Taula 1.3),
permetent aixi actualitzar les correlacions realitzades (Anton et al. 2005). Amb les
dades actuals, la produccié de gametes recombinants s’ajusta més a la proporcio
del segment invertit (r=0.817; p=1.18x107) (Figura 6.6A) que no pas la mida de la
inversi6 (r=0.701; p=1.93x10®) (Figura 6.6B), tot i que en ambdds casos continua

havent-hi una correlacio significativa.

® Les inversions son les reorganitzacions estructurals menys estudiades, sobretot degut a la seva
baixa incidéncia poblacional. Dels 26 estudis de FISH publicats fins al moment (Annex I; Taula I.3),
18 d’ells han estat publicats en els ultims dos anys.
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Aquest reajustament es deu principalment a la incorporacié de casos en els que les

inversions estan localitzades en cromosomes petits. En aquestes situacions,

segments de poques Mpb poder arribar a representar una proporcié molt elevada

del cromosoma (Figura 6.7) i per tant, determinar I'aparellament preferent de la

regio invertida. Tot i la baixa frequéncia de quiasmes que s’esperen en aquests

cromosomes (Laurie i Hulten 1985; Sun et al. 2004; Codina-Pascual et al. 2006a),

aquests es donaran amb elevada probabilitat dins de la regié invertida formant

aneusomies de recombinacio (Anton et al. 2007a).
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molt gran dins del cromosoma.
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6.2- EFECTE INTERCROMOSOMIC

Les dades derivades dels estudis d'ICE realitzats en les tres poblacions de
reorganitzacions cromosomiques, descriuen una incidencia global del 38% que
majoritariament es reparteix entre els portadors de translocacions reciproques i

Robertsonianes (Figura 6.8).
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Figura 6.8- Incidéncies de casos amb ICE positiu en portadors de translocacions Robertsonianes,
reciproques i inversions.

Les incidéencies calculades a partir dels estudis publicats, en els que s’avaluen les
frequéencies d’aneuploidies per cromosomes que inclouen els sexuals o els del grup
G en portadors de reorganitzacions estructurals, no sén significativament diferents
de les nostres (Test de Fisher; p>0.05).

En el conjunt de dades totals (Figura 6.9), les translocacions Robertsonianes
apareixen com les reorganitzacions amb major susceptibilitat de presentar
increments d’aneuploidies/diploidies (54%), seguides per les translocacions
reciproques (46%), mentre que les inversions continuen presentant una incidéncia
més baixa (18%). Aquestes dades posen en relleu que gairebé la meitat dels
portadors de reorganitzacions estructurals produeixen una quantitat de gametes
amb anomalies cromosomiques numeériques, no relacionades amb la

reorganitzacio, més elevada que la resta de la poblaci6 (Figura 6.9).
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Figura 6.9- Incidéncia de casos amb ICE positiu entre els portadors de translocacions
Robertsonianes, reciproques i inversions (Annex II).

153



Discussi6

6.2.1- ICE EN PORTADORS DE TRANSLOCACIONS ROBERTSONIANES
El fet que les translocacions Robertsonianes siguin les reorganitzacions que

mostren una major incidéncia de casos amb efecte intercromosomic positiu (ICE+),

podria estar relacionat amb les caracteristiques citogenétiques dels cromosomes

acrocentrics:

Els satél-lits dels bragos p estan formats per heterocromatina polimorfica
que pot donar lloc a heteromorfismes i generar problemes de reconeixement
sinaptic entre homolegs (Solari et al. 1991; Codina-Pascual et al. 2006b).
Aixd pot afavorir 'aparellament heterdleg amb altres regions asinaptiques
(e.g. el bivalent XY) ja sigui per ajustament sinaptic com a mecanisme de
rescat meidtic (Saadallah and Hulten 1986) o bé degut a un cert
reconeixement d’homologia (veure el punt seguent).

Les regions heterocromatiques no centromeriques dels cromosomes 151 Y
presenten un elevat grau d’homologia (Burk et al. 1985). Aquest fet s’ha
relacionat amb la freqlient associacid dels complexes sinaptonemals
d’aquests cromosomes (Metzler-Guillemain et al. 1999; Codina-Pascual et
al. 2006b). També s’ha observat una certa homologia en sequéncies dels
bracos p dels cromosomes 13, 14, 15i 21 i la regié subtelomérica Xp/Yp que
podria explicar algunes associacions observades a paquité entre aquests
cromosomes (Codina-Pascual et al. 2006b)

Les propietats descrites en els punts anteriors es poden veure afavorides
per una co-localitzacié cromosomica. En aquest sentit és interessant apuntar
que la ubicacié dels acroceéntrics en el nucli interfasic i fins a inicis de
paquiteé esta estretament lligada a la formaci6 del nucléol , estructura que els
manté a tots ells molt propers (Stahl et al. 1991; Schwarzacher i Mosgoeller
2000). Per altra banda, també s’ha descrit una aproximacié de fragments
nucleolars al bivalent XY en la formacié de la vesicula sexual (revisat per
Tres 2005), que situaria els cromosomes acrocentrics en regions properes a

la dels gonosomes.

El fet que per un mateix tipus de translocacié Robertsoniana s’observin casos amb

ICE+

i daltres no, podria estar relacionat amb la preséncia de variants

polimorfiques distintes en els diversos individus portadors de les reorganitzacions.

S’han descrit cromosomes acrocentrics de mides tan variables que, en casos

extrems poden suposar des de la preséncia d’'un bra¢ p practicament inexistent
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(Earle et al. 1992) fins a un brag p més llarg que el brag q (Friedrich et al. 1996).
Aquestes variacions interindividuals podrien explicar la diferent capacitat d’interferir
en la segregacid d’altres cromosomes per part de les reorganitzacions que

involucren cromosomes acroceéntrics.

6.2.2- ICE EN PORTADORS DE TRANSLOCACIONS RECIPROQUES

Els factors cromosomics que poden influir en l'elevada incidéncia d’'ICE en
portadors de translocacions reciproques sén més diversos donat que la majoria de
reorganitzacions impliquen cromosomes i punts de trencament diferents.
Comparant la simetria de les creus de translocacié de les 14 reorganitzacions del
nostre estudi, no s’observen configuracions preferents entre els casos amb ICE+ o
amb ICE- ja que, tal i com es pot observar a la Figura 6.10, en els dos grups

d’individus hi ha reorganitzacions amb caracteristiques similars.
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Figura 6.10- Creus de translocacioé dels individus amb increments d’anomalies cromosdmiques
numériques (ICE+) i dels que no presenten increments (ICE-).

En relaci6 amb els cromosomes implicats, les dades recollides de la bibliografia
(Annex II; Taula II.2) mostren que alguns d’ells estan més representats que
d’altres entre les reorganitzacions amb ICE+ (e.g. cromosomes 8, 11 15), tot i que
el baix nombre de casos analitzats per cada cromosoma no permet establir una

influencia directa (Figura 6.11).
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Figura 6.11- Frequéncia d’'implicacié de cada cromosoma en les translocacions reciproques en les
que s’han realitzat estudis d’ICE.

De forma genérica, no s’ha observat una implicacié preferent d’autosomes amb
regions heterocromatiques polimorfiques (cromosomes 1, 9 i 16) en els individus
amb ICE+ sind que, al contrari del que es podria esperar, aquests predominen
entre els casos amb ICE- (Test de Fisher; p=0.019) (Figura 6.11).

Pel que fa als cromosomes acrocentrics, aquests no mostren una major presencia
entre les translocacions reciproques amb ICE+ (Test de Fisher; p=0.371), fet que
no confirma la predisposicié d’aquests cromosomes en la generacio d'ICE (veure
apartat anterior). Tot i aix0, I'aparellament dels cromosomes implicats en aquest
tipus de reorganitzacions combina la participaci6 de més factors que les
translocacions Robertsonianes (e.g. cromosomes amb diferents morfologies,
centromers localitzats en posicions externes/internes).

A més, les dades actuals encara so6n forca minses per establir conclusions
definitives, ja que tan sols catorze de les translocacions reciproques publicades
impliguen cromosomes acrocentrics (vuit de les quals formen part del grup
d’'individus amb ICE+) i divuit casos involucren cromosomes amb regions
d’heterocromatina polimorfica (quatre d’ells amb ICE+).

Finalment, els estudis que han avaluat la ocurréncia d'ICE en portadors de la
mateixa translocacio reciproca (Rousseaux et al. 1995b; Anton et al. 2004b; Wiland
et al. 2007; Vozdova et al. 2008) han evidenciat comportaments diversos. L’estudi
de Rousseaux et al. (1995b) realitzat en dos germans portadors de la
reorganitzacio t(6;11)(q14;p14), va mostrar increments significatius d’aneuploidies
en els dos casos. El mateix va ser observat en I'estudi d’un pare i un fill portadors

de la t(4;5)(915.1;912) (Wiland et al. 2007). En canvi, els resultats observats per
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Vozdova et al. (2008) en un pare i un fill portadors de la reorganitzacio
t(11;18)(q22;921.3), només van indicar I'existéncia d’'ICE+ en el progenitor, fet que
els autors van atribuir a la diferéncia d’edat d’aquests individus. Per altra banda,
també en el cas de dos germans portadors de la t(11;22)(923;911) (Anton et al.
2004Db), es va observar ICE+ en només un d’ells. En aquesta ocasio, el resultat es
va relacionar amb la preséncia d’'un cromosoma acrocéntric que podria implicar

variants polimorfiques diferents en els dos germans.

6.2.3- ICE EN PORTADORS D’INVERSIONS

En els portadors d’inversions cromosomiques, el nombre de casos analitzats és
forga més baix (11 individus) que en les altres reorganitzacions, fet que condiciona
la interpretacio dels resultats.

Per altra banda, el dos individus on s’han observat ICE+ (Amiel et al. 2001; Anton
et al. 2007a) presenten unes reorganitzacions especialment singulars. En el cas del
portador de la inv(9gh+) (Annex IlI; Taula II.3), els autors relacionen les elevades
incidéncies d’aneuploidies detectades, amb la gran diferéncia de mida de les
regions heterocromatiques dels dos cromosomes 9 (Amiel et al. 2001). Pel que fa a
l'altre individu amb ICE+, aquest presenta dues inversions en el seu cariotip:
inv(4)(p14p15.3), inv(Y)(p11.1911.23) (Taula 4.7). En aquest cas, els resultats es
poden relacionar amb altres factors que també predisposen a la formacié
d’anomalies numeériques (Anton et al. 2007a):

- Alteracio de la capacitat d’orientacié del centromer del cromosoma Y com a
resultat del canvi de localitzacio provocat per la inversio, que el situa prop de
la regi6 heterocromatica Yg13 (heterocromatinitzacio de les zones
contigles).

- Disrupcié de gens relacionats amb I'espermatogenesi localitzats a la regié
Yq com a resultat de la inversié en aquest cromosoma. L’alteracié d’aquests
gens és present en el 5-10% dels individus infértils que, per altra banda,
també constitueixen una poblaci6 amb taxes elevades d’anomalies

numeriques en els gametes.

Per ajudar a clarificar els resultats obtinguts, considerem que seria necessaria la
incorporacio de meés dades sobre la preséncia d’anomalies numeériques en

portadors d’inversions.
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6.2.4- ALTRES FACTORS RELACIONATS AMB LA PRODUCCIO
D’ESPERMATOZOIDES AMB ANOMALIES NUMERIQUES
La preséncia d’aneuploidies/diploidies en espermatozoides humans també s’ha

associat a altres factors que es discuteixen a continuacié.

» Alteracions del seminograma

Els individus infértils amb cariotip somatic normal sovint presenten frequéncies
incrementades d’espermatozoides amb anomalies numeériques (Machev et al.
2005a; Miharu 2005; Rives 2005). Tal com s’ha comentat anteriorment (apartat
1.2.1), els portadors de variants estructurals, freqientment també mostren
parametres seminals alterats. Aquest fet porta a alguns autors a relacionar els
increments d’anomalies numeriques detectats en els espermatozoides d’aquests
individus amb les alteracions del seminograma, enlloc de considerar-les resultants
d'un efecte intercromosomic (Pellestor et al. 2001). D’acord amb aquesta teoria,
I'origen de les anomalies numeériques estaria vinculat a una alteracié generalitzada
dels processos meidtics (Egozcue et al. 2000), com a resultat de mutacions en
gens reguladors de diverses etapes de la meiosi (sinapsi, recombinacio i reparacio
del DNA) (Baarends et al. 2001) i/o de la influéncia d’'un microambient testicular
alterat (Mroz et al. 1999).

Una dada que recolza la intervencio d’un efecte intercromosomic és la comparacio
de casos amb increments d’anomalies numériques en el grup d’individus infértils
amb cariotip normal, respecte als portadors de reorganitzacions: mentre en el
primer cas les incidéncies observades soén inferiors al 20% (revisat per Egozcue et
al. 2003), en els portadors de variants cromosomiques, les freqiencies son
notablement superiors (47%; Figura 6.9). La diferéncia entre aquests valors fa
necessaria una font d’aneuploidies addicional en el grup de reorganitzats, on hi

tindria cabuda la participacié d’un efecte intercromosomic.

> Edat

Nombrosos estudis han intentat determinar I'efecte de I'edat en la produccié
d’espermatozoides amb anomalies numériques (revisat per Sloter et al. 2004;
Buwe et al. 2005). Els resultats publicats son molt discordants, des d’estudis que
no troben cap relacié amb els cromosomes estudiats (Guttenbach i Schmid 1990,
1991; Lahdetie et al. 1996; Mclnnes et al. 1998; Shi i Martin 2000; Luetjens et al.
2002; Bosch et al. 2003; Wyrobek et al. 2006), altres que en troben, perd nomeés

per alguns dels cromosomes (Griffin et al. 1995; Martin et al. 1995; Kinakin et al.
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1997; Rousseaux et al. 1998; Asada et al. 2000; Guttenbach et al. 2000; Bosch et
al. 2001; Lowe et al. 2001), i fins i tot hi ha qui descriu una correlacié inversa
(Robbins et al. 1995; Robbins et al. 1997b).

El principal handicap de les dades recollides és la heterogeneitat en quant al
nombre d’individus analitzats, rang d’edat dels individus, i cromosomes avaluats.
Fins i tot les poblacions control utilitzades per contrastar les dades obtingudes son

molt divergents, de manera que resulta dificil obtenir-ne conclusions.

Pel que fa a la nostra poblacions, les edats dels 29 individus estudiats (rang 22-55
anys; Taula 3.1, 3.2 i 3.3) no mostren cap relacié amb les frequéncies detectades
en els estudis d’ICE, ni pel que fa a les diploidies (Coeficient de correlacio de
Pearson r=-0.019; p=0.992) (Figura 6.12), ni amb les aneuploidies dels
cromosomes sexuals (Coeficient de correlacié de Pearson r=-0.035; p=0.858)
(Figura 6.12).
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Figura 6.12- Representacié grafica de la relacié entre l'edat dels individus estudiats i les
frequiéncies de diploidies i aneuploidies pels cromosomes sexuals obtingudes en els estudis d’ICE.

» Substancies toxiques

Les anomalies numeériques en espermatozoides també s’han relacionat amb
'efecte de diverses substancies exdgenes. L’espectre de productes avaluats amb
els que s’ha trobat relacio inclou des de farmacs (Baumgartner et al. 2001), agents
genotoxics utilitzats en el tractament de processos cancerosos (Monteil et al. 1997;
Robbins et al. 1997a; De Mas et al. 2001), pesticides (Padungtod et al. 1999; Recio
et al. 2001) i el tabac (Robbins et al. 1997b; Rubes et al. 1998; Shi et al. 2001).
Alguns estudis també han avaluat I'efecte de la cafeina i I'alcohol amb resultats poc

concloents (revisat per Robbins et al. 2005).
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El cert és que, la majoria d’historials clinics, no recullen informacié relativa a
aquests factors i per tant, no és possible valorar la seva influencia en la produccio
d’aneuploidies. De totes maneres, és d’esperar que la seva distribucié sigui
equivalent en els individus estudiats i en la poblacié control (on tampoc queda

recollida aquesta informacid) i aixi, els efectes es vegin compensats.

6.3- CONSELL REPRODUCTIU

Els estudis de FISH en espermatozoides constitueixen un dels recursos que els
centres especialitzats ofereixen als portadors de reorganitzacions cromosomiques.
L’abséncia de criteris definits en la utilitzacié d’aquesta eina de diagnostic, és un fet
que queda confrontat amb les dades recollides en aquest treball. La informacio
discutida en els apartats anteriors en relaci6 amb els estudis de segregacio i ICE
realitzats en portadors de translocacions Robertsonianes, reciproques i inversions
posa de manifest I'existéncia d’'uns estandards de comportament que mereixen ser
considerats a I'hora d’indicar aquest estudi. Aquestes consideracions es recullen a

continuacio:

- Portadors de translocacions Robertsonianes

Donat que la produccié de gametes normals/equilibrats en tots els portadors de
translocacions Robertsonianes és molt homogeénia, la realitzacié d'estudis de
segregacié adregats al consell reproductiu d’aquests individus no estaria
indicada ja que no s’espera que aportin informacié substancial per millorar la

orientacio de la parella.

- Portadors de translocacions reciproques

La produccié de gametes normals/equilibrats en portadors de translocacions
reciproques és forca més ajustada del que es desprén de les dades publicades
a la literatura. Tot i aix0, algunes reorganitzacions amb caracteristiques
citogenetiques concretes, poden presentar una taxa de gametes
normals/equilibrats diferent de I'esperada i per tan mereixerien una consideracio
particular.

Aixi doncs, tot i que la realitzacié d’estudis de segregacidé no €s necessaria en
la majoria de portadors de translocacions reciproques, aquests estarien indicats
en aquells casos on hi hagi la sospita d’'una desviacid del comportament

estandard.
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- Portadors d’inversions

Els portadors d’inversions petites produeixen una quantitat molt baixa o
inexistent d’aneusomies de recombinacid, mentre que en portadors d’inversions
molt grans, les freqiéncies sén molt elevades. Donat que en aquestes dues
tipologies el risc reproductiu és conegut, I'elaboracio del prondstic no requereix
la realitzacié d’estudis de segregacio particulars.

En canvi, en portadors d’inversions de mides intermédies, els percentatges
d’espermatozoides recombinants produits poden variar des de valors minims
fins a quantitats substancialment més elevades. En aquests casos, els estudis
de segregacio si que estarien indicats ja que podrien ajudar a establir el risc

reproductiu de cada individu.

- Efecte intercromosomic

Els portadors de reorganitzacions cromosomiques estructurals presenten una
tendéncia més elevada que la poblacié general a formar gametes amb
anomalies numériques. Per aquest motiu, els estudis d’'ICE mitjangant FISH en
espermatozoides estarien indicats en aquests individus, ja que aportarien
informacio rellevant sobre la predisposicid particular de formar gametes
aneuploides i, per tant, de transmetre aquestes anomalies a la descendéncia.
En aquells casos on es detecti un risc reproductiu addicional, aquesta

informacio pot ser utilitzada per adequar indicacions posteriors.
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7- Conclusions






1a
Les translocacions Robertsonianes presenten un patré de segregacié molt similar,
amb un clar predomini de la segregacio alternant, que es tradueix en una produccio

de prop del 84% d’espermatozoides normals/equilibrats.

2a
No s’han detectat factors cromosodmics que influenciin en el patré de segregacié de

les translocacions Robertsonianes.

3a

Les translocacions reciproques presenten un patré de segregacié més similar del que
es desprén de les dades de la literatura. La segregacio alternant es confirma com el
mode més afavorit, donant lloc a wuna produccid d’espermatozoides

normals/equilibrats al voltant del 45%.

4a
Els patrons de segregacié de les translocacions reciproques s’han relacionat amb
diverses caracteristiques citogenétiques:
- El mode de segregacio adjacent | es veu afavorit amb la disminucié de la mida
del segment translocat més curt.
- El' mode de segregacié adjacent Il es veu afavorit amb la disminucié de la mida
del segment ceéntric més curt.
- La preséncia de segments translocats extremadament curts, juntament amb la
localitzacio del centromer d’'un cromosoma acrocéntric al centre de la creu de
translocacié, afavoreix les segregacions alternant i adjacent | en detriment dels

modes adjacent Il i 3:1.

5a
En portadors d’inversions, la produccié de gametes amb aneusomies de recombinacio
esta directament relacionada amb la mida del segment invertit i sobretot amb la
proporcio d’aquest segment respecte el cromosoma reorganitzat:

- Els portadors d’inversions petites produeixen un nombre molt baix o nul

d’espermatozoides cromosodmicament desequilibrats.
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- Els portadors d’inversions de mides intermédies produeixen una quantitat
d’espermatozoides cromosomicament desequilibrats que varia des de valors
desestimables fins a quantitats significatives.

- Els portadors d’inversions grans produeixen una elevada quantitat

d’espermatozoides cromosdmicament desequilibrats.

6a
Els portadors de reorganitzacions cromosomiques presenten, amb elevada incidéncia,
taxes incrementades d’espermatozoides amb anomalies numériques relacionades

amb un efecte intercromosomic.

7a
No s’han pogut identificar els factors cromosdmics implicats en I'aparicié del fenomen

d’efecte intercromosomic.

8a
Els estudis de segregacié mitjangant FISH en espermatozoides adregats al consell
reproductiu:

- No es consideren indicats en portadors de translocacions Robertsonianes
donat que el risc reproductiu d’aquests individus és molt similar.

- Es consideren indicats en portadors d’algunes translocacions reciproques amb
caracteristiques citogenétiques que facin sospitar d’'una desviacio del patr6 de
segregacio estandard.

- Es consideren indicats en portadors d’'inversions de mides intermédies donat

que el risc reproductiu d’aquests individus és substancialment variable.

9a

Els estudis d’ICE mitjangant FISH en espermatozoides adregats al consell
reproductiu, es consideren indicats en tots els portadors de reorganitzacions
estructurals ja que permeten determinar el risc particular de transmetre anomalies

cromosomiques numeriques a la descendéncia.
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8- Annexes






ANNEX I:

Recull bibliografic de dades de segregacio






Taula

Robertsonianes.

I.1- Dades publicades referents a

la segregacid de translocacions

Translocacions | Técnica Edat T(ont)a\ | (Ao/lt) 3}3 3'(2/{)2)'1 A(I‘t,/:‘;s Referéncies
der(14;21) 1 - 24 875 125 0.0 Balkan i Martin (1983b)
der(13;14) 1 41 78 923 7.7 0.0 - Pellestor et al. (1987)
der(13;14) 1 23 117 740 27.0 0.0 - Martin (1988a)
der(13;15) 1 40 67 89.6 104 0.0 - Pellestor (1990)
der(15;22) 1 35 115 89.6 104 0.0 - Martin et al. (1992)
der(21;22) 1 52 149 96.6 2.7 0.7 - Syme i Martin (1992)
der(14;21) 2 34 1116 722 18.0 0.8 9.0 |Rousseaux et al. (1995a)
der(14;21) 2 42 1052 71.0 29.0 0.0 0.0 |Yang etal. (1997)
der(21;22) 2 54 350 60.0 36.0 0.0 4.0 | Mennicke et al. (1997)
der(13;14) 1 32 45 86.7 8.9 0.0 4.4 | Ogawa et al. (2000)
der(13;14) 2 29 1016 73.6 233 15 1.6 | Escudero et al. (2000)
der(13;14) 2 25 1006 774 1941 20 1.4 | Escudero et al. (2000)
der(14;21) 2 32 16578 884 11.3 0.2 0.2 |Honda et al. (2000)
der(13;14) 2 28 2984 813 181 0.6 - Morel et al. (2001a)
der(13;14) 2 34 1109 82.6 16.3 1.1 - Morel et al. (2001a)
der(13;14) 2 41 1009 889 108 0.3 - Morel et al. (2001a)
der(13;14) 2 38 1045 91.0 9.0 - - Frydman et al. (2001)
der(13;14) 2 33 1023 90.0 10.0 - - Frydman et al. (2001)
der(13;14) 2 34 1008 87.1 129 - - Frydman et al. (2001)
der(14;21) 2 38 1033 91.3 8.7 - - Frydman et al. (2001)
der(14;21) 2 29 1075 928 7.2 - - Frydman et al. (2001)
der(14;21) 2 31 963 93.0 7.0 - - Frydman et al. (2001)
der(21;21)* 2 36 2230 100 - - - Acar et al. (2002)
der(13;14) 2 33 1361 86.5 126 04 0.5 |Anton et al. (2004a)
der(13;14) 2 37 2901 875 122 0.0 0.3 |Anton et al. (2004a)
der(13;14) 2 35 1012 83.0 145 0.2 2.3 |Anton et al. (2004a)
der(13;14) 2 33 1002 845 142 0.2 1.1 | Anton et al. (2004a)
der(13;14) 2 30 1272 881 114 04 0.1 [Anton et al. (2004a)
der(13;14) 2 32 6128 88.2 111 0.3 0.3 |Anton et al. (2004a)
der(13;14) 2 33 774 877 116 04 0.3 |Anton et al. (2004a)
der(13;14) 2 39 1201 88.8 13.2 0.0 - Roux et al. (2005)
der(13;14) 2 36 1227 81.8 182 0.0 - Roux et al. (2005)
der(13;14) 2 32 2020 821 179 0.0 - Roux et al. (2005)
der(13;22) 2 38 7052 86.7 128 0.5 - Anahory et al. (2005)
der(13;14) 2 - 1001 83.5 16,5 0.0 - Brugnon et al. (2006)
der(13;14) 2 - 978 85.8 135 0.7 - Brugnon et al. (2006)
der(13;14) 2 - 1003 885 7.9 3.6 - Brugnon et al. (2006)
der(13;15) 2 - 1021 76.0 234 0.6 - Brugnon et al. (2006)
der(21;22) 2 - 1016 85.7 13.6 0.7 - Brugnon et al. (2006)
der(13;14) 2 - 500 81.8 186 04 0.0 | Ogur et al. (2006)
der(13;14) 2 - 500 784 21.2 04 0.0 | Ogur et al. (2006)
der(13;14) 2 - 1032 855 143 0.0 0.0 | Ogur et al. (2006)
der(13;14) 2 507 85.8 13.7 0.6 0.0 | Ogur et al. (2006)
der(13;14) 2 1001 83.5 165 0.0 0.0 | Ogur et al. (2006)
der(13;14) 2 1016 89.5 10.2 0.6 0.0 | Ogur et al. (2006)
der(13;14) 2 657 84.3 151 0.5 0.0 Ogur et al. (2006)

1=Bandes G en cromosomes d’espermatozoide; 2=FISH en nuclis interfasics.
* Els resultats d’aquest cas no s’han tingut en compte en el resum de dades totals (final de la taula) degut a les
seves caracteristiques particulars.

(Segueix a la pagina seglent)
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Translocacions | Técnica Edat T&t;‘ : @S '(6:,2; 3(0,,5" A(Iz/r:)as Referéncies

der(13;15) 2 - 1109 827 17.0 0.2 - Ogur et al. (2006)
der(13;15) 2 - 1021 76.0 234 0.6 - Ogur et al. (2006)
der(14;15) 2 - 819 81.6 158 2.0 - Ogur et al. (2006)
der(14;15) 2 - 1548 86.4 128 0.6 - Ogur et al. (2006)
der(14;21) 2 - 996 879 119 0.0 - Ogur et al. (2006)
der(14;21) 2 - 1102 85.7 128 1.3 - Ogur et al. (2006)
der(21;22) 2 - 1016 85.6 133 0.7 - Ogur et al. (2006)
der(13;15) 2 35 891 776 204 1.0 - Moradkhani et al. (2006a)
der(13;15) 2 35 5000 911 83 0.6 - Moradkhani et al. (2006a)
der(14;15) 2 31 5000 92.8 6.7 0.4 - Moradkhani et al. (2006a)
der(14;15) 2 40 5000 923 7.2 0.5 - Moradkhani et al. (2006a)
der(14;22) 2 37 5087 78.5 209 05 - Moradkhani et al. (2006b)
der(14;22) 2 30 5237 79.0 204 0.6 - Moradkhani et al. (2006b)
der(14;22) 2 34 5428 794 200 0.6 - Moradkhani et al. (2006b)
der(13;21) 2 40 10223 884 1141 0.3 - Hatakeyama et al. (2006)
der(13;14) 2 34 1629 909 8.2 0.7 0.2 |Kekesi et al. (2007)
der(13;14) 2 38 1096 828 164 0.8 0.0 |Chen et al. (2007)
der(13;14) 2 30 2006 813 17.0 0.9 0.9 |Chen et al. (2007)
der(13;14) 2 33 430 781 195 23 0.0 |Chen et al. (2007)
der(14;22) 2 35 5152 80.5 189 0.5 0.1 | Chen et al. (2007)
der(13;14) 2 30 516 839 142 16 0.4 |Chen et al. (2007)
der(13;21) 2 36 5985 86.9 11.7 0.8 0.7 |Chen et al. (2007)
der(13;22) 2 28 1134 855 139 0.5 0.1 | Anton et al. no publicat
der(14;21) 2 - 1102 78.0 215 0.3 0.3 | Anton et al. no publicat
der(14;21) 2 - 523 851 14.7 0.2 0.0 |Anton et al. no publicat

1=Bandes G en cromosomes d’espermatozoide; 2=FISH en nuclis interfasics.
* Els resultats d’aquest cas no s’han tingut en compte en el resum de dades totals (final de la taula) degut a les
seves caracteristiques particulars.

Resum dades totals en rob

Maxim 16578 96.6 36.9 3.6 9.0
Minim 24 60 2.7 0.0 0.0
Mitjana 1965 844 147 09 0.9
*Desviacio Estandard 2638 6.2 5.7 0.6 1.9
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Taula 1.2- Dades publicades referents a la segregacié de translocacions

reciproques.
Translocacions | Teenica Edat |0 ot N E AL AN 84T 4020 | Referencies
t(5;18)(p15;021) 1b 39 31 807 452 355 161 0.0 3.2 0.0 |BalkaniMartin (1983a)
t(6;14)(p24;922) 1b 34 19 684 421 263 316 00 0.0 0.0 | Balkan i Martin (1983a)
t(11;22)(q23;q11) 1b 30 13 231 77 154 385 231 154 0.0 |Martin (1984)
t(3;16)(p23;q24) 1b 25 201 37.3 199 174 413 164 5.0 0.0 |Brandriff etal. (1986)
t(8;15)(p22;q21) 1b 31 226 371 190 181 381 212 3.5 0.0 |Brandriff etal. (1986)
t(7;14)(q11;924.1) & 1b 36 23 304 174 130 478 0.0 174 4.3 |Burnsetal. (1986)
t(5;11)(p13;923.2) ® 1b 36 23 69.6 609 87 261 0.0 43 0.0 |Burnsetal (1986)
t(2;5)(p11;915)t 1a 26 75 427 307 53 213 0.0 |Templado etal. (1988)
t(9;10)(q34;q11) 1b 30 171 404 208 196 482 54 59 0.0 |Martin (1988b)
t(4;17)(q21.3;923.2) 1c 35 60 56.7 250 317 350 67 1.6 0.0 |Pellestor etal. (1989)
t(5;13)(a11;a33) 1c 27 57 772 421 351 211 17 0.0 0.0 |Pellestor etal. (1989)
t(6;7)(927;922.1) 1c 35 84 512 214 208 488 0.0 0.0 0.0 |Pellestor etal. (1989)
t(9;18)(p12;912.1) 1c 26 82 342 207 135 634 0.0 24 0.0 |Pellestoretal. (1989)
t(1;2)(a32;936) 1a 32 105 409 238 171 419 57 114 0.0 |Templado et al. (1990)
t(2;9)(q21;p22) 1b 36 208 43.3 250 183 284 241 43 0.0 |Martinetal. (1990a)
t(4;6)(q28;p23) 1b 25 158 456 241 215 519 19 0.6 0.0 |Martinetal (1990a)
t(7;14)(921;913) 1b 55 19 527 316 212 316 158 0.0 0.0 | Martin et al. (1990a)
t(12;20)(q24.3;911) 1b 40 113 46.8 221 247 416 97 1.8 0.0 |Martinetal (1990b)
t(1;4)(p36.2;931.3) 1a 38 115 46.0 313 147 382 6.9 87 0.0 |Estopetal (1992)
t(1;4)(p36.2;931.3) 1a 40 90 39.0 200 190 500 7.7 33 0.0 |Estopetal (1992)
t(1;9)(a22;q31) 1b 31 173 456 277 179 376 133 3.5 0.0 |Martin (1992)
t(1;11)(p36.3;q13.1) 1b 29 548 33.2 159 173 429 159 8.0 0.0 |Spriggs etal. (1992)
t(2;17)(q35;p13) 1a 36 18 56.0 500 60 33.0 110 0.0 0.0 |Jendernyetal (1992)
t(3;8)(p13;p21) 1a 29 73 342 274 68 438 205 1.4 0.0 |Jendernyetal. (1992)
t(11;17)(p11.2;921.3) 1b 24 184 38.6 218 168 321 26,6 2.7 0.0 |Spriggs etal. (1992)
t(16;19)(q11.1;913.3) 1b 39 172 395 186 209 279 314 1.2 0.0 |Martin (1992)
t(3;11)(q25.3;925) 1b 24 262 47.7 244 233 458 57 0.8 0.0 |MartiniHulten (1993)
t(7;20)(q33.2;p13) 1b 37 263 38.3 204 179 399 16.3 53 0.0 |MartiniHulten (1993)
t(15;22)(q26.1;911.2) 1b 31 147 34.0 211 129 395 224 441 0.0 | Martin i Hulten (1993)
t(2;3)(q24;p26) 1b 30 83 554 301 253 361 7.2 1.2 0.0 |Martin (1994)
t(2;18)(p21;911.2) 1a 33 165 419 164 255 352 144 84 0.0 |Estopetal (1995)
t(3;15)(926.2;926.1) 1a 37 50 48.0 220 20 36.0 120 20 20 |Estopetal (1995)
t(5;7)(913;p15.1) 1a 34 157 40.2 204 198 26.2 16.6 17.0 0.0 |Estop etal. (1995)
t(10;12)(q26.1;p13.3) 1a 40 72 611 333 278 263 69 56 0.0 |Estopetal (1995)
t(9;13)(q21.1;921.2) 1b 33 81 469 259 210 358 173 0.0 0.0 |MartiniSpriggs (1995)
t(7;9)(a33;p21) 1c 34 54 444 222 222 370 120 56 0.0 |Pellestoretal. (1997)
t(7;18)(a35;q11) 1c 29 72 333 153 181 431 195 4.2 0.0 |Pellestoretal. (1997)
t(5;7)(a21;932) 1d - 296 49.6 280 216 324 162 1.7 0.0 |Cifuentes etal. (1999a)
t(9;17)(p13;921.3) 1d - 131 5141 305 206 313 145 3.1 0.0 |Cifuentes et al. (1999b)
t(9;17)(q12;p12 1d - 8 518 318 200 271 176 3.5 0.0 |Cifuentes etal. (1999b)
t(4;8)(928;p23) 1d 31 352 354 193 161 33.2 199 11.3 0.0 |Oliver-Bonet et al. (2001)
t(1;13)(q41;922) 1d - 255 413 244 169 416 145 23 0.0 |Oliver-Bonet et al. (2002)
t(3;19)(p21;p13.3) 1d - 128 39.2 180 212 359 218 3.2 0.0 |Oliver-Bonetetal. (2002)

1=cromosomes d’espermatozoide: 1a=Bandes G; 1b=Bandes Q; 1c=Bandes R; 1d=WCP.
2=FISH en nuclis interfasics.

N=normals; E=equilibrats.

T La semblanga entre els segments translocats impedeix discriminar entre N/E.
" Translocacions en el mateix portador.
¥ En els quatre individus es van analitzar un total de 8790.

§ Dades resumides de 2 recomptes.
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Total Alt Adjl Adjll 3:1 4:0/2nAltres Referéncies
(n) (%) (%) (%) (%) (%) (%)

40 4036 481 425 49 39 0.3 0.4 |Van Hummelen et al. (1997)

Translocacions Técnica Edat

t(1;10)(p22.1;922.3)

t(14;20)(p11.2;p11.1) 29 1003 51.0 19.0 21.0 4.0 0.0 5.0 |Mennicke etal. (1997)

t(2;18)(p21;911.2) 33 3139 43.6 29.8 10.5 12.8 0.5 2.8 |Estop etal. (1998)

1(3;11)(q27.3;q24.3) 33 4029 443 158 6.6 28.9 0.8 3.6 | Martinietal. (1998)

t(7;8)(q11.21;cen) 30 34527 56.7 251 114 74 0.0 0.0 | Mercier et al. (1998)

42 10344 451 383 7.0 66 12 18 |Dlancoetal (1998a)

t(5;8)(933;q13) Anton et al. (acceptat)

1(8;9)(q24.2;932) 39 3118 44.4 41.0 31 94 06 1.4 |Estopetal (1998)

1(3;9)(p25;932) 34 10278 47.2 42.0 14.7 45 0.2 0.3 |Hondaetal. (1999)

1(3;9)(q26.2;932) 32 10022 52.5 359 54 59 0.4 0.0 |Honda etal (1999)

t(11;22)(q23;q11) 44 1925 27.4 17.6 125 401 05 1.9 |Estop etal. (1999)

t(11;22)(g25;912) 29 1012 291 21.2 151 34.6 0.0 0.0 |Van Assche etal. (1999)

t(4;8)(q28;p23) 31 6590 30.5 28.5 20.5 19.5 0.0 0.0 | Oliver-Bonet et al. (2001)

t(15;17)(g21;925) 32 8790¥ 51.2 353 89 2.8 0.0 1.8 |Coraetal (2002)

t(15;17)(q21;925) 27 ¥ 494 377 79 3.0 0.0 2.0 |Coraetal (2002)

t(15;17)(921;925) 24 ¥ 481 40.3 85 24 0.0 0.8 |Coraetal (2002)

t(15;17)(921;925) 55 ¥ 52.7 344 10.7 15 9.0 0.7 |Coraetal. (2002)

t(17;22)(q11;912) 35 700 19.0 129 5.8 46.8 0.0 15.5|Geneix etal. (2002)

t(1;6)(p22;p21.3) - 1006 37.4 431 7.7 10.7 0.0 1.1 |Escudero etal. (2003

)
t(1;13)(q42.12;932.2) - 1005 37.0 29.0 8.2 233 0.0 2.6 |Escudero etal.(2003)
t(1;18)(p36;g21) - 1000 29.2 9.2 16.6 43.2 0.0 1.8 |Escudero etal. (2003)
t(2;18)(q11.2;921.1) - 1079 311 28.8 16.0 242 0.0 0.0 | Escudero et al. (2003)
t(3;4)(q12;p15.2) - 1000 23.9 14.7 24.5 342 0.0 2.7 |Escudero etal. (2003)
(6;9)(p12;913) - 1015 23.6 141 401 219 0.0 0.4 |Escudero etal. (2003)
(8;22)(q24.22;q11.21) - 1003 23.8 15.0 19.0 41.7 0.0 0.7 | Escudero et al. (2003)
t(11;22)(g23;911) - 1044 21.8 14.4 31.5 30.3 0.0 2.0 |Escudero etal. (2003)
t(15;22)(q22;913) - 1000 18.6 15.9 16.0 43.3 0.0 5.8 | Escudero et al. (2003)

t(2;6)(p12;924) - 7000 49.9 424 2.5 42 0.0 0.0 |Lim etal. (2003)

1(9;10)(q11;p11.1) 25 5157 56.3 129 94 214 0.0 0.0 |Rivesetal. (2003a

1(9;22)(g21;q11.2)§ 32 4124 559 264 106 6.2 0.6 0.3 | Morel etal. (2004a

t(7;8)(q11.21;cen)

1(10;14)(924;932) - 3111 44.6 38.6 119 49 0.0 0.0 |Oliver-Bonet et al. (2004)

)
)
- 10023 62.8 17.6 128 6.5 0.3 0.0 | Morel et al. (2004b)
(
(

t(11;17)(g13.1;p11.2) - 5371 40.8 26.1 25.7 74 0.0 0.0 |Oliver-Bonet et al. (2004)

NINININININIINININININIDIDINDINDINDINDININININININNIDNIDIDINDINDINDINDINDNINININININI N INDNIDINDININ

t(1;13)(q24;910) - 124 371 347 112 152 - - | Yakut et al. (2006)
t(1;2)(q25;923) - 996 56.0 388 06 4.6 0.0 - | Brugnon et al. (2006)
t(1;2)(q42;921) - 1008 46.0 40.5 46 9.0 0.2 - | Brugnon et al. (2006)
t(2;22)(q33;p11) - 1026 54.0 43.8 0.3 2.0 0.0 - | Brugnon et al. (2006)
t(4;18)(q31.1;p11.2) - 1049 46.0 41.3 2.0 10.3 0.0 - | Brugnon et al. (2006)
t(4;11)(935;913) - 1000 33.0 30.0 40 320 1.0 - | Brugnon et al. (2006)
t(7;15)(p15.3;926) - 500 376 46 58 51.8 0.2 - | Brugnon et al. (2006)
t (10;17)(g22.1;921.3) - 1002 58.8 30.2 0.8 10.2 0.0 - | Brugnon et al. (2006)
1(6;13)(p21.1;932) - 1220 39.5 31.0 104 17.0 - - | Yakut et al. (2006)
1(7;10)(q21;922) - 1286 51.3 273 121 7.5 - - | Yakut et al. (2006)
t(15;17)(q11;p12) 2 - 1201 40.5 36.3 16.7 6.0 - - | Yakut et al. (2006)

1=cromosomes d’espermatozoide: 1a=Bandes G; 1b=Bandes Q; 1c=Bandes R; 1d=WCP.
2=FISH en nuclis interfasics.
N=normals; E=equilibrats.
1 La semblanga entre els segments translocats impedeix discriminar entre N/E.
® Translocacions en el mateix portador.
¥ En els quatre individus es van analitzar un total de 8790.
§ Dades resumides de 2 recomptes.
(Segueix a la pagina seglient)
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Total Alt Adjl Adjll 3:1 4:0/2n Altres

() () () (R (6 (%) (%) |References

Translocacions Técnica Edat

t(7;13)(q34;q13) 36 5000 34.0 235 8.7 294 - 5.9 | Midro et al. (2006)
t(1;17)(p11;911) 41 1575 53.7 380 70 - 13 - | Kekesi et al. (2007)
t(4;6)(931.1;p25) 25 1050 54.0 336 - 122 0.2 - | Kekesi et al. (2007)
t(4;5)(p15.1;p12) 35 =3500 34.4 24.6 155 201 - 5.4 | Wiland et al. (2007)
t(4;5)(p15.1;p12) 65 =3500 34.8 231 174 19.7 - 5.3 | Wiland et al. (2007)
t(2;7)(p11.2;922) 43 2500 34.2 332 149 127 0.0 50 |Wiland etal. (2007)
t(2;11)(935;q14) 34 3300 48.8 169 7.6 256 1.1 - | Nishikawa et al. (2008)
t(3;10)(q23;924) 25 3255 54.0 171 115 175 04 - | Nishikawa et al. (2008)
t(6;17)(p25;G23) 28 3400 40.7 247 113 221 1.2 - | Nishikawa et al. (2008)
t(7;12)(922;924.1) 30 3200 42.9 17.6 10.6 28.6 0.3 - | Nishikawa et al. (2008)

t(11;18)(923;923) 27 1000 599 193 140 49 0.2 1.2 | Vozdova et al. (2008)

t(11;18)(922;921.3) 27 1007 445 284 104 102 0.7 6.6 | Vozdova et al. (2008)

t(11;18)(922;921.3) 53 1010 44.6 30.0 154 83 03 1.5 | Vozdova et al. (2008)

t(4;7)(931,1;932) 40 1046 453 38.0 9.8 6.1 0.1 0.4 | Anton et al. (acceptat)

t(1;11)(q12;913) 37 648 51.2 21.8 16.7 8.0 1.9 0.5 | Anton et al. (acceptat)

t(2;6)(g37;p21) 37 1005 39.5 33.8 122 136 0.2 0.6 | Anton et al. (acceptat)

t(5;8)(q35,1;p11,2) 54 2531 47.7 345 96 7.0 01 1.2 |Anton etal (acceptat)

t(5;15)(q35;922) - 1032 459 441 0.7 8.3 0.0 1.0 | Anton et al. (acceptat)

t(5;17)(q31;p13) 34 1453 451 37.0 14.6 3.2 0.1 0.0 | Anton et al. (acceptat)

t(6;22)(q13;913) - 1163 46.7 33.5 16.0 3.4 0.0 0.4 | Anton et al. (acceptat)

t(8;14)(q22;932) 39 641 415 353 44 123 17 4.8 | Anton et al. (acceptat)

1(9;20)(p24;913,1) 22 1006 371 29.5 254 74 0.2 0.8 | Anton et al. (acceptat)

t(10;14)(q24;p11,2) 40 1051 56.7 383 14 23 0.6 0.4 | Anton et al. (acceptat)

t(9;19)(q10;p10) 34 1054 435 324 17.8 4.7 1.2 0.4 | Anton et al. (acceptat)

t(10;13)(p13;p13) 36 1054 61.8 344 0.2 25 0.5 0.8 | Anton et al. (acceptat)

N IN NN ININININININININDINININDINININININININN NN N

35 3596 42.9 333 132 98 01 0 |~ nionetal (acceptat)

t(11;22)(q23;q11) Anton et al. (2004b)

Anton et al. (acceptat)

t(11;22)(q23;q11) Anton et al. (2004b)

N

34 4058 45.0 29.8 159 8.6 0.2 0.5

1=cromosomes d’espermatozoide: 1a=Bandes G; 1b=Bandes Q; 1c=Bandes R; 1d=WCP.
2=FISH en nuclis interfasics.

N=normals; E=equilibrats.

1 La semblanga entre els segments translocats impedeix discriminar entre N/E.

& Translocacions en el mateix portador.

¥ En els quatre individus es van analitzar un total de 8790.

§ Dades resumides de 2 recomptes.

A partir de tots els estudis en rcp

Maxim 34527 80.7 63.4 401 518 9.0 15.5
Minim 13 18.6 4.6 0.0 0.0 0.0 0.0
Mitjana 1926 44.2 320 118 11.0 0.3 1.9
*Desviacio Estandard 3837 111 102 7.7 116 1.0 2.7

A partir dels estudis de FISH en rcp

Maxim 34527 62.8 441 401 518 9.0 15.5
Minim 124 18.6 4.6 02 15 0.0 0.0
Mitjana 2973 43.2 290 115 149 04 1.9
*Desviacio Estandard 4522 105 9.8 7.4 128 1.2 2.7
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Taula I.3- Dades publicades referents a la segregacio d’'inversions.

Total AR | Mida  Cr.
Inversions Técnica Edat inv invertit | Referencies

(M (%) | (Mpb) (%)

inv(3)(p11g11) - 111 00| 7.0 3.5 |Balkan et al. (1983)
inv(7)(q11922) - 94 0.0 | 50.0 31.7 | Martin (1986)
inv(3)(p25g21) 37 144 30.8| 124.0 62 Martin (1991)
inv(20)(p13q11.2) 32 26 0.0 | 37.0 58.7 | Jenderny et al. (1992)
inv(8)(p23922) 23 166 11.4|105.0 71.9 |Martin (1993)
inv(7)(p13936) 38 140 25.0| 118.0 74.7 | Navarro et al. (1993)
inv(1)(p31912) 39 159 0.0 | 75.0 30.5 | Martin et al. (1994)
inv(9)(p11913) 34 314 0.0 | 20.0 14.7 | Colls et al. (1997)
inv(9)(q32934.3) 36 282 0.0 | 320 23.5 |Brown et al. (1998)
inv(1)(p31912) { 39 6006 04 | 75.3 30.5 |Jaarolaetal.(1998)
inv(8)(p23922) | 23 3168 13.1|104.9 71.9 |Jaarola etal. (1998)
inv(14)(q24.1932.1) 41 120 0.0 | 27.0 25.7 | Martin (1999)
inv(2)(q14.2q24.3) 35 496 0.8 | 49.1 20.2 | Devine et al. (2000)
inv(6)(p23g25) 37 10049 37.9|150.8 88.2 |Anton etal. (2002)
inv(1)(p34921) 36 1636 16.0| 118.6 48.0 |Yakutetal. (2003)
inv(2)(p23q33) 36 1005 34.5|180.1 74.1 | Mikhaail-Philips et al. (2004)

inv(17)(p13.1925.3) 36 2000 26.5| 71.9 91.1 |Mikhaail-Philips et al. (2005)

inv(2)(p11.2913) 38 5460 0.0 | 289 11.9 | Anton et al. (2006)

inv(4)(p16921) 36 6406 0.8 | 85.0 44.5 |Anton etal. (2006)

inv(4)(p14p15.3),inv(Y) 29 8158 0.0 | 11.1 58 |Anton etal. (2006)

inv(10)(p13922.3) 55 10723 3.4 | 65.1 48.2 | Anton et al. (2006)

inv(1)(p36.3q43) 33 69 30.4|234.7 95.0 |Moreletal. (2007)
inv(2)(p11913) 29 702 0.0 | 243 10.0 | Morel et al. (2007)
inv(8)(p129g21) 35 3402 1.4 | 453 31.0 | Morel et al. (2007)
inv(8)(p12g24.1) 30 2601 37.7| 89.1 61.0 | Morel et al. (2007)
inv(12)(p11923) 36 5051 7.5 | 67.3 51.0 | Morel et al. (2007)
inv(20)(p12.3913.33) 28 625 18.2| 52.1 84.0 | Morel et al. (2007)
inv(21)(p12922.3) 40 3400 32.6| 441 93.8 | Morel et al. (2007)
inv(1)(p229g42) 30 2133 14.8| 150.0 60.7 |Chantot-Bastaraud et al. (2007)
inv(8)(p129g21) 35 3402 1.4 | 64.0 31.0 | Caeretal. (2007)
inv(8)(p12g24.1) 30 2601 37.7| 97.0 61.0 |Caeretal. (2007)
inv(8)(p23g24) 43 2045 37.7|135.0 80.0 |Caeretal (2007)

inv(5)(q13.3933.1) - 128 7.0 790 436 |Bhattetal (2007)

inv(14)(q23.2932.1) - 250 4.0 | 342 322 |Bhattetal (2007)

NINININDININININDINDINININININDININININDINDININININDI2 NN w2~

inv(11)(q13.2q14.3) 43 1001 0.4 | 252 188 |Vialard etal. (2007)

inv(12)(q15g24.1) 40 1000 0.5 | 470 35.6 |Vialard etal. (2007)

N

1=Bandes G en cromosomes d’espermatozoide; 2=FISH en nuclis interfasics.
AR=aneusomies de recombinacio.

7,7 mateixos pacients.

A partir dels estudis en inv

Maxim 10723 37.9 2347 950
Minim 26 00 111 5.8
Mitjana 2363 120 757 4738
*Desviaci6 Estandard 2889 144 510 271
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Annex Il

Taula 1I.3- Dades publicades referents a la valoraci6 de I'ICE en portadors

d’inversions.
Cromosomes analitzats

Inversions 6 g 13 18 2 X N Y 2n | Referéncies
inv9)ypl12gq12) 0.02 019 0.28 | Blanco et al. (2000)
inv{3gh+) 380 4 50 270 240 230 ' Amiel et al. (2001)
inv{6)(p23q25) 0.01 015 012 016 0.24 | Anton etal. (2002}
inw2)p23g33) 0.19 020 003 057 003 039 I Mikhaail-Philips et al. (2004)
inv1T){p13.1925.3) 0.08 018 003 024 002 021 |Mikhaail-Philips et al (2005)
inv2)pi11.2913) 0.00 001 014 003 010 | Anton etal (2005
invid}pisgai) 0.00 001 004 003 023 ‘ Anton et al. (2006)
inw4)p14p15.3),inw(Y) 0.09 017 0.54 023 059 | Anton et al (2005)
inw{10){p13g22.3) 0.0 004 003 008 011 | Anton et al (2008)
inw{11){g13.2q14.3) ¥ ¥ ¥ ¥ 000 | Vialard etal {2007)
inv{12){g15g24.1) : t t £ 000 | Vialard et al {2007)

Valors en negreta=Diferéncies significatives versus controls.

¥ Frequiéncia global de disomies=0.16
I Frequéncia global de disomies=0.50
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Annex IlI

Taula IlI- Combinacions de sondes utilitzades en els estudis de segregacio i

d’efecte intercromosomic.

ESTUDIS DE SEGREGACIO Sondes

rob

der(13;14) TelVysion 14q LSl 13- RB1

der(13;22) TelVysion 13q LSl 22-ber

der(14;21) LSl 21g22 TEL 14q

rcp

t(9;19)(q10;p10) TelVysion 19q TelVysion 19p LSI9qg34
t(1;11)(q12;913) TelVysion 1q TelVysion 1p CEP 11
t(5;8)(q33;913) LSl 8g24 C-myc LSl 5p15.2 CEP 8 CEP 8
t(4;7)(gq31.1;932) TelVysion 4q TelVysion 7p CEP 4
t(2;6)(q37;p21) TelVysion 2q TelVysion 2p CEP 6
t(8;14)(q22;q32) TelVysion 14q TEL 8q CEP 8
t(5;8)(gq35.1;p11.2) LS| 8p22 LSl 8924 C-myc CEP 8 LSl 5p15.2
t(5;17)(q31;p13) TelVysion 5q TelVysion 17p CEP 17
t(9;20)(p24;913.1) TelVysion 20q TelVysion 20p LSl 9934
t(10;13)(p13;p13) LSl 1314 TelVysion 10p CEP 10
t(10;14)(q24;p11.2) TelVysion 10q  TEL 14q CEP 10
t(11;22)(q23;911) TelVysion 11q LSl 22-ber CEP 11
(6;22)(q13;913) TelVysion 6q LS| 22-bcr CEP 6
inv

inv(2)(p11.2q13) TelVysion 2q TelVysion 2p
inv(4)(p16921) TelVysion 4q TelVysion 4p
inv(4)(p14p15.3),inv(Y) TelVysion 4q TelVysion 4p
inv(6)(p23925) TelVysion 6q TelVysion 6p
inv(10)(p13922.3) TelVysion 10q TelVysion 10p

ESTUDIS D’ICE Sondes

Avaluacioé X/Y/18 CEP Y? CEP X* CEP 18°
Avaluacié 13/21 LSl 21¢g22° LSl 13q14°

Avaluacié 21/22 LSl 21g22 LSI 22-bcr

Totes les sondes son de Vysis Inc. excepte les assenyalades amb * que sén de QBiogene Inc.

2P Sondes AneuVysion® Assay.
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AGRAIMENTS

Bé, després de tota aquesta feinada, ara em toca escriure la part que possiblement
es llegira més gent. No és que m’estranyi la veritat, perd que voleu que us digui, fa
una miqueta de rabia... enteneu-me, han estat uns quants anys, molts mals de cap,
de cervicals, per no parlar dels ulls... Perd entenc que ara mateix us sembli que no
és un bon moment i preferiu deixar-ho per... en fi.

El cert és que aquesta ha estat una magnifica experiéncia i en gran part ha sigut
gracies a tota la gent amb qui he compartit aquest cami. Per aix6 voldria intentar

fer-vos arribar el meu sincer agraiment amb aquestes linies.

Com que a aquestes algades una mica més de rotllo ja no ve d’aqui, us posaré una
mica en antecedents: Aquesta historia va comencgar quan un dia, per alld que se'n
diu “casualitats de la vida”, vaig anar a petar al despatx de la millor jefa que podia
trobar (sense exagerar!). La seva energia i tota la seva experiéncia sén una ajuda
inestimable per tirar endavant un projecte, perd a més a més, amb la seva manera
de fer, aconsegueix que un equip de treball sigui molt més que aixo.

Perd per si aixd no fos prou, amb el pack també venia un altre chollo de jefe que a
part de ser estupend era de Reus. Ell ha estat el punt d’'oposicid necessari a totes
les discussions, una referéncia alternativa i imprescindible per tota la feina feta.

| no puc deixar de mencionar els anys de recerca compartits amb el Big Boss, algu
a qui sempre li podies demanar ajuda perqueé tenia totes les respostes a la maniga.
Es un plaer treballar amb gent que de la feina en fa una aficio.

Perd a banda de tot aquest munt d’alts comandaments, un equip no seria el que és
sense la resta de membres de la tripulacio. Per aix0 vull agrair a la resta de
grumets d’aquest dream-team (al qual podriem anomenar per exemple C.C.), tots
els moments que hem compartit tant en les situacions de calma com en les d’estrés
total (Viatge a Viena et al. 2002).

També vull donar les gracies a tots els companys de la unitat (tant els que hi sén
com els que hi van ser), des dels que m’han aguantat al laboratori cada cop que els
hi he apagat tots els llums (ara ja us ho puc confessar: les FISH surten igual amb el
llum obert), als que han compartit les hores fosques dels microscopis (i a tot el

repertori de musics que ens han acompanyat), als amants i detractors del



Quifionero amb qui he pogut compartir les penes i glories dels dinars, i tots aquells
als que he pogut recorrer perqué em donessin pistes per avangar pels camins
pedregosos de la ciéncia (e.g. té algun sentit estadistic tot plegat?), de la docéncia
(e.g. com ionitzar els alumnes), o de la informatica (e.g. qué carai li passa al ..........

ordinador?!!).

També vull agrair a la gent del Department of Genetics de I’Alberta Children’s
Hospital (Canada) i del Department of Human Genetics de I'Emory University
School of Medicine (EUA) que m’acollissin tan bé com ho van fer, i em deixessin

treballar amb ells, aprenent molt més del que es pot ensenyar en un laboratori.

Perd fora dels laboratoris també hi ha hagut vida, (ultimament poca, pero vaja) i per
aixo també vull agrair el suport de tots els Amics que m’han aguantat/animat/ajudat
durant aquesta etapa, ja sigui en directe (majoritariament els Calgotets amb

samfaina), o bé telematicament des de Reus, la Febrd, o Washington.

| finalment, com no podia ser d’'una altra manera, vull donar les gracies al Txema
per estar on calia en tots els moments facils i dificils. | també a tota la meva familia
(la de sempre i la més nova) per tot el que han fet per mi, especialment als meus
pares, que sempre han vist constel-lacions en tot el que jo feia. Segurament sonara

topic, pero sense ells, res de tot aixd hagués estat possible.

Gracies per tot!
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