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Introduction

The hallmark of all homologous chromosomes in normal

pachytene spermatocytes is their regular synapsis as

shown by their synaptonemal complexes (SCs) (Solari,

1980; Ashley, 2007).

Deviating from the normal pattern, male carriers of chro-

mosomal rearrangements are nearly always presenting tran-

sient or permanent asynaptic segments in their

spermatocytes (reviewed in Solari, 1999; Martin, 2008). The

association between the presence of heterozygous chromo-

somal rearrangements and spermatogenic failure is known

since decades ago (reviewed in Van Assche et al., 1996;

Martin, 2008). However, the basic molecular mechanisms

by which these rearrangements lead to spermatogenic failure

remained poorly known until recent advances on the func-

tions and localization of specific meiotic proteins in mice

(reviewed in Burgoyne et al., 2009). Turner et al. (2005)

showed that asynaptic regions are associated with the pres-

ence of the DNA-damage response protein BRCA1, the

kinase ATR and the variant histone c-H2AX in mouse

pachytene spermatocytes. Moreover, Homolka et al. (2007)

showed that these asynaptic regions are transcriptional

silenced based on genome-wide profiling. Recently, two dif-

ferent views on the origin of meiotic derangement in carriers

of chromosomal aberrations were presented: first, the mei-

otic and post-meiotic silencing of genes crucial for meiosis

completion; and second, the permanence of unrepaired

double-strand breaks (DSBs) in the DNA of asynaptic seg-

ments, leading to apoptosis (Burgoyne et al., 2009).

In human carriers of chromosomal aberrations, these

observations are restricted to a few cases in which meiotic

proteins were checked (Sciurano et al., 2007; Ferguson

et al., 2008; Leng et al., 2009). Other studies on meiotic pro-

teins in carriers of chromosome rearrangements were

focused on the presence of MLH1 foci as representing mei-

otic recombination sites (Oliver-Bonet et al., 2005; Pigozzi

et al., 2005).

The present work demonstrates that the common features

shared by all the chromosomal rearrangements studied with
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Summary

The basic molecular mechanisms by which chromosomal rearrangements in het-

erozygous state produce spermatogenic disturbances are poorly understood. Tes-

ticular biopsies from five patients – one carrier of a Robertsonian translocation

rob t(13;14), two carriers of two different Y-autosome translocations, a t(Y;6)

and a t(Y;11), one carrier of a reciprocal translocation t(3;13) and one carrier of a

heterochromatin duplication in chromosome 9 – were processed for histopatho-

logical analysis, electron microscopy and fluorescent immunolocalization of mei-

otic proteins. In all the patients, the asynaptic regions during pachytene are

labelled by BRCA1 and retained RAD51 foci. The variant histone c-H2AX is

located on the chromatin domains of the asynaptic regions and the XY body. In

contrast, these meiotic proteins are absent in those chromosomal segments that

are non-homologously synapsed. The present observations on five new cases and

a review of recent studies show that the common features shared by all these cases

are the abnormal location of some meiotic proteins and the presence of transcrip-

tionally silenced chromatin domains on asynaptic regions. The frequent associa-

tion of these silenced regions with the XY body and the rescue of spermatocyte

viability through non-homologous synapsis are also shared by all these carriers. A

passive, random mechanism of clustering of asynaptic regions with the XY body

is suggested.
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these procedures are the abnormal localization of the mei-

otic proteins BRCA1 and RAD51 in the asynaptic segments

during pachytene stage and the presence of the putative

transcriptionally silenced chromatin domains labelled by

c-H2AX in the same segments. The variable incidence of

spermatocyte apoptosis among these patients suggests that a

kind of stochastic mechanism operates in the long pachytene

stage in humans, leading to the clustering of all the perma-

nently asynaptic and silenced regions to a single nuclear

domain including the XY body, while segments that attain

heterosynapsis complete successfully the meiotic prophase.

Materials and methods

All the research procedures regarding these patients were

submitted to and accepted by Interim Human Ethics

Committee of the School of Medicine [Comité Provi-

sional de Ética Humana (CPEH, CD. 2941 ⁄ 10), Facultad

de Medicina, UBA, Ciudad de Buenos Aires, Argentina]

and were performed according to the Declaration of

Helsinki.

Testicular biopsies from five carriers of chromosomal

rearrangements were analysed in this study. These biop-

sies were indicated by andrologists from different medical

centres for histopathological diagnosis and for the recov-

ery of germ cells for possible treatment with intracyto-

plasmic sperm injection (ICSI). A karyotype from blood

lymphocyte cultures was obtained for each of these

patients, showing the presence of the following chromo-

somal rearrangements:

Patient 1 is a 31-years-old azoospermic man whose

karyotype is 45,XY, rob t(13q;14q). His plasmatic levels of

FSH are within the normal range.

Patient 2 is a 35-years-old azoospermic man with plas-

matic levels of FSH within the normal range. His karyo-

type is 46,XY, t(3;13) (p14; p13). One brother of the

propositus carries the same translocation.

Patient 3 is a 35-years-old criptozoospermic man with

plasmatic levels of FSH within the normal range. His

karyotype is 46,XY, t(Y;6) (q11.2; q27) and has negative

results for AZF microdeletions.

Patient 4 is an azoospermic man of 34 years of age

with normal hormonal levels and negative results for AZF

microdeletions. His karyotype is 46, XY, t(Y;11) (p11.3;

p14).

Patient 5 is a 29-years-old man who presents a severe

oligospermia. His karyotype is 46,XY, 9qh+.

Karyotypically normal men with obstructive azoosper-

mia and having complete spermatogenesis were used as

controls.

The testicular tissue was processed for light microscopy

and electron microscopy and for immunolocalization of

proteins as previously described by Sciurano et al. (2007).

For immunolocalization of meiotic proteins, primary

antibodies were used as follows: a mouse anti-SYCP1

(P.J.Moens� and B.Spyropoulus, York University, Tor-

onto, Ontario, Canada) at 1 : 100 dilution in phosphate-

buffered saline (PBS), a rabbit anti-SYCP3 at 1 : 100 (P.J.

Moens� and B. Spyropoulus), a mouse anti-SYCP3 at

1 : 100 (Abcam Ltd., Cambridge, UK), a rabbit anti-

BRCA1 at 1 : 30 (C20, Santa Cruz Biotech, CA, USA)

and human CREST serum at 1 : 30 (Laboratorios IFI,

Buenos Aires, Argentina) were incubated at 4 �C. The

other primary antibodies were incubated at 37 �C: a rab-

bit anti- c-H2AX at 1 : 500 (Abcam Ltd., Cambridge,

UK) and a rabbit anti-RAD51 at 1 : 20 (H92, Santa Cruz

Biotech, CA, USA). All incubations were performed over-

night in a humid chamber. For double immunodetection

on the same specimen, two successive rounds of incuba-

tions with primary antibodies were applied. After wash-

ing, the corresponding secondary antibodies were

incubated for 2 h. Slides were counterstained with 4,6-di-

amidino-2-phenylindole (DAPI) (0.2 lg ⁄ mL) and

mounted in glycerol with 1,4-diazobicyclo-(2,2,2)-octane

(DABCO) antifade. All the spermatocyte microspreads

were examined using a LEICA DM microscope (Leica

Microsystems, Wetzlar, Germany) and photographed with

a Leica DFC 300 FX digital camera (Cambridge, UK).

The separate images were superimposed using the pro-

gram Adobe Photoshop CS (Adobe Systems Inc., San

Jose, CA, USA).

The percentage of nuclear alterations of primary sper-

matocytes in carriers of chromosomal rearrangements, as

well as in controls, was measured as (number of degener-

ate spermatocytes ⁄ total number of primary spermato-

cytes) · 100.

Results

Histology of the testicular biopsies in the carriers of

chromosomal rearrangements

The histopathological analyses of men carrying the differ-

ent types of rearrangements show a variable picture.

In the rob t(13;14) carrier (Patient 1), 85% of the sem-

iniferous tubules have complete spermatogenesis with a

mean of 24 mature spermatids per tube (Fig. 1A,

Table S1-Supporting Information). In the reciprocal

translocation carriers (Patients 2, 3 and 4), the seminifer-

ous epithelium shows full spermatogenic arrest at the first

spermatocyte level (Fig. 1B–D, Table S1). A few round

spermatids but no mature spermatozoa are found in the

lumen of the tubules in semi-thin and in paraffin routine

sections of patient 3 (Fig. 1C). The highlight of almost all

the pachytene spermatocytes in patients 2, 3 and 4 is the

presence of a conspicuous XY body (Fig. 1B–D). In

Patient 5, paraffin sections of the testicular biopsy show
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moderate hypospermatogenesis because of a low number

of mature spermatids [a mean of 9 with a range of 2–19

mature spermatids per tube] (Table S1).

The presence of spermatocyte degeneration (as shown

by nuclear pycnosis and cytoplasmatic vacuolation) is also

seen in all of these patients at frequencies higher than

those in controls (Fig. 1, Table S1).

Abnormal localization of meiotic proteins in human

carriers of chromosomal rearrangements

A total of 130 pachytene spermatocytes from each biopsy

were analysed by spreads of synaptonemal complexes and

immunolocalization of meiotic proteins to study the

behaviour of the rearranged chromosomes and the XY

body.

The synaptonemal complexes of the chromosomes

involved in the rearrangements show a different appear-

ance according to the type of rearrangement. However, in

all the cases, they have the same pattern of meiotic

protein localization.

Meiotic configuration and protein localization in two

autosome-autosome translocations: a rob t(13;14) and a

reciprocal translocation t(3;13)

The meiotic configuration in the carrier of t(13;14) shows

a trivalent with the short asynaptic arms of chromosomes

13 and 14 in early pachytene spermatocytes (Figs 2A and

3A). In the carrier of the reciprocal translocation t(3;13),

the configuration of the quadrivalent has three synapsed

ends and two asynaptic arms (Figs 2B and 3D).

The frequency of asynapsis is variable along the pachy-

tene, as in late pachytene stage there is a significant

frequency of heterosynapsis between the asynaptic arms

of these multivalents (see below).

Protein immunolocalizations of BRCA1, RAD51 and

c-H2AX show this variability and also the frequent associa-

tion of the multivalent with the XY body. As pachytene

progresses (Solari, 1980), the interaction of the multivalent

with the XY body shows the following changes: first, they

approach to each other; second, there is a connection

between the chromatin of the asynaptic arms and that of the

XY body, both decorated with c-H2AX; and finally, there

is a full chromatin fusion of both structures (Fig. 4A–C).

In both patients, the DNA-damage response protein,

BRCA1, is located on the asynaptic axes of rearranged chro-

mosomes as well as in the XY body (Fig. 3B and E). Similar

to BRCA1, the recombinase RAD51 is shown as foci along

those asynaptic regions (Fig. 3C and F).

Even though the majority of the pachytene spermato-

cytes in Patients 1 and 2 present multivalents with

asynaptic ‘free’ arms, significant percentages of these cells

show multivalents with fully non-homologous synapsis

or ‘heterosynapsis’ (31 and 34%, respectively). These

A B

C D

Figure 1 (A–D). Histology of the testicular biopsies. (A) Patient 1. Semi-thin sections (0.5 lm thick) of testicular biopsies in the rob t(13;14) carrier

show full spermatogenesis. Mature spermatids are seen in the lumen (arrow). (B–D) Patients 2, 3 and 4. These patients have a complete spermato-

genic arrest at the primary spermatocyte stage. Although Sertoli cells, spermatogonia and leptotene spermatocyte show normal morphology,

pachytene spermatocytes present a larger XY body (B–D, arrows). Only a few round spermatids are seen in some seminiferous tubules of Patient

3 (C, arrowheads). Germ cell degeneration is observed in the lumen (C and D, lines). Bars = 10 lm.
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heterosynapsed multivalents do not show BRCA1, RAD51

or c-H2AX immunolabeling and they are not associated

with the XY body (Fig. 4D and E).

Meiotic configuration and protein localization in two

different Y-autosome translocations

The meiotic configurations of these two Y-autosome

translocations show the corresponding quadrivalents

(Fig. 2C and D). The patient 3 has the chromosomes Y

and 6 which are involved in the translocation and form a

quadrivalent in the majority of the spermatocytes

(Fig. 3G). The meiotic configuration of patient 4 is con-

firmed with electron microscopy (EM): the pseudoautoso-

mal region (PAR), which is conserved and functional,

involved the X chromosome and the translocation prod-

uct 11Y as shown by the spread spermatocytes at early

pachytene (Figs 2D and 3J).

The fluorescent immunolocalizations show that both

translocations involving the Y chromosome [patient 3,

t(Y;6) and patient 4, t(Y;11)] behave in a similar way,

loading BRCA1, RAD51 and c-H2AX in their asynaptic

regions during the pachytene stage (Fig. 3G-L and Fig-

ure S1 A–E, Supporting Information). While the proteins

BRCA1 and c-H2AX remain in the asynaptic regions

without changes during pachytene, the behaviour of the

RAD51 foci is somewhat different, as these foci progres-

sively decrease in number as pachytene progresses (Fig-

ure S1 C–E). The latter observations are consistent with

those observed on the XY pair in normal spermatocytes

(Figure S1, F-H).

The asynaptic loop in the carrier of chromosome 9qh+ and

its transient nature

The patient with heterochromatin duplication in chromo-

some #9 shows a prominent loop at early pachytene sub-

stages (Fig. 4F and H). However, this loop is shortened

or ‘adjusting’ (synaptic adjustment) at mid-pachytene and

it disappears at late pachytene (Fig. 4G).

The asynaptic loop is labelled with BRCA1 and

c-H2AX during early stages (Fig. 4H). These proteins are

only transiently located in this bivalent: as soon as hetero-

synapsis occurs, both proteins disappear from the asynap-

tic loop. No instances are recorded of association between

this loop and the XY body.

Discussion

Consistent with our previous results in human carriers of

different chromosomal translocations (Sciurano et al.,

2007), two other recent studies have reported two carriers

of two different reciprocal translocations having similar

meiotic protein mislocalizations (Ferguson et al., 2008;

Leng et al., 2009; see Table 1). Despite the coincidence of

these reports, the number of analysed patients, carriers of

chromosomal rearrangements, remains too low to warrant

a generalization on the mechanisms of spermatogenesis

derangement in these patients and this warning is espe-

cially applicable to gonosome–autosome rearrangements

because of their drastic effects on spermatogenesis. The

present work has added five different carriers of rear-

rangements, including two gonosome–autosome translo-

cations. Deviating from the normal pattern, RAD51 and

BRCA1 proteins are also found along the non-synapsed

segments of the trivalent t(13;14) and quadrivalents

t(3;13), t(Y;6), t(Y;11) as well as in the XY body. The var-

iant histone c-H2AX is located on the corresponding

chromatin suggesting that these regions are transcription-

ally silenced. While BRCA1 is retained on the asynaptic

regions along the pachytene stage, the presence of RAD51

on these regions gradually disappears as pachytene pro-

gresses. These observations are consistent with those

described by Barlow et al. (1997) in the human XY body

A

B

C

D

Figure 2 (A–D). Schematic drawings of the multivalents correspond-

ing to the four translocation carriers. (A) The trivalent present in

Patient 1. (B) The t(3;13) quadrivalent. (C and D) Quadrivalents from

the two reciprocal translocations t(Y;6) and t(Y;11). Pseudoautosomal

region (PAR, arrows). The differentially marked segments represent

the mean values of the synaptonemal complexes and axial lengths

from 10 spermatocytes at pachytene.
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Figure 3 (A–L). Pachytene configurations of multivalents and abnormal localization of meiotic proteins in human carriers of chromosomal rear-

rangements. (A–C) Patient 1. (A) The trivalent present in this patient is formed by the normal chromosomes 13 and 14 and the fused t(13;14)

product. BRCA1(B) and RAD51 (C) are located along the two asynaptic ‘free’ short arms and the asynaptic segment of the fused product. Both

proteins are also located in the non-synapsed regions of the X and Y chromosomes (excluding the PAR, white asterisks). (D–F) Patient 2. The

t(3;13) carrier shows quadrivalents which are formed by three synapsed ends and two ‘free’ arms (D). In this patient BRCA1 (E), as well as RAD51

(F), decorate the asynaptic segments of the quadrivalent. Patient 3 (G–I) and Patient 4 (J–L). Both patients show quadrivalents that involve the Y

chromosome, t(Y;6) and t(Y;11), respectively. BRCA1 (H, K) and RAD51 (I, L) are retained on asynaptic regions of the multivalents in pachytene

spermatocytes. Bars A–I, K and L = 5 lm. Bar J = 2 lm.
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and by Plug et al. (1998) on asynaptic regions of the

T(1;13)70H ⁄ T(1;13)1Wa double heterozygous transloca-

tion in mice. The number of RAD51 foci in normal sper-

matocytes by far exceeds the final number of crossovers

labelled by MLH1 protein (reviewed in Baudat & de

Massy, 2007). This observation means that the majority

of meiotic DSBs, produced by the SPO11 protein at the

beginning of the prophase I, are repaired by an alternative

DSB repair pathway different from homologous recombi-

nation, not only in synapsed autosomes but also in asy-

napsed axes of the autosomes and the XY body. A

possible explanation for the persistence of unresolved

DSBs on asynaptic regions until the end of the pachytene

could be the steric hindrance for full synapsis at the

centre of multivalents. However, this hindrance is not

found in male pigs (Sus scrofa domestica L) carrying a rob

t(13;17) whose multivalents are able to fully pair through

heterosynapsis (Pinton et al., 2009). Thus, the particular

conditions that allow the recombinase complexes

RAD51 ⁄ DMC1 to invade the molecules of DNA and be

replaced by the repair complex of proteins (RPA, BRCA1,

BRCA2 and others) do not seem to depend exclusively on

the availability of homologous DNA counterparts, but

may simply depend on the presence of the structured

protein complex formed by the central space of an SC

between non-homologous regions.

Taken together, the recent studies of meiotic proteins

in human carriers of a variety of chromosomal rearrange-

ments (Table 1) allow us to conclude that the common

features shared by all these cases are the abnormal

A

D

F

B C

E

G H

Figure 4 (A–H). The stepwise association between the multivalent and the XY body and its ‘escape’ by heterosynapsis. (A–C) These images illus-

trate the stepwise approaching of the t(13;14) trivalents to the XY body through the pachytene stage. (D, E) In some pachytene nuclei, the multi-

valent undergoes a non-homologous way of synapsis and, simultaneously, BRCA1 (D) and c-H2AX (E) proteins disappear. (F–H) Patient 5. Electron

micrographs of spread synaptonemal complexes of pachytene spermatocytes in the carrier of the heterochromatin duplication of chromosome 9

show a prominent, asymmetrical loop (F) which is non-homologously synapsed at the end of the pachytene stage (G). The asymmetrical loop

shows a transient presence of BRCA1 protein along the unpaired axes and c-H2AX protein on the chromatin (H). Bars A–E and H = 5 lm. Bars F,

G = 1 lm.
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localization of RAD51 and BRCA1 proteins and the pres-

ence of transcriptionally silenced, c-H2AX-labelled chro-

matin domains on asynaptic regions of rearranged

chromosomes.

Conversely, heterologously synapsed autosomal seg-

ments are seen in a significant number of spermatocytes

in the present cases and these regions lack BRCA1,

RAD51 and c-H2AX labelling. The latter observation is

consistent with recent observations in male pigs carriers

of the Robertsonian translocation, rob t(13;17). In these

animals, the heterosynapsis fully covers the non-homolo-

gous autosomal regions and no association exists between

the trivalent and the XY body. Moreover, there is no sig-

nal of c-H2AX protein on any of the analysed trivalents,

nor there is any loss of viability of spermatocytes, and fer-

tility is normal (Pinton et al., 2009). In human male car-

riers of chromosomal rearrangements, there is a direct

relationship between the frequency of heterosynapsis dur-

ing pachytene and sperm counts in the ejaculate

(reviewed in Speed, 1989; Gabriel-Robez & Rumpler,

1994). Indeed, this non-homologous way of pairing

would allow the progress of spermatocytes throughout

more advanced stages of meiotic prophase I in the

human. As previously suggested by Solari (1999), a vari-

able number of spermatocytes (different in each type of

rearrangement) finds in heterosynapsis a way to ‘escape’

from the damaging results of asynapsis and thus to avoid

the activation of a meiotic checkpoint for meiocyte apop-

tosis (Odorisio et al., 1998) or a damaging transcriptional

inactivation (Solari, 1999; reviewed in Martin, 2008).

Anyway, further studies on human carriers of other poly-

morphisms of heterochromatin duplications and inver-

sions and trisomic spermatocytes in Down’s syndrome

would be needed to clarify the existence of the association

between chromosomal variations and their impact on

human fertility.

One of the most interesting facts related to the mecha-

nisms of spermatogenesis failure in heterozygous carriers

of chromosomal rearrangements is the association of the

multivalent with the XY body. Our previous work showed

Table 1 Localization of meiotic proteins in carriers of chromosomal rearrangements

No. of

cases

Rearrangement

c-H2AX RAD51 BRCA1 MLH1 Reference

1 46,XY, t(11;14)

(11q;14q)

NA NA NA < Pigozzi et al., 2005

2 46,XY, t(13;20)

(p11.1;p11.1)

NA NA NA < Oliver-Bonet et al., 2005

3 46,XY, t(Y;1)(Yq;1q) NA NA NA << Sun et al., 2005

4 46,XY t(Y;15)(q11.1;q21) Asynapsed

segments in IV

NA Asynapsed

segments in IV

NA Sciurano et al., 2007

5 46,XY, t(9;14)(p11;q11) Asynapsed

segments in

IV and XY

NA Asynapsed

segments in IV and XY

NA Sciurano et al., 2007

6 46,XY, t(8;13)(q21;p11) Asynapsed

segments in

IV and XY

NA Asynapsed

segments in IV and XY

< in IV Ferguson et al., 2008

7 46,XY, t(1;21)(q11;p11) Asynapsed

segments in

IV and XY

NA Asynapsed

segments in IV and XY

< in XY Leng et al., 2009

8 45,XY, rob t(13;14)

(13q;14q)

Asynapsed

segments in

III and XY

Asynapsed

segments in III and XY

Asynapsed

segments in III and XY

NA Present results

9 46,XY, t(3;13)(p14;p13) Asynapsed

segments in

IV and XY

Asynapsed

segments in IV and XY

Asynapsed

segments in IV and XY

NA Present results

10 46,XY, t(Y;6)(q11.2;q27) Asynapsed

segments in IV

Asynapsed

segments in IV

Asynapsed

segments in IV

NA Present results

11 46, XY, t(Y;11)

(p11.3;p14)

Asynapsed

segments in IV

Asynapsed

segments in IV

Asynapsed

segments in IV

NA Present results

12 46,XY, 9qh+ Asynapsed

segments in

the loop and XY

NA Asynapsed

segments in the loop and XY

NA Present results

NA, not available; IV, quadrivalent; III, trivalent.
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the progress of the stepwise association between transcrip-

tionally silenced chromatin of non-synapsed segments of

multivalents, labelled by c-H2AX, and the XY body along

the pachytene stage (see figure 4 in Sciurano et al., 2007).

The increasing frequency of this association is evident

along the pachytene substages and reaches a maximum at

late pachytene (Sciurano et al., 2007). Taking into

account that the human pachytene stage lasts about

16 days (Heller & Clermont, 1964), the adjoining of the

asynaptic segments to the XY body may be attributed to

the relative lack of transcriptional activity shared by the

XY body and the chromatin of the asynaptic segments.

Silenced chromatin is probably deprived of the active

looping observed in the lampbrush chromosomes and in

meiotic prophase chromosomes in general (Zickler &

Kleckner, 1999). They are probably subjected to random

movements exerted by the actively transcribing autosomes

attached to the nuclear envelope through their ends

(Schertan, 2004). Thus, the association of multivalents to

the XY body during the long pachytene stage could be

the unavoidable result of the segregation of active and

silenced chromatin into separate subnuclear compart-

ments (Fig. 5). This hypothesis agrees with the analysis of

chromosome movements in live spermatocytes using an

imaging system with the fluorescently tagged protein

SYCP3 (Morelli et al., 2008). These authors described

chromosome movements, mainly of the chromosome

ends, observed for periods of 5–180 min. Conversely,

when asynapsis is overtaken by heterosynapsis, the chro-

matin of the involved chromosomes ceases to be remod-

elled and silenced and it would not be pushed into the

silent domain of the XY body (see Results).

Furthermore, other instances of male carriers of inactive

pieces of chromatin show a similar behaviour. Thus, male

carriers of univalents (Reinholdt et al., 2009), supernumer-

ary and heterochromatic chromosomes in human (Jaafar

et al., 1994) and male carriers of ring chromosomes in mice

(Voet et al., 2003) show association of the abnormal chro-

mosomes with the XY body. The present proposed mecha-

nism would explain the well-known association of

multivalents with the XY body which was first described in

mice carrying chromosome rearrangements by Forejt et al.

(1981) and also a similar association in human carriers of

such rearrangements analysed by electron microscopical

observations (reviewed in Solari, 1999).

Finally, more advanced studies on transcriptional regu-

lation of genes located in non-synapsed chromatin

domains of rearranged chromosomes and the XY body,

by analysis of the global transcriptome changes using

microarrays (Homolka et al., 2007), could be useful to

understand the association between asynapsis, chromatin

modifications and spermatogenic failure in human carri-

ers of chromosomal rearrangements.
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