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Defective Recombination in Infertile Men
by

Joanna Gonsalves

Although little is known about the genetics of human reproduction, infertility, or

the inability to reproduce is a major health problem. Of the ten to fifteen percent of

couples who are infertile, approximately fifty percent are attributed to male defects.

Idiopathic spermatogenic disorders accounts for about fifty to seventy five percent of

male infertility. Current technology allows men with spermatogenic disorders to father

children. However the genetic consequences of using sperm from men with

spermatogenic disorders is not known.

My overall goal was to define potential causes and stages of meiotic arrest in

azoospermic men. We found that 52% of azoospermic men have an arrest of germ cell

development prior to meiosis, 10% experience an arrest at zygotene and 38% have

mature meiotic cells present in their testis. We also found a clear association between

reduced recombination frequencies and synapsis fidelity in infertile non-obstructive

azoospermic men.

Interestingly, severe defects in recombination in men can be compatible with sperm

production and sperm from men with defective recombination are likely to be used

routinely, and without knowledge of recombination status, in assisted reproductive

clinics. We found that there was a significant difference in recombination frequencies

between men who had successful outcomes using assisted reproductive techniques

resulting in pregnancy and men who had unsuccessful outcomes using assisted

reproductive techniques. Suggesting the possibility that reduced recombination

parameters may be associated with reduced success at ICSI.
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We also looked at recombination parameters in a small group of men diagnosed

with Klinefelters syndrome (KS: 47,XXY). We didn't observe differences in

recombination frequencies comparable to fertile men, though one had a significant

reduction in fidelity of synapsis.

Very little is known about human male infertility but many people are using ICSI

without knowing what the ramifications might be. Many of these infertile men are at a

great risk of carrying genetic defects such as recombination deficiencies.
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Introduction



Introduction

Infertility

Infertility is defined as, the lack of pregnancy after one year of unprotected

regular intercourse and is a major health problem that affects approximately 10-15% of

couples. Cases of infertility can be divided into four broad categories: 1) female factor;

2) male factor; 3) combined female and male factors; and 4) unexplained infertility.

Approximately 35% of infertility cases are due to female factors, 30% are due to male

factors, 20% are due to combined male and female factors, and the remaining 15% are

unexplained (1).

Many of the risk factors for infertility are the same in men and women, including

chromosomal abnormalities, emotional factors, occupational and environmental risks,

unprotected sex leading to STDs, smoking and alcohol use (2-4). In contrast, other risk

factors are specific to females or males.

Female Infertility

Known causes of female infertility can be divided into three general categories: 1)

ovulation disorders; 2) tubal disease; and 3) endometriosis. More than 25% of infertile

women have ovulation disorders (5). These disorders include amenorrhea,

oligomenorrhea, and hyperprolactinemia. Amenorrhea is the absence of menstruation;

oligomenorrhea is infrequent or light menstruation and hyperprolactinemia refers to the

overproduction of prolactin which affects ovulation. Another 20% of infertile women

have tubal disease, most frequently characterized by obstruction of the fallopian tubes



(5). Finally, 5-10% of infertile women have endometriosis, the presence of tissue similar

to the uterine lining in locations outside the uterus, such as the ovaries, fallopian tubes,

and abdominal cavity. Remaining causes of infertility in women are largely unexplained.

Male Infertility

In men, infertility can be divided into four general categories: 1) obstruction or

physical blockage of the reproductive tract; 2) inflammation or immunological

dysfunction; 3) sexual disorder; and 4) defective sperm production (6).

Obstruction or physical blockage of the reproductive tract is due to congenital,

inflammatory or iatrogenic conditions. Examples of congenital causes of obstruction

include conditions such as absence of the vas deferens or Young syndrome. Examples of

inflammatory causes of obstruction include tuberculosis or epididymitis, whereas,

examples of iatrogenic causes of obstruction include vasectomies or hernia repair (6).

Examples of sexual disorders that lead to infertility include erectile disorders or

ejaculatory failure (6).

One of the most common causes of infertility in men, however, is defective sperm

production characterized by oligospermia, azoospermia, asthenozoospermia and/or

teratozoospermia (7). Oligospermia is generally defined as sperm concentrations of less

than 20 million sperm per ml in the semen. Azoospermia is defined by the complete

absence of sperm from the semen; asthenozoospermia is defined as the production of

sperm with weak or no motility and teratozoospermia is defined as the production of

sperm with abnormal morphology. Some underlying causes of defective sperm

production are varicoceles, orchitis, undescended testis, chromosomal abnormalities, and



endocrinologic abnormalities (6). A varicocele, a mass of enlarged veins that develops in

the spermatic cord, is detected in about 12-25% of infertile men with spermatogenic

disorders (7). Chromosomal abnormalities that lead to defective sperm production are

abnormal karyotypes or Y chromosome deletions and may occur in as many as 15% of

infertile men. Examples include men with abnormal karyotypes such as Klinefelter

syndrome (47,XXY) who are generally sterile, unless they are mosaic (8). In recent

years, a common chromosomal abnormality, deletion(s) of one or more of three regions

on the Y chromosome, was also identified as a cause of infertility characterized by the

production of few or no sperm; regions of the Y chromosome that are commonly deleted

are referred to as the AZF (AZoospermia Factor)-a, -b, and -c regions (9-11). Deletions

of the AZFC region, which encompass the DAZ (Deleted in AZoospermia) gene cluster, |

are by far the most common, and occur in approximately 10% of men with severe

spermatogenic disorders (9-11). Notably, in 40-50% of cases of male infertility, no

specific cause of infertility is diagnosed; these cases are designated as idiopathic. |

Treatments for Infertility

A range of fertility treatments has been introduced over the last several decades in hopes

of aiding infertile couples in conception. These treatments include hormonal modulation

and assisted reproduction, such as IVF (in vitro fertilization) and ICSI (intracytoplasmic

sperm injection). An evaluation of sperm characteristics, ovulation status, reproductive

anatomy, and general endocrine status may identify factors that can either be corrected in

some cases, or bypassed in other cases, via assisted reproductive techniques. Common

treatments include intrauterine insemination, whereby oocytes developed in a natural



cycle, or additional eggs produced with hormone treatment are exposed to higher sperm

concentrations by intrauterine insemination (12) and hormonal therapies that stimulate

ovulation of several oocytes in female factor fertility (1). Historically, the lack of

knowledge regarding the underlying causes of infertility, especially in men, has resulted

in few treatment options, but no other consequences, since men with very poor sperm

production were unable to reproduce.

Development of Advanced Assisted Reproductive Techniques

The first pregnancy achieved, using assisted reproductive techniques in an

azoospermic man, was reported in 1985 with epididymal sperm from a man who had

previously undergone a vasectomy (13). Generally, in vitro fertilization (IVF) provided

limited use for men with sperm counts less than 5 million per ml (14). Other techniques

such as partial zona dissection and subzonal sperm injection (SUZI) improved the

outcome, relative to IVF, but fertilization rates did not exceed 20-25% (15, 16). In recent

years, however, intracytoplasmic sperm injection (ICSI) has been used to assist infertile

men with very low sperm counts to achieve biological paternity (17).

In ICSI, a single sperm is injected directly into an oocyte to produce an embryo

that is then transferred to the uterus after several days of development in culture (17).

Common methods of sperm retrieval are microsurgical epidymal sperm aspiration

(MESA), percutaneous epididymal sperm aspiration (PESA), testicular sperm aspiration

(TESA) and testicular sperm extraction (TESE) (13, 18-20). Both MESA and TESE are

invasive techniques while PESA and TESA are not. In men with obstructive

azoospermia, sperm can be obtained via any of these techniques; in contrast, in men with



non-obstructive azoospermia, TESE is the preferred method of sperm retrieval (21).

Risks Associated with Assisted Reproduction

It is important to note here that the production of an embryo is usually the result of

fertilization of an oocyte with a single sperm, from a total population of the

approximately 200 to 300 million that are ejaculated (22). Given that ICSI requires that

men produce just a single sperm, it is apparent that ICSI may skew the natural selection

process. The use of ICSI has raised concerns because of mechanical perforation of the

oocyte, the possible transmission of foreign genetic material, the use of immature or

senescent germ cells and the association between genetic disorders.

Since the birth of Louise Brown in 1978, the results of IVF have been scrutinized.

In 1989, a world-wide collaborative survey of IVF results concluded that IVF did not

result in an increase in congenital malformations relative to a historical reference

population (23). However, other studies demonstrated an increased risk of low birth

weight and perinatal loss in children conceived via IVF (24-26). The debate has been

even more intense regarding potential associations between ICSI and adverse effects. No

increased risk of pregnancy loss has been reported after conception via ICSI compared

with IVF, although the frequency of low birth weight and perinatal mortality are

increased with use of ICSI, as compared to natural conception (27-29). In addition, large

studies have demonstrated the risk of major congenital malformations in children

conceived after ICSI varies from 2.2% — 4.1%, while minor congenital malformations

range from 1.2% to 6.3%(30-32). These figures compare variably with statistics on

congenital malformation rates in the general population, although there are also studies



that disagree with this risk assessment (33, 34). In particular, the passage of genetic

defects from father to child via ICSI is a true concern; a significant increase in

chromosomal aberrations and aneuploidy has been observed in spermatozoa from

infertile men (35–40). The risk of aneuploidy in ICSI progeny is due to the higher rate of

aneuploidy in the fathers (41). Another example of adverse effects being propagated is

illustrated by the observation that men with azoospermia due to deletions in the AZFC

region of the Y chromosome, may pass on this defect to their sons via ICSI (42).

Because of this ability to pass genetic defects from one generation to the next, it is

important to begin to understand the molecular causes of infertility in men.

Spermatogenesis and Meiosis

Spermatogenesis is a unique process in which the DNA content of the product is reduced

to half that of the progenitor cells. In the initial stages, spermatogonia undergo mitotic

divisions, giving rise to primary spermatocytes. The primary spermatocytes then go

through two meiotic divisions. In meiosis I, homologous chromosomes are paired

together, first by the formation of a proteinaceous structure called the synaptonemal

complex and then by the physical interaction of DNA molecules through reciprocal

recombination at sites of crossing over. In meiosis I, homologous chromosomes

segregate at cell division, which culminates with production of secondary spermatocytes.

In meiosis II, sister chromatids subsequently disjoin, giving rise to haploid cells termed

the immature spermatids (43).



Stages of Meiosis

Prophase I is a defining stage of meiosis that encompasses many unique features

including formation of the synaptonemal complex, pairing of homologous chromosomes,

and formation of chiasmata between homologs. These features are common to almost all

species and are in place to ensure that homologous chromosomes pair and remain

together until the first meiotic division. Prophase can be divided into four stages:

leptotene, zygotene, pachytene, and diplotene. DNA replication begins in the pre

leptotene to leptotene stages and sister chromatids begin to condense (Fig. 1A). Then in

zygotene, sister chromatids synapse along their length and form lateral elements that

contain synaptonemal complex proteins (SCP), such as SCP2 and SCP3 (Fig. 1B, C). At

pachytene, SC formation is complete and recombination nodules that contain proteins

such as MLH1 are clearly visible (Fig. 1 D, E). Finally, at the diplotene stage,

homologous chromosomes begin to separate and only the chiasmata, the sites of the

recombination machinery, hold the chromosomes together (Fig. 1F). Meiotic division

continues to progress in an orderly fashion from meiosis I to meiosis II, unless errors in

the recombination or chromosomal segregation machinery trigger arrest at one of two

checkpoints, either during prophase or at the metaphase-anaphase transition (44, 45). In

men, completion of meiosis requires 30-35 days (46). Then following meiosis,

immature round spermatids go through a process called spermiogenesis, where they

become mature elongated spermatids by compaction of their chromatin into the sperm

head and production of other sperm components such as the flagellar tail.



Genes of Spermatogenesis

There are many genes involved in spermatogenesis and mutations in many of these

genes results in a meiotic arrest in many different organisms. Meiotic arrest at pachytene

of meiosis I is a common phenotype seen in many organisms with mutations in genes

required for DNA synthesis, repair, pairing, synapsis, or recombination of the

chromosomes are encountered (47). The effects of mutations in genes that are involved

in meiosis are shown in Table 1. The next few pages will review genes that are involved

in meiosis and result in arrest in meiosis when they are mutated in mice.

The Synaptonemal Complex

The synaptonemal complex is a structure that arises during prophase I and

functions to tether homologous chromosomes together until crossover structures are

stabilized and can ensure maintenance of pairing until metaphase. The synaptonemal

complex is required for the chromosomes to synapse along their length. SCP3, a

component of the synaptonemal complex, encodes the axial/lateral element of the

synaptonemal complex (SC). SCP3 is required for the synaptonemal complex assembly

and chromosome synapsis. Male Scp3-null mutant mice are sterile and have an arrest at

meiosis at zygotene. Female null mutants have reduced fertility but do not have a

complete arrest at zygotene; however, the oocytes that survive are severely aneuploid (48,

49).

Along with synaptonemal complex proteins, the FK506 binding protein, Fkbp6 has

been identified as a component of the synaptonemal complex. Fkbp6 is essential for sex

specific fertility and for the fidelity of homologous chromosome pairing in meiosis.



Targeted inactivation of the gene in mice results in infertile males that lack normal

pachytene spermatocytes. The loss of function of this gene also results in abnormal

pairing and misalignment of homologous chromosomes, resulting in nonhomologous

partner switches, and autosynapsis of X chromosome cores in meiotic spermatocytes.

Fkbp6 mutant females are fertile, with normal meiosis (50).

The Hop2 protein in the yeast, Saccharyomyces cerevesiae, and its homolog in

fission yeast, is required for proper homologous chromosome pairing and recombination

during meiosis. Studies in yeast suggested that Hop.2 acts as a guardian of meiotic

chromosome synapsis with the ability to prevent or fix deleterious inappropriate

association between nonhomologous chromosomes. In Hop2 null mice, spermatocytes

arrest at the stage of pachytene-like chromosome condensation. Axial elements are fully

developed in these mice but synapsis is very limited. Meiotic double strand breaks form

but fail to be repaired. These observations suggest a role for Hop2 in promoting

homologous chromosome synapsis (51).

Sister Chromatid Cohesion

Maintenance and regulation of sister chromatids is essential for balanced segregation of

newly replicated chromosomes during both mitosis and meiosis. In meiosis, sister

chromatid cohesion is established during the prolonged premeiotic S phase and is

maintained as homologous chromosomes pair and undergo recombination. The cohesion

is released along chromosome arms to allow homologous chromosomes to segregate at

anaphase I, but is maintained at centromeres so that the sister chromatids segregate
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together during the first meiotic division. At the second division, the cohesion is lost at

the centromere allowing the sister chromatids to be released (52).

Much has been learned about meiotic requirements from yeast and the

identification of yeast homologs in mammals (44-46). In yeast proper sister chromatid

cohesion during mitosis and meiosis is controlled by the cohesion complex, in particular

by genes such as REC8 which encode meiosis specific cohesion proteins (44–46). In

mice, a mutant, meið, was isolated in a forward genetic screen for infertility mutations

after mutagenesis of embryonic stem (ES) cells (54). . Positional cloning of the gene

mutant in meið-mutant mice led to the identification of a mutation in Recó, the murine

homolog of yeast REC8 (54). Mice carrying this mutation were infertile with germ cells

of late zygotene or early pachytene stages of development but no cells at the diplotene

stage. Meiosis appeared to arrest at a stage, in meið mutants, that is described as

pachytene-like (54). SCP3 axial elements and cohesion complexes assembled along

sister chromatids, although mutant chromosomes were often unsynapsed and no

spermatocytes contained fully-synapsed bivalents. Components of early recombination

nodules assemble on the chromosomes in the absence of REC8, although components of

the late recombination nodules such as MLH1 do not. REC8 is not required for the

establishment of sister chromatid cohesion in spermatocytes in mice even though it may

be required for maintenance of sister chromatid cohesion. Female mutant mice had

residual ovaries which were devoid of developing ovarian follicles (53).

11



Initiation and Processing of Recombination

In yeast, recombination has been shown to be initiated by double-strand breaks

(44). Spol 1 encodes a nuclease required for meiotic double strand breaks and is a type-II

like topoisomerase. In mammals, failure to introduce double-strand breaks leads to

failure of recombination and synapsis, and ultimately meiosis failure. In mice, Spoll is

required for meiotic chromosome synapsis and mice carrying spol 1 mutations are

infertile. In males, many of the spermatogenic tubules are devoid of germ cells, while

others show clusters of cells arrested at zygotene stage with little or no synapsis.

Although female mutants are not as severely compromised and arrest at zygotene is

incomplete, oocytes reach the diplotene/dictyate stage, but most die or apoptose soon

after birth (54, 55).

After their formation, double strand breaks induce histone H2AX phosphorylation

and thus recruit repair factors to damaged DNA (57). Y-H2AX mutant mice are radiation

sensitive, growth retarded, immune deficient, and males are infertile (57). The testis

from mutant mice have reduced numbers of cells with no mature sperm present. Primary

spermatocytes are found in the leptotene, zygotene and pachytene stage but they arrest at

pachytene of meiosis I with very few cells at diplotene present. This arrest is associated

with defects in sex-chromosome segregation and impaired Mlhl foci formation (56).

The next step in the recombination process is 5’-3’ resection of DNA to generate 3’

overhangs, a process that requires an exonuclease. Then, once 3’ overhangs are

generated, they become available for homology search and strand invasion. Homologs of

bacterial RecA protein are required during this stage, and in both yeast and mammals are

represented by RAD51, DMC1, and associated proteins (44-46; 58). These proteins

12



associate with DNA forming rigid protein-DNA structure, allowing the resected DNA

ends to be capable of homology search and heteroduplex formation (44–46; 58).

In yeast, Dmc1 mutants are defective in crossing over and synaptonemal complex

formation, and arrest in late prophase of meiosis I. Dmc1 mutant mice are sterile due to

germ cell arrest in early prophase I, with males having a complete arrest at zygotene.

Chromosomes in the mutant spermatocytes fail to synapse (57). Once the 3’ overhangs

invade an opposing double-strand DNA molecule, a D-loop structure is formed, and is

then extended by DNA synthesis. This strand can now capture the 5’ end of the strand on

the opposite side of the DSB, resulting in the formation of double Holliday junction

structure. Nicking of each Holliday junction in different orientations results in either a

CrOSSOVer Or non-CrOSSOVer eVent.

Recombination Checkpoint

The recombination checkpoint ensures that cells do not exit pachytene until

recombination intermediates have been resolved. In yeast, several mutants that confer

defects in recombination such as dmc1 causes cells to arrest at the pachytene stage with

un-repaired double strand breaks. ATM, a member of the PI3-like kinase group and the

gene mutated in the inherited human disease ataxia-telangiectasia, is required for mitotic

checkpoint that arrest cells in response to DNA damage. ATM knockout mice experience

male infertility. The males have an arrest at the zygotene/pachytene stage of prophase I

due to abnormal chromosomal synapsis and subsequent chromosome fragmentation.

Female mice have ovaries with no primary oocytes or follicles with an arrest before

normal meiotic arrest at dictolate in meiosis. ATM may be required for appropriate

13



localization of RecA homologs to the double strand breaks (58, 59). The role of ATM

may be to assess the status of the recombinational structure and integrate this information

with the rest of the meiotic cell cycle.

Mutations in BRCA1 and BRCA2 predispose individuals to breast and ovarian

cancer. Both of these genes have been implicated in DNA repair processes. The

involvement of mutations of these genes in human ovarian cancer suggested the

possibility that these genes may have a function during normal gametogenesis. In mice

both of these genes are expressed during spermatogenesis (60, 61). BRCA1 mutant male

mice are infertile and female mice have underdeveloped mammary glands. The

spermatogonia in male mutant mice appear normal but spermatids and spermatozoa are

not observed. Very few if any pachytene cells can be found in entire sections of

seminiferous tubules from the mutant mice. BRCA1 does not seem to be required for

meiotic events in female mice (62).

There are meiotic defects in both male and female mice deficient for BRCA2. In

male mice deficient for BRCA2 there were no germ cells beyond early meiotic prophase.

There was partial but not complete synapsis of chromosomes suggesting the

spermatocytes were blocked before or at the transition from zygotene to pachytene. Both

SPO11 and Y-H2AX were present on chromatin of deficient spermatocytes, suggesting

that early recombination-related DNA double strand breaks occur; however,

recombination complexes of RAD51 and DMC1 are not appropriately assembled in the

absence of BRCA2. These observations suggest a role for BRCA2 in organizing proteins

that assemble onto chromosomal axes during early meiotic prophase. In BRCA2

deficient female mice, some oocytes progress through meiotic prophase I, although there

14



is a high frequency of nuclear abnormalities and a depletion of germ cells in adult

females (63).

Mismatch Repair Family and its’ role in meiosis

The mismatch repair (MMR) protein family, were first characterized in bacteria as

proteins that act to repair DNA mismatches that arise primarily during DNA replication,

also have a critical role in meiotic recombination in most sexually reproducing

organisms. In bacteria, the system consists of homodimeric MutS complexes that scan

the DNA for mismatches, bind to DNA at the mismatch, and form an active repair

intermediate complex involving bending of DNA and binding of ATP. Following the

mismatch recognition, a Mutl homodimer links the MutS-DNA intermediate to

exonuclease Muth, activating it to degrade the daughter strand containing the mismatch,

which is followed by re-synthesis of excised DNA fragment and re-ligation of DNA with

specialized DNA polymerase and DNA ligase activities. The MutS and MutL

components of MMR system are highly conserved across species and in yeast are

represented by six MutS homologs, Msh 1-6, and four Mutl homologs, Mlh 1, 2, and 3

and Prms1. In mammals, orthologs of MSH2 through 6 exist, along with all four MutL

homologs (64, 65).

MSH4 and 5 form heterodimeric complexes with each other, but lack mismatch

detection and repair activity. The structure that they form as a heterodimer allows access

of a large heteroduplex-like structure to pass through it and evidence in yeast points to

their role in recognition of specialized structures such as Holliday junctions, suggesting a

role in the resolution of recombination intermediates (66, 67). Both Msh4 and 5 are

15



meiosis specific. In yeast mutants there is decreased spore viability indicative of meiosis

I non-disjunction and decreased crossing over. In male mutant mice there is an arrest at

zygotene. Female mutant mice are infertile but don’t have a complete arrest at zygotene.

In these mice you also see a failure to undergo pairing and synapsis (68, 69).

The major Mutl homologs active in meiosis both in yeast and mammals are

MLH1, MLH3 and PMS2. In mice and humans, MLH1 and 3 form distinct foci along

the arms of synapsed homologs during prophase I appearing at mid and late pachynema

(70). In yeast deletion of MLH1 gene product has an effect on recombination and spore

viability. The frequency of aberrant segregation is increased at a number of loci as is the

percentage of post meiotic segregation for point mutations and for base insertions. In

mice mutants have no chiasmata suggesting the protein is involved in chiasmata

formation and stabilization. The disruption in mice is post pachytene (71, 72). Mlh3

seems to be required for Mlhl binding to meiotic chromosomes. Mutant Mlh3 mice are

viable but sterile. Spermatocytes from these mice reach metaphase before going through

apoptosis, but oocytes fail to complete meiosis I after fertilization (73).

PMS2 is most closely related to yeast PMS1. In mice male mutants are sterile with

abnormal spermatozoa in the epididymis. Spermatogenesis is first disrupted at the

primary spermatocyte stage in meiosis I. Along with this abnormality, there is

microsatellite instability and abnormal synapsis. Female mutant mice are fertile. In

humans individuals with mutations are prone to colorectal carcinoma and other cancer

because of alterations in microsatellite sequences (71).

Exonuclease 1 (Exol) is a 5’-3’ exonuclease that interacts with MutS and MutL

homologs and has been implicated in the excision step downstream of the MMR

16



recognition step. Exol mutant mice are sterile as a result of post-pachytene defects

during prophase I. Chromosome synapsis is completely normal and MLH1 —MLH3 foci

accumulate normally during pachytene, however the chromosomes undergo a dynamic

loss of chiasmata during metaphase, resulting in meiotic failure and apoptosis in mutant

mice (74).

Transcription Factors Involved in Meiosis

Some transcription factors are also involved in meiosis. The Myb gene family

encodes nuclear proteins that bind DNA in a sequence-specific manner and function as

regulators of transcription. In adult mice, A-myb is expressed predominately in germ

cells in males and in ductal epithelium in females. Male mutant mice are infertile due to

an arrest at pachytene. Spermatogonia and pre-leptotene spermatocytes were normal but

most pachytene spermatocytes showed different degrees of degeneration. There was

complete absence of post meiotic cells in these mutant mice. The female mutant mice are

fertile and have normal ovaries but they have underdevelopment of breast tissue

following pregnancy. These results show that A-myb plays a role in spermatogenesis and

mammary gland development (75).

The Egr family of zinc finger transcription factors is thought to regulate critical

genetic programs involved in cellular growth and differentiation. Egr 4 null male mice

have an incomplete spermatogenic arrest at early to mid pachytene stage. These mice

produce a small number of spermatozoa with abnormal morphology. These results

suggest that Egra has a role in regulating critical genes involved in early stages of

meiosis (76).
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The Ovo gene family encodes DNA-binding transcription factors that lie

downstream of the Wg/Wnt signaling pathway and control differentiation of a number of

tissues in multicellular organisms. Ovo 11 mutant male mice have germ cell degeneration

and defective sperm production in adult mice. These mice have a pachytene arrest with

increased apoptosis that is not associated with chromosomal pairing, synapsis or

recombination, indicating that the mutation is affecting cellular differentiation during

pachytene. Ovo 11 is required for male germ cells to progress through the meiotic stage

(77).

Heat Shock Proteins Involved in Meiosis

The 70-kDa heat shock protein (HSP70) family contains chaperones that assist

folding, transport, and assembly of proteins in the cytoplasm, mitochondria, and

endoplasmic reticulum. HSP70-2 is expressed at high levels in pachytene spermatocytes

in meiosis I. HSP70-2 mutant male mice are infertile, while females were fertile. The

mutant males lacked postmeiotic spermatids. They contained pachytene spermatocytes

with condensed nuclei, which appeared fragmented and apoptotic. The phenotype of

these mutant mice indicated that HSP70-2 is not required for SC assembly in

spermatocytes but is necessary for functions during synapsis and that HSP70-2 may

participate in processes that occur during prophase such as mismatch repair, chromosome

recombination, or SC disassembly (78).

****
********
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Cyclins and Cyclin Dependent Kinases Involved in Meiosis

Cyclins and cyclin dependent serine/threonine kinases (Cdk) function primarily to

regulate the cell cycle via phosphorylation of specific cellular substrates. Mammals have

two A-type cyclins: cyclin A1 and cyclin A2 (79). Targeted mutagenesis of the cyclin

A1 gene, Cenal, results in male sterility with arrest of germ cells at the late diplotene

stage of meiosis I, with no spermatids or sperm produced. The arrest is associated with

abnormalities of synapsis, decreased M-phase promoting factor activity and cell death or

apoptosis. In contrast, mutant females are normal and fertile (80).

Other genes, such as Cks2, a homolog of the yeast Cdk1-binding protein, are also

required for fertility in mice. Null mutations of CKs2 were viable but sterile in both sexes

due to the failure of germ cells to progress past the first meiotic metaphase. The

chromosomal events of meiotic progression and synapsis through prophase I are normal,

suggesting that the phenotype is due to a failure of the cells to enter anaphase (81).

Miscellaneous Genes Involved in Meiosis

Genetic studies in Drosophila have identified numerous genes involved in the

formation of early germ cell populations such as Vasa, a member of the DEAD box

family of genes that encodes an ATP-dependent RNA helicase. Genes homologous to

Vasa have been identified in many species and have been found to be expressed

specifically in the germ cell lineage, where data is available (82). When the mouse Vasa

homolog gene (Mvh) was disrupted, surprisingly female mice were completely fertile but

males were infertile. Male infertility was characterized by a complete depletion of post

meiotic germ cells with an arrest before spermatocytes reach the pachytene stage (83).

19



Some genes involved in meiosis have been identified in mutagenesis screens in

mice. One screen uncovered a mutation in the third transmembrane domain of the GnRH

receptor gene (Gnrhr) that caused a arrest in spermatogenesis at the pachytene stage of

meiosis in male mice and arrest at the secondary stage of folliculogenesis in female mice

(84).

Another screen identified a novel meiotic gene, meil (meiosis defective 1), that

caused male and female sterility, when mutant. Spermatocytes arrested at the zygotene

stage of meiosis I with homologous chromosomes that failed to properly synapse and

failed to recruit RAD51 protein to meiotic chromosomes despite the presence of

chromosomal breaks. Likewise, oocytes displayed severe synapsis defects, although a

few mutant oocytes would progress through to metaphase I and attempt the first meiotic

division. However, chromosomes were unpaired at this stage and were not organized

properly at the metaphase plate along the spindle fibers (85).

An insertional mutation study also identified a gene called morc (microrchidia), in

which mutations resulted in the arrest of spermatogenesis early in meiotic prophase I.

Reproductive phenotypes are limited to males; mutant females are fertile. Since male

germ cells enter meiosis but fail to progress beyond leptotene or zygotene, Morc may

regulate early meiotic events such as chromosome synapsis or recombination (86).

Errors in Meiotic Chromosome Segregation

Aneuploidy arises in meiosis I or II by non-disjunction or premature separation of

sister chromatids and is a rare event in most organisms. For example, rates of aneuploidy

in meiotic cells have been reported as 1/10,000 cells for Saccharomyces []neuploidy,
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1/6000 for Drosophila melanogaster, and approximately 1/100 to 1/200 for mice (87).

Surprisingly, the rate of aneuploidy in humans may be as high as 1/10 to 1/30, depending

on factors such as age and sex (88).

Aneuploidy is detected in approximately 5% of clinically-recognized pregnancies.

However, in general, most aneuploidies are eliminated early in gestation. Among

spontaneous abortions (fetal deaths occurring between about 6-8 weeks and 20 weeks

gestation) about 35% are trisomic or monosomic. Various different aneuploidies are

represented in this group including trisomies for nearly all chromosomes. The rate

decreases to about 4% among stillbirths (fetal deaths occurring between about 20 weeks

gestation and term) and to about 0.3% among newborns. The most common

abnormalities in both stillbirths and newborns are trisomy 21 and sex chromosome

trisomies (47, XXX; 47,XXY; 47,XYY). The overall rate of 5% aneuploidy in all

human conceptions is likely an underestimate since it does not include analysis of

undetected pregnancies during the first few weeks of gestation (89).

Aneuploidy is also common in human gametes. Approximately 2% of human

sperm are aneuploid and 20 to 25% of oocytes are aneuploid (depending on age) (89-90).

Studies of the origin of aneuploidy over the past decade have revealed that maternal

errors predominate among almost all trisomies, with paternal errors accounting for nearly

50% of 47,XXY's and trisomy 2.

The importance of MI versus MII errors varies among chromosomes. Studies in

model organisms indicate that the absence of recombination or suboptimal position of

recombination events, increases the likelihood of non-disjunctions (87). All MI-derived

trisomies studied so far have been shown to have significant reductions in recombination
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frequencies (87). Some disorders such as Trisomy 16, seem to be associated with

suboptimal position of recombination events (87). Therefore, it seems that in humans as

well as model organisms the absence of recombination or suboptimal position of

recombination events, increase the likelihood of non-disjunctions. The only predisposing

factor that has been proven to be associated with trisomy is maternal age, although many

other factors such as environmental factors, oral contraceptives, or even parity have been

suggested.

Goal

Overall Goal: Define Potential Causes and Stages of Meiotic Arrest in Azoospermic
Men.

Aim 1: Determine at what stage spermatogenic arrest occurs in infertile men.

Aim 2: Determine whether meiotic arrest in azoospermic men may be caused by defects
in the DNA recombination pathway by measuring and comparing the number of
crossovers from azoospermic men to that from control males with normal
spermatogenesis.

Aim 3: Correlate outcomes of assisted reproductive practices with defects in
gametogenesis characterized by defective DNA recombination.
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Figure Legends

Figure 1. The developmental stages of meiotic prophase I. Shown is

immunohistochemical analysis of spermatogenic cells with antisera that recognize SCP3

(Synaptonemal Complex Protein 3; synaptonemal complexes red), that recognize MLH1

(Mut-L Homolog 1; MLH1 foci yellow), and that recognize CREST antigens

(centromeres blue). Cells were at the following stages of meiotic prophase I: (A)

Leptotene. (B) Early zygotene. (C) Late zygotene. (D) Early pachytene. Arrowhead

indicates the sex chromosomes (X and Y). (E) Late pachytene. Arrowhead indicates the

desynapsed sex chromosomes. (F) Diplotene. Photographs at 1000X.
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Table 1: Effects of mutations in genes that are involved in meiosis in mice.

Gene Family/ Gene Phenotype of Males Phenotype of Females Ref.
Function

Synaptonemal Scp3 Infertile; arrest at zygotene of MI | Less fertile than wt; (48,49)
complex incomplete arrest at

zygotene of MI
FK506 Fkbp6 Infertile; arrest prior to Fertile; normal meiosis (50)
(involved in pachytene of MI
synapsis)
HOP (involved Hop2 Infertile; arrest at pachytene of Infertile; no mature (51)
in pairing of MI gametes(follicles) present
chromosomes)
REC Meið / Infertile; arrest at zygotene/early | Infertile; no developing (53)

Rec8 pachytene follicles
REC A Dmc.l Infertile; arrest at zygotene of MI Infertile; arrested at (57)
homolog pachytene stage of MI
Double strand Spoll Infertile; arrest at zygotene of MI | Infertile; oocytes past the (54, 55)
break diplotene stage die soon

after birth

Y-H2AX Infertile; arrest at pachytene of Not involved in female (56)
MI with very few diplotene cells meiosis
present

PI3 like kinase Atm Infertile; arrest and zygotene/ Infertile; no primary (58,59)
group pachytene of MI oocytes with arrest prior

to normal meiotic arrest at

diplotene
BRCA BRCA1 Infertile; arrest at or prior to Fertile; no meiotic (62)

pachytene of MI phenotype
BRCA2 Infertile; arrest prior to or at the Infertile; few oocytes pass (63)

transition from zygotene to through meiotic prophase
pachytene I, although there is a

depletion of germ cells in
the adult

Mismatch Msh-1, 5 Infertile; arrest at zygotene of MI | Infertile; not a complete (68, 69)
Repair (MMR) arrest at zygotene

Mlh 1 Infertile; arrest post pachytene of Infertile; ovaries had few (71, 72)
MI follicles

Mlh3 Infertile; reach metaphase before | Infertile; oocytes fail to (73)
apoptosis complete MI after

fertilization

Prms2 Infertile; meiotic disruption at Fertile (71)
leptotene to pachytene with a
few abnormal spermatozoa
present

Exol Infertile; post pachytene defects | Infertile; post pachytene (74)
during prophasel defects during prophasel

Transcription Amyb Infertile; meiotic arrest at Fertile (90)
Factor (TF) pachytene
Zn Finger TF Egr Infertile; incomplete arrest at Fertile (91)

early to mid pachytene stage
with small number of abnormal

Spermatozoa present
Ovoll Infertile; pachytene arrest No meiotic effect in (77)

females

24



Heat shock Hsp70-2 Infertile; pachytene Fertile (78)
spermatocytes are present but
they lack postmeiotic spermatids

Cyclins and Ccnal Infertile; arrest at late diplotene Fertile (80)
Cdk’s of MI

Cks2 Infertile; failure to progress past || Infertile; failure to (81)
the first meiotic metaphase progress past the first

meiotic metaphase
Miscellaneous MVh Infertile; arrest prior to Fertile (83)

pachytene
Gnrhr Infertile; arrest at pachytene Infertile; arrest at the (84)

secondary stage of
folliculogenesis

Meil Infertile; arrest at zygotene of MI Infertile; small number of (85)
oocytes progress through
MI and attempt the first
division

Morc Infertile; germ cells fail to Fertile (86)
progress beyond leptotene or
zygotene
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Abstract

Two percent of men are infertile due to defects in sperm production. In 10-15% of cases, Y

chromosome deletions that encompass critical spermatogenesis genes are detected; in the

remaining cases, the cause of infertility is unknown. In model organisms, defects in

recombination genes cause infertility, germ cell aneuploidy and subsequent development of

inviable or abnormal progeny. Several studies have also linked infertility and higher rates of

germ cell aneuploidy in men and women. Thus, we reasoned that defective recombination may

be a major cause of infertility in men with poor or no sperm production and we performed the

first comparison of recombination parameters within populations of single spermatocytes from

infertile and fertile men who reported for assisted reproduction. We observed that 10% of

nonobstructive azoospermic men had significantly lower recombination frequencies than men

with normal spermatogenesis. Furthermore, when we focused our analysis only on those men

who had a pathological diagnosis of “maturation arrest” due to arrest during sperm development,

about half had detectable defects in recombination. In contrast, none of the men with normal

spermatogenesis had defects in recombination. Thus, this study provides direct evidence that

defects in recombination are linked to poor sperm production in a significant percentage of

infertile men. Implications of this observation for the use of assisted reproductive technologies

are especially relevant to consider given that recombination is required to both introduce genetic

variation and to insure proper chromosome separation during meiosis.
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Introduction

Infertility is a major health problem that affects approximately 10-15% of couples;

approximately 40% of infertility cases are attributed to the male partner (1, 2). Causes of male

infertility can be divided into four general categories: defective sperm production, obstruction or

physical blockage of the reproductive tract, inflammation or immunological dysfunction, or

Sexual disorders such as impotence (3). The majority of cases with defective sperm production

are idiopathic (3). In recent years, however, deletions of three regions on the Y chromosome

have been linked to production of few or no sperm; these regions of the Y chromosome are

termed the AZF (AZoospermia Factor)-a, -b, and -c regions (4-6). Apart from Y chromosome

deletions, little is known about molecular causes or the defects in specific pathways that lead to

spermatogenic disorders in men.

Historically, the lack of knowledge regarding male infertility has resulted in few treatment

options, but no other consequences, since men with very poor sperm production were unable to

reproduce. In recent years, however, intracytoplasmic sperm injection (ICSI) has been used to

help infertile men achieve biological paternity (7). In ICSI, a single sperm is injected directly

into an oocyte to produce an embryo that is then transferred to the uterus after several days of

development in culture (7). Normally, the production of an embryo results from the fusion of an

oocyte with a single sperm, from a total population of the approximately 200 to 300 million that

are ejaculated (8). Given that ICSI requires that men produce just a single sperm, it is apparent

that ICSI may skew the natural selection process and that one potential risk associated with its

use, is the transfer of genetic defects from one generation to the next. For example, some men

with azoospermia (no sperm in semen) due to deletion in the AZFC region can father children
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through ICSI with rare sperm in their testis. However, their sons inherit the AZFC deletion and

infertility (9). Because of this ability to pass genetic defects from one generation to the next, it is

important to begin to understand the molecular causes of infertility in men.

In model organisms, well-defined meiotic checkpoints halt spermatogenesis in the face of

defective recombination and lead to subsequent infertility (10-14). A few studies in the 1970’s

and 1980’s demonstrated that some infertile men have testicular histology indicative of meiotic

arrest and hypothesized that recombination errors may underlie male infertility (15-17).

Technically, these studies were hampered in their ability to analyze the progression of meiosis,

the precise stage of arrest, and the frequency and location of recombination sites due to

limitations of existing techniques at that time to detect chromosomal chiasma. Recently, reagents

that specifically mark sites of recombination have been used to examine the variation and fidelity

of recombination in spermatocytes from fertile men (18, 19). In these studies, the centromere of

each chromosome in the spermatocyte was localized with CREST antisera and sites of meiotic

recombination on the synaptonemal complex (SC) on the chromosome were visualized with

antisera to DNA mismatch repair protein, MLH1 (Mut-L Homolog 1) (19, 20). Using these

reagents, Lynn and coworkers examined the frequency and location of recombination events

within single spermatocytes of 14 individual men with normal spermatogenesis (19). They

demonstrated that the overall mean number of MLH1 foci, that mark sites of genetic exchange,

was 49.1 + 4.8 per germ cell with a range of 34 to 66 foci per germ cell, numbers that are

remarkably similar to expectations based on human genetic maps constructed from Centre

d’Etude du Polymorphisme Humain (CEPH) pedigrees (19). Two recent case reports have also

each identified a single individual who had meiotic defects characterized by inability to form the

synaptonemal complex or establish recombination, by using these reagents (21, 22).
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In spite of these advances in analysis of recombination in men, there are no reports as to

whether defective recombination is common and whether it occurs in men with diverse causes of

infertility. Even more disquieting, is the lack of information regarding outcomes of assisted

reproduction and recombination parameters in infertility clinics. Thus, we used recently

developed tools that allow the examination of up to several hundred cells per individual, to

directly determine and compare recombination frequencies in a population of 66 men

characterized by their fertility status. In addition, since the infertile men presented to the clinic

for assisted reproduction, we also determined whether deficiencies in recombination were

compatible with sperm production, oocyte fertilization, and embryo development.
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Methods

Tissue collection

Informed consent for collection of testis tissues was obtained from patients presenting for

treatment of male infertility, reverse vasectomies or testicular cancer at Cornell University

Medical Center (Institutional Review Board), University of California at San Francisco

(Committee on Human Research), and the University of Calgary (Conjoint Health Research

Ethics Board), as appropriate. All of the procedures were in accordance with the responsible

committee on human experiments and with the Helsinki Declaration of 1975, as revised in 1983.

In most cases, one third of the tissue sample was processed immediately for meiotic analysis,

another third was preserved individually at -80°C for molecular analysis and the remainder was

fixed in Bouin’s fixative for histological analysis.

Meiotic analysis

Testis tissue was processed as previously reported (18, 19). Primary antibodies used at the

University of Calgary were: human anti-CREST (gift from M. Fritzler, University of Calgary)

rabbit anti-MLH1 (Oncogene), goat anti-SCP3 (gift of T. Ashley, Yale University) and mouse

anti-SYN1 (gift from P. Moens, York University). Primary antibodies used at Cornell

University and the University of California, San Francisco (UCSF) were: human anti-CREST

(gift from Bill Brinkley, Baylor College of Medicine), rabbit or mouse anti-MLH1 (Oncogene)

and goat anti-SCP3 (gift of T. Ashley, Yale University) or rabbit anti-rat SCP3 (gift from Christa

Heyting, Wageningen University). For secondary antibodies, AMCA donkey anti-human

(Jackson ImmunoResearch), Alexa 488 donkey anti-rabbit (Molecular Probes), Alexa 55 donkey

anti-goat (Molecular Probes), and Cy3 donkey anti-mouse (Jackson ImmunoResearch) were used
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at the University of Calgary. AMCA donkey anti-human (Jackson ImmunoResearch), FITC

donkey anti-rabbit (Jackson ImmunoResearch), Rd donkey anti-goat or anti-mouse (Jackson

ImmunoResearch) were used at Cornell and UCSF. Slides were scanned with a Fluorescent

Leica DMRB microscope and images of synaptonemal complexes, MLH1 and CREST locations

were captured on a Leica DFC 300F camera. Prints of captured images were analyzed in order to

determine the number of MLH1 foci on each individual synaptonemal complex and in the whole

cell. We attempted to analyze 100 pachytene spermatocytes per man whenever possible.

However, in some cases, men produced too few spermatocytes to reach this goal and we

analyzed fewer cells in those cases. Note that all scoring was done blindly, in respect to

infertility diagnosis, and that a subset of samples were scored independently by two scientists (3

of 40).

Statistical analysis

The statistical package Statistics/Data Analysis (STATA) was used for statistical analysis.

We first tested whether there was a statistical difference in the mean number of MLH1 foci per

pachytene spermatocyte between men from the three centers in the control group using the Mann

Whitney test. We found that there were no statistical differences.

Next, to determine whether the mean number of MLH1 foci differed between the control,

obstructive, and nonobstructive groups, we used a nonparametric statistical method, the Mann

Whitney test. This test was chosen, because the MLH1 parameters were not normally

distributed. The non-normal distribution was apparent in examining the values in Table 2.

When plotting the mean MLH1 foci per cell in each individual it became apparent that they were

skewed. Some examples of men with skewed distributions are O6, O7, HY5, and MA2. With
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data that is not normally distributed, nonparametric methods are recommended and more reliable

than parametric methods. When the t test is used on data that is not normally distributed, the

significance probabilities can be changed and the sensitivity or power of the test in finding a

significant result, when the null hypothesis is false, is altered. Thus, we chose the Mann

Whitney test as a more stringent measure of significance than the parametrict test. We used this

test to compare the mean between the control, obstructed and nonobstructive azoospermic

groups. Because of the variability between and among individuals we could not just compare the

groups. To narrow in on the differences between the groups, we also used the Mann Whitney

test to compare the individual with the lowest mean MLH1 foci in the control and obstructive

azoospermia groups to each other and each individual in the nonobstructive groups; finally we

used the Mann Whitney test to compare the men with hypospermatogenesis and maturation

arrest in the nonobstructive azoospermic group to each other and to the control and obstructive

azoospermic groups.

To determine whether the fidelity of chromosome synapsis differed between groups, we

used the Fisher exact test. The Fisher exact test is frequently recommended in small studies

when the expected frequency is smaller than 5. This test is used to determine if there are

nonrandom associations between two categorical variables, similar to the X test. Using the

Fisher exact test, we compared the percentage of cells with incomplete synapsis and percentage

of cells with at least one bivalent without any MLH1 foci between the control, obstructive, and

nonobstructive azoospermic groups. We also compared the individuals in the control and

obstructive azoospermia groups who had the highest percentages of cells with incomplete

synapsis and the highest percentage of cells with at least 1 bivalent without MLH1 foci to each

individual in the nonobstructive azoospermia group via the Fisher exact test.
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Results

Analysis of recombination in meiotic cells

Meiotic division begins with a period of cell division characterized by four distinct stages of

prophase: the leptotene, zygotene, pachytene, and diplotene stages. DNA replication begins in

the pre-leptotene to leptotene stages and the sister chromatids begin to condense (Fig. 1A). Then

in zygotene, the sister chromatids synapse along their length and form lateral elements that

contain synaptonemal complex proteins (SCP), such as SCP2 and SCP3 (Fig. 1B, C). At

pachytene, SC formation is complete and recombination nodules that contain proteins such as

MLH1 are clearly visible (Fig. 1 D, E). Finally, at the diplotene stage, homologous chromosomes

begin to separate and only the chiasmata, the sites of the recombination machinery, hold the

chromosomes together (Fig. 1F). Meiotic division continues to progress in an orderly fashion

from meiosis I to meiosis II, unless errors in the recombination or chromosomal segregation

machinery trigger arrest at one of two checkpoints, either during prophase or at the metaphase

anaphase transition (23,24). In men, completion of meiosis requires 30-35 days (25).

In this study, we analyzed testis tissue that was collected from 66 men in three different

centers: New York, San Francisco, and Alberta. The men in the study were classified into three

different groups. Group I was the control group. This group contained 17 fertile men who had

either had a previous vasectomy or had testicular cancer (or other types of cancer such as

prostate cancer). All had histologically normal spermatogenesis. Groups II and III, together,

contained 49 affected individuals who were azoospermic (they completely lacked sperm in their

semen). These men underwent testicular biopsy in the hopes of finding sperm in their testis to be

used for assisted reproduction. These groups differed from each other in that men in Group II

-->
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were diagnosed with obstructive azoospermia (N=9). These men were infertile and were

diagnosed with obstruction of the seminal tract, such as congenital bilateral absence of the vas

deferens. All men in Group II had abundant sperm production in the testis. Since a molecular

cause of obstruction is unlikely to be linked to recombination, we expected that even though

these men were azoospermic, they should have normal recombination. Group III consisted of 40

men with nonobstructive azoospermia. Within this group, standard pathological diagnoses were

used to categorize the testicular biopsies from these men as displaying ‘Sertoli cell only'

syndrome (SCO), hypospermatogenesis or maturation arrest (26). SCO syndrome is

characterized by the complete absence of germ cells in the testis. Hypospermatogenesis is

characterized by reduced spermatogenesis without a defined focal point of arrest. Maturation

arrest is characterized by the cessation of germ cell development often at a specific stage, with or

without the production of occasional mature spermatids. Histologically, men in Group III

differed from men in Group II in that they produced very few or no sperm in the testis tissue,

whereas spermatogenesis in men in Group II was histologically normal. No molecular causes of

infertility in these men were known.

Arrest points in nonobstructive azoospermic men

To characterize defects in spermatogenesis, we first examined the progression of

spermatogenesis using immunofluorescence markers of the SC and recombination machinery to

determine the stage of spermatogenic arrest in nonobstructive infertile men. The progression of

spermatogenesis in these men was then categorized according to whether we observed: 1) arrest

of germ cell development prior to meiosis, 2) arrest of germ cell development at the zygotene

stage of prophase I and a subsequent lack of germ cells beyond this stage, or 3) the presence of
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mature meiotic cells (beyond the zygotene stage) in their testis. We found that twenty one of 40

(or 53%) of the monotºnave azoospermic men completely lacked meiotic germ cells. Just two

of 40 (or 5%) of the nonobstructive azoospermic men had a complete arrest at the zygotene stage

of prophase I (with no pachytene cells observed (Table 1)). Another two of 40 (5%) had an

incomplete arrest at zygotene with approximately 2-3% of spermatogenic cells in the pachytene

stage compared to 88% in the controls (Table 1). Finally, 15 of 40 men (or 38%) had mature

meiotic cells indicative of progression beyond the zygotene stage of prophase I to pachytene.

Significantly lower levels of recombination and synapsis fidelity in some infertile men.

The presence of pachytene cells in 15 infertile men with nonobstructive azoospermia allowed us

to analyze their recombination frequency and synapsis fidelity compared to that of men in the

control and obstructive azoospermic groups, using antisera that mark the centromere (CREST

antisera), sites of meiotic recombination (MLH1 antisera), and synaptonemal complex (SCP3,

SYN1) (Table 2: Fig.2). We observed that our control group had an overall mean of 45.9 + 5.3
**t **

and a range of 42.5 + 3.9 to 50.4 + 6.2 mean MLH1 foci per pachytene spermatocyte (Table 2). --~~"

The obstructive azoospermia group had an overall mean of 44.8 + 7.2 and a range of 42.0 + 3.9

to 50.9 + 4.8 mean MLH1 foci per pachytene spermatocyte (Table 2). These numbers closely

resemble the recombination frequencies obtained in studies by Lynn and colleagues (19). The

men in the group with idiopathic nonobstructive azoospermia had a lower mean of 40.0 + 12.2

and a range of just 4.2 + 2.4 to 48.9 + 7.4 mean MLH1 foci per pachytene spermatocyte (Table

2). We next sought to determine whether this recombination data from the different groups

differed significantly. For this purpose, we used a nonparametric test since the data was not

normally distributed. We noted that the mean number of recombination sites per pachytene cell
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between the control and obstructed azoospermic groups differed significantly (p<0.0009; Mann

Whitney test) as did both the control and obstructed azoospermic groups when compared to the

nonobstructive azoospermic groups (p<0.00001; Mann Whitney test).

Next, to further focus on the differences between the groups, we compared the individual

with the lowest mean in the control and obstructed groups to individuals in the nonobstructive

azoospermic group. Comparisons of individuals across the groups indicated that four individual

men diagnosed with maturation arrest in the group with nonobstructive azoospermia (10%) had a

significantly lower mean number of MLH1 foci per pachytene cell compared to all men in the

control and obstructive azoospermia group (p<0.0001 for MA2, MA4, MA7, p<0.02 MA1;

Mann-Whitney Rank-Sum Test). We also noted that there was no significant difference between

the individual with the lowest mean in the control group compared to the individual with the

lowest mean in the obstructive azoospermic group.

We next focused on the relationship between recombination parameters and pathological

diagnoses of the 15 nonobstructive azoospermic men with pachytene cells present, in more

detail. Of these 15 men, 8 of them were diagnosed with hypospermatogenesis and 7 were

diagnosed with maturation arrest. The men with hypospermatogenesis had an overall mean of

45.0 + 7.0 MLH1 foci while the men with maturation arrest had an overall mean of 34.0 + 14.6.

We compared the men with hypospermatogenesis and maturation arrest to each other and to the

control and obstructive azoospermic group. We found that the mean number of recombination

events per pachytene spermatocyte in men with hypospermatogenesis was significantly different

(p<0.006; Mann Whitney test) compared to the control group but not to the obstructive

azoospermic group. The men with maturation arrest had a significantly different mean number

of recombination events per pachytene spermatocyte compared to the control group, to the
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obstructed group and to the men with hypospermatogenesis (p<0.00001; Mann Whitney test).

Therefore, we concluded from this data that of men diagnosed with arrest during sperm

maturation, fully 4 of 7 (57%) were defective in recombination (Table 2).

In one center of our study (Alberta), the fidelity of chromosomal synapsis was also

measured by tallying: 1) the frequency of incomplete synapsis of chromosomes within

spermatocytes and 2) the frequency of cells with at least 1 bivalent with no MLH1 foci, (that is

with no apparent crossovers on that bivalent) (Table 3; Fig. 3). The percentages of cells with

incomplete synapsis and bivalents without MLH1 staining were then compared for the men

in each group sampled in Alberta. We noted significant differences in fidelity of synapsis in the

nonobstructive azoospermia group compared to the control and obstructive azoospermia groups

(p<0.00001 for control group, p<0.0006 for the obstructive group; Fisher exact test) (Table 3).

There was no significant difference between the control and obstructive groups in fidelity of

synapsis. There was a statistical difference in the number of cells with at least one bivalent

without MLH1 foci between the control group and both obstructive and nonobstructive

azoospermic groups (p<0.00001; Fisher exact test), but not between the obstructive and

nonobstructive azoospermic groups. When we examined individuals, we found that one

of four men from the group with nonobstructive azoospermia had a significantly higher

percentage of cells with unpaired regions in the synaptonemal complex when compared to the

control and obstructive azoospermia groups (p<0.00001; Fisher exact test). Moreover, two of

four men from the group with nonobstructive azoospermia had a significantly higher percentage

of cells with at least 1 bivalent with no MLH1 foci when compared to the control group

(p<0.008; Fisher exact test). One of these men also demonstrated a significant difference (p

<0.00001; Fisher exact test) when compared to men in the obstructive azoospermia group.

-:
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Defective recombination and/or a lower fidelity of synapsis and assisted reproduction

Given the defects in recombination that we observed, we examined the outcomes of assisted

reproduction in men in our study. In particular, examination of clinical outcomes indicated that

of the four men who had an overall reduced recombination frequency, only one man (MA2)

produced sperm that was used in assisted reproduction (Fig. 4). Curiously, this man had the

most severely-affected recombination parameters that we observed; he had the lowest

recombination frequency with a mean of just 4.2 + 2.4 MLH1 foci per pachytene spermatocyte.

When sperm from MA2 was used to fertilize 6 oocytes, fertilization occurred and embryos were

subsequently transferred to the uterus. However, there was no pregnancy after transfer. :
=
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Discussion

When we classified germ cells according to their stage of development in infertile men with

nonobstructive azoospermia, we found that 21 out of 40 (53%) of the nonobstructive

azoospermic men lacked meiotic germ cells. These men were diagnosed with SCO syndrome

which is characterized by the absence of germ cells in the testis. Another four of 40 (10%) of the

nonobstructive azoospermic men had germ cells arrested completely or nearly completely at the

zygotene stage of prophase in meiosis I. This stage of germ cell arrest, and subsequent

infertility, is identical to that observed in mice with mutations in recombination genes such as

Spol 1, Dmc1, Msh4 and Mshs (10-14). In these mutant mice, germ cells arrest at zygotene in

meiosis I and are subsequently eliminated via apoptosis. Thus, there is a checkpoint or genetic

safeguard that eliminates products of faulty meiotic recombination at this stage of

spermatogenesis in mice (27).

The remaining 15 of 40 men progressed through any zygotene checkpoints that might have

been imposed. We compared the recombination frequency of these men with nonobstructive

azoospermia to that of control men and men with obstructive azoospermia. Men in the control

group demonstrated recombination frequencies that were similar to those in previous studies (18,

19). In contrast, we were surprised to observe that the recombination frequency in men with

obstructive azoospermia was significantly lower than that of the control men. Men with

obstructive azoospermia generally are diagnosed with physical causes of azoospermia such as

blockage of spermatogenic ducts or absence of the vas deferens. Although the difference in

recombination frequency between these men and controls was small, it was significant. Notably,

it has long been observed that physical factors such as increased temperature, varicoceles (a

physical blockage) or a history of undescended testis lead to decreased fertility. It is interesting

f3.
.
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to speculate that these physical disturbances might affect a slight reduction in recombination, as

in men with obstructive azoospermia. Alternatively, the decreased recombination may be due to

microenvironmental effects or spermatogenic disorders that coexist with obstruction in the testis.

We observed the largest and most significant difference in mean number of recombination

foci per pachytene spermatocyte in the nonobstructive azoospermic group compared to both the

control and obstructive azoospermic groups. When we compared recombination frequencies of

men with hypospermatogenesis, or reduced spermatogenesis, we found that it differed

significantly from those of men in the control group but not the obstructed azoospermic group.

We do not, however, understand the molecular basis for this difference at this time; nonetheless,

the causes may parallel those that underlie the effects observed in the obstructive azoospermic

group, in that although spermatogenesis is completed, it is done so with aberrant parameters due

to microenvironmental or coexisting conditions. Finally, we noted that men who were

pathologically diagnosed with “maturation arrest” during germ cell differentiation had

significantly different recombination frequencies from those in the control group, obstructive

group, or other nonobstructive azoospermic men diagnosed with hypospermatogenesis. Four

men diagnosed a priori with maturation arrest had significantly lower recombination frequencies

than men with normal spermatogenesis or men with hypospermatogenesis. Therefore, of those

diagnosed with germ cell maturation arrest, 57%, or 4 of 7, were defective in recombination.

Although there is clearly variation in recombination frequencies within and among fertile

individuals, we observed that these four nonobstructive azoospermic individuals had

significantly lower recombination frequencies compared to all men in either the control or

obstructive azoospermic groups. While two of the individuals had what might be considered

i
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modest differences in recombination parameters, the other two were well outside the range of

recombination seen in men with normal spermatogenesis.

Deletions of genes on the Y chromosome, the most common genetically-defined cause of

infertility in men, account for approximately 10-15% of severe spermatogenic disorders (28).

Thus, the observation here that 10% of nonobstructive azoospermic men had significantly

reduced recombination frequencies in our study represents a frequent correlate of infertility.

Defects in recombination, uncovered here, would constitute the second most common defined

cause of infertility, that is also likely to be genetically-based.

Finally, we noted in this study that the individual with the most severe defect in

recombination produced a few rare sperm for use in ICSI. Thus, clearly and contrary to common

belief, severe defects in recombination in men can not be incompatible with sperm production;

moreover sperm from men with defective recombination are likely to be used routinely, and

without knowledge of recombination status, in assisted reproductive clinics. Taken together, our

observations indicate that azoospermic men, in particular those diagnosed with maturation arrest,

are at a great risk of carrying defects in recombination. Since decreased recombination has been

linked to chromosome abnormalities in model organisms and humans, our results suggest that

these infertile men may be at a higher risk of producing chromosomally abnormal offspring (29

31). Therefore, we would suggest that assessment of recombination parameters in even larger

populations of infertile men is warranted in order to determine the spectrum of outcomes

associated with the use of sperm from men with defective recombination for embryo production,

in order to provide appropriate counsel regarding risks, and in order to set the stage for gene

mapping studies in the infertile population.
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Figure Legends

Figure 1. The developmental stages of meiotic prophase I. Shown is immunohistochemical

analysis of spermatogenic cells with antisera that recognize SCP3 (Synaptonemal Complex

Protein 3; synaptonemal complexes red), that recognize MLH1 (Mut-L Homolog 1; MLH1 foci

yellow), and that recognize CREST antigens (centromeres blue). Cells were at the following

stages of meiotic prophase I: (A) Leptotene. (B) Early zygotene. (C) Late zygotene. (D) Early

pachytene. Arrowhead indicates the sex chromosomes (X and Y). (E) Late pachytene.

Arrowhead indicates the desynapsed sex chromosomes. (F) Diplotene. Photographs at 1000X.

Figure 2. Mean number of MLH1 foci per pachytene spermatocyte in the three groups studied.

This graph demonstrates the mean and standard deviations from the different men in the three

groups, control (C), obstructive (O) and nonobstructive azoospermia (HY=

hypospermatogenesis, MA = maturation arrest). The highlighted means are from the men with

significantly reduced mean MLH1 foci per pachytene spermatocyte.

Figure 3. Pachytene spermatocytes from men in the control, obstructive and nonobstructive

azoospermia groups. Synaptonemal complexes, red; MLH1 foci, yellow; centromeres, blue.

Pachytene spermatocytes from men from (A) control group, (B) obstructed group, and (C, D)

nonobstructed group. The sex chromosomes are indicated (arrowheads in A-D). Arrow in (B)

indicates a bivalent with incomplete synapsis. Arrow in (C) indicates one of the few

synaptonemal complexes in this pachytene spermatocyte with MLH1 foci. Arrow in (D)

indicates a bivalent with no MLH1 foci in the synaptonemal complex. Photographs at 1000X.
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Figure 4. Flow chart summarizing the results of our study, with emphasis on recombination data

and outcomes of assisted reproduction regarding the nonobstructive azoospermic infertile men.

3.
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Table 1. Men with nonobstructive azoospermia that had either a complete or partial arrest of

spermatogenesis at zygotene of the first meiotic prophase

# Cells Embryos Confirmed
Patient Age (yrs) Analyzed 96 of cell types Sperm Found after ICSI Pregnancy *"

MA 8 33 42 26%L, 3%P, 71%Z no no no

MA 9 49 55 33%L, 2%P, 65%Z yes yes yes

MA 10 41 100 13% L, 0%P, 87% Z no In O InO

MA 11 35 100 28% L, 0%P, 72% Z no no no

Controls 7%L, 88%P, 4%Z

Abbreviations are as follows: MA, Maturation Arrest; P, Pachytene; L., Leptotene; Z, Zygotene.
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Table 2. Analysis of mean MLH1 foci per cell and assisted reproduction for infertile and fertile
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Patient Age # Cells Mean # of MLH1 Range Sperm Embryos Confirmed
Analyzed foci (+/-SD) found after ICSI Pregnancy

CONTROLS (N = 17)
C1 49 40 43.5 + 3.8 37-54 yes N/A

-

C2 57 67 44.8 + 3.9 34–58 yes N/A
-

C3 42 26 49.0 + 6.4 35-61 yes N/A
-

C4 53 70 46.8 + 4.9 35–59 N/A N/A
-

C5 44 48 47.8 + 4.5 38-56 N/A N/A
-

C6 54 47 48.0 + 3.9 40-57 N/A N/A
-

C7 51 62 45.6 + 4.2 36–55 yes N/A
-

C8 56 94 44.4 + 4.7 32-53 yes N/A
-

C9 46 46 42.6 + 5.9 26–51 N/A N/A
-

C10 40 52 50.4 + 6.2 39–66 yes N/A
-

C11 48 79 43.4 + 4.1 35-53 yes N/A
-

C12 47 100 49.9 + 4.3 38-62 N/A N/A
-

C13 22 100 45.3 + 5.6 22-60 N/A N/A
-

C14 26 100 42.5 + 3.9 32-52 N/A N/A
-

C15 81 100 46.4 + 5.0 25–58 N/A N/A
-

C16 79 100 46.6 + 5.9 21-58 N/A N/A
-

C17 80 100 45.8 + 4.1 34-57 N/A N/A
-

OBSTRUCTIVE AzoospERMIA (N = 9)

º g

* -]
• *

O1 31 18 44.8 + 8.8 14-56 yes yes yes

O2 44 23 50.9 + 4.8 40–62 yes yes no

O3 32 62 47.2 + 5.1 35-57 yes yes yes

O4 38 95 44.2 + 5.1 31-57 yes yes yes

O5 29 66 42.0 + 3.9 32–51 yes N/A
-

O6 36 100 44.9 +9.9 4-60 yes yes no

O7 29 100 43.0 +8.8 10-58 yes yes yes

O8 31 34 50.4 + 6.3 29-61 yes yes yes

O9 34 99 44.1 + 4.6 29-54 yes yes no

NON OBSTRUCTIVE AzoosperMIA (IDIOPATHIC) (N = 15)
HY1 40 88 45.3 +5.3 20-54 yes yes yes

HY2 24 100 48.9 +7.4 23-61 yes no no

HY3 43 74 43.7 ± 7.8 8-56 yes yes yes

HY4 47 48 42.2 + 6.7 18-54 yes yes no

HY5 54 28 42.7 it 6.6 24-51 yes no no

HY6 49 64 42.7 it 3.1 35–48 yes N/A
-

HY7 42 78 46. 1 + 3.4 38–55 yes yes yes

HY8 34 100 42.7:9.0 15-61 yes yes yes

T-34 22 327++74 t-60 ño- ho- no

----

-42 #24 1-11
MA3 25 71. 44.3 + 4.5

-

31-52. Tho- * -:

MA5 27 53 410: 61 17-5 no- no no
MA6 33 100 41.5 + 5.5 3–52 yes yes no

'85- T00- 37 gººd *T8-52-no "To Rö I
sco - no pachytene cells (N = 21)
Arrest at zygotene (N = 4)
Total = 66
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The analysis of mean MLH1 foci (recombination events) per cell and assisted reproduction in the

66 men we studied. Abbreviations: C, control; O, Obstructive azoospermia; HY,

hypospermatogenesis; MA, maturation arrest; N/A, not available; SCO, Sertoli cell only

syndrome. Shading highlights men with significant reductions in recombination, as noted by

reduced number of MLH1 foci per cell.
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Table 3. Fidelity of chromosomal synapsis
# Pachytene %Cells w■ % Cells w■ at Least
Cells Incomplete 1 Bivalent with 0

Patient Age (yrs) Analyzed Synapsis MLH1

CONTROLS
C12 47 100 0 0
C13 22 100 0 5

C14 26 100 1 0
C15 81 100 9 11
C16 79 100 6 2
C17 80 100 0 8
overall 3 4

OBSTRUCTED AZOOSPERMIA
O6 36 100 5 10

O7 29 100 2 22
overall 4 16

NON OBSTRUCTIVE AZOOSPERMIA
- - - - ------------IHY1-40-

-
88–

--- -

-6- —
8HY2 24 100 7

HY8 34 100 10 16
EMA'■ 34 22 63.6 72.7

overall 12 20

Abbreviations: C, control; O, Obstructive azoospermia; HY, hypospermatogenesis; MA,
maturation arrest,” indicates significantly higher percentage of incomplete synapsis and
significantly higher percentage of cells with at least one bivalent without MLH1 foci when
compared to both groups. Highlighted area points out men that had a significantly higher
percentage of cells with at least 1 bivalent without MLH1 foci compared to the control group.
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Abstract

Factors that predict the success of assisted reproductive techniques (ART) such as

intracytoplasmic sperm injection (ICSI) are useful for counseling those who seek

parenthood via these technologies. To date, aetiology of infertility, maternal age, sperm

morphology and motility, and genetic factors such as the presence of particular deletions

on the Y chromosome have been used in attempts to predict success in ICSI. We recently

demonstrated that some infertile men have reduced recombination frequencies. Here we

report a follow-up study of success of ICSI in these men and report evidence that reduced

recombination may be associated with reduced success in ICSI.
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Introduction

The advent of intracytoplasmic sperm injection (ICSI), the injection of a single

sperm into an oocyte, has made it possible for men with severe spermatogenic disorders

to potentially father biological children (1). Yet, ICSI is only successful in

approximately 20-25 percent of cycles (or attempts) (see

http://apps.nccc.cdc.gov/ART2001/clinicsO1.asp for latest data from the Centers for

Disease Control). Thus, there is a need to identify factors that predict the success of ICSI.

Substantial data has documented the fact that both maternal age and embryo quality are

major predictors of success in ICSI (2, 3). Less evidence has defined male predictive

factors, though several studies have suggested that there may be utility to the use of

sperm morphology and motility, aetiology of azoospermia, and genetic status of the Y

chromosome in predicting success of ICSI (4-7). In this study, we examined the

relationship of recombination in azoospermic men and success in ICSI, in a small

population of infertile and control men.

Previously, we used reagents that specifically mark sites of recombination to

compare recombination parameters within populations of single spermatocytes from 66

infertile and fertile men who reported for assisted reproduction. In these studies, the

centromere of each chromosome in the spermatocyte was localized with CREST antisera

and sites of meiotic recombination on the synaptonemal complex (SC) on the

chromosome were visualized with antisera to DNA mismatch repair protein MLH1 (Mut

L homolog 1)(8). Using these tools, we demonstrated that men with normal

spermatogenesis in our control group had an overall mean of 45.9 + 5.3 recombination
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events per pachytene spermatocyte. In contrast, we observed that 10% of idiopathically

infertile men had significantly lower recombination frequencies than men with normal

spermatogenesis (8). Because the men in this study reported for assisted reproduction, we

followed up our initial studies to examine the possibility that recombination parameters

may be a predictive factor for ICSI.
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Materials and Methods

Tissue collection

Informed consent for collection of testis tissues was obtained from patients presenting

for treatment of male infertility or reverse vasectomies at Cornell University Medical

Center (Institutional Review Board) and University of California at San Francisco

(Committee on Human Research), as appropriate. All of the procedures were in

accordance with the responsible committee on human experiments and with the Helsinki

Declaration of 1975, as revised in 1983. In most cases, one third of the tissue sample was

processed immediately for meiotic analysis, another third was preserved individually at -

80°C for molecular analysis and the remainder was fixed in Bouin’s fixative for

histological analysis.

Meiotic analysis

Testis tissue was processed as previously reported. Primary antibodies used were:

human anti-CREST (gift from Bill Brinkley, Baylor College of Medicine), mouse anti

MLH1 (Oncogene) and rabbit anti-rat SCP3 (gift from Christa Heyting, Wageningen

University). The CREST antibody localizes to the centromere, the MLH1 antibody

localizes to recombination foci and the SCP3 antibody marks the lateral element of the

synaptonemal complex. For secondary antibodies, AMCA donkey anti-human (Jackson

ImmunoResearch), FITC donkey anti-rabbit (Jackson ImmunoResearch), Rd donkey anti

mouse (Jackson ImmunoResearch) were used. Slides were scanned with a Fluorescent

Leica DMRB microscope and images of synaptonemal complexes, MLH1 and CREST
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locations were captured on a Leica DFC 300F camera. Prints of captured images were

analyzed in order to determine the number of MLH1 foci on each individual

synaptonemal complex in the whole cell.

Statistical analysis

The statistical package Statistics/Data Analysis (STATA) was used for statistical

analysis. We tested whether there was a statistical difference in the mean number of

MLH1 foci per pachytene spermatocyte between men from the three groups (Group I

contained men who had sperm in their testis that was used in ICSI, resulting in a

pregnancy; Group II contained men who had sperm in their testis that was used in ICSI,

resulting in no pregnancy; Group III contained men who had no sperm in their testis and

therefore ICSI was not be performed) using the Mann Whitney test. We also tested

whether there was a significant difference in maternal age between the three groups using

an ANOVA (Analysis of Variance).

80



Results

We classified all the men in our study, who had had their recombination

parameters previously determined, into three different groups. Group I contained men

who had sperm in their testis that was used in ICSI, resulting in a pregnancy. Group II

contained men who had sperm in their testis that was used in ICSI, resulting in no

pregnancy. Group III contained men who had no sperm in their testis and therefore ICSI

was not be performed; note, however, that men in Group III had spermatocytes that could

be used for determining recombination parameters. Our analysis of these men is

summarized in Table 1. Men with successful pregnancies (Group I) had an overall mean

of 45.6 + 6.1 MLH1 foci or recombination events per pachytene spermatocyte. In

contrast, men with sperm but unsuccessful attempts at pregnancy, had an overall mean of

36.7 + 15.7 MLH1 foci or recombination events per pachytene spermatocyte. Finally,

men in Group III had an overall mean of 37.6+ 9.5 MLH1 foci or recombination events

per pachytene spermatocyte. When we examined whether these differences were

significant, we found there was a significant difference in recombination frequencies

between men in Group I and those in either Groups II or III; however, the recombination

frequencies of men in Groups II and III did not differ significantly (P<0.00001 for the

comparison between Group I versus Groups II and III; Mann-Whitney rank-sum test).

Closer examination of the recombination frequencies of individual men in Groups I and

II suggested that significant differences might be largely attributable to individual MA2,

who displayed an extremely low recombination frequency. Thus, we reanalyzed the data

after removing MA2 from Group II to test whether significance was solely dependent on
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this individual. We observed that recombination frequencies were significantly different

between the two groups even in the absence of MA2 from the analysis (P<0.00001).

Thus, recombination frequencies between individuals whose sperm resulted in pregnancy

and those whose sperm did not were significantly different even when we removed data

from this outlier from Group II.

We also examined other factors that could contribute to pregnancy results in the

clinic, such as maternal age or number and quality of embryos transferred. However, we

observed no significant difference in maternal age or embryo transfer parameters between

the three different groups.
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Discussion

Due to the low success rate of ICSI it is important to identify predictive factors

for successful results. We studied the possibility of reduced recombination frequency

associated with unsuccessful results with ICSI. Although our study is small we found

that the data suggests the possibility that reduced recombination parameters may be

associated with reduced success at ICSI. We could not find any other factors such as

maternal age and embryo quality that would have contributed to the differences seen

between the groups.

For clinical purposes much larger studies will be necessary to establish cut off

values in recombination parameters to predict successful ICSI results. Given that ART is

expensive financially and emotionally for the infertile patient, improved predictive

factors are urgently needed. Thus, larger studies of increased power to assess reliability

of recombination parameters to predict ART outcomes are warranted.
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Table 1 Analysis of mean MLH1 foci per cell and assisted reproduction for men with

successful and unsuccessful ICSI results

Mean # of

Maternal # Cells MLH1 foci Sperm Embryos Confirmed Embryos Outcomes of

Patient Pt. Age Age Analyzed (+/-SD) Range found after ICSI Pregnancy implanted Pregnancy

Men with sperm present in testis and successful invitro fertilization (IVF) resulting in pregnancy
Ol 31 29 18 44.8 + 8.8 14-56 yes yes yes 2 (7 cell) boy

3 (2-9 cell, 1-6
O3 32 24 62 47.2 + 5.1 35-57 yes yes yes cell) female

4 (2-8 cell, 6
O4 38 35 95 44.2 + 5.1 31-57 yes yes yes and 5 cell) twin boys
O8 31 27 34 50.4 + 6.3 29-61 yes yes yes 2 (8 cell) boy

4 (2-10 cell, 8
HY3 43 39 74 43.7 ± 7.8 8-56 yes yes yes and 5 cell) girl

HY7 42 37 78 46. 1 + 3.4 38-55 yes yes yes 2 (4 cell) boy

Men with sperm present in testis but no pregnancy through IVF
3 (2-9 cell, 8

O2 44 29 23 50.9 + 4.8 40-62 yes yes no cell) NA

O9 34 33 99 44.1 + 4.6 29-54 yes yes no 2 blastocyts NA
2 (9 cell

HY4 47 32 48 42.2 + 6.7 18-54 yes yes no embryo) NA

embryos
HY5 54 34 28 42.7 ± 6.6 24-51 yes no no frozen NA

3 (2-5 cell,
MA2 31 27 60 4.2 + 2.4 1-11 yes yes no 7cell) NA

MA6 33 33 100 41.5 + 5.5 3–52 yes yes no 3 (10,8.7 cell) NA

Men with no sperm present in their testis
MA3 25 21 71 44.3 + 4.5 31-52 no no no NA NA

MA4 37 34 48 23.5 + 7.5 8-40 no no no NA NA

MA5 27 33 53 4.1.0+ 6.1 17-55 no no no NA NA

MA7 35 33 100 37.9 + 7.0 16-52 no no no NA NA

Abbreviations: ICSI, intracytoplasmic sperm injection; IVF, invitro fertilization; O,

obstructive azoospermia (men with normal spermatogenesis but with obstruction in the

seminal tract and therefore no sperm in their semen); HY, hypospermatogenesis (men

with non-obstructive azoospermia characterized with a reduced spermatogenesis without

a defined focal point of arrest); MA, maturation arrest (men with non-obstructive

azoospermia characterized by a cessation of germ cell development often at a specific

age; N.A, not applicable.
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Abstract

Klinefelter syndrome (KS: 47,XXY), occurs in one in 1,000 male births. Men with

Klinefelter syndrome are infertile and have higher rates of aneuploidies in sperm

compared to normal fertile men. In the course of analyzing recombination in a

population of infertile men, we observed that four men in our study presented with

Klinefelter syndrome (KS). We examined whether these men differed in recombination

parameters amongst themselves and relative to normal men. Even though the number of

men with KS analyzed was small, we observed remarkable variation in spermatogenesis.

In spite of the fact that the men had the same genetic cause for infertility, two of four KS

patients had few or no spermatogenic cells that progressed through meiosis to the

pachytene stage, whereas, the other two men produced abundant pachytene cells that had

recombination frequencies comparable to fertile men, though one had a significant

reduction in fidelity of synapsis. Moreover, regardless of histological appearance,

examination of outcomes of assisted reproduction indicated that sperm were extracted

from testis biopsies in all four cases and when used in assisted reproductive practices,

chromosomally-normal babies were born. These results reinforce that: 1) men with the

same underlying genetic cause for infertility do not present with uniform pathology, 2)

the checkpoint machinery that might arrest spermatogenesis in the face of chromosomal

abnormalities does not prevent pockets of complete spermatogenesis in men with KS, and

3) aneuploidy, in some cases, is compatible with birth of a chromosomally normal child,

suggesting that sperm produced from a background of aneuploidy can be normal in men

with KS.
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Introduction

Meiosis is a well conserved process of DNA replication followed by two cell

divisions to generate haploid gametes. Aneuploidy arises in meiosis I or II by non

disjunction and is a rare event in most organisms. For example, rates of aneuploidy in

meiotic cells have been reported as 1/10,000 cells for Saccharomyces cerevisiae, 1/6000

for Drosophila melanogaster, and approximately 1/100 to 1/200 for mice (1).

Surprisingly, the rate of aneuploidy in humans may be as high as 1/10 to 1/30, depending

on factors such as age and sex (1). Aneuploidy is detected in approximately five percent

of clinically-recognized pregnancies. However, in general, most aneuploidies are

eliminated early in gestation. Less than one percent of newborns are trisomic and clearly,

sex chromosome trisomies are less severe than those of autosomes (2). Although

maternal errors account for more than 95% of autosomal trisomies, it is notable that

paternal errors account for 50% of cases of Klinefelter syndrome (KS: 47,XXY) (3).

KS occurs in one of every 1000 male births and is characterized by several features

including infertility, typically azoospermia (no sperm in the semen), small testes and

penis, Leydig cell hyperplasia, androgen deficiency, abnormally long limbs, sparse or

absent facial, pubic or body hair, feminine distribution of adipose tissue, and increased

frequencies of autoimmune disorders and learning disabilities (3,4). It is reported that

men with KS also have higher rates of sex chromosomal aneuploidy ranging from 0.1%

to 50% and autosomal aneuploidy (of chromosomes 13, 18 and 21) in their sperm

compared to normal fertile men (3, 5-18) an observation paralleled by studies in 41,XXY

mice (19). It is also well established that spermatogenesis in male XXY mice generally
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arrests prior to the onset of meiosis (20). Production of spermatids may be a result of rare

patches of break-through spermatogenesis in which germ cells may survive and progress

through meiosis (20). Thus, XXY mice have abundant Sertoli and Leydig cells but few

or no germ cells in the spermatogenic tubules; moreover, aneuploidies of both autosomes

and sex chromosomes are increased in XXY mice (19).

Due to the higher rates of both autosomal and sex chromosomal aneuploidy found in

sperm of men with KS, we hypothesized that these men may have altered recombination

parameters compared to normal fertile men. Reagents that mark sites of recombination

can be used to analyze recombination frequencies in human spermatocytes (21, 22).

Antibodies that localize to sites of recombination and to the synaptonemal complex allow

the quantification of recombination events per meiotic pachytene cell and the analysis of

synapsis fidelity. We recently reported that men with few or no sperm had reduced

recombination frequencies (23). In addition, recent case reports identified an infertile

man who had a complete arrest in meiosis associated with failure to form the

synaptonemal complex and a man with nonobstructive azoospermia with reduced

recombination frequency and discontinuities in the synaptonemal complex (24). Thus the

tools to examine recombination in single spermatocytes are now available and substantial

evidence suggests that men with different phenotypes have altered recombination. In this

study, we directly compared recombination frequencies and synapsis fidelity in men with

KS to those of fertile men with normal spermatogenesis and examined the results of ART

(Assisted Reproductive Techniques).
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Materials and Methods

Tissue Collection

Informed consent for collection of tissues was obtained from patients presenting for

treatment of male infertility at Cornell University Medical Center and at University of

California at San Francisco, as appropriate. All of the procedures were in accordance

with the responsible committee on human experiments and with the Helsinki Declaration

of 1975, as revised in 1983. In most cases, one third of the tissue sample was processed

immediately for meiotic analysis, another third was preserved individually at -80°C for

molecular analysis and the remainder was fixed in Bouin’s fixative for histological

analysis.

Meiotic Analysis

Testis tissue was processed as previously reported (21, 22). Primary antibodies used

were: human anti-CREST (gift from Bill Brinkley, Baylor College of Medicine), mouse

anti-MLH1 (Oncogene) and rabbit anti-rat SCP3 (gift from Christa Heyting, Wageningen

University). The CREST antibody localizes to the centromere, the MLH1 antibody

localizes to recombination foci and the SCP3 antibody marks the lateral element of the

synaptonemal complex. For secondary antibodies, AMCA donkey anti-human (Jackson

ImmunoResearch), FITC donkey anti-rabbit (Jackson ImmunoResearch), Rd donkey anti

mouse (Jackson ImmunoResearch) were used. Slides were scanned with a Fluorescent

Leica DMRB microscope and images of synaptonemal complexes, MLH1 and CREST

locations were captured on a Leica DFC 300F camera. Prints of captured images were

analyzed in order to determine the number of MLH1 foci on each individual

92



synaptonemal complex in the whole cell and also to determine fidelity of chromosomal

synapsis.

Flourescence In Situ Hybridization (FISH)

FISH was done on slides that had been prepared for meiotic analysis and were stored

at - 80°C. DNA probes chosen to bind specifically to chromosome X (CEP X

Spectrum0range"), chromosome Y (CEP Y Spectrum Green) or chromosome 18 (CEP

16 SpectrumAqua) were from Vysis Inc. (Downers Grove, IL). Hybridization was

according to manufacturer's protocol using 1 pil of probe per 10 pil of hybridization

mixture.

Slides were incubated in Carnoy’s fixative (methanol-acetic acid, 3:1, vol/vol), 10

min, followed by immersion in 2x SSC (0.3 MNaCl, 0.03 MNa3 citrate-2H2O, pH 7.0),

5min, 20°C. Slides were pretreated with 25 pig■ ml pepsin (Amresco, Solon, OH) in 0.01

N HCl, 10 min at 37°C, and immersed in phosphate-buffered saline (PBS), 5 min. Then,

slides were incubated in 1% paraformaldehyde /PBS, 5 min, PBS, 5 min, and sequential

changes of ethanol and air dried. Slides and hybridization mixture were denatured, 8 min

at 85°C. Hybridization proceeded at 37°C, 16 h. After hybridization, slides were washed

in 0.3% NP40/0.4xSSC for 2 min at 73°C followed by 0.1%NP40/2x SSC, 2 min at

20°C. Slides were mounted with DAPI (DNA counterstaining, Vysis Inc.). Signals were

visualized on a fluorescence microscope equipped with filters for DAPI, FITC,

rhodamine, and Spectrum Aqua excitation and detection.

Hybridization signals were counted according to previously published criteria, pairs

that were spaced less than the diameter of a signal domain were counted as one
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chromosome, and pairs that were farther apart than the diameter of a signal domain were

counted as two chromosomes (25). We analyzed 100 cells per patient.

Statistical Analysis

The statistical package Statistics/Data Analysis (STATA) was used for statistical

analysis. To determine whether the mean number of MLH1 foci differed between groups,

we compared the mean MLH1 foci of each individual in the control group to each

individual in the Klinefelter syndrome group via the nonparametric Mann-Whitney test.

To determine whether the fidelity of chromosome synapsis differed between groups, we

compared the percentage of cells with fully synapsed bivalents in the control group to an

individual in the Klinefelter syndrome group via the Fisher exact test.
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Results

Meiotic division begins with a period of cell division characterized by four distinct

stages: leptotene, zygotene, pachytene, and diplotene. As shown, DNA replication and

sister chromatid condensation begins in the pre-leptotene to leptotene stages (Fig. 1A).

Sister chromatids synapse along their length through the formation of the axial/lateral

elements that contain the synaptonemal complex proteins, SCP2 and SCP3 during

zygotene (Fig. 1B). At pachytene, the sister chromatids are fully synapsed and

recombination nodules that contain proteins such as MLH1 are visible (Fig. 1C). Finally,

at the diplotene stage, homologous chromosomes begin to separate and sites of

recombination, the chiasmata, hold the chromosomes together (Fig. 1D). Meiotic division

continues to progress in an orderly fashion through meiosis I to meiosis II unless errors in

the recombination or chromosomal segregation machinery trigger arrest at either of two

well-defined checkpoints (26, 27).

In this study, we analyzed testis tissue from two groups of men: Group I was the

control group and contained 4 fertile men with prior vasectomies. All had histologically

normal spermatogenesis. Group II contained four individuals with pure, non-mosaic

Klinefelter syndrome; all were azoospermic and completely lacked sperm in their semen.

Histologically, the men with KS in Group II varied, especially in contrast to men with

normal spermatogenesis. Men in the control group had complete spermatogenesis with

numerous spermatogenic cells present from immature spermatogonia to mature

spermatids. In contrast, two patients, KS1 and KS2 (Klinefelter syndrome patient 1 and

2), had well organized seminiferous tubules with prophase I spermatocytes present. The
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other two men, KS3 and KS4, had sclerotic seminiferous tubules with only rare

spermatogenic cells observed.

We examined immunostained meiocyte spreads from testis biopsies for each of the

men in the control and KS groups (Fig. 2). Since KS3 and KS4 had few or no pachytene

cells, assessment of their recombination frequencies was not possible. KS1 and KS2,

however, had sufficient numbers of pachytene cells to analyze recombination. Thus, the

autosomal recombination frequency and synapsis fidelity was measured as described with

antisera that mark the centromere (CREST antisera), sites of meiotic recombination

(MLH1 antisera), and synaptonemal complex (SCP3) (23). Results indicated that there

was no significant difference in autosomal recombination frequencies between these men

and controls. Our control group had an overall mean of 44.1 + 4.7 recombination loci

and a range of 42.6 + 5.9 to 45.6 + 4.2, per pachytene spermatocyte (Table 1, Fig. 2).

Similarly, the men with KS had an overall mean of 46.6 + 5.6 and a range of 45.8 + 6.7 to

46.8 + 5.2 mean recombination loci per pachytene spermatocyte (Table 1, Fig. 2). In

contrast, when we tallied fidelity of chromosomal synapsis (percentage of cells with fully

synapsed bivalents), we observed that KS2 had a significantly lower percentage of cells

with fully synapsed bivalents compared to men in the control group (p-values of

p-0.0001 for C1 and C2, p<0.0007 for C4, and p-0.01 for C3).

To analyze pairing of the sex chromosomes, we examined 100 meiotic cells from

KS2 and as a control C4. We found that 99% (99) of meiotic cells were XY and 1% (1)

of meiotic cells were XXY in the control, whereas, 47%.47 () of meiotic cells had an

XXY karyotype and 53% (53) had an XY karyotype in the KS individual (Fig.3).
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Finally, we examined outcomes of ART in the men with KS, expecting that those

with abundant pachytene spermatocytes would be more likely to produce sperm.

Surprisingly, however, in spite of the dramatic differences in histology and differences in

synaptonemal complex fidelity, all four men with KS produced rare sperm that were used

to fertilize oocytes (Fig. 4). Fertilization occurred with sperm from all four men, though

embryos were subsequently transferred only in the cases of KS1, KS2, and KS3.

Pregnancies resulted in all three cases of embryo transfer and all babies were born

without any chromosomal abnormalities, including in the case of KS2 where fidelity of

synapsis was clearly compromised. Three boys and three girls were born.
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Discussion

Men with KS have increased aneuploidy in their sperm compared to fertile men with

normal spermatogenesis (Guttenbach et al. 1997). In model organisms, non-disjunction

or errors in meiotic chromosome segregation are associated with absent or reduced levels

of recombination as well as with recombination in suboptimal chromosome positions (1).

We hypothesized that men with KS might have altered global recombination frequencies.

However, we observed no significant difference in autosomal recombination frequency in

this small study. Instead we observed a significant difference in the synapsis fidelity in

one man with KS relative to controls. Synapsis, the tight axial association which brings

the four chromatids into an intimate alignment and stabilizes the pairing event of

chromosomes during prophase of meiosis I, has been shown to be required for meiotic

progression in most organisms (28). A recent report also documented a case of an

infertile man with meiotic I arrest due to failure of formation of the synaptonemal

complex (SC) (29). In this individual 46 full-length axial elements were observed, but no

evidence of synapsis was seen between homologous chromosomes. Thus, it was

concluded that abnormalities in the SC formation may be associated with a proportion of

cases of unexplained male infertility (29). A second case report identified a man with

nonobstructive azoospermia with reduced recombination frequency and discontinuities in

the synaptonemal complex (24). Here we also report an individual with KS who has SC

formation defects. The defect is characterized by regions of incomplete synapsis between

bivalents. This phenotype is not as extreme as complete failure to synapse but is

intriguing in that it suggests the possibility that abnormalities in synapsis formation might
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also be associated with infertility and aneuploidy in KS patients. Due to the fact that

altered recombination increases the likelihood of aneuploidy, a synapsis defect might be

associated with the higher rate of aneuploidy that is seen in sperm from men with KS

compared to fertile men.

It is notable that histological phenotype in men with KS varied widely. Two men had

a nearly complete arrest of meiosis, with few sperm found in biopsies and only rare

prophase meiotic cells seen in sclerotic seminferous tubules. The other two men had an

abundance of prophase meiotic cells seen in an organized seminiferous tubule. This

variation in phenotypes, all associated with a 47,XXY genotype, suggests that meiotic

checkpoints in these men may vary in response to aneuploidy. Even more notable is that

despite these histological differences, sperm were isolated for embryo production in all

cases; and in three of four cases, implantation resulted in birth of healthy chromosomally

normal babies. Notably this success was evident even in the case where 47% of

spermatocytes were found to carry the abnormal XXY karyotype.

Unfortunately, although it would be useful to directly compare characteristics of

sperm from KS men to characteristics of sperm obtained from other azoospermic men,

sperm from men with KS are rare, limiting the feasibility of such a study. Nonetheless,

our observations suggest that it would be beneficial to conduct expanded studies of

autosomal recombination with a larger population of men who report for assisted

reproduction in order to examine outcomes when sperm with diverse chromosomal

disorders are used in ART.
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Figure Legends

Figure 1 Developmental stages of meiotic prophase I. Shown is immunohistochemical

analysis of spermatogenic cells with antisera that recognize SCP3 (Synaptonemal

Complex Protein 3; red), that recognize MLH1 (Mut-L Homolog 1; yellow), and that

recognize CREST antigens on centromeres (blue). Cells were at the following stages of

meiotic prophase I: (A) Leptotene. (B) Zygotene. (C) Pachytene. (D) Diplotene.

Photographs at 1000X.

Figure 2 Pachytene spermatocytes from men in the control and Klinefelter syndrome

groups. Synaptonemal complexes, red; MLH1 foci, yellow; centromeres, blue. Pachytene

spermatocytes from men from (A) control group and (B) Klinefelter syndrome group.

Arrow in B indicates incomplete synapsis between two homologous bivalents.

Photographs at 1000X.

Figure 3 FISH (Fluorescence in Situ Hybridization) of meiotic cells from men in the (A)

control group with a normal XY karyotype, (B) Klinefelter syndrome group with a

normal XY karyotype, and (C) Klinefelter syndrome group with a XXY karyotype.

Chromosomes 18, blue; X Chromosomes, red; Y chromosomes, green.

Figure 4 Summary of recombination and synapsis fidelity and outcomes of assisted

reproduction techniques in men with Klinefelter syndrome.
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Table I. Analysis of recombination and assisted reproduction outcomes for men in the
control and Klinefelter Syndrome groups.

% of Cells with

# Pachytene Mean # of MLH1 Fully Synapsed Embryos Confirmed

Patient Age Cells Analyzed foci (+/-SD) Range Bivalents Sperm found after ICSI Pregnancy
CONTROLS

Cl 51 62 45.6 + 4.2 36-55 88.70% yes N/A
-

C2 56 94 44.4 + 4.7 32-53 86.20% yes N/A
-

C3 46 46 42.6 + 5.9 26-51 80.40% N/A N/A
-

C4 48 79 43.4 + 4.1 35-53 83.60% yes N/A
-

KLINEFELTER SYNDROME MEN

KS1 27 17 45.8 + 6.7 25-52 N/A yes yes yes

KS2-36 63 46.8+52 33-57–57.10% yes yes yes
KS3 26 NP N/A N/A N/A yes yes yes

KS4 44 NP N/A N/A N/A yes yes NT

Abbreviations: C, control; KS, Klinefelter syndrome; NP, not enough pachytene cells to

analyze; N/A, not available; NT, no transfer. The control group consisted of fertile men

who have had vasectomies. The Klinefelter syndrome men consisted of men who were

diagnosed with Klinefelter syndrome and were azoospermic (no sperm in the semen).

Shading highlights the man with significant reductions in synapsis fidelity, as noted by

reduced percentage of pachytene cells with fully synapsed bivalents.
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Conclusion

My overall goal was to define potential causes and stages of meiotic arrest in

azoospermic men. In our study, we observed that 52% of azoospermic men had an arrest

of germ cell development prior to meiosis, 10% experienced an arrest at zygotene and

38% had mature meiotic cells present in their testis(1). We also observed a clear

association between reduced recombination frequencies and synapsis fidelity in infertile

non-obstructive azoospermic men. In this later group, non-obstructive azoospermic men,

10% had a significantly lower mean number of recombination events when compared to

all of the men in the control and obstructive azoospermic groups(1). Most notably, all of

the men in whom we observed significantly reduced recombination frequencies were

diagnosed with maturation arrest. We also found significant differences in the fidelity of

synapsis in the non-obstructive azoospermia group when compared to the control and

obstructive azoospermia groups(1).

One of the most interesting aspects of this work, is our ability to examine the

effects of defective recombination on the outcomes of common assisted reproduction.

Out of four men with significantly reduced levels of recombination frequency, only one

man had sperm present in his testis, and yet this individual had the most severely affected

recombination parameters. When sperm from this man was used to fertilize oocytes,

fertilization occurred and embryos were subsequently transferred to the uterus. However,

there was no pregnancy(1). Thus, perhaps we might speculate that a checkpoint at this

stage may exist to prevent pregnancy in light of recombination defects or defects in

chromosome number or DNA structure. What is most notable, is the observation that

runs contrary to common belief, namely that severe defects in recombination in men are
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compatible with sperm production and moreover, that sperm from men with defective

recombination are likely to be used routinely, and without knowledge of recombination

status, in assisted reproductive clinics.

Because of the observations described above, we decided to examine whether

defective recombination is associated with poor pregnancy outcomes in assisted

reproduction. We observed a significant difference in recombination frequencies

between men who had successful outcomes that resulted in pregnancy and men who had

unsuccessful outcomes after assisted reproductive techniques. Our study suggests the

possibility that reduced recombination parameters may be associated with reduced

success at ICSI. We did not observe evidence that any other factors such as maternal age

and embryo quality contributed to the differences between the groups. Given that ART is

financially and emotionally expensive for the infertile patient, improved predictive

factors are urgently needed. Thus, larger studies of increased power to assess reliability

of recombination parameters to predict ART outcomes are warranted.

In our study, a small group of patients was diagnosed with Klinefelter syndrome

(KS: 47,XXY). We examined whether these men differed in recombination parameters

and synapsis fidelity among themselves and relative to normal men. We observed

remarkable variation in spermatogenesis. We did not observe differences in

recombination frequencies comparable to fertile men, though one had a significant

reduction in fidelity of synapsis. Moreover, regardless of histological appearance,

examination of outcomes of assisted reproduction indicated that sperm were extracted

from testis biopsies in all four cases and when used in assisted reproductive practices,

chromosomally-normal babies were born. These results reinforce that: 1) men with the
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same underlying genetic cause for infertility do not present with uniform pathology, 2)

the checkpoint machinery that might arrest spermatogenesis in the face of chromosomal

abnormalities does not prevent pockets of complete spermatogenesis in men with KS, and

3) aneuploidy, in some cases, is compatible with birth of a chromosomally normal child,

suggesting that sperm produced from a background of aneuploidy can be normal in men

with KS.

Very little is known about human male infertility in spite of the increasing

popularity of techniques such as ICSI to treat infertility. We found that many infertile

men are at a great risk of carrying genetic defects such as recombination deficiencies.

Notably, recombination deficiencies have been linked to chromosomal abnormalities in

model organisms and humans (2-4). In addition, other studies have linked mutations in

genes involved in recombination to cancer (5-8). Because these defects have been linked

to chromosomal abnormalities and cancer in model organisms and humans, our results

suggest that these infertile men may be at a higher risk of producing chromosomally

abnormal offspring or offspring with a higher risk of developing cancer. These

observations are especially relevant given that infertile men who presented at the clinic

routinely with problems in recombination and synapsis fidelity, were capable of

producing embryos. Therefore, larger genetic studies must be done to determine causes

of infertility such as defects in recombination and to determine outcomes associated with

the use of sperm from men with defective recombination. This will improve counseling

of infertile patients as they contemplate use of assisted reproductive technology.
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