
























______________________________________________Introduction_

1. WHY MEIOSIS? 

No matter how many cells an organism is made of, its survival depends 

on the ability to reproduce. Many organisms, like bacteria, are made only 

of one cell. In order to reproduce, these cells simply divide into two 

genetically identical daughter cells. This simple cell division is called 

mitosis. Since each individual daughter cell is a genetically identical copy 

of the other, no genetic variation is introduced into the population. As 

multicellular organisms have evolved, a different type of cell division has 

arisen allowing sexual reproduction and leading to a larger genetic 

variation in the offspring. This division, known as meiosis, is the key to 

genetic diversity and the basis of sexual reproduction. Meiosis is a highly 

specialized and coordinated process and predominates as a reproductive 

strategy among multicellular organisms.

The faithful inheritance of genetic information depends on the proper 

replication and segregation of chromosomes in mitosis and meiosis and is 

central to the process of cell proliferation. Most cells are diploid (2n), 

having a maternal and paternal copy of each chromosome. However, if 

there would only be mitosis, sexual reproduction via the fusion of male and 

female germ cells would be impossible because the number of 

chromosomes would duplicate with every fusion of two diploid cells. The 

meiotic cell division circumvents this problem by splitting up the maternal 

and paternal chromosomes into haploid (n) germ cells with only one copy 

of every chromosome. After fertilization two haploid cells fuse to form a 

diploid cell again.  

The question of why sexual reproduction is favored remains 

unanswered, but the general conclusion seems to be that meiosis leads to 

higher diversity and allows a species to adapt more rapidly to 

environmental changes.
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2. MEIOSIS VS. MITOSIS 

In order to obtain a full genetic complement each cell must receive one 

copy of each chromosome. To make this possible, the genome is duplicated 

through the process of DNA replication. The two products of chromosome 

replication are called sister chromatids. When a cell mitotically divides, the 

two sister chromatids are oriented in such a way that they are pulled by 

microtubules to the opposite poles of the mitotic spindle to form daughter 

cells with identical content (Nurse, 2000; Scholey et al., 2003) (Figure 1). 

Figure 1.The mitotic and meiotic cell cycles. In mitosis, diploid cells replicate 
chromosomes and segregate the two sister chromatids so that identical diploid 
daughter cells are produced. In meiosis, two consecutive cell divisions following a 
single replication event, generate haploid daughter cells. During meiosis I the 
maternal and paternal chromosomes undergo homologous recombination generating 
genetically different daughter cells. 

During meiosis, one round of DNA replication is followed by two 

consecutive cell divisions, meiosis I and meiosis II (also called reductional 

and equational division, respectively). Instead of dividing the two sister 

chromatids, as in mitotic cells, the first meiotic division leads to the 
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separation of the homologous chromosomes (corresponding to the 

maternal and paternal copies of each chromosome) generating two cells 

with a diploid amount of DNA as the sister chromatids are still held 

together. The mechanism that has evolved to separate the homologous 

chromosomes requires that they recognize each other. The initial 

association of homologs in the side-by-side alignment that leads to 

bivalent formation is called pairing (Figure 1.). Pairing allows homologous 

recombination, whereby a fragment of maternal chromatid is exchanged 

for a corresponding fragment of homologous paternal chromatid creating 

a crossover (the consequence of DNA breaks and transfer of genetic 

material). Recombination is initiated by the formation of programmed 

DNA double strand breaks (DSBs). More than 300 DNA DSBs are made 

per meiotic cell, but only a subset will go on to produce crossovers (the 

remaining DSBs will form non-crossovers without the exchange). The 

crossovers will lead to chiasmata, the visible physical correlates of 

crossovers. Each homolog pair is held together by at least one chiasma. 

Crossovers and chiasmata are crucial for correct segregation of the 

homologs because they hold the homologs together until they are 

separated to the opposite poles of the meiotic spindle at the end of meiosis 

I. In meiotic division II, as in mitosis, sister chromatids attach to opposing 

microtubules and two haploid cells with haploid DNA content are 

generated after chromatid segregation (Petronczki et al., 2003).

The major points and differences of mitosis and meiosis are summarized 

in Figure 2. 

Figure 2. Characteristics of mitosis and meiosis.
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3. ORIGIN OF MEIOSIS (WHERE DOES IT START?) 

“Meiosis is too complicated to have arisen at once.” 

(M. Maguire) 

 Although meiosis forms the basis of sexual reproduction, its origin is 

unknown. Even though numerous genes evolved specifically for meiosis, 

meiosis and mitosis are also genetically controlled by many shared genes. 

Taking this into account it has been proposed that ancient meiosis was 

probably formed on the basis of mitosis. One of the requirements for the 

development of meiosis is the presence of linear chromosomes. Only an 

even number of crossovers between homologues would make meiosis with 

circular chromosomes successful. If circular chromosomes would have an 

odd number of crossover events, this would result in the formation of 

dicentric circular chromosomes. Only two things can happen to these 

kinds of chromosomes once the spindle pulls them apart: (1) non-

disjunction or (2) chromosome breakage (Figure 3). 

Figure 3. Meiosis I with circular chromosomes.
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secondary follicles. Once the follicle stimulating hormone (FSH) is 

released, the first meiotic division is initiated. Completion of the first 

meiotic division results in formation of two daughter cells of unequal size; 

a larger secondary oocyte and a small first polar body. This occurs at 

ovulation (in mice the first ovulation happens at ~24 days after birth). The 

secondary oocyte will quickly complete the second meiotic division 

yielding a haploid egg and second polar body once fertilization has taken 

place. A fertilized egg with sperm will form the zygote and initiate embryo 

development. In the absence of fertilization, the secondary oocyte will 

degenerate (Kierszenbaum, 2002)(Figure 4).

Figure 4. Maturation of oocytes. Oocytes arrested at the end of meiotic prophase I 
are surrounded with granulosa cells to form follicles. Once released from the follicle 
(ovulation), the oocytes continue with meiosis.  

Abnormalities during female meiosis can lead to an arrest in the 

development of the oocytes and apoptosis, indicating that the cells are 

monitored by surveillance mechanisms (also called checkpoints). These 

monitoring processes protect against the formation of gametes with 

aneuploid or damaged genomes. Three such mechanisms are present 

during mammalian meiosis: a synapsis checkpoint (Baudat et al., 2000; 

Bhalla and Dernburg, 2005; Mahadevaiah et al., 2001; Odorisio et al., 

1998), a DNA damage checkpoint (Di Giacomo et al., 2005; Gartner et al., 
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cells become the supporting cells of the germ cells and further regulate 

male sexual development. The development and production of the male 

germ cells take place in the seminiferous tubules of the testis (Figure 5). 

After successive mitotic divisions and differentiation steps, 

spermatogonial stem cells enter meiotic prophase I. Two meiotic divisions 

follow resulting in haploid spermatids which eventually develop into fully 

mature sperm. Spermatogenesis is a continuous process that is initiated at 

puberty with the capacity for extremely large sperm production 

throughout the adult period (the human male produces ~150 million 

sperm every day, compared to the female where the production of eggs is 

limited to around 500 during an entire lifespan) (Kierszenbaum, 2002). 

5. PROTEIN COMPLEXES SHAPING MEIOTIC CHROMOSOMES 

To ensure that homologous recombination occurs without errors, 

several protein complexes have been identified that hold the homologous 

chromosomes together. The functions of these complexes, the 

synaptonemal complex (SC) (Page and Hawley, 2004) and the cohesin 

complex (Nasmyth, 2001; Nasmyth, 2005), are evolutionarily conserved. 

The structure and function of these two protein complexes are described 

below.

5.1. The synaptonemal complex 

The synaptonemal complex was discovered 50 years ago by Montrose 

Moses who described the existence of an axial structure joining synapsed 

chromosome pairs in crayfish spermatocytes (Moses, 1956; Moses, 2006). 

Fifty years later, numerous protein components of the synaptonemal 

complex have been identified and described. However, many aspects of its 

structure and function still remain unresolved.  
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5.1.1. The SC assembly and structure 

The synaptonemal complex only exists during meiotic prophase I. At 

the leptotene stage (Figure 6), chromosomes individualize and the sister 

chromatids of the homologous chromosomes become associated with the 

SC structure called the axial element (AEs). In zygotene, two AEs become 

connected by transverse filaments (TFs). At the center of the TFs, a central 

element (CE) is formed (Figure 7). At the pachytene stage of meiosis I, the 

SC is completely assembled and the homologous chromosomes are then 

connected by this protein structure along their entire lengths (complete 

synapsis). However, the chromosomes remain closely connected by the SC 

during a relatively short period of time. The SC starts to disassemble as the 

TFs and the CE dissociate, and the chromatids begin to decondense during 

diplotene stage. After this, the AEs also disappear from the chromosomes. 

However, the homologs remain associated by the crossovers that have 

been established during pachytene and are now visible as chiasmata.

Figure 6. Schematic drawing of meiotic prophase I stages. Sycp1 (red) and 
Sycp2/Sycp3 (green) protein localization. Colocalization of Sycp1, Sycp2 and Sycp3 is 
shown in yellow. Centromeres are marked in light blue. 
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5.1.2. The SC protein components

The synaptonemal complex was first isolated and its protein 

components purified from rat spermatocytes in 1985 by Heyting and 

colleagues (Heyting et al., 1985). Several protein components of the SC 

have been characterized in great detail but others remain uncharacterized. 

The SC structure has been studied in many organisms and it has been 

shown that many components in different species share the same 

functional characteristics even though their amino acid sequences are not 

conserved. The first three SC components described in mammals were 

synaptonemal complex proteins 1, 2, and 3 (Sycp1, Sycp2 and Sycp3) 

(Lammers et al., 1994; Meuwissen et al., 1992; Offenberg et al., 1998; 

Schalk et al., 1998). Sycp2 and Sycp3 are the major building blocks of the 

axial elements. Studies of Sycp3 knockout mice revealed that Sycp2 cannot 

form AEs in the absence of Sycp3 (Pelttari et al., 2001). Therefore, it was 

concluded that Sycp3 is a main determinant of AEs and is required for 

recruitment of Sycp2 to the AE (Pelttari et al., 2001; Yuan et al., 2000). 

Moreover, when the Sycp3 protein is over-expressed in somatic cells 

(which normally do not express or form the SC) it self-assembles and 

forms prominent cross-striated fibers in the nucleus and cytoplasm (Yuan 

et al., 1998). Interestingly, co-expression of Sycp3 with Sycp2 in the 

somatic cells generates a novel fibrillar structure with shorter and more 

condensed fibers (Pelttari et al., 2001). This strongly suggested that Sycp2 

and Sycp3 interact in vivo and that coexpression of both proteins is 

important for the final structure of the AEs formed in meiotic cells (Pelttari 

et al., 2001; Yuan et al., 2000). A recent study has shown that Sycp2 is also 

important for the assembly of the AEs, suggesting that the two proteins co-

determine critical aspects of AE formation and function (Yang et al., 

2006).
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Figure 7. The synaptonemal complex. A) Schematic drawing of the 
SC complex, B) Electromicrogram of the SC (Hamer et al., 2006). 

The function of the AE proteins has been studied also in other model 

organisms. In  the budding yeast S. cerevisiae, Hop1 and Red1 are 

constituents of the AEs. The Red1 protein, exhibiting a limited similarity to 

Sycp2, is required for the formation of the AEs (Smith and Roeder, 1997) 

and interacts with Hop1. Hop1 integration into the AEs is Red1 dependent. 

Additionally, genetic studies have shown that the stoichiometry of Red1 

and Hop1 is critical for AE assembly (de los Santos and Hollingsworth, 

1999; Hollingsworth and Ponte, 1997). In C.elegans HIM-3 shares 

similarities to Hop1 in both sequence and function (Zetka et al., 1999) and 

is required for chromosome pairing and synapsis (Colaiacovo et al., 2003; 

Couteau et al., 2004a; Couteau et al., 2004b). 

Mammalian Sycp1 forms transverse filaments and connects the two AEs. 

Because of the limited similarity on the amino acid sequence level, TF 

proteins have been independently identified in a number of species; Zip1 

in Saccharomyces cerevisiae (Sym et al., 1993), C(3)G in Drosophila 

melanogaster (Page and Hawley, 2001) and SYP-1 and SYP-2 in 

Caenorhabditis elegans (Colaiacovo et al., 2003; MacQueen et al., 2002). 

Despite their lack of primary sequence similarity, Sycp1, Zip1, C(3)G and 

SYP-1/SYP-2 show similarity in structural terms, as they are all long coil-

coiled proteins with globular domains on both ends. SYP-1 and SYP-2 

differ from the others because they constitute the TFs together. The TF 
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5.2. The cohesin complex 

Observations of the mitotic chromosomes and their dynamics have 

indicated the existence of factors that are holding sister chromatids 

together until they are pulled toward the opposite poles at the onset of 

anaphase. The association of sister chromatids, known as sister chromatid 

cohesion (SCC), has been studied with great interest in the last decade. 

Studies of mutants, that were unable to maintain SCC, as well as 

biochemical identification of mitotic chromosome-associated factors, has 

led to the discovery of the cohesin protein complex (cohesins) (Guacci et 

al., 1997; Michaelis et al., 1997). Even though the cohesin complex was first 

discovered in mitotically dividing cells, it was later found to have similar 

roles during meiosis (Lee and Orr-Weaver, 2001).

5.2.1. Cohesin complex components 

The cohesin complex  is often referred to as a “glue” between sister 

chromatids (Hagstrom and Meyer, 2003; Jessberger, 2005). The cohesin 

complex connects the sister chromatids from the time they are replicated. 

The mitotic cohesin complex is built by four core subunits: two members 

of the structural maintenance of chromosomes (SMC) protein family 

(Hirano, 2005; Jessberger, 2003); Smc1 and Smc3 and the kleisin protein 

family member Rad21/Scc1 and Scc3 (Nasmyth, 2001; Nasmyth and 

Haering, 2005; Sumara et al., 2000; Toth et al., 1999; Uhlmann, 2003). In 

vertebrates, two types of Scc3 are expressed and are known as SA1 and 

SA2. The genomes of all eukaryotic cells encode homologs for all of cohesin 

proteins. It has been shown that the cohesin proteins form a ring structure 

around the sister chromatids holding them together (Gruber et al., 2003; 

Haering et al., 2004). The SMC subunits, Smc1 (also called Smc1 ) and 

Smc3, interact as a heterodimer and form the ring around the sister 

chromatids. Rad21/Scc1, together with Scc3, closes the ring (Figure 8B). 

Proteolytic cleavage of the Rad21/Scc1 by a separase (Uhlmann et al., 

1999), a specific protease, opens the ring and releases the sister chromatids 

at the metaphase to anaphase transition (Figure 8.) (Nasmyth, 2005).  
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Figure 8. The cohesin complex. A) Sister chromatid cohesion during mitosis and 
meiosis. B) Schematic structure of mitotic cohesin complex composed of Smc1, Smc3, 
Rad21/Scc1 and Scc3. C) Three different cohesin complexes present in meiosis. 

The cohesin complex is also present in cells undergoing meiosis. In 

addition to the mitotic cell components in mammals, three proteins 

involved specifically in meiotic chromosome cohesion have been 

identified: Rec8 (Rad21/Scc1 homolog), Stag3 (a Scc3 homolog) and 

Smc1 (a Smc1  isoform) (Parisi et al., 1999; Prieto et al., 2001; 

Revenkova et al., 2001). The identification of both mitotic and meiosis-

specific cohesin proteins in meiosis suggests the parallel presence of more 

than one cohesin complex. It is currently unknown how many different 

cohesin complexes exist in meiotic cells, what their functions are and if 

they interact with each other. It was shown  that at least three complexes 

can be identified in total testis extracts: 1) Smc1 /Smc3/Rad21/Scc3, 2) 

Smc1 /Smc3/ Rec8/Stag3 and 3) Smc1 /Smc3/Rec8/Stag3 (Figure 8C) 

(Eijpe et al., 2003; Revenkova et al., 2001).

5.2.2. Functions of meiotic cohesin complex 

 Sister chromatid cohesion in meiotic cells is established in the same 

manner as in mitotically dividing cells during DNA replication. However, 

during meiosis, release of the cohesins from DNA occurs in a stepwise 

manner. In meiotic prophase I, all different cohesin complexes are found 
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result shows that Smc1 like Sycp3  is an integral component of the sister 

chromatid axes and that loss of this protein reduces the length of the axes 

by 40%.

Analysis of the Sycp3-/- meiotic cells showed that the extended axial core 

observed in the absence of Sycp3 is compensated by a similar 2-fold 

reduction in the length of the chromatin loops that project out from the 

axis. This shows that the bases of loops are tightly anchored to the axial 

core. Furthermore, loss of Smc1  affects the anchoring of a subset of 

chromatin loops increasing the size of these loops. This result shows that 

subunit complexes consisting of different cohesin proteins coexist along 

the meiotic chromosome axis. The cohesin complexes together generate 

an axial core that physically anchors the chromatin loops to the axes 

(Figure 11).

Figure 11. A model representing the effect of Sycp3 and two different 
cohesin complexes on the organisation of the meiotic chromosome axes 
and chromatin loops. 

39



__________________________________________Present Investigations_

Smc1 -/- and DKO germ cells both display a highly significant reduction in 

telomere bouquet frequencies compared to the wild type, which indicates 

that Smc1  is crucial for telomere function and attachment in mammalian 

meiosis. It has been proposed that telomere attachment to the nuclear 

envelope and bouquet formation facilitates homolog pairing and synapsis 

(Golubovskaya et al., 2002; Niwa et al., 2000; Scherthan, 2003; Trelles-

Sticken et al., 2000; Zickler and Kleckner, 1998). Therefore, the impaired 

telomere bouquet formation observed in Smc1 -/- and DKO spermatocytes 

could affect synapsis. Our analysis of chromosome asynapsis in Smc1 -/-

and Sycp3-/-Smc1 -/- pachytene oocytes revealed a large increase in 

oocytes containing achiasmatic chromosomes strongly supporting a role 

for improper telomere clustering in generating synaptic failure. 

Additionally, the rate of oocyte death increased more than two-fold in the 

Sycp3-/-Smc1 -/-animals, compared to single mutants due to the increased 

level of asynapsis and impaired DNA damage checkpoint. This suggests 

that loss of these two genes affects the accuracy of the chromosome 

segregation process and also activates two independent surveillance 

mechanisms that eliminate the damaged oocytes.

All the results obtained so far for the single mutants are summarized 

in the table 2. 

7.5. Novel synaptonemal complex central element proteins  
(Papers IV and V)

Until recently, no proteins have been assigned to the central region of the 

SC. Papers IV and V describe the identification of three novel central 

element (CE) proteins, Synaptonemal complex central element 1 and 2, 

Syce1 and Syce2 (previously described as Central element synaptonemal 

complex, Cesc1) (Paper IV), and Testis expressed gene12 (Tex12) (Paper 

V). By over-expression of the individual proteins in somatic cells, which 

normally do not express these proteins, it was shown that they are capable 

of forming long fibers but only if they are co-expressed with Sycp1. 
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Furthermore, the analysis of the 

Syce1, Syce2 and Tex12 localization 

in spermatocytes that lack Sycp1 

revealed that Sycp1, but not Sycp2 

or Sycp3, is essential for the 

recruitment of these three proteins 

to the SC (Figure 12). Furthermore, 

immunoprecipitation experiments 

show that Syce1 and Syce2 interact 

with themselves and each other, 

that Syce1 interacts with Sycp1 and 

that Tex12 is found preferentially in complex with Syce2. These results 

have revealed a putative novel molecular network within the CE, in which 

Tex12 and Syce2 form a complex that interacts with Syce1, which in turn 

interacts with Sycp1. In this model, Syce1 is likely to function as a bridge 

between the central element proteins and the transversal filaments by 

binding to Sycp1, and thus anchoring Syce2 and Tex12 to the TFs.  

Figure 12. The Synaptonemal complex 
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8. PERSPECTIVES 

Successful segregation of the homologous chromosomes during 

meiosis requires unique chromosome structure and behaviour. Errors in 

meiosis can result in the production of aneuploid germ cells. The 

consequences of such chromosomal abnormalities are profound, affecting 

not only fertility but also triggering spontaneous miscarriages, 

developmental defects and cancer. To understand which factors cause 

these abnormalities, it is of great importance to study meiotic 

chromosome architecture. The synaptonemal and cohesin complexes that 

structurally shape the meiotic chromosomes have been the focus of this 

thesis. It has been shown that they are not just structural proteins 

supporting the chromosomes; they also have an important function in 

recombination, synapsis and DNA repair. We analyzed the relationship 

between the SC and individual cohesins and their complexes in respect to 

chromosome axis compaction and chromatin extensions. We found that 

these protein complexes together determine functionality and structure of 

the meiotic chromosome axes and chromatin loops. Additionally, novel SC 

components were characterized, revealing molecular networks not only in 

the axial elements but also in the central region of the SC. Further 

investigations will shed a light on the complex relationship between these 

proteins and chromosome structure, and hence a successful meiotic cell 

division.
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ABSTRACT

Several recent studies have suggested that mouse embry-
onic stem cells (ESCs) can differentiate into female and
male germ cells in vitro. The meiotic process in germ
cell-like cells derived from ESCs has not been studied in
detail, but it has been reported that synaptonemal com-
plex protein-3 (SYCP3) is expressed in these cells. Here,
we have carefully evaluated the meiotic process in germ
cell-like cells derived from ESCs, using a panel of meiosis-
specific markers that identify distinct meiotic signatures
unique to meiotic prophase I development in vivo. We
find that whereas SYCP3 is expressed in germ cell-like
cells, other meiotic proteins, such as SYCP1, SYCP2,
STAG3 (stromal antigen 3), REC8 (meiotic protein simi-

lar to the rad21 cohesins), and SMC1 (structural mainte-
nance of chromosomes-1)-�, are not expressed. The nu-
clear distribution of SYCP3 in the germ cell-like cells is
highly abnormal and not associated with the chromo-
somes of these cells. Fluorescence in situ hybridization
analysis shows that the SYCP3-positive germ cell-like
cells do not contain synapsed homologous chromosomes
but instead display a chromosomal organization normally
found in somatic cells. The absence of expression of es-
sential meiotic proteins and a normal meiotic chromo-
somal organization strongly suggests that the germ cell-
like cells formed from ESCs fail to progress through
meiosis. STEM CELLS 2006;24:1931–1936

INTRODUCTION
The germ cell lineage in the mouse is first specified at approxi-
mately embryonic day 6–6.5 (E6–6.5). The primordial germ cells
(PGCs) colonize the urogenital ridges at E10–11 and give rise to
male and female gonads visible at E12–12.5 [1]. The female germ
cells initiate meiosis a short time afterward, whereas the male germ
cells enter mitotic arrest as G0/G1 prospermatogonia. Initiation of
meiosis is delayed in male germ cells and does not occur until after
birth, during prepubertal development. The nature of the signal(s)
that initiate meiosis in female germ cells is unknown, but once
meiosis has been initiated, the process continues in a cell-autono-
mous manner. During meiosis, a single DNA replication step is
followed by two cell divisions, generating haploid gametes [2, 3].
The first meiotic division is preceded by a lengthy prophase I stage
that can be divided into several distinct substages. The pairing of
the newly replicated sister chromatids is completed at leptotene,
and subsequently the homologous chromosomes become closely
positioned in a process called synapsis at the zygotene to pachytene
stages. Synapsis is promoted by DNA crossovers between the
homologous chromosomes resulting from the repair of DNA dou-
ble-stranded breaks introduced by the SPO11 endonuclease [4].
The meiotic chromosomes are associated with an evolutionarily
conserved meiosis-specific protein structure called the synaptone-

mal complex (SC). The SC consists of a central element to which
two colinear axial structures are anchored by a large number of
transverse filaments [2, 3]. Several different meiosis-specific pro-
teins, including SYCP1 (synaptonemal complex protein-1),
SYCP2, SYCP3, STAG3 (stromal antigen 3), REC8 (meiotic pro-
tein similar to the rad21 cohesins), and SMC1-� (structural main-
tenance of chromosomes-1-�), have been shown to be associated
with the SC in mammalian cells [5–11]. SYCP1, SYCP2, and
SYCP3 are structural proteins that take part in axial core compac-
tion and synapsis, whereas the cohesin complex proteins STAG3,
REC8, and SMC1-� promote sister chromatid pairing. Several of
these proteins have been shown to be essential for meiotic progres-
sion and germ cell survival [12–17].

So far, it has been difficult to recapitulate the germ cell
differentiation process in vitro using cell culture models. Re-
cently, however, it was shown that both ovarian structures,
containing oocyte-like cells, as well as sperm-like cells could be
generated from different murine embryonic stem cell (ESC)
lines in vitro [18–22]. The derived PGC-like cells expressed
several protein markers that normally appear during early germ
cell formation in vivo, suggesting that the observed in vitro
differentiation process correctly mimics the in vivo process.
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To date, the meiotic process in germ cell-like cells derived
from ESCs has not been studied in detail, but it has been
reported that SYCP3 is expressed in these cells [18, 19]. We
have used a set of meiosis-specific markers to validate the
meiotic cell cycle in the germ cell-like cells. In agreement with
previous studies, we found SYCP3 to be expressed in the germ
cell-like cells. Surprisingly, other meiotic proteins, such as
SYCP1, SYCP2, STAG3, REC8, and SMC1-�, were not de-
tected in these cells. We found no evidence for synapsis in the
germ cell-like cells despite SYCP3 expression. Furthermore, the
organization of the chromosomes in these cells resembled what
is seen in somatic cells.

MATERIALS AND METHODS

ESCs and Mouse Strains
The ESC line R1 (passage 14) was provided by Dr. Andras
Nagy (Samuel Lunenfeld Research Institute, Mount Sinai Hos-
pital, University of Toronto, Toronto, http://www.mshri.on.ca).
Additional primary ESC lines were derived from E3.5 blasto-
cysts resulting from matings of C57B6/129N mice [23].

Cell Culture
ESCs were maintained on mitomycin (Mutamycin; Bristol-Myers
Squibb, Princeton, NJ, http://www.bms.com) C-treated mouse em-
bryonic fibroblasts (MEFs) in 0.1% gelatin-coated tissue culture
plates in Dulbecco’s modified Eagle’s medium (DMEM) contain-
ing 4.5 g/l glucose, 15% fetal bovine serum (Invitrogen, Carlsbad,
CA, http://www.invitrogen.com), 2 mM L-glutamine (Invitrogen),
100 mM nonessential amino acids (Invitrogen), 1 �M �-mercap-
toethanol (Sigma, St. Louis, http://www.sigmaaldrich.com), and 50
�g/ml penicillin/streptomycin (Invitrogen) supplemented with
1,000 U/ml leukemia inhibitory factor (LIF) (ESGR; Chemicon,
Temecula, CA, http://www.chemicon.com). To initiate differenti-
ation, the ESCs were trypsinized and grown in medium without
LIF and MEFs. The medium was replaced after 3 days in culture.
By the 4th day, many different types of cells appeared. Six days
after removal of LIF, embryoid bodies appeared, followed by the
formation of small colonies. The colonies continued to grow in
size, and by day 14, a subpopulation of cells loosened off from the
colonies, forming aggregates in suspension. The aggregates were
collected from days 16 to 20, dissociated by trypsin, fixed, and
analyzed. Follicle-like structures derived from the aggregates were
observed from day 18 and afterward. In parallel, cell culture plates
with ESCs were cocultured with a Flp-In 3T3 cell line stably
expressing bone morphogenic protein 4 (BMP4), as described [19].

Estradiol Measurements
The concentration of estradiol in the media collected from ESC
cultures was assayed using the 17�-Estradiol Correlate-EIA kit
(Assay Designs, Ann Arbor, MI, http://www.assaydesigns.com)
as described by the manufacturer. The measurements were re-
peated on four different occasions with similar results.

Immunofluorescence Microscopy and Fluorescence
In Situ Hybridization
Cells from germ cell-like aggregates were collected from day
12 to day 20, trypsinized, and fixed in 1% paraformaldehyde,
0.15% Triton X-100. The fixed cells were stained with a set

of primary antibodies including mouse-�-SSEA1 (1:100;
Chemicon), mouse-�-SSEA3 (1:100; Chemicon), rabbit-�-
OCT4 (1:100; Santa Cruz Biotechnology, Inc., Santa Cruz,
CA, http://www.scbt.com), rabbit-�-SYCP3 (1:100), guinea
pig-�-SYCP2 (1:500), guinea pig-�-SYCP1 (1:100), guinea
pig-�-STAG3 (1:100), guinea pig-�-REC8 (1:100), guinea
pig-�-SMC1-� (1:100) [24, 25], or human CREST antiserum
(1:3,000), as well as secondary antibodies: swine-�-rabbit-
fluorescein isothiocyanate (FITC) (1:100; Dakocytomation,
Glostrup, Denmark, http://www.dako.com), donkey-�-guinea
pig-CY3 (1:700; Jackson Laboratory, Bar Harbor, ME, http://
www.jax.org), and goat-�-human-CY5 (1:1,000; Jackson
Laboratory). Fluorescence in situ hybridization (FISH) was
performed on ESCs or pachytene oocytes (fixed in 1% para-
formaldehyde and 0.15% Triton X-100), using a Cy3-labeled
whole mouse chromosome 1 probe according to the manu-
facturer’s protocol (Chrombios GmbH, Raubling, Germany,
http://www.chrombios.com). The FISH procedure was fol-
lowed by immunofluorescent staining using a rabbit-�-
SYCP3 antibody and visualized with swine-�-rabbit FITC
(1:100; Dakocytomation). All slides were stained with DAPI
(4,6-diamidino-2-phenylindole) (0.5 �g/ml) to control the
quality of the fixation procedures, and cells with undisrupted
morphology were taken for analysis. After staining, the cells
were mounted in Prolong Mounting medium (Molecular
Probes, Eugene, OR, http://probes.invitrogen.com). Image
acquisition was done on a Leica DMRXA microscope (Heer-
brugg, Switzerland, http://www.leica.com) at �100 magnifi-
cation using a Hamamatsu C4742-95 CCD (charge-coupled
device) camera (Shizuoka, Japan, http://www.hamamatsu.com).
Image processing was performed with Openlab 3.1.4 software
(Improvision, Coventry, U.K., http://www.improvision.com) or
Adobe Photoshop 7.0 (Adobe Systems, Inc., San Jose, CA,
http://www.adobe.com).

Plasmid Constructs and Transfection
The Flp-In system (Invitrogen) was used to generate a stable
mouse BMP4 cell line. The BMP4 coding sequence was ampli-
fied from E7.0 mouse cDNA (Clontech, Mountain View, CA,
http://www.clontech.com) and cloned into the pEF5/FRT/V5-
D-TOPO vector. Plasmid DNA with the correct orientation was
identified, sequenced, and cotransfected into Flp-In 3T3 cells
with pOG44 (a plasmid containing a recombinase gene). The
transfection was performed using FuGENE (Roche, Basel, Swit-
zerland, http://www.roche.com) following the manufacturer’s
instructions. Single transfected clones were obtained after se-
lection with 200 �g/ml hygromycin B. The cells were cultivated
in DMEM supplemented with 10% fetal calf serum and peni-
cillin/streptomycin (Invitrogen). When cells reached 80%–90%
confluence, protein extracts were prepared and then separated
on a 13% SDS-polyacrylamide gel electrophoresis gel, followed
by Western blotting. The BMP4 protein was visualized using a
mouse BMP4 monoclonal antibody (1:100; Santa Cruz Biotech-
nology, Inc.) and a goat-�-mouse horseradish peroxide (1:3,000;
Dakocytomation) as a secondary antibody, following a chemi-
luminescence-based detection procedure (Pierce, Rockford, IL,
http://www.piercenet.com).
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RESULTS

Differentiation of ESCs into Ovarian
Follicle-Like Structures
Mouse ESCs were cultured in vitro and found to express several
markers unique to undifferentiated stem cells, including stage-
specific embryonic antigen-1 (SSEA1) and octamer transcrip-
tion factor-4 (OCT4) (Fig. 1A–1C). The ESCs were allowed to
differentiate in vitro in tissue culture plates containing ESC
medium without feeder cells or LIF, as described [18]. Large
colonies that resembled early germ cell clusters formed on the
cell culture plates 12 days after initiation of the differentiation
experiment (Fig. 1D). Cells derived from the isolated colonies
formed aggregates in the cell suspension and were found several
days later to differentiate further into follicle-like structures
(Fig. 1E) with a strong resemblance to primordial and primary
follicles normally observed only at the dictyate stage of meiosis
in ovaries [26]. The appearance of the follicle-like structures
strongly suggests that ovarian germ cell-supporting cells, such
as granulosa cells, are formed during in vitro differentiation of
ESCs. To investigate whether these gonadal supporting cells
were functionally active, we monitored the concentration of the
sex hormone estradiol in the cell culture medium. Estradiol is
produced in a process that requires both granulosa cells and
Theca cells within the ovarian compartment in vivo. Estradiol
was first detected at day 11 to day 12. The concentration of
estradiol then increased until day 20 (Fig. 2), supporting an
ongoing activity of ovarian supporting cells in vitro.

SYCP3 Is Preferentially Expressed in Germ Cell-
Like Cells Derived from ESCs but the Observed
Nuclear Distribution Pattern Is Abnormal
SYCP3 is frequently used as a meiotic marker and has been
shown to be expressed in the germ cell-like cells generated from
ESCs in vitro [18, 19]. We analyzed the expression of this
protein in cells derived from ESCs, using immunofluorescence
microscopy methods, at different time points after the initiation

of the differentiation experiments (day 7–day 20). Few SYCP3-
positive cells were identified at day 12 to day 15. Next, we
analyzed colonies and cellular aggregates derived from isolated
colonies and found that although initially relatively few cells
were SYCP3-positive, approximately 40% of the cells within
the aggregates became SYCP3-positive between day 14 and day
16. The nuclear SYCP3-staining patterns in the cell aggregates
were quite variable, exhibiting nuclear foci as well as short
filamentous structures (Figs. 3 and 4). The nuclear distribution
pattern of SYCP3 within colonies and cellular aggregates de-
rived from isolated colonies was followed between day 14 and
day 20; however, structures similar to the long axial cores
defined by SYCP3 in pachytene oocytes were not observed. We
conclude that although SYCP3 is strongly expressed in early
germ cell-like aggregates derived from ESCs, the nuclear dis-
tribution pattern within the cells is abnormal.

Meiosis-Specific SC Proteins and Cohesin Complex
Proteins Are Not Coexpressed with SYCP3 in
Differentiating ESCs
Subsequently, we monitored the expression of a set of mei-
osis-specific markers in cells derived from the cellular ag-
gregates at different time points (day 12– day 20), using
immunofluorescence microscopy. These markers, including
SYCP1, SYCP2, REC8, STAG3, and SMC1-�, are coex-
pressed in vivo together with SYCP3. We were not able to
find cells derived from the aggregates that expressed the
analyzed meiosis-specific proteins, except for SYCP3 (Figs.
3 and 4). We also analyzed cell samples taken from the entire
cell culture plate in an unbiased manner but were not able to
identify ESC-derived cells that expressed SYCP1, SYCP2,
REC8, STAG3, or SMC1-�. We conclude that although a
large fraction of cells derived from germ cell-like colonies in
vitro express SYCP3, other essential meiosis-specific pro-
teins are not coexpressed in these cells.

ESCs grown in the absence of feeder cells and LIF were also
cocultured with a stable mouse 3T3 fibroblast cell line overex-
pressing BMP4. This approach has been used to improve the
formation of germ-cell like cells in vitro [19]. We found that the
time required for the first appearance of aggregates that ex-
pressed SYCP3 was shortened, but BMP4 overexpression nei-
ther affected the nuclear pattern of SYCP3 nor induced the
expression of other meiotic markers in the ESC-derived cells
(data not shown).

Chromosomes in the SYCP3-Positive Germ
Cell-Like Cells Are Not Synapsed
Meiotic prophase I chromosomes become synapsed at the
beginning of the zygotene stage of prophase I and retain this
chromosomal organization until the diplotene stage, a period
that lasts for approximately 6 days in the embryonic ovary.
The synapsed homologous chromosomes (20 bivalents at
pachytene) are visualized as extended axial structures by
SYCP3 during this period of meiosis. We applied FISH in
order to determine the chromosomal organization within the
SYCP3-positive cells. A probe against mouse chromosome 1
was used to label both cellular aggregates derived from
isolated colonies and wild-type mouse embryonic ovarian
meiotic cells while staining with anti-SYCP3 antibodies in
parallel. We found that whereas oocytes within the ovarian

Figure 1. Embryonic stem cells (ESCs) can differentiate into ovarian
follicle-like structures in vitro. (A): Undifferentiated ESCs expressing
SSEA1. (B): Undifferentiated ESCs expressing OCT4. (C): SSEA3-nega-
tive marker (control). (D): Large colonies representing early germ cell-like
aggregates. (E): Follicle-like structures derived from germ cell-like cells.
Abbreviations: DAPI, 4,6-diamidino-2-phenylindole; OCT4, octamer tran-
scription factor-4; SSEA, stage-specific embryonic antigen.
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wild-type structures displayed the expected single bivalent
chromosome 1 signal, two separate chromosome 1 signals
were observed in the SYCP3-positive ESC-derived cells (Fig.
5). Furthermore, even though the chromosome 1 signal in the
oocytes clearly overlapped with the SYCP3-stained synapsed
chromosomal cores, the SYCP3-positive filaments in ESC-
derived cells were located separately from the two chromo-
somes visualized with the FISH probe. The absence of a
synaptic interaction between the chromosomes in the
SYCP3-positive ESC-derived cells was further exemplified
by the identification of 40 individual centromeres (labeled by
the CREST probe), verifying the existence of 40 individual
chromosomes (Figs. 3 and 4). In contrast, 20 centromere foci
revealed a synaptic organization in the ovarian meiotic cells.
We conclude that the chromosomal organization in the

SYCP3-positive ESC-derived cells is seemingly identical
with the nuclear organization associated with somatic cell
types. Furthermore, the chromosomes within these cells dis-
play no signs of synapsis or an overlap with SYCP3.

Figure 2. The hormone estradiol is produced by the differentiating embryonic stem cells. Concentration of the estradiol (pg/ml) in cell culture
medium from cultures between day 7 and day 24 after initial plating.

Figure 3. The meiotic protein SYCP3 is expressed in germ cell-like
cells but fails to generate normal axial core structures. (A): Germ
cell-like cells costained with SYCP3 (green) and SYCP1. (B): Normal
pachytene female germ cells expressing SYCP3 (green) and SYCP1
(red). (C): Germ cell-like cells costained with SYCP3 (green) and
SYCP2. (D): Normal pachytene female germ cells expressing SYCP3
(green) and SYCP2 (red). Scale bars � 10 �m. Abbreviations: CREST,
calcinosis, Raynaud’s phenomenon esophageal dysmotility, sclerodac-
tyly, telangiectasia serum; SYCP, synaptonemal complex protein.

Figure 4. Meiosis-specific cohesin complex proteins are not coexpressed
with SYCP3 in germ cell-like cells. (A): Germ cell-like cells costained with
SYCP3 (green) and STAG3 (red). (B): Normal pachytene female germ
cells expressing SYCP3 (green) and STAG3 (red). (C): Germ cell-like cells
costained with SYCP3 (green) and REC8 (red). (D): Normal pachytene
female germ cells expressing SYCP3 (green) and REC8 (red). (E): Germ
cell-like cells costained with SYCP3 (green) and SMC1-� (red). (F):
Normal pachytene female germ cells expressing SYCP3 (green) and
SMC1-� (red). Scale bars � 10 �m. Abbreviations: CREST, calcinosis,
Raynaud’s phenomenon esophagael dysmotility, sclerodactyly, telangiec-
tasia serum; REC, meiotic protein similar to the rad21 cohesins; SMC1,
structural maintenance of chromosomes-1; STAG, stromal antigen; SYCP,
synaptonemal complex protein.
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DISCUSSION AND CONCLUSION
We have monitored the differentiation process that generates germ
cell-like cells from ESCs and have studied the meiotic process in
these cells. We found, as shown previously [18–21], that differen-
tiating ESCs can give rise to both colonies and aggregates, as well
as to follicle-like ovarian structures. We also found that a large
fraction of the in vitro-derived germ cell-like cells express the
meiotic protein SYCP3. Surprisingly, however, other meiotic
markers normally coexpressed with SYCP3 in meiotic cells in vivo
were not expressed in cells derived from ESCs. Several of these
meiotic proteins have been shown to be essential for meiotic
progression in vivo, and their absence results in male and female
germ cell death [12–14, 16, 17]. This result shows that the protein
expression pattern in ESC-derived germ cell-like cells is different
from the one observed within embryonic cells in vivo. In a separate
set of experiments, the chromosomal organization of the SYCP3-
positive germ cell-like cells was monitored. We could not identify
cells that contained synapsed homologous chromosomes or chro-
mosomes that overlapped with SYCP3 staining. Furthermore, es-
timation of the chromosome number in the SYCP3-positive germ
cell-like cells did not reveal the expected meiotic chromosome set,
as shown by FISH or by centromere staining. The absence of
expression of essential meiotic proteins and of a normal meiotic
chromosomal organization strongly suggests that the germ cell-like
cells formed from ESCs fail to progress through meiosis.

Multiple genes associated with PGC formation have been
shown to be activated in germ cell-like cells generated from
ESCs in vitro, following a temporal program mimicking the

expression pattern seen in the embryonic gonads [18–21]. The
transcription factor FIGa is activated at E13 in vivo in premei-
otic oocytes and regulates transcription of many genes that
promote follicle formation, including ZP1 and ZP3 [27, 28].
FIGa is also activated in the germ cell-like cells, together with
at least one of its downstream targets, ZP3 [18, 21]. Activation
of FIGa in the germ cell-like cells likely recruits gonadal sup-
porting cells, resulting in the formation of the follicle-like struc-
tures observed in vitro. It should be noted, however, that the
physical organization of the in vitro-derived follicle-like struc-
tures is impaired as other essential targets of FIGa in vivo (e.g.,
ZP1) are not expressed [18, 21].

How can our results be reconciled with the observation that
mature germ cell-like cells, such as oocytes and spermatids, can
be generated in vitro from ESCs [18–21]? Both female and male
germ cells enter a premeiotic stage at E12.5 in vivo, and the
Sycp3 gene has been shown to be expressed in these cells [29,
30]. However, SYCP3 expression at this developmental stage in
the embryonic gonad does not generate the characteristic axial
cores associated with chromosomes. Furthermore, the male em-
bryonic germ cells only transiently express SYCP3, as these
cells quickly become mitotically arrested. Our results suggest
that the germ cell-like cells derived from ESCs either fail to
correctly initiate the specialized meiotic cell division program
unique to germ cells in vivo or fail to progress correctly in the
absence of complementary meiotic proteins. An important ob-
jective now is to better understand the signaling pathway that
triggers meiosis in vivo but that fails to become activated in
vitro. Female germ cells have been shown to contain a default
program that will carry out meiosis in a cell-autonomous way
once this process has been initiated [1]. This finding is very
interesting because it suggests that in vitro replication of the
meiotic process should be possible if the correct cell culturing
conditions are defined.
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Introduction
The generation of haploid germ cells requires a distinct
chromosomal segregation process termed meiosis (for a
review, see Petronczki et al., 2003). Meiosis involves one round
of DNA replication followed by one round of chromosome
segregation and one round of chromatid separation. During the
first division of the meiotic cell cycle, the homologous
chromosomes (each consisting of two sister chromatids)
synapse, recombine and then separate, whereas the paired sister
centromeres do not segregate from each other until the second
meiotic division. The paired sister chromatids are organized
into parallel linear arrays of chromatin loops, the bases of
which define a protein-rich chromosomal axis (Kleckner et al.,
2004; Moens and Spyropoulos, 1995). The most prominent
structural feature of the synapsed homologous chromosomes is
their trilaminar organization, which is generated through the
formation of the synaptonemal complex (SC), a meiosis-
specific proteinaceous structure (for reviews, see Page and
Hawley, 2004; Zickler and Kleckner, 1999). The SC is
composed of two axial elements (AEs) and many transverse
filaments. The AEs are found at the interchromatid domains of
the paired sister chromatids, whereas the transverse filaments
are found between the two homologous chromosomes and
connect the AEs along their entire length. The AEs were
initially defined at an ultrastructural level as proteinaceous

structures that stained with silver or uranyl acetate. Several
proteins in different organisms have subsequently been
localized to the AE using immunocytological methods (Page
and Hawley, 2004), including Red1p in Saccharomyces
cerevisiae (Smith and Roeder, 1997) and HIM-3 in
Caenorhabditis elegans (Couteau et al., 2004), as well as
SYCP2 and SYCP3 in mice (Dobson et al., 1994; Lammers et
al., 1994; Schalk et al., 1998). Red1p recruits other proteins to
the AE and is essential for AE formation, as well as for
synapsis, whereas HIM-3 has been suggested to take part in
homologue alignment, synapsis and recombination. One
additional group of proteins, the cohesin-complex proteins,
have also been localized to the AE (Eijpe et al., 2000; Klein et
al., 1999). Cohesin-complex proteins are of critical importance
for sister-chromatid pairing and separation during mitosis and
meiosis (for a review, see Petronczki et al., 2003) and are likely
to be key organizers of the chromatin loop arrays along the
meiotic chromosome axes (Revenkova et al., 2004; Zickler and
Kleckner, 1999). In mammalian meiotic cells, three meiosis-
specific cohesin subunits – REC8 (Eijpe et al., 2003), STAG3
(Prieto et al., 2001) and SMC1β (Revenkova et al., 2001) –
have been identified in addition to the cohesin subunits that are
also produced in mitotic cells, which include SMC1α, SMC3
and RAD21 (Eijpe et al., 2000; Xu et al., 2004).

What is the role of the mammalian AE proteins SYCP2 and
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Much of the organization of the meiotic prophase-I
chromosome axis is attributed to two groups of proteins:
the axial element proteins, SYCP2 and SYCP3; and the
cohesin-complex proteins. Although the cohesin-complex
proteins ensure that sister chromatids remain paired
during meiosis, the role of SYCP2 and SYCP3 is not clear.
Interestingly, it has been shown that SYCP3 and SYCP2
associate with the centromere regions of male, but not
female, metaphase-I chromosomes, suggesting a sex-
specific function for the two proteins. We have analysed the
spatial distribution of cohesin-complex proteins associated
with meiotic chromosomes in germ cells derived from
Sycp3-deficient female and male mice. We show that, in the
absence of SYCP3, the cohesin cores associated with the
female meiotic chromosomes disassemble prematurely at

the diplotene stage of meiosis. We also show that SYCP3
and SYCP2 are not required for centromere cohesion at the
metaphase-I stage in male germ cells. We conclude that
SYCP3 has a temporally restricted role in maintaining,
but not establishing, cohesin-core organization during
prophase I. This finding supports a model in which the
removal of bulk cohesin from paired sister chromatids at
late prophase in both meiotic and mitotic cells ensures
proper chromosome compaction and segregation.

Supplementary material available online at
http://jcs.biologists.org/cgi/content/full/118/10/2271/DC1

Key words: Meiosis, Synaptonemal complex, Cohesin complex
proteins, Sister-chromatid cohesion
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SYCP3? Several experimental results suggest that these
proteins are structural elements of the AE (for review, see Page
and Hawley, 2004). Ectopic production of SYCP3 in
mammalian somatic-cell-culture cells gives rise to extended
AE-like fibres (Yuan et al., 1998). Furthermore, ultrastructural
light-microscopy studies of Sycp3-deficient male and female
germ cells have revealed a complete loss of the nuclear silver-
stained filaments normally associated with the SC (Yuan et al.,
2002; Yuan et al., 2000). SYCP3 has been shown in both male
and female germ cells to be required for the recruitment of
SYCP2 to the AE (Pelttari et al., 2001; Yuan et al., 2002).
However, SYCP2 remains associated with the telomeres of
male zygotene/pachytene chromosomes despite the absence of
SYCP3 (Liebe et al., 2004). Similarly, SYCP2 foci are found
at the distal ends of pachytene chromosomes in Sycp3-deficient
female germ cells, and approximately half the number of the
foci are associated with the centromeres (Yuan, 2002). This
suggests that SYCP2 also remains localized to the telomeres
in Sycp3-deficient female germ cells. Despite the accumulated
absence of both SYCP3 and SYCP2 from the axis of meiotic
chromosomes, electron-microscopy studies have identified a
residual axial core that organizes the transverse filament and
the central element structures of the SC (Liebe et al., 2004).
The cohesin complex proteins SMC1, SMC3 and STAG3 have
been localized to this residual axial core in male meiotic germ
cells using immunocytological methods (Kolas et al., 2004;
Pelttari et al., 2001). Following this, it has been shown that
SYCP3 is required for chromosome compaction at zygotene
and pachytene (Kolas et al., 2004; Yuan et al., 2002) but
not for sister-chromatid cohesion, homologue alignment or
synapsis (Liebe et al., 2004; Yuan et al., 2002).

The absence of SYCP3 leads to an arrest of spermatocyte
development at a zygotene/pachytene-like stage of meiotic
prophase I, resulting in male infertility (Yuan et al., 2000).
Remarkably, loss of SYCP3 only subtly affects female germ-
cell development and fertility, demonstrating a sexually
dimorphic response to the absence of this protein (Yuan et
al., 2000). Interestingly, SYCP3 and SYCP2 are produced
differently during meiosis in males and females. The
production of the two AE proteins is not detectable beyond the
dictyate stage of female germ-cell development (Hodges et al.,
2001), whereas both proteins label the centromere regions of
metaphase I (MI) chromosomes in male germ cells (Moens
and Spyropoulos, 1995; Parra et al., 2004). Based on the
localization of SYCP3 and SYCP2 to male MI chromosomes,
it has been suggested that the two proteins provide centromere
and kinetochore cohesion (Moens and Spyropoulos, 1995;
Parra et al., 2004).

Here, we have used Sycp3-deficient female mice to
investigate additional structural roles for SYCP3 in supporting
the meiotic chromosome axis, as defined by cohesin protein
localization. We have focused on the late stages of meiosis to
examine further the proposed functional differences for SYCP3
and SYCP2 in male and female germ cells. We show that the
axial cohesin cores prematurely disassemble in the absence of
SYCP3 at the diplotene stage of female meiosis. This result
supports a model in which SYCP3 has a structural role in
maintaining, but not establishing, cohesin core organization.
Studies of Sycp3-deficient spermatocytes show that SYCP3 is
required for recruitment of SYCP2 to the centromere regions,
but we find no evidence that SYCP3 or SYCP2 are required

for cohesin protein distribution or centromere cohesion at the
MI stage. Thus, we find no evidence for a sexually dimorphic
role for SYCP3 or SYCP2 at the MI stage.

Materials and Methods
Generation of antibodies
Antibodies against SYCP1, SYCP2, STAG3, REC8 and SMC1β were
raised in guinea pigs using short peptides coupled to keyhole limpet
haemocyanin (KLH). Anti-SYCP1 antibodies were raised against
amino acids 1-15, 878-893 and the last 15 amino acids of mouse
SYCP1 (Q62209 SwissProt). Anti-SYCP2 antibodies were raised
against amino acids 455-475, 620-665 and 1337-1360 of mouse
SYCP2 (Q9CUU3 SwissProt). Anti-STAG3 antibodies were raised
against amino acids 1-14, 911-927 and the last 13 amino acids of
mouse STAG3 (O70576 SwissProt). An anti-REC8 antibody was
raised against amino acids 474-500 of mouse REC8 (NP_064386
GenBank) and an anti-SMC1β antibody was raised against amino
acids 121-146 of mouse SMC1β (NP_536718 GenBank). The
individual antisera were affinity purified on columns coupled to the
corresponding peptide. For immunoblot analysis of the antibodies, 15
µl of the cell or tissue extract were loaded on a 15-well 7.5% Ready
Tris-HCl Gel (Bio-Rad), separated and blotted onto nitrocellulose
membranes. Primary antibodies were used at 1:100-1:1000 dilutions.
Binding of the primary antibodies to the blot was detected using a
donkey anti-guinea-pig horseradish peroxidase (HRP) conjugated
secondary antibody (diluted 1:10,000; Jackson Immunoresearch
Laboratories). Blots were probed with a mouse anti-α-tubulin
antibody (diluted 1:10,000, Sigma) detected by a donkey anti-
mouse HRP-conjugated antibody (diluted 1:10,000, Jackson
Immunoresearch Laboratories) (see supplementary material, Fig. S1).

Preparation of oocytes and spermatocytes
Animals heterozygous for Sycp3 (Yuan et al., 2000) were mated to
obtain oocytes at different stages of prophase I of meiosis. After
genotyping (Yuan et al., 2000) oocytes from embryonic-day 18.5
(E18.5) embryos, as well as from newborn and 4- and 7-day-old
female mice were fixed in 0.8% paraformaldehyde (PFA) using a
‘drying-down’ technique (Peters et al., 1997). To obtain oocytes at the
MI stage of meiosis ovaries from 3.5- to 4-week-old mice were
dissected, and the oocytes were fixed in 1% PFA (Hodges and Hunt,
2002). Testicular cell suspensions were resuspended in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 5% foetal calf
serum to a density of 1�106 ml–1 to 5�106 ml–1, cultured with 3 µM
okadaic acid (OA) at 32°C for 4 hours and fixed in 1% PFA.

Immunofluorescence microscopy
For immunolocalization of oocytes and spermatocytes, we used the
following antibodies and dilutions: rabbit anti-SMC3 (Eijpe et al.,
2000), 1:25; rabbit anti-SMC4 (Bethyl Laboratories), 1:2000; rabbit
anti-SYCP3 (Liu et al., 1996), 1:50; rabbit anti-SYCP1 (Liu et al.,
1996), 1:50; human anti-CREST antiserum, 1:4000; guinea-pig anti-
SYCP1, 1:400; guinea-pig anti-SYCP2, 1:100; guinea-pig anti-REC8,
1:100; guinea-pig anti-STAG3, 1:100; guinea-pig anti-SMC1β, 1:100
(for the guinea-pig antibodies, see supplementary material, Figs S1,
S2). Secondary antibodies used were: swine anti-rabbit conjugated to
fluorescein isothiocyanate (FITC) (DAKO), 1:100; donkey anti-
guinea-pig conjugated to Cy3 (Jackson Labs), 1:1000; donkey anti-
guinea pig conjugated to Cy2 (Jackson Labs), 1:500; donkey-anti-
mouse Cy3 (Jackson Labs), 1:1200; goat anti-human conjugated to
Cy5 (Amersham), 1:2500. All slides were stained with 0.5 µg ml–1

DAPI to control the quality of the fixation procedures and only cells
with undisrupted morphology were analysed. After staining, cells
were mounted in Prolong mounting medium (Molecular Probes).
Images were captured using a Leica DMRXA microscope at 1000�
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magnification and a Hamamatsu C4880-40 CCD camera. Images were
processed using Openlab 3.1.4 software (Improvision) and Adobe
Photoshop 8.0.

Staging of the oocytes
Meiotic progression in females differs from that in males in timing
and stage appearance. Staging of mouse oocytes were based on
nuclear morphology (DAPI staining), centromere numbers (CREST
staining) and the extent of core synapsis (SYCP1 staining). SYCP1
fibres first become visible at early zygotene and increase in size as
cells progress through zygotene and homologous chromosomes pair;
centromeres (CREST foci) are usually the last to pair. At pachytene,
SYCP1 fibres are fully colocalized with SYCP2, SYCP3 and cohesin
cores, and cells display 20 distinct CREST foci, corresponding to
the paired centromeres. SYCP1 cores disappear as chromosomes
desynapse at diplotene; the number of CREST foci is between 20 and
40. Unlike the previous stages, male and female diplotene differ.
Spermatocytes go straight into compaction at diakinesis, whereas
oocytes enter dictyate with decondensed chromatin. Meiosis in
females is initiated in a synchronous manner during foetal
development: most of the oocytes in both wild-type and SYCP3-null
embryos at E16.5 had entered zygotene, whereas they reached
pachytene and early diplotene by E18.5. All oocytes reached dictyate
during the first week after birth.

Results
Integrity of the STAG3 cohesin core at the diplotene
stage of meiosis is dependent on SYCP3 and SYCP2
We initially analysed the organization of the diplotene-dictyate
meiotic chromosome axis in female meiotic germ cells derived
from wild-type animals. Nuclear spreads of oocytes derived
from embryos at different stages of meiotic prophase were
stained with antisera against STAG3, SYCP1 and CREST (Fig.
1). SYCP1 is a major transverse filament protein of the SC and
a marker for synapsis (Dobson et al., 1994; Meuwissen et al.,
1992), whereas the CREST antiserum visualizes centromeres.
STAG3 immunostaining of pachytene and late diplotene
oocytes derived from wild-type E18.5 embryos defined cohesin
cores that colocalize with SYCP1 (Fig. 1A,B,E,F) and SYCP3
(not shown). Such core-like cohesin structures have also been
noted in spermatocytes at the diplotene stage (Prieto et al.,
2001). However, as the oocytes entered dictyate during the first
week of postnatal development, the STAG3 cohesin cores
disappeared and were replaced by an irregular pattern of
nuclear foci (Fig. 1I,J). SYCP3 and SYCP2 have been shown
to disappear completely during the first week of postnatal
oocyte development (Hodges et al., 2001), suggesting to us that
the loss of these two proteins and the cohesin cores might be

Fig. 1. The absence of SYCP3 results in disassembly of the STAG3 cohesin core. Wild-type (A,B,E,F,I,J) or Sycp3–/– (C,D,G,H,K,L) oocytes
were spread and triple-stained with antisera against STAG3 (red), SYCP1 (green) and CREST (white); the stages of meiosis are indicated to the
left. An integral axial core labelled by STAG3 antiserum is observed in wild-type pachytene (A,B) and late diplotene (E,F) oocytes. By contrast,
the STAG axial core is prematurely fragmented at late diplotene in Sycp3-deficient oocytes (G,H). Yellow labelling indicates co-staining of
STAG3 and SYCP1. Arrows in G,H mark STAG3 filaments that are retained in regions that have not yet desynapsed. Bars, 10 µm.
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linked mechanistically. In agreement with this, we found that,
in nuclei of early dictyate oocytes (derived from newborn
animals), short filamentous STAG3 structures were retained
almost exclusively at sites where SYCP3 was still present on
chromatin (Fig. 2). A direct comparison to male germ cells is
complicated by the fact that the dictyate stage is unique to
females. However, analysis of cells at the stage that follows
diplotene during spermatogenesis (prometaphase I) also
identifies a fragmented axial cohesin core (Prieto et al., 2001).

To test the hypothesis that SYCP3 modulates cohesin

core integrity, the chromosomal distribution of STAG3 was
analysed in Sycp3–/– oocytes. We observed that STAG3 forms
cohesin cores in zygotene (not shown) and pachytene (Fig.
1C,D) oocytes deficient for SYCP3, as described previously for
male germ cells (Kolas et al., 2004; Pelttari et al., 2001).
Interestingly, the STAG3 cohesin cores became severely
fragmented in the absence of SYCP3 as meiosis progressed
into the diplotene stage (compare Fig. 1G,H with 1E,F).
Exceptions were found at chromosomal regions that had yet to
undergo desynapsis (SYCP1 positive), where residual short
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Fig. 2. STAG3 cores and
SYCP3 filaments colocalize and
are fragmented simultaneously
at the early dictyate stage in
wild-type oocytes. Oocytes in
the early dictyate stage (from
newborn animals) were labelled
with antisera against SYCP3
(red) and STAG3 (green). A
merged picture (centre) shows
overlap between the two
proteins (yellow). White arrows
indicate colocalization of STAG3 and SYCP3, whereas red arrowheads indicate large SYCP3 aggregates, presumably representing self-
assembled complexes of dissociated but not yet degraded SYCP3 protein. Bars, 10 µm.

Fig. 3. Fragmentation of the cohesin core occurs at diplotene in the absence of the SYCP3. Late-diplotene oocytes were stained with antisera
against SYCP1 (B,D, green; F,H,J,L, red) and CREST (white) in combination with anti-SMC1β (red), anti-REC8 (green) and anti-SMC3
(green) antibodies. (A,B,E,F,I,J) Wild-type oocytes. (C,D,G,H,K,L) Sycp3–/– oocytes; arrows indicate some of the centromeres. Notice the
persistence of cohesin signal at all centromeres (see supplementary material, Fig. S2 for more detail). Bars, 10 µm.
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STAG3-positive filaments were seen (Fig. 1G,H, arrows). We
conclude that SYCP3 and SYCP2 are required for maintaining
the integrity of the desynapsed STAG3 cohesin cores at the
diplotene stage and that, in the absence of these two AE
proteins, the STAG3 cohesin core disassembles prematurely.

SYCP3 is required to retain the cohesin cores until the
dictyate stage
We then investigated whether other cohesin subunits also
require SYCP3 to be maintained as part of a cohesin core
during the diplotene stage of meiosis in oocytes. Wild-type and
Sycp3–/– diplotene oocytes derived from E18.5 embryos were
stained with antibodies against the cohesin subunits SMC1β,
REC8 or SMC3, as well as against SYCP1 and CREST. We
found that loss of SYCP3 has drastic consequences for the
integrity of the cohesin cores as determined by SMC1β, REC8
and SMC3 labelling in diplotene oocytes (Fig. 3). Short
residual filaments were still observed in regions that retained
SYCP1 (Fig. 3C,D,G,H,K,L). The labelling patterns observed
for SMC1β, REC8 and SMC3 at the pachytene and dictyate
stages, in wild-type and mutant oocytes followed the STAG3
pattern described in Fig. 1 (not shown). Residual cohesin
labelling was consistently found at all centromere regions (Fig.
3, arrows; see supplementary material, Fig. S2), suggesting a
role for cohesin subunits in centromere cohesion at the dictyate

stage. Thus, in the absence of SYCP3 and SYCP2, the
organized cohesin cores that colocalize with the AE in wild-
type meiotic cells are prematurely fragmented at the diplotene
stage.

Premature disassembly of cohesin cores does not affect
MI chromosome organization
The premature disassembly of the cohesin cores at diplotene
in Sycp3–/– oocytes could affect cohesin-complex distribution
and functions at later meiotic stages. We therefore
characterized the distribution of STAG3, REC8 and SMC1β on
MI chromosomes derived from oocytes. The localization of
these meiosis-specific cohesin proteins on MI chromosomes
has previously only been reported for male germ cells (Eijpe
et al., 2000; Lee et al., 2003; Prieto et al., 2001; Revenkova
et al., 2001). We found that STAG3, REC8 and SMC1β
localization on female Sycp3–/– and wild-type MI
chromosomes (Fig. 4A-P) closely followed what has been
shown for male germ cells (see supplementary material, Fig.
S1). We also monitored the distribution of SMC4, a condensin
subunit produced in mitotic and meiotic cells that regulates
chromosome condensation (Hirano, 2002) and axial
compaction (Yu and Koshland, 2003), to investigate whether
SYCP3 deficiency affects the organization of this protein on
mammalian meiotic chromosomes. It was found that SMC4

Fig. 4. Cohesin and condensin localization at MI is unaffected in oocytes derived from Sycp3–/– oocytes. The MI oocytes were labelled with
antibodies against STAG3 (red) (A-H), REC8 (red) (I,J,M,N), SMC1β (red) (K,L,O,P), SMC4 (green) (Q-T) or CREST (A-P, green; Q-T, red).
(A-D,I-L,Q,R) Wild-type oocytes. (E-H,M-P,S,T) Sycp3–/– oocytes. Bivalents at higher magnification are shown in C-F,I-P. Bars, 5 µm (C-F,I-
P), 10 µm (A,B,G,H,Q-T).
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accumulates at the end of prophase I and then localizes to the
MI chromosomes in a pattern that is indistinguishable between
wild-type and Sycp3–/– oocytes (Fig. 4Q-T). In addition, we
score the same number of centromeres in Sycp3–/– and wild-
type MI oocytes (Fig. 4B,H). We conclude that the premature
disassembly of the cohesin cores at diplotene in Sycp3–/–

oocytes does not affect the distribution of the condensin
subunit SMC4 or cohesin complex proteins along MI
chromosomes, or centromere cohesion.

SYCP3 and SYCP2 are not required for sister-
centromere cohesion at the MI stage in male germ cells
Based on the observation that SYCP3 localizes to the
centromeres of MI chromosomes in spermatocytes, it has been
proposed that this protein is essential for sister-centromere
and/or kinetochore cohesion (Moens and Spyropoulos, 1995;
Parra et al., 2004). The functional role for SYCP3 at MI in
Sycp3–/– spermatocytes cannot be studied directly because
they arrest at a zygotene/pachytene-like stage (Yuan et al.,
2000). To circumvent this arrest point, we exposed such
spermatocytes to the phosphatase inhibitor OA in vitro. It
has been shown that OA prematurely initiates cell-cycle

progression and chromosome condensation in pachytene
spermatocytes in vitro, forcing them into an MI-like stage
(Tarsounas et al., 1999; Wiltshire et al., 1995). We found that
a large proportion of the OA-treated wild-type testicular cells
entered an MI-like stage and displayed 20 bivalents held
together by chiasmata, each bivalent having two pairs of
closely associated centromeres (Fig. 5A). Immunostaining
of ‘MI’ chromosomes derived from OA-treated wild-type
testicular cells using antisera against STAG3 (Fig. 5B), REC8
and SMC1β (see supplementary material, Fig. S1) results in a
localization pattern very similar to what has been reported for
normal cells (Eijpe et al., 2000; Lee et al., 2003; Prieto et al.,
2001; Revenkova et al., 2001). By contrast, analysis of OA-
treated Sycp3–/– mutant spermatocytes revealed 40 univalents
in the resulting MI-like cells (Fig. 5C,D). This suggests that
crossover formation is not completed between homologous
chromosomes before the early pachytene arrest point in cells
lacking SYCP3. We found that, whereas SYCP2 failed to
accumulate at the centromeres at MI in OA-treated Sycp3–/–

spermatocytes (Fig. 5J,K), the distributions of STAG3, REC8
and SMC1β along the univalents (Fig. 5D,F,I) were not
affected by SYCP3 or SYCP2 deficiency. Furthermore, we
found that the shape and number of centromeres (40 foci) as
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Fig. 5. Cohesin distribution and centromere cohesion at MI is unaffected in Sycp3–/– spermatocytes. Cells from wild-type (A,B,J) or Sycp3–/–

(C-I,K-M) testes were treated with okadaic acid. Spermatocytes at MI were stained with DAPI (A,C,E,H), or an anti-STAG3 antibody (B,D,M),
anti-REC8 antibody (F), anti-SMC1β antibody (I), anti-SYCP2 antibody (J,K) and anti-CREST (B,D,F,I-K,M). Wild-type MI spermatocytes
exhibit 20 bivalents with paired (single) centromeres (B, arrowheads). Sycp3–/– MI spermatocytes have 40 univalents with paired centromeres
(D,F,I, arrowheads). SYCP2 fails to accumulate at the centromeres in the absence of SYCP3 (K). Mitotic cells (L,M) derived from Sycp3–/–

testes (negative for STAG3) show separated centromere pairs (M, arrows). Bars, 10 µm.
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shown by CREST staining are identical in wild-type and
SYCP3-deficient cells (Fig. 5B,D, compare also with 5L,M
showing a mitotic cell in which the sister chromatids are
separated from each other, visualizing 80 distinct CREST
foci). The close physical association of centromeres and
kinetochores ensures that CREST also provides a marker for
kinetochore cohesion. We conclude from these experiments
that SYCP3 and SYCP2 are not required for sister-chromatid
centromere or kinetochore cohesion at the MI stage in male
meiotic cells. Thus, there is no evidence for sexually dimorphic
functions for SYCP3 or SYCP2 at MI.

Discussion
SYCP3 and SYCP2 support cohesin-core integrity
SYCP3 has been considered to be an essential component of
the meiotic chromosomal axis. Previous studies have, however,
defined only one distinct structural chromosomal abnormality
in meiotic cells deficient for this protein – a twofold extension
of the chromosome axis (Yuan et al., 2002). Cohesin-complex
proteins still form an organized cohesin core associated with
both asynapsed and synapsed meiotic chromosomes despite the
absence of SYCP3 and SYCP2 in male (Pelttari et al., 2001)
and female zygotene (data not shown) and pachytene (Fig. 1)
germ cells. We have here described a second structural role for
SYCP3 in reinforcing the cohesin cores, because we find that
the absence of SYCP3 and SYCP2 drastically affects the
integrity of the desynapsed cohesin cores at the diplotene stage
of female meiosis. A similar dependency on SYCP3 and
SYCP2 for cohesin core integrity is seen at the dictyate stage
in wild-type oocytes, during which the removal of SYCP3 and
SYCP2 from the meiotic chromosomes parallels the loss of the
cohesin cores. The dependency of cohesin core integrity on
SYCP3 and SYCP2 suggests that the two protein complexes
interact at least transiently, a proposal supported by in vitro
protein-interaction studies (Eijpe et al., 2000; Lee et al., 2003).
We found that sister-chromatid centromere cohesion (based on
the number of centromeres detected by the CREST antisera)
and the distribution of cohesin and condensin complex subunits
on MI chromosomes was similar in wild-type and Sycp3–/–

oocytes, suggesting that the premature fragmentation of the
cohesin core that occurs in Sycp3–/– diplotene oocytes has
limited functional consequences. We speculate that the role of
the cohesin cores is to promote transverse filament formation
between the homologous chromosomes, thereby promoting
synapsis. We find in support of this that short residual cohesin
filaments colocalized with SYCP1 at the diplotene stage in
Sycp3–/– oocytes. This model is further supported by recent
results that show that the mouse REC8 protein is required for
proper synapsis of homologous chromosomes (Bannister et al.,
2004). Once desynapsis is complete at late diplotene, the
cohesin cores are no longer required and are therefore
disassembled, leaving behind only a subset of cohesin
complexes required for maintaining arm and centromere
cohesion at the first meiotic division. The loss of the cohesin
cores at late prophase I in meiotic cells could also be a
prerequisite for the resolution of sister chromatids, as described
for mitotic cells (Losada et al., 2002; Sumara et al., 2002). It
has been suggested that Polo-like kinases and Aurora B
regulate the process that results in cleavage-independent
dissociation of bulk cohesin at prophase in somatic cells

(Losada et al., 2002; Sumara et al., 2002). Our results suggest
that the dissociation of the cohesin cores in meiotic prophase-
I cells is regulated in part by SYCP3. The function of SYCP3
could be to protect cohesin core components from exposure to
an external activity that acts to release most cohesin from
the meiotic chromosome axis. Alternatively, the cohesin core
could have become destabilized before diplotene but has its
integrity maintained by the AE. Additional studies are required
to find out the mechanism for removal of SYCP3 from the
meiotic chromosome axis.

Absence of SYCP3 in spermatocytes does not affect
cohesin protein localization or cohesion between sister
centromeres or kinetochores at MI
We have shown that the absence of SYCP2 and SYCP3 from
the meiotic chromosome axis during female meiotic prophase
does not have a detectable effect on cohesin protein distribution
or centromere cohesion at MI. Similarly, ‘MI’ chromosomes
derived from wild-type or SYCP3-deficient spermatocytes by
OA treatment did not exhibit differences in sister-chromatid
centromere/kinetochore cohesion, or in cohesin protein
localization along the chromosomes. We found, however, that
SYCP2 required SYCP3 in order to associate with the
centromere region of MI chromosomes in male germ cells. The
fact that SYCP3 and SYCP2 are not produced beyond the
dictyate stage of female meiosis, together with the absence of
a detectable cohesion defects in male MI cells in the absence
of SYCP3 and SYCP2, strongly questions the proposals that
these two proteins are essential for centromere or kinetochore
cohesion at the MI stage in male germ cells (Moens and
Spyropoulos, 1995; Parra et al., 2004). Our results do not
support a sexually dimorphic role for SYCP3 and SYCP2 at
meiotic MI.
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Supplemental material

Generation of antibodies against mouse proteins SYCP1, SYCP2, SMC1 , REC8 and 
STAG3. To analyse the distribution of cohesins in female germ cells during meiosis, we 
generated polyclonal antisera against peptides derived from each of the three mouse 
meiosis-specific cohesion proteins (SMC1 , REC8 and STAG3) and the SC proteins 
SYCP1 and SYCP2. The affinity-purified antibodies against SYCP1, SYCP2, STAG3 
and SMC1  recognize single protein bands on western blots with molecular weights 
corresponding to those previously reported (Prieto et al., 2001; Revenkova et al., 2001). 
The anti-REC8 antibody recognizes a series of 80-90 kDa bands in testes, in accordance 
with previous reports (Eijpe et al., 2003; Lee et al., 2003). The SYCP1, SYCP2, SMC1 ,
REC8 and STAG3 protein bands were specific for testes and were not seen in cultured 
somatic cells, in contrast to SMC1 , which was also produced in somatic cells (see Fig. 
S1A in supplementary material). To confirm further the specificity of the peptide 
antibodies for SYCP1, SYCP2, SMC1 , REC8 and STAG3, mouse testicular cells were 
examined by immunofluorescence microscopy. We found that the antibodies against 
SYCP1, SYCP2, SMC1 , REC8 and STAG3 gave rise to a pattern that overlapped with 
SYCP3 in meiotic pachytene cells (data not shown). The chromosomal distribution of 
SMC1 , REC8 and STAG3 at MI of meiosis has been reported (Eijpe et al., 2000; Lee et 
al., 2003; Prieto et al., 2001; Revenkova et al., 2001). This provided us with an 
opportunity to verify the specificity of the anti-cohesin antibodies (supplementary 
material, Fig. S1B). We found that the REC8 and STAG3 proteins were localized to 
interchromatid domains and to the centromeres of the meiotic bivalents at MI in OA-
treated cells. By contrast, SMC1  was found predominantly at the centromeres of MI 
male meiotic chromosomes, together with SYCP3 and SYCP2, consistent with previously 
published works (Eijpe et al., 2003; Prieto et al., 2001; Revenkova et al., 2001). 
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SUMMARY

Our knowledge of the molecular 
components that organize the meiotic 
chromosome axes and determine chromatin 
loop formation is limited. Mice deficient in 
either meiosis-specific cohesin Smc1  or 
synaptonemal complex protein Sycp3 show 
several abnormal chromosomal phenotypes. 
To explore how cohesin and synaptonemal 
complex proteins together determine key 
features of meiotic chromosome 
architecture, a mouse strain deficient in 
both Smc1  and Sycp3 was generated and 
analyzed. Smc1  was shown to determine 
axis length through formation of loop 
attachment sites and to anchor a subset of 
chromatin loops to the axes. We found that 
longitudinal extension of the meiotic 
chromosome axes gives rise to a reciprocal 
reduction of chromatin loop size along the 
axes, resulting from Smc1 --mediated 
activation of dormant loop attachment sites. 
Longitudinal compaction of the axes did not 
result in a similar uniform reciprocal 
increase in loop size, suggesting that pre-
formed loop attachment sites cannot be 
displaced by compaction forces. Smc1  was 
also found to have a crucial role in telomere 
function and bouquet formation, 
independent of its function in axial 
organization. The impaired telomere 
function correlates with an increased level 
of asynapsis in Smc1 deficient oocytes and 
with the activation of an error surveillance 
pathway, separate from the one that targets 
Sycp3-deficient oocytes.

 INTRODUCTION 

Meiotic chromosomes undergo highly 
characteristic changes in their structure during 
progression of meiosis. After the chromosomes  

were duplicated in the last premeiotic S-phase, 
they enter meiotic prophase I, assemble 
proteinaceous axial cores and acquire a structure 
composed of a tightly packed axis from which 
chromatin loops emerge. Concomitantly with the 
development of axial cores and the resulting 
chromosome compaction, homologous 
chromosomes (homologs) align and synapse. At 
this stage a specific structure referred to as 
synaptonemal complex (SC) is assembled 
between two synapsed homologs [1]. The 
transversal filaments (TF) of the SC connects the 
two cores, now called lateral elements (LE), and 
the four chromatids representing two homologs 
form a bivalent. Sister chromatid cohesion 
(SCC), generated by cohesin protein 
complex(es), ensures that sister chromatids do 
not separate prematurely [2-4]. In prophase I, the 
chromosomes are associated with cohesins along 
their axis, but at the metaphase I/anaphase I 
transition cohesion along chromosomal arms is 
dissolved and only cohesion between sister 
centromeres is maintained up to the metaphase 
II/anaphase II transition. The connections 
between the two homologs are facilitated by 
chiasmata, the visible cytological correlates of 
crossovers. Dissolution of cohesion only along 
the arms allows segregation of the two homologs 
instead of sister chromatids during anaphase I. 
A number of proteins were identified, which are 
constituents of either the SC or the cohesin 
complexes. The zipper-like SC consists of 
chromatin and primarily of proteins named in the 
mouse Sycp1, Sycp2, and Sycp3 (or SCP1, 
SCP2, SCP3 in the rat), of which Sycp2/3 form 
two lateral elements (axial elements, AE), which 
are connected by transverse filaments made of 
Sycp1 [5]. Mice deficient in either Sycp1 or 
Sycp3 do not form proper SCs but maintain 
chromosome axes, which at least in part are 
made of cohesin proteins [6-8]. Importantly, 
Sycp3-/- oocytes can develop up to metaphase II 
and  be fertilized, but one-third of the resulting 
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offspring die in utero as a result of aneuploidy 
[9, 10]. The chromosomal missegregation 
phenotype is due to an impaired DNA repair 
process in the Sycp3-/- oocytes, which results in 
the formation of a small number of unfinished 
crossover events that evades the DNA damage 
checkpoint [10, 11]. 
The tetrameric cohesin complexes consist of 
two SMC (structural maintenance of 
chromosomes) proteins, the heterodimeric 
Smc1 and Smc3, a kleisin protein such as 
Rad21 or Rec8, and a fourth subunit, an 
Sa/Stag protein (reviewed in [12, 13]). There 
are several types of cohesin complexes present 
in prophase I meiocytes based on combinations 
of two kleisin variants, two Smc1 variants, and 
three Sa protein variants.  Of the two Smc1 
variants, the ubiquitous Smc1  and the 
meiosis-specific Smc1  coexist on 
chromosome axes early in meiosis, but Smc1
disappears at the end of prophase I and only 
Smc1 is required for centromeric cohesion 
[14].  Mice deficient in Smc1  show a number 
of unique phenotypes [14-16]. Strikingly, the 
length of the chromosomal axes is reduced in 
both spermatocytes and in oocytes when 
compared to wild type (wt). The maximal 
distance between the axis and the outer edge of 
the chromatin cloud around the axis (axis-
distal extension) is increased. Thus, Smc1
appears to be required for determining the 
axes:loop proportion. Remarkably, this 
phenotype contrasts that of the Sycp3-/- mice, 
which display an at least two-fold extended 
length of the remnant Sycp1- or Stag3-stained 
axis [10, 17], raising the question how these 
two protein classes, cohesins and SC proteins, 
together shape the structure of meiotic 
chromosomes. Further deficiencies in Smc1 -/-

meiocytes include impaired attachment of 
telomeres to the nuclear envelope and 
defective telomere clustering (bouquet 
formation), a process highly characteristic for 
meiotic prophase, yet functionally poorly 
understood [18]. In Sycp3-/- mice, peripheral 
attachment of telomeres and bouquet 
formation is normal (Liebe et al., 2004). 
Furthermore, meiotic recombination is 
compromised in Smc1 -/- meiocytes. The 
numbers of Mlh1 or Mlh3 foci, diagnostic 
early markers of crossovers and chiasmata, are 
reduced. Smc1 -/- oocytes can undergo meiosis 
until metaphase II, when due to complete loss 
of cohesion proper segregation fails [16]. The 
contrasting meiotic phenotypes of Sycp3-/- and 
Smc1 -/- mice allow us to pose a number of 
questions concerning the genesis of meiotic 

chromosomes. For instance, how do SC proteins 
and cohesins act together to determine axes 
length and chromatin loop size, and to ensure 
pairing and synapsis of the homologs? Is there 
genetic interaction between Sycp3 and Smc1 ?
Does the increased axes length in Sycp3-/- cells 
restore proper telomere attachment even if 
Smc1  is absent? To answer these and other 
questions, the Sycp3-/-Smc -/- double-knockout 
mouse (DKO) was generated and analyzed in 
detail. 

RESULTS

Chromosome axis length and chromatin loop 
extensions 
Inactivation of Smc1  reduces the length of the 
meiotic chromosome axes, while loss of Sycp3 
increases their length. To understand how the 
Smc1 cohesin complex(es) and the SC proteins 
together determine meiotic chromosome 
organization we have generated mice that are 
deficient for both Smc1  and Sycp3. We found, 
as shown before for the single knockout (SKO) 
animals, that spermatocytes were eliminated at 
the early pachytene stage in the DKO testis [7, 
14], resulting in complete loss of male germ 
cells (Hamer and Höög, unpublished). However, 
the female germ cells were not eliminated until 
later stages of meiosis (see below). We therefore 
used oocytes derived from wild-type, SKO and 
DKO animals at E18-18.5 for studies of 
pachytene meiotic chromosome organization.  
The pachytene oocytes were stained with 
antibodies specific for the individual cohesin 
proteins Stag3, Rec8 or Rad21 (Figure 1), or 
with an antibody against the transverse filament 
component, Sycp1. While chromosomal 
localization of the second axial element protein 
Sycp2 is abrogated in Sycp3-/- mice, Sycp1 still 
labels a chromosomal axis in this mutant, and a 
cohesin core can be visualized [7, 8]. An axial 
structure of the meiotic chromosomes in DKO 
oocytes remained, but displayed a more 
irregular, discontinuous staining pattern than 
observed in either wild-type or each of the SKO 
oocytes. The fragmented appearance of the 
cohesin-stainable axes was reminiscent of the 
Sycp3-/- axes and in contrast to the compact, 
uniform staining seen in Smc1 -/- oocytes. The 
average length of the axial cores was measured 
for chromosome 1. In DKO pachytene oocytes, 
the core length was 18.35 ± 0,78 m, much 
longer than seen in wild-type or  
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Figure 1. Axial structures of the meiotic chromosomes formed by cohesin complexes in Sycp3-/-Smc1 -/- oocytes remain 
but are fragmented. Staining of wild-type, Sycp3-/-, Smc1 -/- and Sycp3-/-Smc1 -/- pachytene oocytes (E18-18.5) with antibodies 
against Sycp1 (red), Stag3 (green) and CREST (white) (A-D), Rec8 (red), Stag3 (green) and Crest (white) (E-H) and   Rad21 
(red), Stag3 (green) and CREST (white) (I-L). 

Smc1 -/- oocytes, but shorter than observed in 
Sycp3-/- oocytes (Figure 2). The increased axial 
core length resulting from loss of Sycp3 
therefore largely suppresses compaction of the 
axial core observed upon loss of Smc1 .
Notably, half of the relative reduction in axial 
core length seen in the absence of Smc1  as 
compared to wt (11.93 to 7.28 m, i.e. a 39 % 
reduction) is also maintained in DKO oocyte 
chromosomes when compared with those in 
Sycp3-/- cells (Figure 2B; 22.9 to 18.35 m, i.e. 
a 20 % reduction). This result confirms our 
earlier hypothesis that Smc1  is an integral 
component of the meiotic chromosome axes 
that contributes to axial core length at least 
partially independently of Sycp3 and has 
important consequences for modeling axes 
length control (see Discussion).  

The role of the axial core proteins, 
including cohesin and SC proteins, in the 
organization of the chromatin loops that 
project out from the sister chromatid axis is 
incompletely understood.  We used a 
combination of FISH (staining mouse 
chromosome 1) and immunofluorescent 
microscopy (labeling the meiotic chromosome  

axis using anti Stag3) to monitor the distance 
that the chromatin surrounding the axes reaches 
out (axis-distal extension). This distance was 
measured at a series of points along the axes, 
and the average distance calculated. We found 
that the axis-distal extension of chromatin in 
Sycp3-/- pachytene oocytes was reduced almost 
two-fold compared to wt cells (Figure 2A, C), 
indicative of an inverse correlation between axes 
length and chromatin loop extension.  
In contrast, the average axis-distal extension of 
the chromatin in Smc1 -/- pachytene oocytes, 
was unaltered compared to wt (Figure 2A, C). 
However, in agreement with a previous report on 
Smc1 -/- spermatocytes [14], we found that a 
subset of loops along the chromosome axis 
projects much further out from the axis than the 
rest (Figure 2D). Thus, the maximal but not the 
average extension is increased. In the DKO, the 
average chromatin extension was 5.95 m, a 
two-fold increase compared to Sycp3-/- oocytes, 
but the same compared to Smc1 -/- and wt 
oocytes (Figure 2A, C, D).
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Figure 2. Analysis of axial core and chromatin loop length. Examples of the axial core and chromatin loop lengths in the four 
different genotypes. White lines represent the examples of average length of the loops and red lines represent the examples of 
maximum extensions of the loops (A).  Comparison of the axial core length in wild-type, Sycp3-/-, Smc1 -/- and Sycp3-/-Smc1 -/-

oocytes (B). The average length of the chromatin loops projecting out from the sister chromatid axes measured from one side of 
the FISH probe to the other (basal loops) in wild-type, Sycp3-/-, Smc1 -/- and Sycp3-/-Smc1 -/- oocytes (C). Loop extensions 
expressed as difference between the maximum loop extension and average length of the chromatin loops in wild-type, Sycp3-/-,
Smc1 -/- and Sycp3-/-Smc1 -/- oocytes (D). The numbers are represented as mean ± SEM in B, C and D.   

Impaired telomere attachment in DKO 
meiocytes
Attachment of telomeres to the nuclear 
periphery and bouquet formation fails for 
about 20% of telomeres in Smc1 -/-

spermatocytes [14]. In contrast, loss of Sycp3 
does leave telomere attachment intact but 
prolongs the bouquet stage leading to an 
increased percentage of spermatocytes with 
telomere clustering [17]. To determine which 
phenotype is dominant and to answer the 
question whether the attachment failure in 
Smc1 -/- cells is a "simple" mechanical 
consequence of reduced axes length, we 
analyzed telomeres in DKO compared to SKO 
spermatocytes (Fig. 3).  As observed 
previously, the percentage of spermatocytes in 
the bouquet stage was determined and found to 
be reduced in Smc1 -/- and increased in Sycp3-

/-spermatocytes. Notably, DKO cells had the 
same reduction in bouquet spermatocytes as 
the Smc1 -/- single mutant, indicating that the 
Smc1 -/- mutation is epistatic to the Sycp3-/-

mutation. Next, we tested whether telomere 
attachment failure corresponds to chromosome 
size in the Smc1 -/- background.  Thus, we 
determined the nuclear positioning of specific 
telomeres by FISH/IF (Fig. 3B). Three 
chromosomes were chosen for analysis, which 
included a large (#1), a medium sized (#12) 
and a small (#19) mouse chromosome. All the 
telomeres located to the nuclear periphery in 
wt and in Sycp3-/-

spermatocytes (Fig. 3C; [17]) but 15 to 20% of 
telomeres failed to attach in either Smc1 -/- or 
DKO spermatocyte nuclei regardless of their 
physical size (Fig. 3C). These results  

Figure 3. Frequency (%) of bouquet spermatocytes 
among all spermatocytes in a testis cell suspension. The 
percentage of bouquet spermatocytes is significantly elevated 
in Sycp3-/- spermatogenesis, while it is reduced in Smc1

-/-

and DKO spermatocytes (A). Positioning of specific 
telomere regions relative to the nuclear periphery by BAC 
FISH to pachytene spermatocytes (Smc1 -/- spermatocytes 
shown) stained with Sycp3 (green) and the #12 distal 
telomere BAC (red) at the nuclear equator. The left detail 
shows peripheral localization as was seen in wt, while the 
right image shows internal location of the #12 distal telomere 
region suggesting attachment failure. The latter was never 
seen in the wt (n=20 for each genotype) (B, C). 

4



Submitted 

Table 1. Smc1 -/- and Sycp3-/-Smc1 -/- oocytes already show a high level of asynapsis at the pachytene stage.  Scoring of
asynapsed chromosomes in wild-type, Sycp3-/-, Smc1 -/- and Sycp3-/-Smc1 -/- pachytene oocytes using FISH probes against 
chromosomes 12, 17, 19 and X. 

show that chromosome length does not affect 
telomere attachment and that the Smc1 -/-

mutation is dominant to Sycp3-/- with respect to 
telomere attachment.

Synapsis and univalency in DKO oocytes
Bouquet formation has been proposed to 
promote homolog pairing and synapsis by 
tethering the ends of the homologs [19-22]. 
The impaired telomere  

igure 4. Rapid elimination of the Sycp3-/-Smc1 -/-

lustering process observed in Smc1 -/- oocytes 

Additive s in DKO mice
tly repaired 

F
oocytes that contain univalent chromosomes. Examples 
of oocytes with normal (far left panel) or univalent 
chromosomes 17, 19 or both (A). Percentage of univalency 
of chromosome 17, 19 or both in the four different 
genotypes as detected by FISH. (B). The number of 
oocytes per ovary in wild-type, Sycp3-/-, Smc1 -/- and
Sycp3-/-Smc1 -/- at days 2, 4, 8 and 18 after birth (C). The 
numbers are represented as mean ± SEM in B and C. 

c
could affect synapsis. We therefore compared 
the synaptic pattern in pachytene oocytes in the 
four different genotypes. The oocytes were 
labeled using FISH to detect four different 
chromosomes (12, 17, 19, and X) and with anti-
Stag3 to identify the chromosome axes. Sycp3-/-

and Smc1 -/- oocytes drastically differed (Table 
1). While only a small percentage of the Sycp3-/-

pachytene cells contained asynapsed meiotic 
chromosomes, 37.7 % of Smc1 -/- oocytes 
displayed asynapsed chromosomes. All four 
chromosomes were affected, the shortest 
chromosome (19) being most affected. Analysis 
of DKO oocytes revealed only a small additional 
increase in the number of cells having asynapsed 
chromosomes. This result strongly suggests that 
the impaired bouquet formation process 
contributes to an increased level of asynapsis 
observed in Smc1 -/- oocytes. Asynapsis may 
lead to premature generation of univalents, and 
therefore the level of univalency in oocytes of 
the four different genotypes was evaluated 
during postnatal development, i.e. in dictyate-
arrested oocytes. FISH analysis was used to 
score the level of univalency affecting 
chromosome 17, chromosome 19 or both 
simultaneously in wt and mutant oocytes (Figure 
4A). In contrast to synapsis in pachytene 
oocytes, the level of univalency was severely 
increased in Sycp3-/- oocytes to a level seen here 
and in a previous study [11], and as seen in
Smc1 -/- oocytes [16].  Importantly, 
simultaneous inactivation of both Sycp3 and 
Smc1  synergistically increased the percentage 
of univalents, preferentially affecting the shortest 
chromosome (Figure 4B).  

 oocyte los
DNA damage (unrepaired or incorrec
recombination intermediates), asynapsis [23, 24] 
and inappropriate meiotic silencing trigger 
oocyte apoptosis in several organisms [25-29]. 
To examine oocyte numbers in postnatal SKO 
and DKO ovaries, sectioned ovaries were 
immunostained with antibodies against GCNA 
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or c-kit [30, 31] which specifically stain nuclei 
or cytoplasmic membranes of the oocytes, 
respectively. We found that a majority of the 
Smc1 -/- oocytes had been eliminated already 
by postnatal day (pnd) 2 and that only 
approximately one third of the Smc1 -/-

oocytes remained at pnd 18. While slightly 
delayed in comparison to Smc1 -/- oocytes, the 
same number of Sycp3-/- oocytes  were retained 
by pnd 8 (Figure 4C, Supplemental figure 1). 
Importantly, the oocytes in the DKO animals 
were lost at an accelerated rate in comparison 
to the two SKO genotypes resulting in an 
almost complete elimination of oocytes by 
postnatal day 18. This shows that Sycp3 and 
Smc1 deficiencies activate different damage 
surveillance and elimination pathways, 
synergistically increasing the level of oocyte 
loss in the DKO. 

DISCUSSION 

ohesins and SC proteins are major 

s

xes and chromatin loop organization 
meiotic 

the 
meiotic

C
components of meiotic chromatin with 
essential functions for meiotic progression. 
While significant insights have been obtained 
into the SC and its proteinaceous building 
blocks in the 50 years since its discovery [2, 
32], and while we also have learned some 
about meiotic cohesins over the past few years, 
very little is known how these two classes of 
proteins together determine meiotic 
chromosome architecture and behavior. Since 
Smc1  is an essential meiotic cohesin 
component, and since Sycp3 with its partner 
Sycp2 likewise is key to SC formation, 
knowledge about their cooperation in meiosis 
is essential for understanding meiosis. Some of 
the SKO phenotypes appear to oppose each 
other: Sycp3-/- meiocytes have longer 
chromo omal axes, while those of Smc1 -/-

meiocytes are shorter [10, 14]. Telomeres do not 
attach properly to the nuclear envelope in 
Smc1 -/- spermatocytes, but do so in Sycp3-/- [14, 
17].  Our new results, obtained from more 
detailed studies of the SKO mice and the DKO 
mice, provide new insights and answer questions 
posed by the different phenotypes previously 
reported. An overview of the phenotypes 
observed in each SKO and DKO is provided in 
Table 2.  

A
Longitudinal compaction of the 
chromosome axes is driven by Sycp3, and 
perhaps by other still unknown factors. In the wt, 
compaction is limited by the presence of Smc1 -
type cohesin complexes. Their removal allows 
further compaction, which is dependent on 
Sycp3 as we show here. In the DKO, the oocyte 
chromosome axes are much longer than in wt, 
but not quite as long as in Sycp3-/- oocytes, 
whose axes are still 20% longer. These results 
show that Smc1  like Sycp3 is an integral 
component of the meiotic chromosome axes. 
Smc1 appears to contribute to 20% axial core 
length as estimated in the absence of Sycp3 or 
40% of the core length in the presence of Sycp3 
as highlighted by shortened cores in the Smc1 -/-

background. However, in absolute numbers the 
contribution of Smc1  to core length is the 
same: an average of 4.6 m/axis. Thus, Smc1 -
mediated lengthening of chromosomes – be it 
active lengthening or passively restricting 
compaction – is independent of the Sycp3-
mediated compaction status of the SC axes.  

The longitudinal extension of 
chromosome axes caused by loss of 

Sycp3, results in a two-fold average reduction of 
the axis-distal chromatin extensions. This 
suggests that longitudinal extension of the 
meiotic chromosome axes increases the physical 
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distance between individual loop attachment 
points (assuming that these points are firmly 
attached to the axes). As a consequence of this, 
the individual chromatin loops would be 
stretched out over a greater axes distance, 
thereby affecting how far these loops project 
out from the axes. However, the two-fold 
average reduction of the loop extensions 
observed in Sycp3-/- oocytes cannot be 
explained only by the two-fold physical 
extension of the axes (as this would require a 
four-fold extension). Our results instead 
suggest that new additional loop attachment 
sites along the axes are introduced in response 
to axes extension. Importantly, the average 
axis-distal chromatin extension is returned to 
wt levels in the DKO oocytes, despite that the 
chromosome axes remains almost fully 
extended also in this mutant. This show that 
the reduction in loop size observed in the 
absence of Sycp3, not only depends on 
physical extension of the axes, but also on the 
formation of cohesin-dependent loop 
attachment sites. Surprisingly, the maximal 
axis-distal chromatin extension but not the 
average extension is increased in Smc1 -/-

oocytes.  A similar variability in loop size is 
also observed in the DKO oocytes. This 
suggests that some loops become larger, when 
Smc1 -/- is lost, whereas the majority of the 
loops are not affected by the loss of this 
cohesin subunit. These considerations assume 
that hypothetical compaction of chromatin 
within the loops themselves is not affected by 
loss of Smc1  cohesin. Since antibodies 
specific for Smc1  or its partner Smc3 almost 
stain prophase I chromosomes uniformly along 
their entire axes [33, 34], Smc1  complexes 
are likely distributed linearly along the cores. 
The model depicted in Figure 5 summarizes 
how Smc1  cohesin and Sycp3 could control 
meiotic chromosome axes and loop structure. 
Sycp3 longitudinally compacts the axes. 
Compaction is limited by cohesins (and other 
factors), which form axis-associated protein 
complexes that can only be pushed together to 
a certain extent and therefore determine axis 
length. There are at least two types of 
cohesins: based on either Smc1  or on Smc1 .
Absence of Smc1  allows Sycp3 to further 
compact until other constraints such as 
remaining Smc1 -type cohesin become 
restrictive or to the level Sycp3 itself can 
compact chromatin. The restriction to 
compaction provided by Smc1  equals an 
average core length of 4.6 m, or 39 % of the 
total average wt chromosome axes length,
independent of the presence or absence of 
Sycp3. It was hypothesized early on in SMC 

protein research that cohesin complexes bound 
to the chromatin axes could act as chromatin 
loop attachment sites [35, 36]. Our results for the 
variability in loop size seen in the Smc1  SKO 
oocytes and the loss of loop size reduction in the 
DKO oocytes support a role for Smc1 . Our 
results are consistent with a model suggested by 
Kleckner et al. [37, 38], where the extension of a 
chromosome axes should result in the formation  

igure 5. Model representing the effect of Sycp3 and two F
different cohesin complexes on the organisation of the 
meiotic chromosome axes and on chromatin loop 
extension.  Chromatin loops and axes are drawn for wt, 
Sycp3-/-, Smc1 -/-, and Sycp3-/-Smc1 -/- pachytene 
chromosomes. LE are shown as grey horizontal lines, TF as 
black vertical lines between LE. Each loop contains the two 
sister chromatids. Red dots represent Smc1 -type cohesin 
complexes, yellow dots Smc1 -type cohesin complexes. 
There are at least two types of cohesins: based on either 
Smc1  or on Smc1 . Of each several variants may exist, 
which are not drawn. It is also unclear whether an attachment 
site is formed by one cohesin complex or by several 
complexes together, and if so, whether these are of the same 
or different types. The possibility exists, that both ends of a 
loop are being attached to the axis by one complex or 
assembly of complexes instead of by two complexes or 
aggregates of complexes. Thus, the model only shows one of 
several alternatives.
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of a greater number of small loops. In our 
model (Fig. 5) describing the Sycp3-/- situation, 
the number of attachment sites and loops 
increases about two-fold on the lengthened 
chromosomes, and the DNA content of each 
loop is reduced. Hence, according to the model 
by Kleckner [37, 38], we propose that cohesin 
is recruited to serve in attaching loops.  
In the reciprocal situation described by 
Kleckner et al [37], the contraction of a 
chromosome axes should result in the 
formation of a smaller number of longer loops. 
However, we found that the average loop size 
in Smc1  oocytes is not changed compared to 
wt, despite a shorter meiotic chromosome axes 
in the mutant oocytes. This suggests that loop 
attachment sites cannot be displaced by the 
physical force generated by axes contraction, 
however, additional ones can be added if the 
axes are  extended. Smc1  is known to form 
several complexes including at least one which 
contains Rec8 [14]. Interestingly, meiocytes 
deficient in Rec8 also show shortened axes 
[15, 39], indicating that Smc1  is not the only 
cohesin protein, which affects axes length. One 
may speculate that a cohesin complex based on 
Smc1 -Rec8 crucially regulates axes length. 
However, Rec8 deficient mice show other 
phenotypes that markedly differ from those of 
Smc1 -/- mice, e.g. failure of not only 
spermatocytes but also oocytes to complete 
meiosis I. Furthermore, synapsis between 
sister chromatids instead of homologs results 
in approximately 40 Sycp3-stainable cores. 
Thus, Rec8, which also associates with Smc1
in early meiocytes, may act in differently 
composed or regulated cohesin complexes 
with functions partially distinct from those of 
Smc1  complexes. This is consistent with 
partial differences in expression kinetics and 
chromosomal localization between Rec8 and 
Smc1  [14, 40]. Since no additional cohesins 
appears to be recruited to the extended axes in 
the DKO, the Smc1  cohesin ought to form 
all, or the vast majority, of the newly formed 
attachment sites in the Sycp3-/-. The inability of 
Smc1  to substitute is in agreement with the 
decline in Smc1 protein expression during 
prophase I and the less uniform staining of the 
axes with anti Smc1  antibody [33, 34].  

Telomere behavior in SKO and DKO 
spermatocytes 
One-fifth of telomeres in Smc1 -/-

spermatocytes, which form shortened 
chromosome axes, fail to attach to the nuclear 
periphery in prophase I. The possibility that 
this failure is a consequence of reduced axis 
length through steric problems can be refuted, 

since the increase in axis length seen in the 
Sycp3-/- and DKO spermatocytes failed to 
alleviate the attachment problem in the DKO. 
Thus, axes length is not a primary determinant of 
proper telomere attachment. This conclusion is 
supported by our results on perinuclear location 
of specific telomeres of differently sized 
chromosomes. We chose chromosomes 
representing the longest, a medium sized and the 
second shortest chromosome. Regardless of 
chromosomal length, the same frequency of 
specific telomere attachment failure was seen in 
about 15% of spermatocytes in both, the Smc -/-

and the DKO spermatocytes, suggesting an 
epistatic relationship of the Smc1 -/- relative to 
Sycp3-/- mutation, in the presence of which all 
telomeres attach [17]. The same relationship is 
apparent when we consider meiotic telomere 
clustering (bouquet formation). Here Smc1 -/- 

and the DKO both display a highly significant 
reduction in bouquet frequencies, which may 
relate to the persistence of attachment failure in 
absence of Smc1  and indicates that Smc1  is 
crucial for telomere function and attachment in 
mammalian meiosis, a unique feature in the 
mutants screened so far. The results above 
suggest a genuine function of Smc1  at meiotic 
telomeres, which is distinct from its role that 
controls axes length. 

Telomere deficiencies and asynapsis 
 It has been proposed that telomere attachment to 
the nuclear envelope and bouquet formation 
facilitates homolog pairing and synapsis by 
aligning two homologs and tethering both of 
their ends [19-22, 41]. Importantly, it has also 
been shown that telomere shortening can impair 
synapsis in female mice [42]. Therefore, the 
impaired telomere bouquet formation observed 
in Smc1 -/- and DKO spermatocytes could affect 
synapsis. Our results show that the pachytene 
oocytes in these two mouse models display a 
high rate of asynapsis, strongly supporting a role 
for improper telomere clustering in synaptic 
failure. The observations that Sycp3-/- oocytes 
display an increased level of DNA damage [11], 
whereas Smc1 -/- oocytes show dramatically 
increased levels of asynapsis, together with the 
additive phenotypic effect on oocyte survival 
during early postnatal development, strongly 
suggests that different DNA surveillance 
mechanism contribute to oocyte elimination in 
the DKO animals.  

EXPERIMENTAL PROCEDURES 

Mice
Derivation of the Sycp3 and Smc1  knockout 
mice (both C57BL/6 strain) has been previously  
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described [7, 14]. Sycp3-heterozygous mice 
were bred with Smc1  heterozygotes to 
generate double heterozygotes which were 
intercrossed to generate double Sycp3-/-Smc1 -

/- mice. Experimental animals were compared 
with controls from the same litter (where 
possible) or from other litters from the same 
matings. Mice were genotyped by PCR as 
previously described using DNA from tail
biopsies. To detect pregnancy, females were 
caged with males and the vaginal plugs were 
daily examined the following morning. The 
day when the plug was found was marked as 
embryonic day 0.5 (E0.5). For ovary sampling 
at embryonic stages, pregnant female mice 
were sacrificed at E16.5 to E18.5.  To collect 
postnatal staged ovaries, the pups were 
sacrificed from day 1 to day 8 after birth (1 
pnd to 8 pnd).   

Histology 
Collected ovaries were fixed in 4% 
paraformaldehyde for 4 h, paraffin embedded 
and sectioned at 5 m. To count the oocyte 
number, every 5th section was immunostained 
for Gcna [30] or c-Kit (Oncogene), as 
described by Wang and Höög, 2006. Three to 
four ovaries per genotype were used for the 
analysis in each experimental group. 

Immunofluorescence and immuno-FISH 
procedures and microscopy 
Oocytes from embryonic or 2 pnd ovaries for 
immunostaining were prepared as previously 
described [11, 43]. Briefly, ovaries were 
initially incubated with 400U/ml collagenase 
in DMEM (Invitrogen) for 30 min at 37°C, 
followed by 30 min in hypotonic buffer 
(30mM Tris; pH8.2, 50mM sucrose, 17mM 
sodium-citrate, 5mM EDTA, 0.5mM DTT and 
0.5mM PMSF). The cells were isolated by 
pipetting and fixed with 1% 
paraformaldehyde/0.15% Triton X-100. For 
protein detection and visualization, oocytes 
were stained with antibodies against Rec8, 
Stag3, Sycp1 [14, 43], Rad21 (Oncogene), 
Smc3 [40], H2ax (Upstate), Crest or Gcna 
[30], followed by secondary antibodies: goat 
anti mouse AlexaFluor488, goat anti guinea 
pig AlexaFluor488 (Molecular Probes), 
donkey anti guinea pig CY3, goat anti human 
CY5, mouse anti rat FITC (Jackson Lab), 
swine anti rabbit FITC (Dakopatts). If 
immunostaining was combined with FISH, the 
slides were first denatured in 70% deionized 
formamide/2xSSC at 70°C for 4 min and then 
hybridized with chromosome specific probes 
(denaturation of the probe at 75°C for 10 min) 
for 40 h at 37°C. The single and double color 
chromosome probes were specific to 

chromosomes 1, 12, 17, or 19 and directly 
labeled with CY3 or CY5 (Chrombios, GmbH, 
Germany). The washing followed after the 
hybridization was performed after 
manufacturer’s protocols. Following FISH, 
slides were incubated with guinea pig anti-Stag3 
(E18.5 oocytes) or rat anti-Gcna (2pnd oocytes) 
and visualized with goat anti guinea pig 
AlexaFluor488 or mouse anti rat FITC. 
Preparations were stained with DAPI and images 
captured with Openlab software using 
epifluorescence microscope (Leica DMRXA) 
connected to a camera (Hammamatsu C4742-95) 
or with Deltavision Spectris system (Applied 
Precision). Images were processed using
Openlab (Improvision), Adobe Photoshop CS2 
or Softworx software (Applied Precision). The 
core and the loop length measurements were 
performed using Softworx (Applied Precision) 
and statistic analysis was performed by One 
Way Anova using SigmaStat (SPSS Inc.). 
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Supplemental Figure 1. Rapid elimination of the Sycp3-/-Smc1 -/- oocytes.  Staining of oocytes in wild-type, Sycp3-/-, Smc1 -/-

and Sycp3-/-Smc1 -/- ovary sections at day 2 (anti-GCNA) and day 18 (anti-c-kit) after birth. 
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Introduction
Formation of the synaptonemal complex (SC) is a key step of
meiosis. The SC is a zipper-like structure composed of two
lateral elements (LEs) that are joined together by transverse
filaments (reviewed in Page and Hawley, 2004). In early
prophase I, the cohesin core, which is formed by STAG3,
SMC1α, SMC1β, SMC3 and REC8, starts to link sister
chromatids together, while SYCP2 and SYCP3 begin to form
axial elements (AEs) (Eijpe et al., 2003). During the zygotene
stage, the paired homologous chromosomes become physically
linked through transverse filaments when the AEs synapse to
become LEs (reviewed in Page and Hawley, 2004). Transverse
filaments are composed of SYCP1 molecules, which bridge the
gap between one LE and the central element (CE) (Meuwissen
et al., 1992). The organization of the CE, however, has never
been fully defined and no protein has been characterised that
shows a localisation restricted to the CE. It is believed that, the
increased electron-density observed in the CE compared with
the adjacent rest of the central region is owing to the
arrangement of the N-terminal region of dimers of SYCP1 that
interact in a head-to-head fashion, while forming an
interdigitating array of dimers (Schmekel et al., 1996; Öllinger
et al., 2005). The overall structure of a SYCP1 molecule

resembles that of the yeast ZIP-1 protein (Sym et al., 1993),
required for normal recombination and crossover interference
(Storlazzi et al., 1996) as well as synapsis. SYP-1, a
Caenorhabditis elegans SC protein (MacQueen et al., 2002)
and crossover suppressor on 3 of Gowen [c(3)G] in Drosophila
melanogaster (Page and Hawley, 2001) also have related
structures.

Mutations of SC components have shown that failure to
assemble this structure leads to meiotic arrest or aneuploidy.
In mammals, SMC1β mutants are sterile in both sexes
(Revenkova et al., 2004). Male meiosis is blocked at pachytene,
whereas female meiosis continues until metaphase II in a
highly error-prone fashion. In the case of SYCP3 null mutant
mice, males are sterile because of apoptotic cell death during
prophase I (Yuan et al., 2000). Mutant females, however, are
fertile but oocytes show an increase in aneuploidy rates, which
results in increased embryo death (Yuan et al., 2002).
Moreover, in humans, there have been reported cases of
infertile males where a mutation in the gene encoding SYCP3
was found (Miyamoto et al., 2003). In these patients,
spermatogenesis was disrupted at early meiosis, showing
severe alteration of the cytoarchitecture of seminiferous
tubules.

2755

Completion of meiosis in mammals depends on the
formation of the synaptonemal complex, a tripartite
structure that physically links homologous chromosomes
during prophase I. Several components of the
synaptonemal complex are known, including constituents
of the cohesin core, the axial/lateral element and the
transverse filaments. No protein has previously been
identified as an exclusive component of the central element.
Mutations in some synaptonemal-complex proteins results
in impaired meiosis. In humans, cases of male infertility
have been associated with failure to build the synaptonemal
complex. To search for new components of the meiotic
machinery, we have used data from microarray expression
profiling and found two proteins localising solely to the

central element of the mammalian synaptonemal complex.
These new proteins, SYCE1 and CESC1, interact with the
transverse filament protein SYCP1, and their localisation
to the central element appears to depend on recruitment
by SYCP1. This suggests a role for SYCE1 and CESC1
in synaptonemal-complex assembly, and perhaps also
stability and recombination.
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The study of meiosis in mammals has been performed at a
range of levels from the biochemical to the cytogenetic, but has
not been easily amenable to the genetic approaches available in
model organisms such as Saccharomyces cerevisiae and C.
elegans. These genetic approaches have been productive in
increasing the number of proteins known to be involved in
meiosis but the lack of sequence conservation has made
extrapolation to mammals difficult. In a different approach, we
hypothesised that expression profiling can be used to find new
components of the meiotic machinery (Maratou et al., 2004).
Previously, we constructed a microarray from a normalised and
subtracted testis library (Maratou et al., 2004) and used this
to profile the expression of genes during postnatal testis
development in wild-type and in Dazlhgutm1/hgutm1mice (Ruggiu
et al., 1997). The mutant mice lose germ cells postnatally and
surviving germ cells do not progress beyond leptotene
(Saunders et al., 2003). Based on this expression data we
selected a number of genes with increasing expression levels
between day 7 and day 11 post-partum in normal but not
Dazlhgutm1/hgutm1 mutant development. Within this group, genes
frequently represented as testis expressed sequence tags (ESTs)
were selected on the basis of database searches, and a subset of
genes of unknown function were selected for verification of
expression pattern by in situ hybridization and northern blot.
Here, we focus on two genes, Syce1 (synaptonemal complex
central element 1, 329aa, GenBank accession number
GI12855570) and Cesc1 (central element synaptonemal
complex 1, 171aa, GenBank accession number GI21313690),
selected on the above described grounds and show that they
encode the only proteins known to date that localise exclusively
to the CE of the mammalian SC. We also show that SYCE1 and
CESC1 form a complex with SYCP1, which appears to be
capable of recruiting these proteins to the CE. This suggests a
role for SYCE1 and CESC1 in synapsis, and we discuss the
implications they could have in assisting recombination.

Materials and Methods
Northern blots
A multiple tissue mouse northern blot (Ambion) was hybridised
sequentially with cDNA probes for SYCE1, CESC1 and S26 (loading
control) (Vincent et al., 1993). Probes were labelled using the Strip-
EZ DNA kit (Ambion) and hybridised with ULTRAhyb hybridization
buffer (Ambion) according to the manufacturer’s recommendations.
Signals were detected by fluorography.

Antibody generation
Antibodies were raised in rabbits using a mixture of GST fusion
protein expressed in Escherichia coli BL21 using the respective
cDNAs of Syce1 and Cesc1 in pGEX-4T-1 (Amersham) and synthetic
peptides coupled to keyhole limpet haemocyanin (KLH). Peptides
used were 71ENINESRQKDHALM84 and 316ETAQDQERPSSRT329

for CESC1 and SYCE1, respectively. Antibodies were purified by
affinity purification to peptide immobilised on Sulpholink (Pierce)
columns, or to IgG fractions purified on protein G Sepharose (GE
Healthcare).

Antibody characterisation
Western blot analysis of testis extracts with affinity purified anti-
SYCE1 shows a doublet at 44 kDa in comparison to a predicted size
of 38 kDa (Fig. 3). Both bands were competed by the immunising

peptide. We have not detected alternative splice forms of the mRNA
encoding this protein or alternative transcripts in the databases, and
the human and mouse genomes appear to encode only one copy of
this gene. Phosphatase treatment did not resolve the doublet, possibly
because of a different modification of the protein. Anti-CESC1
antibody did not give a signal on a western blot but was effective on
tissue sections (Fig. 1) and spread chromosomes (Fig. 2).

Immunocytochemistry and electron microscopy
Testes were snap-frozen in isopenthane and processed for cryo-
sectioning by standard methods. Sections were fixed in 1%
paraformaldehyde and immunofluorescence was performed as
described (Alsheimer et al., 2000). Spread-preparations of meiotic
cells were produced (Speed and Chandley, 1982) and then
immunostained with antibodies labelled with Alexa Fluor 594
(Molecular Probes) according to the manufacturers instructions or
detected with a FITC-labelled secondary antibody (Jackson
ImmunoResearch) for light-microscopy and images captured using
IPLab software (Scanalytics). Spermatocytes from male Sycp3–/–

mutant mice were fixed in 1% paraformaldehyde and 0.15% Triton
X-100. Oocytes from female 18 days post coitum (d.p.c.) Sycp3–/–

mutant embryos were fixed in 0.8% paraformaldehyde and 0.15%
Triton X-100 as described previously (Peters et al., 1997).
Immunofluorescence was performed using standard methods (Yuan et
al., 2000). For pre-embedding-immunogold-localisation of SYCE1
and CESC1, 5-nm cryostat sections of shock-frozen rat testis were
prepared, fixed with 2% formaldehyde and incubated with primary
and secondary antibodies as described previously (Smith and
Benavente, 1992). Fixation and embedding in Epon™ for
transmission-electron-microscopy was then performed according to
standard protocols.

Transfection and immunofluorescence microscopy
To express SYCE1, CESC1 and SYCP1 in the culture cell line COS-
7 (green monkey kidney), the respective cDNAs were inserted in
pEGFP-N vectors (Clontech, Heidelberg, Germany) with which the
cells were transfected using the effectene system according to
manufacturer’s instructions (Qiagene, Hilden, Germany). Analysis
of protein distribution was performed after 24 hours by indirect
immunofluorescence microscopy as recently described (Alsheimer
et al., 2000) using anti-Cesc1 IgG peak to detect Cesc1, affinity
purified anti-SYCE1 to detect SYCE1 and antibody VIIId3 (Öllinger
et al., 2005) to detect SYCP1. Fluorochrome-coupled secondary
antibodies were purchased from Dianova (Hamburg, Germany).
DNA was visualised with Hoechst 33258 (Hoechst, Frankfurt a. M.,
Germany). Digital pictures were processed using Adobe Photoshop
7.0.1.

Co-immunoprecipitation
Testis extracts were made by homogenising adult mouse testes in 50
mM Tris pH 7.5, 150 mM NaCl, 0.5% Triton X-100, 5 mM EDTA
with Complete protease inhibitor (Roche). After sonication and
centrifugation lysates were stored at –70°C until used. Prior to use,
extracts were incubated with protein G Sepharose and centrifuged at
10,000 g for 10 minutes. Relevant antibodies were added to 500 µl of
extract (typically 5 mg total protein) and incubated overnight at 4°C.
Twenty microlitres of protein G Sepharose were added and incubated
with shaking for one hour. Sepharose beads were harvested by
centrifugation at 3000 g for 2 minutes and were washed four times in
homogenization buffer. Beads were resupended and analysed by SDS-
PAGE and western blot. The following primary antibodies were used:
anti-SYCE1 and anti-CESC 1 (this paper), anti-SYCP1 antibodies A2
(Meuwissen et al., 1992) and pep7 (raised against the C-terminal
14 aa of the mouse SYCP1 protein and affinity purified against the
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same peptide). Secondary antibodies were horseradish-peroxidase-
conjugated and purchased from Sigma. GST-fusion proteins were
produced by standard methods from cDNA sequences cloned into
vector pGEX4T1 (Amersham); they were bound to glutathione-
Sepharose (Amersham) using the manufacturers methods. [35S]-
labelled proteins were produced in a reticulocyte lysate system (TNT-
Stratagene) from PCR products generated from cDNA-containing
plasmids. Primers were designed to introduce a T7 polymerase
promotor and a Kozak consensus sequence. Beads bound to GST or
fusion protein were incubated with the labelled proteins in 50 mM
Tris pH 7.5, 150 mM NaCl, 0.5% Triton X-100 and 5 mM EDTA with
Complete protease inhibitor overnight at 4°C and were then washed
four times in this buffer before loading on a 10% SDS-PAGE gel.
Labelled protein was detected by fluorography.

Orthology
Searches of protein sequences in Swissprot, Trembl and Ensembl, of
EST sequences in the sequencing and annotation projects databases
of EMBL/Sanger Institute, NCBI and TIGR identified homologous
proteins. Each protein is the best reciprocal BLAST hit of the query
protein within the appropriate genome. Sequence alignments were
generated with ClustalW and displayed using GeneDoc.

Results
SYCE1 and CESC1 are two novel and
exclusive components of the CE
According to database searches, Syce1 and Cesc1
genes are mainly expressed in the testis and highly
represented as testis ESTs, respectively. A
northern blot, containing RNA from mouse tissues
probed with cDNAs of these genes confirmed the
predominantly testis-confined expression (Fig.
1A). PCR analysis of cDNA from a range of
different adult tissues and 14 d.p.c. whole embryo
showed that expression of Syce1 was confined to
testis (not shown). Cesc1 was expressed in a wider
range of tissues at this level of detection, including
ovary, male and female whole embryo, spleen,
thymus, brain, kidney, epididymis, heart and liver
(not shown).

Reciprocal BLAST searches revealed
orthologues of both proteins in mammals; for
CESC1, additional orthologues were found in
chicken, frog, fish and clam (supplementary

material Fig. S1). The same search strategy did not reveal
orthologues in other completed genomes such as D.
melanogaster, C. elegans, S. pombe and S. cerevisiae. This lack
of detectable orthologues at the sequence level is common to
many synaptonemal complex proteins, e.g. SYCP1, and it is
reasonable to expect that structural orthologues will be present
in invertebrates. Both genes encode non-globular proteins with
a series of loops and helices – including predicted coiled-coil
regions – but no significant similarities to known domains were
detected. CESC1 contains a predicted coiled-coil region
followed by a long α-hairpin fold, which is part of a well
conserved novel domain between aa 70-140, and consists of
two helices separated by a short loop. SYCE1 has four
predicted coiled coil regions but no other domains or folds.

Lacking bioinformatic clues to function, we raised
antibodies against these proteins. They were raised against a
mixture of GST-fusion protein and synthetic peptide, and
affinity-purified either with the immunizing peptide or with
IgGs that had been purified using protein G sepharose;
antibodies were then tested in PFA-fixed mouse-testis sections.
Both methods of purification produced antibody preparations

Fig. 1. Tissue- and cell-specific expression pattern of
SYCE1 and CESC1. (A) A multiple-tissue RNA blot
was hybridised sequentially with Syce1, Cesc1 and
ribosomal protein S26 (Vincent et al., 1993) probes.
The signals for Syce1 and Cesc1 are at the sizes
predicted for these mRNAs based on sequence
databases, and are restricted to testis at this level of
detection. (B-M) Frozen testis sections stained with
affinity-purified anti-SYCE1 antibody (B,C), affinity-
purified anti-SYCE1 antibody competed with
immunizing peptide (D), anti-CESC1 IgG peak (H,I)
and anti-CESC1 IgG peak competed with GST-CESC1
fusion protein (J). SYCE1 and CESC1 specifically
localise to meiotic cells and in particular, to the
synaptonemal complex. The same sections were stained
for DNA with Hoechst 33258 (E-G, K-M). Bars are 50
µm (B,D,E,G,H,J,K,M) and 10 µm (C,F,I,L).
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which gave the same signal (data not shown), which was also
reproduced in frozen tissue-sections of testis from adult mice
(Fig. 1). SYCE1 and CESC1 are present only in meiotic cells,
specifically in the synaptonemal complex. This signal is
abolished when the antibody is pre-incubated with the peptide
or the GST-fusion protein (Fig. 1C,I). Squash preparations of

mouse seminiferous tubules incubated with anti-
CESC1 or anti-SYCE1 confirmed this localisation
(data not shown). To further establish antibody
specificity under conditions used in
immunocytochemistry, we have stained cells
transfected with plasmids expressing SYCP1,
SYCE1 or CESC1 with the cognate or the two non
cognate antibodies. No cross-reactivity was evident
in these experiments (data not shown). Using spread
preparations, visualisation of the AEs and or LEs of
the chromosomes with antibodies against STAG3, a
meiotic cohesin that maintains sister chromatid
pairing (Prieto et al., 2001) were performed in
combination with antibodies to SYCE1 or CESC1
(Fig. 2). Both SYCE1 and CESC1 localise only to
the synapsed part of the synaptonemal complex,
while STAG3 stains the length of the AEs and or
LEs. This localisation of SYCE1 and CESC1 to
paired regions of the SC was replicated in female
meiotic chromosomes (supplementary material,
Fig. S2). In both male and female spreads, CESC1
shows a more punctate pattern of staining than
SYCE1. Staining of SCs with antibodies to both
proteins was first evident in zygotene spermatocytes
and was progressively lost as synapsis decreased in
diplotene spermatocytes.

The distribution of SYCE1 and CESC1 we
describe here is indistinguishable from that
previously found for SYCP1 (Meuwissen et al.,
1992). SYCP1 is a known SC component, which also
only occurs in synapsed regions of the SC. To
examine the relationship between the localisation of

SYCP1, SYCE1 and CESC1 we have used immuno-gold
electron microscopy. Fig. 2P and Q show images where gold
particles from both antibodies are confined to the CE. By
contrast, the control of an antibody directed to the C-terminus
of SYCP1 shows the predicted LE staining (data not shown). No
signal on the LEs or transverse filaments was evident showing
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Fig. 2. SYCE1 and CESC1 localise to the synapsed areas
of the homologous chromosomes in mouse
spermatocytes. Meiotic spread preparations from adult
males were stained with anti-STAG3 (green) and anti-
SYCE1 (red), anti-STAG3 (green) and anti-CESC1 (red)
or anti-SYCP1 (green) and anti-SYCE1 (red).
(A-C) Pachytene cell with STAG3 (A), SYCE1 (B) and
merged antibody signals and DAPI staining of DNA (C).
(D-F) Diplotene cell with STAG3 (D), SYCE1 (E) and
merged antibody signals and DAPI staining of DNA (F).
Insets show lack of staining with SYCE1 (arrowheads)
of unsynapsed axes. (G-I) Diplotene cell with SYCP1
(G) SYCE1 (H) and merged antibody signals and DAPI
staining of DNA (I). (J-L) Pachytene cell with STAG3
(J) CESC1 (K) and merged antibody signals and DAPI
DNA staining (L). (M-O) Diplotene cell with STAG3
(M) CESC1 (N) and merged antibody signals and DAPI
DNA staining (O). Insets show lack of staining with
CESC1 (arrowheads) of unsynapsed axes. (P,Q) Electron
microscopy images show the localisation of SYCE1 and
CESC1 in relation to the central element (CE) using
immuno-gold-labelled anti-SYCE1 and anti-CESC1
antibodies and electron microscopy. Bars, 7.5 µm (A-O)
and 0.1 µm (P,Q).
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and SYCE1 found in testis extracts, but suggests that in meiotic
cells SYCP1 could be directly responsible for recruitment of
SYCE1 to the CE of the synaptonemal complex. Parallel
experiments, co-transfecting SYCP1- and CESC1-expression
constructs (Fig. 4F-G), gave a similar result. CESC1 alone
gives a diffuse pattern of localisation in both nucleus and
cytoplasm (Fig. 4E). When coexpressed with SYCP1, the
cytoplasmic fibres formed are decorated with the CESC1
protein, again suggesting that SYCP1 could be recruiting
CESC1 to the CE.

SYCE1 and CESC1 localisation mimics SYCP1
localisation in the Sycp3 mutant mouse
Mutation of the Sycp3 gene in mouse has been shown to disrupt
completion of meiosis. In males, cells are arrested at the
zygotene stage of prophase I (Yuan et al., 2002). In females,
oocytes progress through meiosis, although at the expense
of increased rates of aneuploidy (Yuan et al., 2002).
Spermatocytes enter meiotic prophase, but the assembly of the

SC is impaired. Labelling of SYCP1 in spermatocytes revealed
that although SYCP1 still localised to fibrillar structures
resembling SCs (Liebe et al., 2004), these were generally
shorter than normal SC structures, showed gaps and did not
associate with the centromeres (Yuan et al., 2000). The same
pattern was also observed in females, except for the length of
the fibrillar structures; they were longer in the mutants
compared to the wild-type animals (Yuan et al., 2002).

To gain further insight on the association of SYCE1 and
CESC1 with SYCP1 and the role of SYCP1 in recruiting these
proteins to the CE, immunofluorescence analysis of SYCE1 or
CESC1 together with SYCP1 was performed in Sycp3 null
spermatocytes and oocytes. Male and female germ cells were
collected from adult testes and foetal ovaries (18 d.p.c.) and
used to prepare spread preparations. These preparations were
then stained for SYCP1 and SYCE1 or CESC1. As observed
in wild-type spermatocytes, the staining for SYCP1 was
mimicked by that of SYCE1 and CESC1, with full
colocalisation of the proteins (Fig. 5A-C). Short SC structures
with gaps as described for SYCP1 were also observed. The
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Fig. 4. SYCE1 and CESC1
are recruited by SYCP1 in a
heterologous system.
(A) SYCE1 expression is both
punctate and diffuse in the
absence of SYCP1.
(B-D) SYCE1 (B) colocalises
with SYCP1 (C) to fibres and
foci when coexpressed.
(D) Merged antibody signals
and DAPI staining (blue).
(E) CESC1 has a diffuse
localisation when
overexpressed in COS-7 cells
(F-H) Coexpressed with
SYCP1 (G), CESC1 (F)
localises to cytoplasmic fibres.
(H) Merged antibody signals
and DAPI staining (blue).
Bars, 10 µm.

Fig. 5. SYCE1 and CESC1
reproduce SYCP1 localisation in
Sycp3–/– spermatocytes.
(A-C) SYCE1 (B) distribution in
mutant spermatocytes show the
same altered distribution as
SYCP1 (A), displaying gaps
(arrowheads) along the
chromosome axes. (C) Merged
images of SYCE1 and SYCP1
signals. (D-F) CESC1 (E) also
exhibits gaps (arrowheads) along
chromosome axis, colocalising
fully with SYCP1 (D).
(F) Merged images of CESC1
and SYCP1 signals. Insets show
gaps resulting from the absence
of SYCP1, SYCE1 and CESC1. 
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same colocalisation was observed in 18
d.p.c. oocytes, where long SC structures
with gaps were visible (data not shown).

Co-transfection of SYCP1 and SYCE1 or
CESC1 in COS-7 cells previously suggested
a role for SYCP1 in the recruitment of these
proteins to the CE of the SC. Evidence
that in meiotic Sycp3-null cells, defective
localisation of SYCP1 coincides with a
defective localisation of SYCE1 and CESC1
further implies the dependence of these
proteins from SYCP1 in such event. In
Sycp1 null animals SYCE1 is delocalised
from the synaptonemal complex (C.
Heyting, personal communication),
confirming this conclusion.

Discussion
A putative role for SYCE1 and CESC1
in SC assembly, stabilisation and
recombination
We have described SYCE1 and CESC1, two
new proteins that localise exclusively to the
CE of the synaptonemal complex. These
proteins do not have any specific motifs with
known function, but contain coiled-coils and in the case of
CESC1, an α-hairpin fold, the type of secondary structures
normally associated with the mediation of protein-protein
interactions. SYCP1, the partner of these novel proteins, also
contains multiple coiled-coils in its secondary structure.

When expressed at high levels, this protein can assemble into
structures similar to SCs, the so-called polycomplexes (Öllinger
et al., 2005). Polycomplexes share a very similar ultrastructure
with naturally occurring SCs, forming LE-like and CE-like
structures and suggesting the importance of SYCP1 in the
establishment of synapsis. As shown in Fig. 4, coexpression of
SYCP1 in a heterologous system with either SYCE1 or CESC1
indicates that SYCP1 directly recruits SYCE1 and CESC1. In
vivo, SYCP1 also appears to be playing the same role, as
suggested by analysis for SYCP3 null mice. So what could be
the sequence of events leading to the assembly of the CE and
hence to synapsis? It is possible that, as the transverse filaments
are assembled and start forming the characteristic ladder-like
structure found in the central region, they directly recruit
SYCE1 and CESC1, which themselves are highly expressed at
this stage of meiosis. Since all three proteins interact with
themselves and each other, we suggest a model to describe their
distribution in the CE of the SC (Fig. 6). The interdigitation of
the N-terminal globular domain of SYCP1 is visible in the CE
of the SC; in our model a complex formed by a dimer of CESC1
and two dimers of SYCE1 links each multimer of SYCP1
dimers. Stoichiometry still needs to be determined for these
proteins, so this is just one of the several models that could be
proposed. We hypothesise that SYCE1 and CESC1 are involved
in the formation and stabilisation of the SC. In this model
SYCE1 and CESC1 serve to separate and reinforce the
transverse filaments formed by SYCP1, conferring added
stability to the entire structure of the SC. Mechanical stress may
be important in regulating recombination processes and might
require a more robust and/or flexible SC than provided by

SYCP1 alone. Borner and colleagues (Borner et al., 2004) have
recently proposed a model for SC-assisted recombination. In
yeast, full length SCs were shown to occur simultaneously with
the third transition in the crossing-over pathway, from single-
end invasion (SEI) to double Holliday junction (dHJ) (Hunter
and Kleckner, 2001). In the model proposed by Borner and co-
workers, mechanical forces or stress generated by chromatin-
loop-expansion would cause the SC to twist, bringing the axes
of the chromatids involved in recombination into close
proximity. Twisting of the SC has been frequently reported in
mammals and other organisms (Moens, 1978; Borner et al.,
2004; Blat et al., 2002). This would then allow SC-associated
recombination complexes – the ‘weak points’ along the
structure – to target and transduce axis stress into local changes.
In essence, SC-twisting could be coordinating local changes at
both the DNA level (the SEI to dHJ transition) and between
chromatid axes (axis exchange) (Borner et al., 2004; Moens,
1978; Moens, 1974). We speculate that, within the context of
this model, SYCE1 and CESC1 could be primarily involved in
assembling the SC as a robust structure that endures the
mechanical stress but is also sufficiently flexible to twist at the
sites of recombination.

Reciprocal BLAST searches of all completed eukaryotic
genomes (including human, rat, dog, pig, cow, chicken, frog,
zebrafish, trout, pufferfish, C. elegans, Drosophila, S. pombe
and S. cerevisiae) primarily reveal orthologues in vertebrates.
Why are these CE proteins only conserved in vertebrates? We
do not yet know the answer but it is clear from a comparison
of other SC components, such as SYCP1, SYCP2 and SYCP3,
that there is little sequence conservation between them and
their functional homologues in lower eukaryotes. Instead, the
overall secondary structure of the proteins is conserved. In the
case of SYCP1, although at sequence level there is very little
similarity, the functional homologues in Drosophila, C.
elegans and S. cerevisiae all form extensive coiled coils (Sym

Fig. 6. Model for the distribution of SYCE1 and CESC1 within the synaptonemal
complex. Dimers or multimers of CESC1 and SYCE1 associate with the N-terminal
region of SYCP1. This interaction could confer additional robustness and flexibility to the
SC, important for the development of recombination events. C, carboxyl-terminus; CE,
central element; LE, lateral element; N, amino-terminus.
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et al., 1993; Page and Hawley, 2004; MacQueen et al., 2002).
Proteins structurally equivalent to SYCE1 and CESC1 are
likely to exist in a wide range of organisms. Despite this lack
of obvious homologues in invertebrate model organisms,
SYCE1 and CESC1 are probably important for mammalian
recombination and fertility.
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Introduction
The mammalian meiotic cell division, in which DNA
replication is followed by two successive rounds of
chromosome segregation (meiosis I and II), gives rise to
genetically diverse haploid gametes. During meiosis I the
homologous chromosomes, each consisting of one pair of sister
chromatids, move to opposite poles, whereas during meiosis II
the sister chromatids are separated into haploid cells. The
prophase of the first meiotic division is highly regulated and
can be cytologically subdivided into four stages called
leptonema (chromatin condensation), zygonema (synapsis of
homologous chromosomes), pachynema (full synapsis) and
diplonema (visible chiasmata) (Zickler and Kleckner, 1999).
Throughout the first meiotic prophase, the sister chromatids are
held together by cohesin complex proteins whereas proper
alignment and pairing of the homologous chromosomes are
achieved by homologous recombination and formation of the
synaptonemal complex (Petronczki et al., 2003; Page and
Hawley, 2004).

The synaptonemal complex is a large zipper-like protein
complex that connects one pair of sister chromatids to the
homologous pair. In humans, failure in formation of the
synaptonemal complex is known to cause male infertility
(Miyamoto et al., 2003; Judis et al., 2004) and a high
aneuploidy rate in oocytes (Hassold and Hunt, 2001; Hunt and

Hassold, 2002). The details of how mammalian synaptonemal
complex formation is regulated are currently unknown and
more knowledge about this complex structure is essential for
the understanding of many fertility problems and the striking
differences between male and female meiosis in humans.

Synaptonemal complex formation starts during leptonema
when the synaptonemal complex proteins 2 and 3 (SYCP2 and
SYCP3) begin to form the axial elements. Knockout of the
mouse Sycp3 gene, which also abolishes recruitment of SYCP2
to the axial elements, leads to male sterility. The Sycp3–/–

spermatocytes fail to form normal axial elements, display
severely disrupted synapsis between the homologous
chromosomes and fail to develop beyond the zygotene stage
(Yuan et al., 2000; Pelttari et al., 2001; Liebe et al., 2004). By
contrast, the Sycp3–/– females are fertile, although absence of
SYCP3 in oocytes does cause a severe disruption of synapsis
and a reduction of meiotic recombination and chiasmata
formation, which subsequently leads to a high aneuploidy rate
(Yuan et al., 2002; Lightfoot et al., 2006).

Later, when the homologous chromosomes become
synapsed during the zygotene stage, the axial elements (now
referred to as lateral elements) are joined by the transverse
filaments formed by the synaptonemal complex protein 1
(SYCP1). SYCP1 molecules are long coiled-coil proteins with
two globular heads that form parallel homodimers, with their

During the first meiotic prophase, alignment and synapsis
of the homologous chromosomes are mediated by the
synaptonemal complex. Incorrect assembly of this complex
results in cell death, impaired meiotic recombination and
formation of aneuploid germ cells. We have identified a
novel mouse meiosis-specific protein, TEX12, and shown it
to be a component of the central element structure of
the synaptonemal complex at synapsed homologous
chromosomes. Only two other central element proteins,
SYCE1 and SYCE2, have been identified to date and, using
several mouse knockout models, we show that these
proteins and TEX12 specifically depend on the
synaptonemal transverse filament protein SYCP1 for
localization to the meiotic chromosomes. Additionally, we
show that TEX12 exactly co-localized with SYCE2, having
the same, often punctate, localization pattern. SYCE1, on

the other hand, co-localized with SYCP1 and these proteins
displayed the same more continuous expression pattern.
These co-localization studies were confirmed by co-
immunoprecipitation experiments that showed that TEX12
specifically co-precipitated with SYCE2. Our results
suggest a molecular network within the central elements,
in which TEX12 and SYCE2 form a complex that interacts
with SYCE1. SYCE1 interacts more directly with SYCP1
and could thus anchor the central element proteins to the
transverse filaments.

Supplementary material available online at
http://jcs.biologists.org/cgi/content/full/119/19/4025/DC1

Key words: Meiosis, Synaptonemal complex, Central element
proteins
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C-termini embedded in the lateral elements and their N-termini
interacting in a more dense region in the middle called the
central element (Liu et al., 1996; Schmekel et al., 1996;
Ollinger et al., 2005).

Although they have different primary amino acid sequences,
the predicted secondary protein structure and function of
the transverse filament proteins in other organisms, such as
C(3)G in Drosophila melanogaster, SYP-1 and SYP-2 in
Caenorhabditis elegans and Zip1p in Saccharomyces
cerevisiae, are remarkably conserved (Page and Hawley, 2004).
Apart from abrogated synapsis, mutation of the corresponding
genes causes a severe reduction of crossover formation in S.
cerevisiae (Sym et al., 1993; Borner et al., 2004) and even a
complete abolishment of crossovers in D. melanogaster (Page
and Hawley, 2001) and C. elegans (MacQueen et al., 2002;
Colaiacovo et al., 2003). Knockout of the mouse transverse
filament gene Sycp1 leads to both male and female infertility,
as most meiotic cells undergo apoptosis during the pachytene
stage (de Vries et al., 2005). As described for most other
organisms, axial element formation and alignment of the
homologous chromosomes proceed normally in Sycp1–/–

spermatocytes, whereas their synapsis never occurs.
Additionally, SYCP1 has been suggested to play a role in the
development of early meiotic recombination intermediates into
crossovers and in formation of the XY body (de Vries et al.,
2005).

In comparison to the transverse filaments, composition,
formation and function of the central element, the dense
structure in the center of the synaptonemal complex, are
currently under characterized. A functional study in yeast,
however, did indicate separate functionality of the central
element region by showing that the N-terminal region of Zip1p,
although affecting crossover formation, is not required for
chromosome synapsis or localization of Zip1p to chromosomes
(Tung and Roeder, 1998). Moreover, two additional non-
transverse filament proteins (Zip2p and Zip3p) were shown to
be associated with Zip1p and to function in both synapsis and
recombination (Chua and Roeder, 1998; Agarwal and Roeder,
2000).

The morphology of the central element has been studied in
detail by electron microscopy using insect (D. melanogaster
and Blaps cribosa) and rat spermatocytes (Schmekel and
Daneholt, 1995). The central elements consist of three to four
layers of transverse filament components that are
longitudinally connected by pillar-shaped protein structures
(Schmekel and Daneholt, 1995). Moreover, it has been noted
that these structures contain material in addition to the
transverse filament proteins (Solari and Moses, 1973).
Although it has been estimated that the synaptonemal complex
as a whole consists of more than ten meiosis-specific proteins
(Heyting et al., 1989), only two proteins, called synaptonemal
complex central element 1 and 2 (SYCE1 and SYCE2), have
been identified and specifically localized to the central element
region (Costa et al., 2005).

Here we present and characterize a novel meiosis specific
protein called testis expressed sequence 12, or TEX12, which
we show to be expressed during both male and female meiosis.
We have studied the spatio-temporal behavior of this
protein, using immunohistochemistry, immunocytology and
immunogold electron microscopy. Additionally, we studied its
interactions with the transverse filament protein SYCP1 and
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the central element proteins SYCE1 and SYCE2 using co-
immunoprecipitations from total testis lysates. We identified
TEX12 to be a novel central element protein that co-localizes
and interacts with SYCE2, as opposed to SYCE1, which
more strongly interacts with SYCP1 and thus the transverse
filaments. Our studies uncover some of the complexity and
molecular networks of the synaptonemal central element
structure.

Results
Identification of Tex12
From a set of genes, initially identified using a male-germ-cell-
specific RNA expression screen (Wang et al., 2001), we
selected a subset of genes for more-detailed studies with the
aim of identifying meiosis-specific genes. Using in situ
hybridizations, we identified one gene, with the name Tex12
(testis expressed sequence 12), whose mRNA expression
appeared similar to that of the Sycp3 gene in both testis (Fig.
1A) and ovary (Fig. 1B) sections.

For analysis of the TEX12 protein, we generated several
antibodies against different regions of the predicted protein
sequence. Two of these antibodies were found to label the
expected 14 kDa band on western blots (Fig. 1C) and were both
used for further experimentation.

By using these antibodies for immunohistochemistry on
testis sections we were able to accurately determine spatio-
temporal protein expression during spermatogenesis. Both
antibodies stained the nuclei from leptotene spermatocytes
until step 5 round spermatids, peaking in intensity during
pachynema (Fig. 1D), consistent with a role for TEX12 in
meiotic cell division.

TEX12 specifically localizes to the central element of the
synaptonemal complex of synapsed chromosomes
In order to determine localization of the TEX12 protein on the
meiotic chromosomes, we performed immunofluorescence
microscopy on spread spermatocytes (Fig. 2A). For proper
determination of the meiotic stages we co-labeled the cells for
SYCP3 and the centromeric marker CREST. The TEX12-
antibodies exclusively marked the synapsed axes of the meiotic
chromosomes, giving a punctate signal at zygonema and a
more continuous staining at the pachytene stage. Notably, not
all pachytene cells stained at equal intensity. Whereas early and
mid pachytene cells displayed a very bright and continuous
staining, TEX12 appeared punctate and less bright in
pachytene cells progressing towards diplonema (late pachytene
in Fig. 2). These cells could also be referred to as early
diplonema because they start to display thickened chromosome
ends. TEX12 localization during zygonema and late
pachynema is fragmented but, notably, TEX12 does not form
clear countable foci like MSH4 or MLH1, nor does it co-
localize with these proteins (data not shown). Zygotene cells
can be distinguished from diplotene cells because the
centromeric regions are not yet synapsed during this stage (two
CREST dots), whereas the diplotene cells display de-synapsed
regions elsewhere on the chromosomes, and later homologues
that are held together by chiasmata until the two meiotic
divisions. On the XY chromosomes only the synapsed pseudo-
autosomal synapsed regions stained for TEX12. In cells at the
diplotene stage, TEX12 appeared bright on synapsed axes but
was completely absent from de-synapsed axes.
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To further investigate whether TEX12 specifically localizes
to synapsed chromosomes, we labeled meiotic cells for TEX12
and the central element protein SYCP1. Indeed, TEX12
follows the localization of SYCP1 at the synapsed
chromosomes (Fig. 2B) but SYCP1 appeared earlier and
disappeared later from the synapsed chromosomes. Again,
TEX12 displayed a more punctate localization pattern in late
pachytene cells, whereas SYCP1 staining appears continuous
in all pachytene cells (Fig. 2B).

To show that TEX12 localization is not male specific, we
also performed the localization experiments using oocytes.
TEX12 displays the same localization pattern in oocytes as in
spermatocytes (supplementary material Fig. S1), indicating
that TEX12 function is not sex specific but a general part of
the mammalian synaptonemal complex.

Finally, in order to determine TEX12 localization within

the synaptonemal complex, we performed immunogold
electron microscopy on mouse and rat spermatocytes (Fig. 3).
Like the central element proteins SYCE1 and SYCE2 (Costa
et al., 2005), the TEX12 protein also appeared to be
specifically present at the dense central element region in
which the SYCP1 homodimers interact through their N-
termini (Fig. 3A). The gold particles staining TEX12 (Fig.
3A) were more centrally located than immunogold labeling
of the coiled-coil domain of SYCP1 and thus the transverse
filaments (Fig. 3B).

Hence, both timing and localization show that TEX12 plays
a role in the central element of the synaptonemal complex at
the synapsed homologous chromosomes.

TEX12 co-localizes with SYCE2, but not necessarily
with SYCE1 or SYCP1
To further characterize TEX12 localization in relation to the
other two central-element-specific proteins, we performed
additional co-localization studies on spread meiotic cells for
TEX12 with both SYCE1 and SYCE2 (see Fig. 4 and
supplementary material Fig. S1 for antibody characterization).
Interestingly, we found TEX12 to have the same staining
pattern as SYCE2, in contrast to SYCE1, which instead
displayed a staining pattern very similar to SYCP1. Whereas
SYCE1 (Fig. 4), like SYCP1 (Fig. 2B), displayed a more
continuous staining from zygonema onwards, both TEX12 and
SYCE2 often appeared in a punctate manner (Fig. 4).
Moreover, in a double-labelling experiment, TEX12 and
SYCE2 staining precisely overlap (Fig. 4), whereas axial areas
that label for SYCE1 (or SYCP1) do not necessarily also label
for TEX12 (Fig. 2B, Fig. 4). We obtained the same results
when using oocytes instead of spermatocytes (data not shown).
Based on timing and localization, TEX12 seems to be
associated with SYCE2, whereas SYCE1 seems to interact
more directly with SYCP1.

SYCP1 is required for TEX12 localization to the
synapsed axes
Using mouse knockout models, we investigated whether
absence of the lateral element protein SYCP3 (Yuan et al.,
2000), the cohesin subunit SMC1� (Revenkova et al., 2004) or
the central element protein SYCP1 (de Vries et al., 2005)
would influence TEX12 localization. Neither absence of
SYCP3 (Fig. 5A) nor SMC1� (data not shown) influenced
timing or localization of TEX12 on the synapsed meiotic
chromosomes. However, aberration of SYCP1 completely
abolished TEX12 staining on meiotic chromosomal axes
(Fig. 5B), showing that the presence of SYCP1 is required for
proper TEX12 localization. Additionally, we also found that
localization of SYCE1 and SYCE2 (Fig. 5B) depended on
SYCP1. Again, the same results were obtained when oocytes
instead of spermatocytes were used (data not shown). These
results demonstrate that only the transverse filaments, and not
the lateral elements or cohesins, are essential for TEX12
localization.

Interaction between TEX12 and SYCE2
To further characterize the co-localization between TEX12 and
SYCE2, we performed co-immunoprecipitations from total
testis lysates using antibodies against SYCE1, SYCE2 and
SYCP1 (Fig. 6). Using western blot analysis, we found that

Fig. 1. Identification of TEX12. (A) In situ hybridization using Sycp3
and Tex12 on sections of mouse testes (A) or ovaries (B).
(C) Western blot analysis of TEX12 using a somatic cell line
(C2C12) and mouse testis lysates. (D) Immunohistochemical
localization of TEX12 in the testis; arrows indicate examples of
histochemically (brown) stained cells. pL, pre-leptotene
spermatocytes; Ls, leptotene spermatocytes; Ps, pachytene
spermatocytes; Rs, round spermatocytes; Ser, Sertoli cell; Ley,
Leydig cells. Stages of the seminiferous epithelium are indicated
with roman numerals. Bars, 100 �m (A); 20 �m (B,D).
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TEX12 interacted solely with SYCE2 (Fig. 6), which is not
unexpected because these proteins precisely co-localized
throughout the first meiotic prophase (Fig. 4). Because, the
rabbit anti-SYCE2 antibodies do not work on western blots we
performed the reverse co-immunoprecipitation experiments
using the Seize® X Protein A Immunoprecipitation kit (Pierce),
which allowed both pull down and detection to be performed
with our guinea pig antibodies. In these experiments we found
that only SYCE2 was pulled down with TEX12 (Fig. 6).

We were also able to confirm the previously described

interaction between SYCP1 and SYCE1 (Costa et al., 2005).
However, like Costa et al., we did not detect this interaction in
the reverse experiment, which is probably due to the difficulty
of co-precipitating SYCP1 from the large synaptonemal
complex (Heyting et al., 1985; Heyting et al., 1989).

When overexpressed in cultured somatic cells, SYCP1
forms fibres (Ollinger et al., 2005) that interact with the central
element proteins SYCE1 and SYCE2 (Costa et al., 2005).
Considering the spatio-temporal distribution of TEX12 on
meiotic chromosomes, we studied possible interactions of

Journal of Cell Science 119 (19)

Fig. 2. TEX12 specifically localizes to the synaptonemal complex of synapsed homologous chromosomes. (A) Spermatocytes stained for
SYCP3 (green), TEX12 (red) and CREST (white in the merged images). (B) Spermatocytes stained for SYCP1 (green), TEX12 (red) and
CREST (white in the merged images). Bars, 5 �m.
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these proteins with TEX12 by co-overexpressing them in
cultured cells. However, it appeared that TEX12, when
overexpressed ex vivo, generated non-specific interactions with
co-overexpressed proteins (data not shown).

Our results suggest a strong direct interaction between
TEX12 and SYCE2. SYCE1, on the other hand, seems to
interact more directly with SYCP1, possibly establishing a link
between the transverse filaments and the central element
proteins.

Discussion
We have characterized a novel meiotic protein, TEX12, which
specifically localizes to the central element of the
synaptonemal complex at the synapsed axes of homologous
meiotic chromosomes. When the central elements are disrupted
by the absence of SYCP1, TEX12 no longer localizes to the
meiotic chromosomes, whereas disruption of the lateral
elements or a meiosis specific cohesion subunit does not
influence TEX12 localization. Furthermore, TEX12 co-
localizes and co-precipitates with SYCE2 during the meiotic
cell division. Taken together, our data show that TEX12,
together with SYCE2, is an important part of the central

element of the synaptonemal complex after synapsis of the
homologous chromosomes has occurred.

The Tex12 gene is exclusively expressed during the meiotic
cell division and its promoter, as for many other germ cell
specific genes, is suppressed in somatic cells by the
transcription factor E2F6 (Pohlers et al., 2005). The TEX12
protein is small (14 kDa) and does not contain any known
protein domains. Reciprocal BLAST searches primarily
reveal orthologues in mammals. However, albeit with low
sequence homology, a predicted TEX12 orthologue also
exists in zebrafish (Danio rerio), which is in line with SYCE1
and SYCE2, which are conserved in vertebrates (Costa et al.,
2005). The absence of sequence homologues in lower
eukaryotes can be explained in two ways. Either the
transverse filaments are formed differently in these
organisms, or there are analogous proteins that carry out
similar functions without their gene sequences being
conserved. The latter explanation applies to the known
transverse element proteins in various organisms such as
SYCP1 in mammals, C(3)G in Drosophila, SYP-1 and SYP-
2 in C. elegans and Zip1p in S. cerevisiae. Although these
proteins have different primary amino acid sequences their

secondary protein structure and function are
conserved (Page and Hawley, 2004).

The transverse filament proteins are not only
involved in synapsis of the homologous
chromosomes but, as described for various other
eukaryotes, are also involved in the formation of
meiotic crossovers (Hunter, 2003; Page and Hawley,
2004). By analyzing Sycp1–/– spermatocytes, the
mammalian SYCP1 has also been suggested to be
involved in the development of early recombination
intermediates into crossovers and the formation of
XY bodies (de Vries et al., 2005). If this holds true,
TEX12, SYCE2 and SYCE1 are almost sure to be
involved because absence of SYCP1 abolishes the
presence of these central element proteins on meiotic
chromosomes. To be more concise, one should
approach the Sycp1–/– mouse as a quadruple
knockout model for Sycp1, Syce1, Syce2 and Tex12.

Although most studies do not functionally
distinguish the transverse filaments from the central
elements, one study showed that the N-terminal
region of the yeast Zip1p affects crossover formation

Fig. 3. TEX12 specifically localizes
to the central element structure of
the synaptonemal complex.
Electron microscopy showing
immunogold labelling of TEX12
(A) and the coiled-coil region of
SYCP1 (B). Bars, 0.1 �m.

Fig. 4. TEX12 co-localizes with SYCE2, but not necessarily with SYCE1 or
SYCP1. Pachytene spermatocytes stained for SYCE1 or SYCE2 (green),
TEX12 (red) and CREST (white in the merged images). Bar, 5 �m.
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without being essential for chromosome synapsis (Tung and
Roeder, 1998), indicating separate functionality of the central
element region. Additionally, two Zip1p-associated non-
transverse filament proteins (Zip2p and Zip3p) were shown to
function in both synapsis and recombination (Chua and
Roeder, 1998; Agarwal and Roeder, 2000), demonstrating that
the transverse filament proteins use other proteins to link
synapsis with recombination. Using electron microscopy, the
insect (D. melanogaster and B. cribosa) and rat synaptonemal
complex have also been shown to contain central element
specific proteins, which are visible as pillar-shaped protein
structures that connect to the transverse filaments in the center
of the synaptonemal complex (Solari and Moses, 1973;
Schmekel and Daneholt, 1995). Although it has been estimated
that the synaptonemal complex as a whole consists of at least
ten meiosis-specific proteins (Heyting et al., 1989), only
SYCE1 and SYCE2 have been identified and specifically
localized to the central element region to date (Costa et al.,

2005). We have now not only added TEX12 to the list
of central-element-specific proteins, but also uncovered
some of the molecular networks that link the central
element proteins to each other and the transverse
filaments.

How exactly the central element proteins affect
meiotic events is currently unknown. One hypothesis
postulates that the mechanical properties of the
synaptonemal complex, like robustness versus flexibility,
affect how meiotic double-strand breaks are resolved
(Moens, 1978; Blat et al., 2002; Borner et al., 2004). In
this case TEX12, and other proteins, would only
influence the physical properties of the synaptonemal
complex. Alternatively, the central element proteins also
influence other proteins that more directly relate to
crossover formation, like the mismatch repair proteins
MHL1 and MLH3 that were both shown to depend on
the transversal filament and/or central element proteins
for their localization to meiotic crossovers (de Vries et
al., 2005).

Since SYCE2 has been shown to interact with both SYCP1
and SYCE1 (Costa et al., 2005), we propose a model in which
TEX12 forms a complex with SYCE2, which in turn interacts
with SYCE1. SYCE1 is likely to function as a bridge between
the central element proteins and the transversal filaments by
binding to SYCP1 and thus anchoring TEX12 and SYCE2 to
the transversal filaments.

Materials and Methods
In situ hybridization
In situ hybridization was performed using standard protocols as described
(Schaeren-Wiemers and Gerfin-Moser, 1993) and in more detail in the DIG
application manual (Roche), using DIG-labelled antisense RNA probes and the
fluorescence antibody enhancer set for DIG detection (Roche).

Antibody generation and characterization
Antibodies against TEX12, SYCE1 and SYCE2 were raised in guinea pigs using
short peptides coupled to keyhole limpet hemocyanin as described (Kouznetsova et
al., 2005). Anti-TEX12 antibodies were raised against amino acids 15-34 and 35-
61. Anti-SYCE1 antibodies were raised against amino acids 302-329. Anti-SYCE2
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Fig. 5. SYCP1 is required for TEX12 localization to the synapsed axes.
(A) Sycp3–/– spermatocytes stained for TEX12 (red), the meiotic cohesin
STAG3 (green) and CREST (white in the merged image). (B) Sycp1–/–

spermatocytes stained for TEX12, SYCE1 or SYCE2 (red), SYCP3
(green) and CREST (white in the merged images). Bars, 5 �m.

Fig. 6. Interaction between TEX12 and SYCE2. Western blot
analysis of co-immunoprecipitations (IP) using anti-SYCE1,
anti-SYCE2, anti-SYCP1 or rabbit-serum-coupled beads,
confirming that SYCE1 co-immunoprecipitates with SYCP1
(Costa et al., 2005) and showing that TEX12 co-
immunoprecipitates with SYCE2; plus the ‘reverse’ IPs, using
TEX12 as bait, showing that SYCE2 co-immunoprecipitates
with TEX12.
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antibodies were raised against amino acids 1-28. The individual antisera were
affinity purified on columns coupled to the corresponding peptide. For western blot
analysis of the antibodies, cell (C2C12) or testis lysates were separated on a 4-12%
poly-acrylamide gel (Invitrogen) and blotted onto an Immobilon-P membrane
(Millipore) (supplementary material Fig. S2). The antibodies were used at 1:250
(TEX12), 1:1000 (SYCE1) and 1:400 (SYCE2) dilutions and detected using
horseradish-peroxidase-conjugated donkey anti-guinea pig secondary antibodies
(Jackson Immunoresearch Laboratories) diluted 1:5000.

Animals
Wild-type mice and Sycp1–/– (de Vries et al., 2005), Sycp3–/– (Yuan et al., 2000) or
Smc1�–/– (Revenkova et al., 2004) mice were used and maintained according to
regulations provided by the animal ethical committee of the Karolinska Institute
who also approved the experiments.

Immunohistochemistry, immunocytochemistry and electron
microscopy
Immunohistochemistry was performed as described (Hamer et al., 2001) using
guinea pig anti-TEX12 (1:500). Immunocytochemistry was performed as described
(Kouznetsova et al., 2005) using a ‘drying-down’ technique (Peters et al., 1997) and
the following antibodies: rabbit anti-SYCP1 (1:50) (Liu et al., 1996), rabbit anti-
SYCP3 (1:200) (Liu et al., 1996), human anti-CREST (1:1500) (Hadlaczky et al.,
1986), rabbit anti-STAG3 (Pezzi et al., 2000), guinea pig anti-SYCE1 (1:1500) and
-SYCE2 (1:400), rabbit anti-SYCE1 (1:500) and anti-SYCE2 (1:100) (Costa et al.,
2005) and guinea pig anti-TEX12 (1:200). Secondary antibodies were applied as
described (Kouznetsova et al., 2005). Electron microscopy and immunogold
labeling were performed on 5 nm cryostat sections of shock-frozen rat testes
according to standard protocols (Smith and Benavente, 1992) using guinea pig anti-
TEX12 and rabbit anti-SYCP1 (Ollinger et al., 2005).

Microscopy and imaging
Slides were viewed at room temperature using Leica DMRA2 and DMRXA
microscopes and 100� objectives with epifluorescence. Images were captured
with a Hamamatsu digital charge-coupled device camera C4742-95 and
OpenlabTM software version 3.1.4. Images were processed using Adobe
Photoshop version 9.0.

Co-immunoprecipitation
For co-immunoprecipitation, whole testes were lysed in immunoprecipitation (IP)
buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5% Triton X-100, 5 mM EDTA)
complemented with complete protease inhibitor (Roche). Volumes equivalent to
0.5 mg of protein were taken from whole testis lysates and IP buffer was added to
a total volume of 200 �l. 15 �l protein-A-agarose beads (Repligen) per sample
were washed five times with 1% BSA in PBS (by spinning down the beads and
adding fresh buffer). 10 �l rabbit anti-SYCP1 (Liu et al., 1996), rabbit anti-SYCE1
(Costa et al., 2005), rabbit anti-SYCE2 (Costa et al., 2005) or rabbit serum (Vector
Laboratories) was incubated with the beads in 300 �l IP buffer for 2 hours at 4°C.
Simultaneously, the prepared lysates were pre-cleared with washed beads for 2
hours at 4°C. After spinning down the beads, the pre-cleared lysates were added
to the incubated beads giving a total volume of 500 �l and incubated for another
2 hours at 4°C. The beads were then washed once in IP buffer, dried and analyzed
by western blot analysis as described, using guinea pig anti-SYCP1 (Kouznetsova
et al., 2005) (1:250) or the guinea pig antibodies against SYCE1, SYCE2 or
TEX12.

The ‘reverse’ IPs, using TEX12 as bait, were performed using the Seize® X
Protein A Immunoprecipitation kit (Pierce) in which the first antibodies are
covalently linked to the protein-A-agarose beads, thus allowing guinea pig
antibodies for both precipitation and detection. However, after diluting the
interacting proteins from the beads, we used centrifugation (30 seconds, 10,000 g),
instead of the filters provided by this kit, to separate the beads from the interacting
proteins as the testis samples were clogging these filters.

We thank Yael Costa and Howard J. Cooke for sharing their
antibodies against SYCE1 and SYCE2; Christa Heyting and Albert
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