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Meiotic crossover formation involves the repair of programmed DNA double-strand breaks (DSBs) and
synaptonemal complex (SC) formation. Completion of these processes must precede the meiotic divisions in order
to avoid chromosome abnormalities in gametes. Enduring key questions in meiosis have been how meiotic
progression and crossover formation are coordinated, whether inappropriate asynapsis is monitored, and whether
asynapsis elicits prophase arrest via mechanisms that are distinct from the surveillance of unrepaired DNA DSBs.
We disrupted the meiosis-specific mouse HORMAD2 (Hop1, Rev7, and Mad2 domain 2) protein, which
preferentially associates with unsynapsed chromosome axes. We show that HORMAD2 is required for the
accumulation of the checkpoint kinase ATR along unsynapsed axes, but not at DNA DSBs or on DNA DSB-
associated chromatin loops. Consistent with the hypothesis that ATR activity on chromatin plays important roles
in the quality control of meiotic prophase, HORMAD2 is required for the elimination of the asynaptic Spo11–/–,
but not the asynaptic and DSB repair-defective Dmc1–/– oocytes. Our observations strongly suggest that
HORMAD2-dependent recruitment of ATR to unsynapsed chromosome axes constitutes a mechanism for the
surveillance of asynapsis. Thus, we provide convincing evidence for the existence of a distinct asynapsis
surveillance mechanism that safeguards the ploidy of the mammalian germline.
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Orderly chromosome segregation during the first meiotic
division requires that homologous maternal and paternal
chromosomes (called homologs) become physically linked,
thereby forming so-called bivalents during the first mei-
otic prophase (Page and Hawley 2003). In most organisms,
including mammals, meiotic recombination generates re-
ciprocal exchanges, called crossovers (COs), between ho-
mologous DNA sequences. Interhomolog COs and sister
chromatid cohesion together form the basis of the physical
linkages, called chiasmata, that connect pairs of homologs
during the first meiotic metaphase. Therefore, at least one
CO must form between each pair of homologs to ensure
correct segregation during the first meiotic division.

CO formation requires that homologs find each other.
To achieve this, double-strand breaks (DSBs) are actively
introduced into the genome at the beginning of prophase
by the SPO11 enzyme (Keeney et al. 1997; Baudat et al.
2000; Romanienko and Camerini-Otero 2000). This is
followed by the resection of DSB ends, which creates 39

ssDNA overhangs (Neale et al. 2005). The RAD51 and
DMC1 recombinases bind single-stranded DSB ends and
assist homology search through promoting strand inva-
sion of resected DSB ends into homologous DNA sequences
(Baudat and de Massy 2007). Several DSB ends work in
parallel on each pair of homologs to ensure alignment along
the full lengths of homologs.

Aligned sections of homologs become connected by the
synaptonemal complex (SC), which consists of three par-
allel elongated elements: two axial elements (AEs), each
formed by the shared axes of a sister chromatid pair, and
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a central element that is positioned between aligned AEs
by transverse filaments that connect central elements to
AEs (Page and Hawley 2003). The SC and/or its compo-
nents are required for efficient CO formation and the
efficient completion of DSB repair steps subsequent to
homolog alignment (Page and Hawley 2003; Baudat and
de Massy 2007). After SC formation, most DSBs become
repaired from homologs as noncrossovers, and at least
one DSB on each pair of homologs is turned into a CO. It
is postulated that meiotic progression beyond prophase
must be prevented until DSB repair, homolog alignment,
and SC formation are completed to avoid formation of
gametes with chromosome abnormalities. Indeed, in mam-
mals, meiotic prophase quality-control mechanisms (here-
after called prophase checkpoints) eliminate meiocytes
with defects in these processes during the first meiotic
prophase (Barchi et al. 2005; Bolcun-Filas et al. 2007,
2009; Hamer et al. 2008a; Burgoyne et al. 2009), thereby
minimizing the formation of gametes with an abnormal
chromosome set or unrepaired DNA.

The DNA damage response (DDR) sensor kinase ATR
has been implicated in the control of progression through
meiotic prophase (Turner et al. 2004; Bellani et al. 2005;
Mahadevaiah et al. 2008; Daniel et al. 2011). In particular,
accumulation of ATR activity on unsynapsed chromatin
regions, which are also often rich in unrepaired DSBs, is
considered a crucial constituent of meiotic prophase check-
point mechanisms in both sexes (Burgoyne et al. 2009). The
DDR protein MDC1 promotes the accumulation of ATR
activity on chromatin loops emanating from unsynapsed
chromosome axes (Ichijima et al. 2011). It has been pro-
posed that this process is preceded by MDC1-independent
recruitment of ATR activity to unsynapsed chromosome
axes and to unrepaired DSBs positioned along unsynapsed
chromosome axes in meiotic prophase cells (Ichijima et al.
2011). ATR recruitment along unsynapsed sex chromo-
some axes in spermatocytes was shown to depend on the
DDR protein BRCA1 (Turner et al. 2004). Nevertheless,
the mechanism and the true significance of recruitment
of ATR and other DDR components to unsynapsed chro-
mosome axes have remained little understood. Likewise,
it remained uncertain whether DSBs, unsynapsed chro-
mosome axes, or both activate ATR-mediated checkpoint
responses during meiosis.

We and others have identified two meiosis-specific
HORMA (Hop1, Rev7, and Mad2) domain proteins,
HORMAD1 and HORMAD2, that preferentially localize
to unsynapsed chromosome axes in mice in both sexes
(Wojtasz et al. 2009; Fukuda et al. 2010; Shin et al. 2010).
HORMAD1 ensures that sufficient numbers of unrepaired
DSBs are available for homology search (Shin et al. 2010;
Daniel et al. 2011) and promotes SC formation indepen-
dent of its role in homology search (Daniel et al. 2011). In
addition, HORMAD1 is required for the efficient accumu-
lation of ATR activity on unsynapsed chromatin in pro-
grammed DSB formation-defective Spo11�/� meiocytes,
which are characterized by extensive asynapsis (Daniel
et al. 2011). Correspondingly, HORMAD1 is required for
checkpoint-mediated elimination of Spo11�/� oocytes
during meiotic prophase. However, due to the pleiotropic

effects of the Hormad1 loss-of-function mutation, the
mechanistic role of HORMAD1 has remained unclear in
the meiotic recruitment of ATR to unsynapsed chroma-
tin and in meiotic prophase surveillance mechanisms.
Crucially, it remained unanswered whether asynapsis
is monitored during meiosis and whether inappropriate
asynapsis triggers a block in prophase via an ATR-de-
pendent surveillance mechanism that is distinct from the
surveillance of DSBs.

Based on the meiotic localization of HORMAD2, we
reasoned that the analysis of HORMAD2 might provide
novel insights into meiotic chromosome behavior and
the mechanisms of meiotic prophase checkpoints. There-
fore, we examined the meiotic functions of HORMAD2
and the functional interaction of this protein with
HORMAD1. Importantly, our observations strongly sug-
gest that a distinct asynapsis surveillance mechanism exists
in mammals and that asynapsis triggers elimination of
meiocytes via a HORMAD2-dependent mechanism that is
dispensable for the surveillance of unrepaired DSBs.

Results

Despite male infertility, no major defects in DSB
metabolism and SC formation are observed
in Hormad2 mutant

To address the function of HORMAD2, we disrupted the
Hormad2 gene in mice (Supplemental Fig. S1). Consistent
with the meiosis-specific expression of HORMAD2
(Wojtasz et al. 2009), Hormad2�/� mice are viable and
do not display any obvious somatic defects. Although
HORMAD2 is expressed in both oocytes and spermato-
cytes of wild-type mice (Wojtasz et al. 2009), female
Hormad2�/� mice are fully fertile, while males are in-
fertile. To determine the cause of male infertility, we
compared spermatogenesis on sections of wild-type and
Hormad2�/� testis. Hormad2�/� spermatocytes under-
went apoptosis at a stage equivalent to mid-pachytene by
the end of the epithelial cycle stage IV of testis tubules
(Supplemental Fig. S2).

Stage IV arrest is known to be triggered in spermato-
cytes that are defective in homologous SC formation be-
tween autosomes and/or in meiotic DSB repair (Barchi
et al. 2005; Bolcun-Filas et al. 2007, 2009; Hamer et al.
2008a,b; Burgoyne et al. 2009). Therefore, we assessed
kinetics of AE and SC formation in Hormad2�/� meio-
cytes. We detected AE (STAG3, SYCP3, and HORMAD1)
and SC transverse filament (SYCP1) components on nu-
clear spreads of meiocytes at various stages of prophase
(Fig. 1A–C; Supplemental Fig. S3). AE formation and SC
formation between homologous chromosomes were com-
parable in wild-type and Hormad2�/� meiocytes. There-
fore, we conclude that SC formation defects are unlikely to
account for the stage IV arrest that occurs in Hormad2�/�

spermatocytes.
To test whether defects in DSB formation or repair

could account for the observed stage IV arrest, we exam-
ined the behavior of recombination proteins in Hormad2�/�

meiocytes (Fig. 1D–H; Supplemental Fig. S4). RAD51 and
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Figure 1. Chromosome axis formation, SC formation, and recombination protein foci numbers are similar in wild-type (wt) and
Hormad2�/� meiocytes. (A) Axis development was assessed through detection of SYCP3 on nuclear spreads of spermatocytes from
littermate pairs of wild-type and Hormad2�/� mice at the indicated ages (days post-partum, dpp). Frequencies of spermatocytes
belonging to three different axis development categories are shown. (B) SC formation was assessed in spread spermatocytes from A and
in spread oocytes from 17.5-dpc fetuses through detection of SYCP1 (transverse filament component) by immunofluorescence (IF).
Three groups of meiocytes were distinguished: cells with no SC formation (i.e., no clear SYCP1 stretches) (blue), cells with various
levels of incomplete SC formation (orange) ranging from short stretches of SCs to nearly complete autosomal SCs, and complete
autosomal SC formation (brown). Late pachytene wild-type spermatocytes are excluded from the graphs in A and B. (C) Images of
SYCP3, HORMAD1 (unsynapsed AEs), and SYCP1 detected by IF on nuclear spreads of early–mid-pachytene wild-type and Hormad2�/�

spermatocytes collected from adult mice. Matched-exposure images of HORMAD1 and SYCP1 are shown. Bar, 10 mm. (D–H) Foci
numbers of early (RAD51 [D] and DMC1 [E]), intermediate (RPA [G]) and late (MLH1 [H]) recombination proteins in zygotene and/or
pachytene meiocytes and RAD51 and DMC1 foci numbers along sex chromosome axes in pachytene cells (F). Median foci numbers of
recombination proteins and significance of differences in foci numbers in wild-type and Hormad2�/� meiocytes (P calculated by Mann-
Whitney test) or lack of significance (ns) are indicated.
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DMC1 associate with resected DSB ends and promote
homology search at early stages of the DSB repair process
(Kolas et al. 2005; Moens et al. 2007). Following successful
homology search and SC formation, RAD51 and DMC1
progressively disappear from DSB sites, and markers of
intermediate stages of DSB repair, such as the ssDNA-
binding protein RPA, accumulate at DSB sites (Kolas et al.
2005; Moens et al. 2007). Thus, by determining the foci
numbers of RAD51, DMC1, and RPA in nuclear spreads
of meiocytes, we could assess the number of DSBs and
progression through DSB repair in Hormad2�/�meiocytes.
We observed slightly lower median foci numbers of RAD51,
DMC1, and RPA in Hormad2�/� spermatocytes than in
wild-type spermatocytes (Fig. 1D–G; Supplemental Fig.
S4A–C). Nevertheless, RAD51 and DMC1 foci numbers
decreased similarly in Hormad2�/� and wild-type meio-
cytes following SC formation. Correspondingly, RPA ac-
cumulated at DSB sites on synapsed AEs in Hormad2�/�

and wild-type spermatocytes. Thus, RAD51, DMC1, and
RPA behavior in the Hormad2�/� mutant does not indi-
cate a major role for HORMAD2 in DSB formation or DSB
repair. The small reduction in the steady-state numbers
of recombination foci in Hormad2�/� mice may indicate
that, similar to HORMAD1 (Shin et al. 2010; Daniel et al.
2011), HORMAD2 plays a role in DSB formation and/or
in slowing down meiotic DSB repair kinetics, with
HORMAD2 apparently being much less important than
HORMAD1 in these processes.

To further assess HORMAD2’s function in DSB repair,
we also examined a late marker of DSB repair, MLH1, in
Hormad2�/� meiocytes. It is believed that DSB sites that
are committed to becoming COs are marked by MLH1
from mid-pachytene onward in spermatocytes (Marcon
and Moens 2003; Moens et al. 2007). Therefore, MLH1
foci were not expected to appear in Hormad2�/� sper-
matocytes, which are eliminated in mid-pachytene. In-
deed, we never observed MLH1 foci in Hormad2�/�

spermatocytes. In contrast, Hormad2�/� females are
fertile, which allowed us to examine MLH1 foci numbers
in oocytes. MLH1 foci numbers and distribution were
comparable in wild-type and Hormad2�/� oocytes (Fig.
1H; Supplemental Fig. S4D–F), which indicates that,
at least in females, HORMAD2 does not have a major
role in late stages of CO formation-associated DSB repair
either.

Interplay between HORMAD1 and HORMAD2

Hormad1�/� meiocytes are much more defective in DSB
formation and/or repair and SC formation than Hormad2�/�

spermatocytes. The simplest explanation for these differ-
ences is that HORMAD1, but not HORMAD2, has an
important role in DSB formation/repair and SC forma-
tion. Nevertheless, it is also possible that HORMAD2
functions in these processes in wild-type meiocytes, but
HORMAD1 can substitute for HORMAD2 in Hormad2�/�

meiocytes, given that the behavior and localization pattern
of HORMAD1 and HORMAD2 are very similar (Wojtasz
et al. 2009). Therefore, we addressed whether these pro-
teins interact and have overlapping functions.

To test whether HORMAD1 and HORMAD2 physi-
cally interact, we carried out immunoprecipitations with
anti-HORMAD1 and HORMAD2 antibodies from testis
extracts. HORMAD2 immunoprecipitations were ineffi-
cient under the tested conditions (data not shown). In
contrast, anti-HORMAD1 immunoprecipitations were ef-
ficient, and HORMAD2 was detected in HORMAD1 im-
munoprecipitates (Fig. 2A). Therefore, we tested whether
HORMAD1 and HORMAD2 interact directly by in vitro
binding assays (Fig. 2B). Recombinant MBP-tagged ver-
sions of HORMAD1 and HORMAD2 expressed in bacteria
showed affinity to resin-bound GST-tagged HORMAD2 and
HORMAD1, respectively. This indicates that HORMAD1
and HORMAD2 may directly interact in meiocytes as well.

It is likely that HORMAD1 and HORMAD2 associa-
tion with AEs is important for the meiotic functions of
HORMAD1 and HORMAD2. To test whether HORMAD1
and HORMAD2 could, in principle, substitute for the
functions of each other on AEs, we examined whether
HORMAD1 and HORMAD2 were able to efficiently lo-
calize to AEs in Hormad2�/� and Hormad1�/� meio-
cytes, respectively. Both the pattern of HORMAD1
localization (i.e., preferential localization to unsynapsed
axes) and levels of axis-associated HORMAD1 were
comparable in wild-type and Hormad2�/� meiocytes
(Fig. 1C; Supplemental Fig. S4). In contrast, chromosome
axis-associated HORMAD2 levels were much lower in
Hormad1�/� spermatocytes than in wild-type spermato-
cytes (Fig. 2C). Consistent with this, HORMAD2 levels
were much lower in the chromatin-rich Triton X-100-
insoluble fraction of Hormad1�/� testis extracts than in
the same fraction of wild-type testis extracts, while
HORMAD2 levels were similar in the soluble fractions
(Fig. 2D). Taken together, these results suggest that
HORMAD1 is loaded onto AEs independent of HORMAD2
and that AE-bound HORMAD1 may promote HORMAD2
recruitment to AEs through direct HORMAD1–HORMAD2
interaction.

Our observations also suggest that HORMAD1 could,
in principle, substitute for HORMAD2 functions on AEs,
while HORMAD2 would have a limited capacity to sub-
stitute for AE-associated HORMAD1 because of low
HORMAD2 levels on AEs in the Hormad1�/� mutant.
Nevertheless, it is possible that residual HORMAD2
functionality in Hormad1�/� mutants could attenuate
the DSB formation and/or repair defects and SC defects
of the Hormad1�/� mutant. Consistent with this sce-
nario, SC defects and DSB formation and/or repair defects
appear to be partial in Hormad1�/� meiocytes; i.e., con-
siderable SC formation is observed between up to one-
third of homolog pairs, and steady-state numbers of
single-stranded DSBs ends are reduced only approxi-
mately threefold relative to wild type (Daniel et al. 2011).
To test whether HORMAD2 can partially substitute for
HORMAD1 in these processes, we compared SC formation
and foci numbers of recombination proteins in Hormad1�/�

single mutants and Hormad1�/� Hormad2�/� double
mutants (Supplemental Fig. S5). SC formation and the
numbers of recombination protein (RAD51 and RPA) foci
were similar in Hormad1�/� single-mutant and Hormad1�/�
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Hormad2�/� double-mutant spermatocytes. These data
suggest that either HORMAD2 does not have a major
role in SC and DSB formation and/or DSB repair or
HORMAD1 is required for these HORMAD2 functions
and at the same time is able to substitute for HORMAD2
in these functions.

Efficient meiotic sex chromosome silencing
requires HORMAD2

Why are mid-pachytene Hormad2�/� spermatocytes elim-
inated in stage IV if they show no signs of major defects in
DSB formation/repair and SC formation? One possibility is
that HORMAD2 is involved in the meiotic silencing of sex
chromosomes, which is also called meiotic sex chromo-
some inactivation (MSCI). It was proposed that MSCI is
essential for progression beyond mid-pachytene in sper-

matocytes because there are ‘‘toxic’’ sex chromosomal
genes whose meiotic expression is incompatible with
survival of spermatocytes in stage IV testis tubules
(Mahadevaiah et al. 2008; Burgoyne et al. 2009; Royo et al.
2010). MSCI is the consequence of a more general meiosis-
specific phenomenon: meiotic silencing of unsynapsed
chromatin (MSUC) (Turner et al. 2006). ATR associates
with chromatin and unrepaired DSBs in unsynapsed chro-
mosome regions in late zygotene/pachytene cells and
phosphorylates histone H2AFX, thereby promoting MSUC.
The largely nonhomologous X and Y chromosomes form
SCs primarily in their short homologous pseudoautosomal
regions (PAR) in spermatocytes. In early pachytene, SC can
temporarily spread to nonhomologous regions of sex chro-
mosomes; however, large parts of the X chromosome
always remain unsynapsed, and upon progression to mid-
pachytene the nonhomologous regions of both sex chro-

Figure 2. HORMAD1 can physically interact with HORMAD2 and permits efficient accumulation of HORMAD2 on AEs. (A) Soluble
nuclear fractions of Hormad1+/+ and Hormad1�/� testes were subjected to immunoprecipitation by anti-HORMAD1 antibody. The
precipitates (IP), together with input samples (equivalent to 5% of the immunoprecipitation samples) and mock immunoprecipitates
(No Ab), were analyzed by immunoblotting with anti-HORMAD1 (top) and anti-HORMAD2 (middle) antibodies. (Bottom) Histone H3
was detected on a separate blot in the same input and immunoprecipitation samples to test whether HORMAD1–HORMAD2
coprecipitation is mediated by chromatin. (B) Pull-down experiments with MBP- and GST-tagged versions of HORMAD1 and
HORMAD2 purified from bacteria. Resin-bound GST-HORMAD1 (left) or GST-HORMAD2 (right) was used to pull down MBP-
HORMAD2 and MBP-HORMAD1, respectively. Pull-downs with GST protein-loaded resin were used as negative controls. Pull-down
results were analyzed by immunoblotting with anti-MBP antibody. (C) HORMAD1, SYCP3, and HORMAD2 were detected by IF in
nuclear spreads of mixed populations of wild-type and Hormad1�/� spermatocytes. A zygotene wild-type cell is shown next to
a zygotene stage Hormad1�/� cell identified by HORMAD1 staining. The HORMAD2 signal is severely reduced in the Hormad1�/�

cell relative to wild type. Bar, 10 mm. (D) Total, Triton X-100-soluble, and Triton X-100-insoluble extracts were prepared from testes of
12-d-old Hormad1+/+ and Hormad1�/� mice. Extracts were analyzed by immunoblotting with the indicated antibodies. Histone H3 and
GAPDH were detected to control for loading.
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mosomes are largely unsynapsed. Asynapsis of the sex
chromosomes results in MSCI through the formation of
a phospho-H2AFX (gH2AFX)-rich sex chromatin domain,
the sex body.

To test whether stage IV arrest occurs in Hormad2�/�

spermatocytes due to a defect in MSUC or MSCI, we

compared sex body formation in wild-type and Hormad2�/�

spermatocytes by immunostaining gH2AFX (Fig. 3A).
gH2AFX-rich chromatin surrounded the unsynapsed AEs
of X and Y chromosomes along their entire length in all
pachytene wild-type cells (n = 523). Although a sex body-
like gH2AFX-rich chromatin domain was associated with

Figure 3. Sex body formation is defective in Hormad2�/� spermatocytes. (A) gH2AFX, HORMAD1, and SYCP3 were detected in
nuclear spreads of wild-type and Hormad2�/� pachytene spermatocytes collected from 21-d-old mice. Matched-exposure images of
gH2AFX are shown. Three different types of cells were distinguished: gH2AFX-rich chromatin completely (top row, wild type) or
partially (middle row, Hormad2�/�) surrounds the HORMAD1 marked unsynapsed sex chromosome axes, or the gH2AFX-rich
chromatin domain does not overlap with the sex chromosome axes (bottom row, Hormad2�/�). The frequency of these categories in
wild-type and Hormad2�/� spermatocytes is shown on the right. Bar, 10 mm. (B) Frequency of wild-type, Hormad2�/�, and H2afx�/�

early pachytene spermatocytes expressing Utx, Zfx, and Scml2 as measured by RNA FISH. Significance was determined using one-way
ANOVA (P-value shown) and Tukey’s multiple comparison test; (*) P < 0.05; (**) P < 0.01; (***) P < 0.001. (Top) Schematic of mouse X
chromosome shows locations of Utx, Zfx, and Scml2. (C) Table of raw values from B. The number of early pachytene spermatocytes
expressing Utx, Zfx, or Scml2 out of the total number of cells is shown.

Asynapsis surveillance requires HORMAD2

GENES & DEVELOPMENT 963



X and Y chromosomes in the vast majority of pachytene
Hormad2�/� spermatocytes (96.5%, n = 580), various
proportions of X or Y AEs did not overlap with the
gH2AFX-rich chromatin in 85.3% of the cells (Fig. 3A;
Supplemental Fig. S6A). In 3.5% of Hormad2�/� sper-
matocytes, the gH2AFX-rich chromatin domain did not
form or did not overlap at all with sex chromosome AEs.
gH2AFX accumulation along the X-chromosome axis
was nonuniform in Hormad2�/� spermatocytes. gH2AFX
tended to accumulate on sex chromatin in the vicinity
of the PAR region (73%, n = 182), while the centromeric
one-third of the X chromosome, which is on the opposite
end of the X chromosome (Fig. 3B), lacked or had reduced
levels of gH2AFX in most Hormad2�/� spermatocytes
(68%, n = 182). Other markers of sex body formation,
such as an anti-XLR recognized meiotic antigen (Calenda
et al. 1994; Reynard et al. 2007) and MDC1 (Ichijima et al.
2011), also show reduced localization to sex chromo-
somes, mirroring the abnormal localization of gH2AFX
on sex chromatin (Supplemental Fig. S6B–D). This indi-
cates that sex body formation is incomplete and spatially
limited in Hormad2�/� spermatocytes.

In addition to these sex body abnormalities, the fre-
quency of sex chromosome pairing defects was elevated
in Hormad2�/� spermatocytes (data not shown). During
early–mid-pachytene, X and Y chromosomes remained
unsynapsed in 11% (n = 400) of Hormad2�/� spermato-
cytes as opposed to 0.5% (n = 400) of wild-type spermato-
cytes. In addition, one end of X and/or Y chromosomes
associated with the end of a fully synapsed autosome in
19% of Hormad2�/� spermatocytes (n = 200). Given that
two unrelated mutant mouse lines, H2afx�/� and
Mdc1�/�, that are defective in gH2AFX accumulation
on sex chromosomes display similar sex chromosome
pairing defects (Fernandez-Capetillo et al. 2003; Ichijima
et al. 2011), it is likely that these defects are a conse-
quence of defective sex body formation and/or gH2AFX
accumulation on sex chromosomes in Hormad2�/�

spermatocytes.
To test whether abnormal gH2AFX accumulation on X

and Y chromosomes affected MSCI, we used RNA FISH
to assess transcriptional activity of three X-linked genes
Scml2, Zfx, and Utx, which are located in the proximity
of the PAR region and in the middle and at the centro-
meric end of the X chromosome, respectively (Fig. 3B,C;
Supplemental Fig. S6E). We compared transcription of
these genes in wild-type, Hormad2�/�, and H2afx�/�

early pachytene spermatocytes. H2afx�/� spermato-
cytes served as a positive control for loss of MSCI
(Fernandez-Capetillo et al. 2003). Frequencies of pachy-
tene spermatocytes with gene expression from Zfx and
Utx genes were significantly elevated in both Hormad2�/�

and H2afx�/�mice relative to wild-type mice. In contrast
to Zfx and Utx, the PAR-proximal Scml2 gene was
inefficiently silenced in wild-type spermatocytes, possi-
bly due to the proximity of synapsed and transcriptionally
active regions or occasional spreading of SC to the Scml2
locus. The frequency of cells with gene expression from
Scml2 was not elevated significantly in Hormad2�/�

mice but was strongly elevated in H2afx�/�mice relative

to wild-type mice. These gene expression measurements
correspond well with the asymmetric gH2AFX accumu-
lation pattern on sex chromatin in pachytene Hormad2�/�

spermatocytes and indicate failure of MSCI, particularly
in X-chromosome regions that are distant from the PAR
region.

HORMAD2 is required for ATR activity recruitment
to unsynapsed axes

What is the primary reason for MSCI failure in Hormad2�/�

spermatocytes? RAD51 and DMC1 foci numbers are
comparable on sex chromosomes of Hormad2�/� and
wild-type spermatocytes (Fig. 1F). Thus, a reduction in
DSB numbers is unlikely to be the cause of MSCI failure
in the Hormad2�/� spermatocytes. To address whether
MSCI failure in Hormad2�/� spermatocytes is caused
by a defect in ATR activity recruitment to unsynapsed
chromosomes, we examined the localization of ATR and
ATR activators/modulators (BRCA1 and TOPBP1) in
nuclear spreads of Hormad2�/� spermatocytes (Fig. 4;
Supplemental Fig. S7). In wild-type spermatocytes, ATR,
BRCA1, and TOPBP1 accumulate to high levels along the
unsynapsed sex chromosome AEs (Keegan et al. 1996;
Plug et al. 1998; Moens et al. 1999; Perera et al. 2004;
Turner et al. 2004, 2005). At lower density, ATR and
TOPBP1 also localize to chromatin all over the gH2AFX-
rich sex body (Fig. 4A; Supplemental Fig. S7A). This
chromosome-wide spreading of ATR and TOPBP1 is be-
lieved to depend on MDC1 that colocalizes with gH2AFX
in the sex body (Supplemental Fig. S6D; Ichijima et al.
2011). Cloud-like ATR and TOPBP1 staining was still
observed in gH2AFX-rich chromatin domains in
Hormad2�/� spermatocytes (Fig. 4A; Supplemental Fig.
S7A), which was consistent with the observation that
MDC1 colocalized with gH2AFX in both normal and
abnormal sex bodies in wild-type and Hormad2�/� sper-
matocytes, respectively (Supplemental Fig. S6D). In con-
trast, ATR, BRCA1, and TOPBP1 failed to accumulate
strongly along the unsynapsed sex chromosome axes (Fig. 4;
Supplemental Fig. S7A). Nevertheless, we observed weak
punctate staining of ATR, BRCA1, and TOPBP1 on the
unsynapsed axes of sex chromosomes. This raised the
possibility that Hormad2�/� spermatocytes were pri-
marily defective in recruitment of ATR to unsynapsed
chromosome axes but were proficient in ATR activity
recruitment to unrepaired DSBs. To test this possibil-
ity, we compared the localization of DMC1 with ATR
and TOPBP1 on the X-chromosome axis of Hormad2�/�

spermatocytes (Fig. 4C; Supplemental Fig. S7B). We
found that 92% (n = 20 cells) and 90% (n = 21 cells) of
DMC1 foci on X chromosomes were associated with
ATR and TOPBP1 foci, respectively. Consistent with
this, we found that gH2AFX-rich chromatin along
the X-chromosome axis was associated with regions
that contained ATR, BRCA1, TOPBP1, or DMC1 foci
(Fig. 4A,B; Supplemental Fig. S7A,C). Thus, ATR ac-
tivity appeared to be recruited to DSB sites on the un-
synapsed X-chromosome axis in pachytene Hormad2�/�

spermatocytes.
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To further test the hypothesis that HORMAD2 is
specifically needed for ATR activity recruitment to un-
synapsed AEs, we examined the effect of Hormad2�/�

mutation in meiocytes that are defective in either
DSB and SC formation (Spo11�/�) (Baudat et al. 2000;
Romanienko and Camerini-Otero 2000) or DSB repair and

SC formation (Dmc1�/�) (Pittman et al. 1998). Spo11�/�

meiocytes do not form programmed meiotic DSBs, hence
homology search and SC formation between homologs
fail (Baudat et al. 2000; Romanienko and Camerini-Otero
2000). Nevertheless, extensive SC formation is observed
between nonhomologous chromosomes. During prophase

Figure 4. ATR, BRCA1, and TOPBP1 levels on unsynapsed chromosome axes are low in Hormad2�/� spermatocytes. Indicated
proteins were detected in nuclear spreads of wild-type and Hormad2�/� early pachytene spermatocytes. Matched-exposure images of
ATR and BRCA1 are shown in wild-type and Hormad2�/� meiocytes in A and B, respectively. ATR and BRCA1 staining is much lower
on X and Y chromosome axes in the Hormad2�/� spermatocytes than in the wild-type spermatocytes. Nevertheless, a cloud-like
staining of ATR is observed in gH2AFX-rich chromatin in both the wild-type and mutant spermatocyte. High-exposure images of ATR
([A] ATR high) and BRCA1 ([B] BRCA1 high) are shown to highlight residual punctate staining along chromosome axes in Hormad2�/�

spermatocytes. Note the local accumulation of gH2AFX (arrows) in the vicinity of ATR foci along the X-chromosome axis. (C) Zoomed-
in image of the inset shows sex chromosomes in a Hormad2�/� spermatocyte. Note the punctate accumulation of TOPBP1 along the
sex chromosome axes in the vicinity of DMC1 foci. (p) PAR region in C. Bars, 10 mm.
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stages equivalent to late zygotene and pachytene, gH2AFX-
rich chromatin domains form surrounding a subset of
unsynapsed chromosome axes in a substantial fraction of
Spo11�/�meiocytes (63% of spermatocytes in adult males,
n = 250; 59% of oocytes in newborn females, n = 200).
These gH2AFX-rich chromatin domains are called pseudo-
sex bodies because they rarely overlap with sex chromo-
somes (Barchi et al. 2005; Bellani et al. 2005). It is assumed
that pseudo-sex bodies form in Spo11�/� meiocytes be-
cause ATR is recruited to unsynapsed axes (Mahadevaiah
et al. 2008) and subsequently spreads to chromatin loops
with the help of MDC1 (Ichijima et al. 2011). If HORMAD2
was needed for efficient ATR recruitment to unsynapsed
AEs independent of programmed DSBs, we would ex-
pect that efficient pseudo-sex body formation required
HORMAD2. Total gH2AFX levels and the frequency of
pseudo-sex body formation were strongly reduced in
Spo11�/� Hormad2�/� meiocytes relative to Spo11�/�

meiocytes (Fig. 5A–D; Supplemental Fig. S8A). Although
ATR always colocalized with gH2AFX within pseudo-
sex bodies in both Spo11�/� and Spo11�/� Hormad2�/�

spermatocytes, strong ATR recruitment to unsynapsed
AEs within pseudo-sex bodies was observed in 11% of
Spo11�/� spermatocytes (n = 200) and was never ob-
served in the Spo11�/� Hormad2�/� spermatocytes that
formed pseudo-sex bodies (n = 200) (Fig. 5A). Thus,
efficient pseudo-sex body formation and efficient re-
cruitment of ATR to unsynapsed AEs and chromatin
require HORMAD2 in the DSB formation-defective
Spo11�/� background. These defects are unlikely to be
caused by altered meiotic progression or altered SC for-
mation, since spermatocytes are eliminated at stage IV,
and SC formation is comparable in Spo11�/� and Spo11�/�

Hormad2�/� meiocytes (data not shown).
In contrast to Spo11�/�meiocytes, Dmc1�/�meiocytes

efficiently form DSBs (Pittman et al. 1998), but DSB repair
is believed to be defective at the strand invasion step.
Consequently, homology search and homologous SC
formation fail in Dmc1�/� meiocytes (Pittman et al.
1998; Yoshida et al. 1998). Unlike in Spo11�/�meiocytes,
pseudo-sex bodies do not form in Dmc1�/� meiocytes,
probably because recruitment of ATR to large numbers of
unrepaired DSBs distributed all over the genome does not
allow the concentration of ATR and other DDR compo-
nents into a defined chromatin domain (Barchi et al. 2005).
Consistent with this idea, gH2AFX accumulates on chro-
matin all over the nucleus of Dmc1�/� spermatocytes at
a stage that is equivalent to zygotene or pachytene. If
HORMAD2 was not required for recruitment of ATR to
unrepaired DSBs during meiosis, we would expect colo-
calization of unrepaired DSB markers (e.g., RPA, and
ATR) and also accumulation of gH2AFX on chromatin
of Dmc1�/� Hormad2�/� spermatocytes. Indeed, 96%
of RPA foci were associated with ATR in Dmc1�/�

Hormad2�/� spermatocytes (n = 15 cells), which is com-
parable with the 97% association observed in Dmc1�/�

control cells (n = 15 cells) (Fig. 5E; Supplemental Fig. S8B).
gH2AFX also accumulates on chromatin across the nucleus
of all the zygotene–pachytene Dmc1�/�Hormad2�/�meio-
cytes (Fig. 5F; Supplemental Fig. S8C). The simplest in-

terpretation of these experiments is that HORMAD2 is
primarily required for efficient recruitment of ATR activ-
ity to unsynapsed axes and has little or no role in ATR
activity recruitment to unrepaired DSBs in either sex.

To address whether HORMAD2 could, in principle,
promote recruitment of ATR activity to unsynapsed axes
via physical interactions with ATR or ATR activators, we
immunoprecipitated soluble fractions of HORMAD1,
HORMAD2, and ATR. Under the tested conditions, these
immunoprecipitation experiments did not indicate that
ATR, TOPBP1, or BRCA1 form stable soluble complexes
with HORMAD1 or HORMAD2 (data not shown).

HORMAD2 is required for a prophase checkpoint
that is presumably activated by asynapsis

SC and/or DSB repair defects result in elimination of
oocytes at the end of the first meiotic prophase in peri-
natal mice (Di Giacomo et al. 2005). It was proposed that
perinatal elimination of defective oocytes is triggered by
either MSUC-mediated silencing of a random set of essen-
tial genes or persistent ATR activity and ATR signaling
during late prophase (Burgoyne et al. 2009). Given that
HORMAD2 is required for efficient accumulation of ATR
activity on unsynapsed chromatin in both sexes, we
reasoned that HORMAD2 might be required for meiotic
prophase checkpoints in females.

To test this possibility, we sectioned through ovaries of
6-wk-old wild-type, Hormad2�/�, Spo11�/�, Spo11�/�

Hormad2�/�, Dmc1�/�, and Dmc1�/� Hormad2�/� mice
and determined the number of oocytes in every eighth
section (Fig. 6A; Supplemental Fig. S9). Oocyte numbers
were comparable in wild-type, Hormad2�/�, and Spo11�/�

Hormad2�/� females. In contrast, oocyte numbers were
much lower in Spo11�/� ovaries, and oocytes were com-
pletely absent from Dmc1�/� and Dmc1�/� Hormad2�/�

ovaries. Thus, the elimination of Spo11�/� oocytes required
HORMAD2, while elimination of Dmc1�/� oocytes did
not. These results correspond well with the observation
that ATR is efficiently recruited to unrepaired DSBs and
that gH2AFX efficiently accumulates on chromatin across
the nucleus in Dmc1�/� Hormad2�/� meiocytes. Taken
together, our observations suggest that HORMAD2 is
required for a checkpoint mechanism in females that is
activated by persistent asynapsis.

HORMAD2 is needed to prevent production of first
meiotic metaphase oocytes with defects
in chiasmata formation

HORMAD2 is not required for female fertility, as the
litter sizes of wild-type (average litter size: 5.47 pups, n = 6
females, 21 litters) and Hormad2�/� (average litter size:
5.71 pups, n = 6 females, 21 litters) littermate females are
similar. This raises the question of how important the
HORMAD2-dependent female prophase checkpoint mech-
anism is in wild-type mice. It was reported that homolog
pairing and/or SC formation are delayed or defective on one
or more chromosomes in up to 10%–15% of oocytes in
wild-type fetuses at 17.5 or 18.5 d post-coitum (dpc), which
is a stage when most oocytes are in mid-pachytene stage
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Figure 5. Accumulation of ATR activity on unsynapsed chromatin in Spo11�/� meiocytes is defective in the absence of HORMAD2.
(A,E,F) Nuclear spreads of spermatocytes of the indicated genotypes. Spermatocytes are shown with fully formed chromosome axes;
i.e., at a stage corresponding to late zygotene or early pachytene in wild-type spermatocytes. Matched-exposure images of ATR and
gH2AFX are shown. (A) While in a fraction (11%) of Hormad2+/+ Spo11�/� spermatocytes ATR accumulates on chromosome axes
within gH2AFX-rich pseudo-sex bodies (top panel), in Hormad2�/� Spo11�/� spermatocytes (bottom panel), ATR accumulates only as
a cloud in the small fraction (22.6%) of spermatocytes that form pseudo-sex bodies. (B,C) The frequency of occurrence of pseudo-sex bodies
in spermatocytes (B; collected from 8-wk-old mice) and oocytes (C; collected from newborn mice) with full-length chromosome axes. (D)
Quantification of gH2AFX signal in spermatocytes with full-length chromosome axes (collected from adult mice) shows a significant
reduction in the median of total nuclear gH2AFX amounts in Hormad2�/� Spo11�/� relative to Hormad2+/+ Spo11�/� (Mann-Whitney
test). (E) ATR foci are associated with axes in the vicinity of RPA foci in both Hormad2+/+ Dmc1�/� and Hormad2�/� Dmc1�/�

spermatocytes. (F) HORMAD2 is not required for accumulation of gH2AFX on chromatin in Dmc1�/� spermatocytes. Bars, 10 mm.



(Alton et al. 2008; Kouznetsova et al. 2009). It is likely
that these SC defects either become corrected or trigger
elimination of oocytes. It is also conceivable that homo-
log pairing defects and/or SC defects may result in CO
formation defects in affected oocytes. Therefore, if SC-
defective oocytes succeed in maturation to the first
meiotic metaphase, they may contain univalents; i.e.,
unpaired homologs that lack chiasmata. As a corollary,
we may expect elevated numbers of defective first
meiotic metaphase oocytes that contain univalents in

Hormad2�/� mice if HORMAD2 was important for the
elimination of SC-defective oocytes. To test this hypoth-
esis, we determined the frequency of SC defects in pachy-
tene oocytes, which were identified by the presence of the
pachytene marker MLH1 recombination protein, in wild-
type and Hormad2�/� 17.5-dpc fetuses (for an example, see
Supplemental Fig. S3C) and determined the frequency of in
vitro matured metaphase I oocytes that contained univa-
lents in wild-type and Hormad2�/� adult mice (for an
example, see Fig. 6B). While the frequency of SC-defective

Figure 6. HORMAD2 is required for a prophase checkpoint that eliminates SC formation-defective Spo11�/� oocytes. (A) Sum of
oocyte numbers on every eighth section of sectioned-through ovary pairs in 6-wk-old mice of indicated genotypes. Each data point
represents a mouse. (B) Images of chromosome spreads of in vitro matured wild-type and Hormad2�/� oocytes at the first meiotic
metaphase. DNA and centromeres were detected by Hoechst and IF, respectively. Chiasmata connect all pairs of homologs in the wild-
type oocytes. In contrast, the Hormad2�/� oocyte contain several univalents (arrows). Univalents scatter over a larger area during
nuclear spreading in the Hormad2�/� oocyte; therefore, it was not possible to include all 40 chromosomes in the image. Bars, 10 mm.
(C) Model for the recruitment of ATR activity to unsynapsed chromatin in pachytene meiocytes. Orange arrows and black arrows
represent activation promotion and processes, respectively. We propose that ATR activity is recruited to unrepaired DSBs along
unsynapsed chromosome axes by a mechanism that is not dependent on HORMAD2. Although ATR activity at DSBs can promote
spreading of ATR activity to chromatin loops adjacent to DSBs with the help of MDC1 and gH2AFX, it cannot ensure spreading of ATR
activity to all of the unsynapsed chromatin. Efficient sex body formation and spreading of ATR activity to chromatin loops that are not
associated with unrepaired DSBs require HORMAD1- and HORMAD2-dependent recruitment of ATR activity along the unsynapsed
chromosome axes. This process may be facilitated by DSBs through DSB-dependent phosphorylation of HORMAD1 and HORMAD2.
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pachytene oocytes was very similar in wild-type fetuses (12
out of 154 cells, two fetuses) and Hormad2�/� fetuses (12
out of 162, two fetuses), the frequency of univalent-
containing metaphase I oocytes showed a small but clear
increase (P = 0.0268, two-tailed Fisher exact test) in the
Hormad2�/�mice (10 out of 242 oocytes, 4.13%, 15 mice)
relative to wild-type mice (1 out of 194 oocytes, 0.52%, 14
mice). Although we cannot exclude that this increase in
chiasmata formation defects in Hormad2�/� mice is
caused by a small defect in SC formation or in DSB repair
that was not detected by our analysis of Hormad2�/�

oocytes, these data are consistent with the hypothesis
that a HORMAD2-dependent meiotic prophase check-
point safeguards the quality of the female germline by
eliminating SC-defective oocytes in wild-type mice.

Discussion

It has been hypothesized that quality control of CO
formation-related processes during meiosis involves the
monitoring of both DSB repair defects and asynapsis
(Burgoyne et al. 2009). Current models evoke important
roles for ATR activation and recruitment to unrepaired
DSBs and/or unsynapsed chromatin in meiotic quality
control of CO formation-related processes in both sexes
(Burgoyne et al. 2009). In spermatocytes, DSB repair
defects and asynapsis in excess of normal XY chromo-
some asynapsis are proposed to trigger apoptosis through
titrating ATR activity away from the sex chromosomes,
thereby causing MSCI failure. In oocytes, persistent ATR
activity at unrepaired DSBs and/or on unsynapsed chro-
matin is believed to cause apoptosis. Nevertheless, it has
been difficult to determine the relative importance of
different lesions in triggering ATR-dependent prophase
checkpoint responses because pairing defects and asyn-
apsis are linked to delayed or defective DSB repair.

In some mutant mice (e.g., in Dmc1�/� and Trip13�/�

mice), DSB repair defects are considered to be the likely
primary cause of meiocyte apoptosis (Pittman et al. 1998;
Di Giacomo et al. 2005; Li and Schimenti 2007; Burgoyne
et al. 2009; Roig et al. 2010). In fact, DSB repair defects
may trigger meiocyte elimination during prophase in
Trip13�/� cells in the absence of major SC formation
defects (Li and Schimenti 2007; Roig et al. 2010). Never-
theless, DSB repair defects are unlikely to be the only
lesions that are monitored by meiotic surveillance mech-
anisms. Spo11�/� mutants are defective in programmed
meiotic DSB formation (Baudat et al. 2000; Romanienko
and Camerini-Otero 2000). Despite the absence or strongly
reduced numbers of DSBs, Spo11�/� meiocytes are elim-
inated at stage IV in males and perinatally in females
(Barchi et al. 2005; Di Giacomo et al. 2005). Given that
ATR activity accumulates on unsynapsed chromatin and
that Spo11�/� meiocytes are characterized by extensive
asynapsis, it seems likely that incomplete SC formation is
detected by ATR-dependent meiotic surveillance mecha-
nisms, leading to the elimination of Spo11�/�meiocytes in
both sexes.

It has been hypothesized that ATR-promoted check-
point mechanisms, including MSUC and MSCI, rely on

two essential consecutive steps: asynapsis detection cou-
pled with MDC1-independent recruitment of ATR activity
to unsynapsed AEs, which is followed by the MDC1-
dependent spreading of ATR activity from unsynapsed
AEs to associated chromatin loops (Ichijima et al. 2011).
Although this model postulates a crucial role for ATR
activity recruitment to unsynapsed AEs, the existence and
importance of a presumed asynapsis surveillance mecha-
nism remained questionable in the absence of identified
proteins that are specifically required for the elimination
of SC-defective meiocytes and for the meiosis-specific
accumulation of ATR and ATR-activating DDR proteins
(BRCA1 and TOPBP1) on unsynapsed AEs and/or associ-
ated chromatin loops.

Our data suggest that the primary role of HORMAD2 is
to ensure the recruitment of ATR and ATR activators to
unsynapsed AEs. HORMAD2 is not required for DSB
formation/repair, SC formation, or the accumulation of
ATR activity on chromatin loops in the vicinity of unre-
paired DSBs. Crucially, defective accumulation of ATR,
BRCA1, and TOPBP1 along the unsynapsed sex chromo-
some AEs is coupled with defective MSCI in Hormad2�/�

spermatocytes and inefficient elimination of SC-defective
Hormad2�/� oocytes. Taken together, these observations
provide compelling support for the hypothesis that
HORMAD2-promoted accumulation of DDR components
along the unsynapsed AEs is crucial for efficient MSCI in
spermatocytes and the elimination of asynaptic oocytes.

Consistent with the hypothesis that either inappropri-
ate MSUC or persistent ATR activity triggers elimination
of SC formation-defective oocytes perinatally, HORMAD2
is required for efficient pseudo-sex body formation in
Spo11�/� oocytes and the elimination of Spo11�/� oo-
cytes. In contrast, HORMAD2 is not required for the
recruitment of ATR to unrepaired DSBs, the accumula-
tion of ATR activity on chromatin in Dmc1�/� meio-
cytes, and the elimination of Dmc1�/� oocytes. Given
that HORMAD2 is depleted from AEs in response to SC
formation, these observations strongly suggest that
HORMAD2 is a sensor component of a prophase surveil-
lance mechanism that monitors asynapsis. Thus, our
observations provide clear evidence for the existence of
a long-debated asynapsis surveillance mechanism that is
distinct from surveillance mechanisms that monitor
DSBs in mammals. In addition, the observation that the
number of in vitro matured oocytes with chiasmata er-
rors is elevated in Hormad2�/� mice relative to wild-type
mice is consistent with the idea that such a HORMAD2-
dependent asynapsis surveillance mechanism eliminates
oocytes with synaptic errors in wild-type backgrounds,
thereby safeguarding the quality of the germline. Consid-
ering that meiotic recombination errors are a major cause
of the generation of aneuploid human embryos (Hassold
et al. 2007), the discovery and future analysis of the
HORMAD2-dependent asynapsis surveillance mechanism
will likely have an impact on our understanding of human
aneuploidies.

Since both HORMAD1 and HORMAD2 are required
for the elimination of Spo11�/� oocytes and for pseudo-
sex body formation, these two proteins appear to have
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nonoverlapping functions in the surveillance of asynap-
sis. HORMAD2 association to AEs is strongly reduced
in the absence of HORMAD1, and HORMAD1 and
HORMAD2 directly interact in vitro. Therefore, it is
conceivable that HORMAD1 performs its essential func-
tion in asynapsis surveillance and ATR activity recruit-
ment to unsynapsed chromatin by recruiting HORMAD2
to unsynapsed AEs. In turn, axis-bound HORMAD2 may
promote recruitment of ATR and/or ATR activators to
unsynapsed AEs. Immunoprecipitation experiments of
HORMAD1 and HORMAD2 have not indicated the
existence of stable soluble complexes between HORMAD1
or HORMAD2 and DDR proteins. Provided that
HORMAD2 promotes recruitment of ATR activity to
unsynapsed axes by physically interacting with DDR
components, these observations may indicate that only
the insoluble axis-bound form of HORMAD2 can bind
and activate DDR proteins efficiently. Interestingly, an-
other HORMA domain protein, the spindle assembly
checkpoint protein MAD2, is known to adopt two differ-
ent conformations (De Antoni et al. 2005). When micro-
tubules are not attached stably to kinetochores, MAD2
associates with kinetochores and adopts a conformation
that allows MAD2 to bind and inhibit the anaphase-
promoting complex component CDC20, which re-
sults in a metaphase arrest. It is tempting to speculate
that a conformation change that activates checkpoint
functions in response to monitored lesions is a con-
served paradigm among HORMA domain proteins with
checkpoint sensor functions. Thus, it will be impor-
tant to establish whether association of HORMAD1 and
HORMAD2 with unsynapsed chromosome axes in-
duces changes in the conformations of HORMAD1
and HORMAD2 that facilitate physical interaction
with DDR proteins.

Taken together, our data suggest a comprehensive model
for the coordination of CO formation-associated events and
progression through meiotic prophase. We propose that
following the formation of AEs and DSBs, two alterna-
tive mechanisms initiate accumulation of ATR activity
on chromatin in unsynapsed regions (Fig. 6C). ATR is
recruited to unrepaired meiotic DSBs independent of
HORMAD2, possibly through a mechanism that is sim-
ilar to the RPA-dependent recruitment of ATR to single-
stranded DSB ends in mitotic cells (Zou and Elledge
2003). At the same time, ATR and ATR activators are
recruited to unsynapsed AEs through a HORMAD1- and
HORMAD2-dependent process. Following recruitment
of ATR activity to unrepaired DSBs and/or unsynapsed
AEs, ATR activity spreads to chromatin loops with the
help of MDC1 (Ichijima et al. 2011). This last step ensures
efficient MSUC and/or MSCI and amplification of ATR
signaling in response to unrepaired DSBs and asynapsis.

Although surveillance of unrepaired DSBs and asynap-
sis relies on distinct mechanisms, there might be cross-
talk between these mechanisms. Despite accumulation
of ATR on chromatin in 100% of pseudo-sex bodies in
Spo11�/� spermatocytes, we observed clear ATR enrich-
ment along unsynapsed chromosome axes within pseudo-
sex bodies in only 11% of pseudo-sex body-containing

cells. In contrast, ATR enrichment was observed along
unsynapsed sex chromosome axes in all wild-type early–
mid-pachytene spermatocytes. These observations indi-
cate that ATR accumulation on unsynapsed chromosome
axes is not as efficient in the DSB formation-deficient
Spo11�/� spermatocytes as in the DSB formation-proficient
wild-type spermatocytes. Curiously, both HORMAD1
and HORMAD2 are phospho-proteins. HORMAD1 and
HORMAD2 phosphorylation is reduced in Spo11�/�

testes (Fukuda et al. 2012; V Boonsanay and ATóth, unpubl.).
Thus, it is enticing to hypothesize that formation of
DSBs promotes the phosphorylation of HORMAD1 and
HORMAD2 and that DSB-induced phosphorylation en-
hances the ability of HORMAD1 and HORMAD2 to
recruit ATR activity along unsynapsed axes. Such a mech-
anism may amplify checkpoint signaling from DSBs,
thereby ensuring that small numbers of unrepaired DSBs
can trigger oocyte apoptosis. It may also ensure that
DSBs whose repair was delayed but not blocked could
trigger elimination of oocytes in late prophase even after
all DSBs were repaired, provided that such a delayed DSB
repair associated with persistent asynapsis. DSB-induced
activation of HORMAD1 and HORMAD2 could also
ensure that the asynapsis surveillance mechanism does
not become reactivated and that ATR activity is not
recruited to desynapsing AEs in DSB repair-proficient
wild-type diplotene cells despite the reassociation of low
levels of HORMAD1 and HORMAD2 with desynapsing
AEs (Wojtasz et al. 2009).

Meiotic HORMA domain proteins have been also
implicated in the coordination and quality control of
meiotic prophase processes in nonmammalian organisms
such as Caenorhabditis elegans and budding yeast
(Couteau and Zetka 2005; Martinez-Perez and Villeneuve
2005; Carballo et al. 2008; MacQueen and Hochwagen
2011). Nevertheless, meiotic prophase quality-control
mechanisms and the functions of HORMA domain pro-
teins appear to show considerable divergence between
various taxa. For example, in budding yeast, DSB forma-
tion-defective and SC formation-defective spo11 mutant
cells do not arrest in meiotic prophase, which may be
interpreted as a sign of budding yeast lacking an asynapsis
surveillance mechanism (Hochwagen and Amon 2006).
Curiously, the budding yeast meiotic HORMA domain
protein Hop1 is required for the prophase arrest of meiotic
cells that fail to repair DSBs and to complete SC forma-
tion in meiosis (Carballo et al. 2008). Consequently, Hop1
was proposed to be required for an efficient prophase
checkpoint response to unrepaired DSBs. Thus, HORMA
domain proteins may be involved in the surveillance of
two distinct processes, asynapsis and unrepaired DSBs, in
mammals and budding yeast, respectively. Nevertheless,
it cannot be excluded that a Hop1-mediated asynapsis
surveillance mechanism that depends on Spo11-induced
DSBs exists (Hochwagen and Amon 2006) and that this
asynapsis surveillance mechanism is a crucial compo-
nent of the meiotic prophase checkpoint in budding yeast.
Such a scenario would be consistent with the observation
that the Hop1-mediated checkpoint response requires
phosphorylation of Hop1 by the budding yeast orthologs
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of the mammalian ATM and ATR DDR kinases (Carballo
et al. 2008). Thus, asynapsis surveillance may be an evo-
lutionarily conserved feature of meiotic quality control
and a core function of meiotic HORMA domain proteins,
but HORMA domain protein-mediated surveillance of
asynapsis may depend on SPO11-induced DSBs and on
DSB-dependent phosphorylation of HORMA domain pro-
teins to various extents in different taxa.

To summarize, our data provide compelling evidence
for the existence of a meiosis-specific surveillance mech-
anism that monitors inappropriate asynapsis during mei-
otic prophase and safeguards the quality of the mamma-
lian germline. Our data suggest that two meiotic HORMA
domain proteins, HORMAD1 and HORMAD2, adapt the
DDR sensor kinase ATR for the meiosis-specific task of
sensing asynapsis by promoting the recruitment of ATR
and/or ATR activators to unsynapsed chromosome axes.
Future work will need to identify the physical interactions
between chromosome axis components and HORMA
domain and DDR proteins in order to unravel the molec-
ular mechanisms underlying asynapsis surveillance in
mammals.

Materials and methods

Targeting of Hormad2 and animal experiments

The Hormad2 targeting construct was designed according to
a multipurpose allele strategy (Supplemental Fig. S1; Testa et al.
2004). We generated mice that carried either of two distinct
Hormad2-null alleles: Hormad2insertion and Hormad2deletion

(Supplemental Fig. S1). The phenotypes of these alleles regarding
SC formation, DSB formation/repair, abnormal sex body forma-
tion in spermatocytes, and rescue of oocytes in a Spo11�/�

background are essentially indistinguishable. Therefore, in the
text, we do not distinguish between the Hormad2insertion and
Hormad2deletion alleles and refer to both of them as the
Hormad2� allele. All of our conclusions are based on experi-
ments that were performed at least twice in Hormad2deletion

mice. Mice carrying Hormad1-, Dmc1-, or Spo11-null alleles
were described earlier (Pittman et al. 1998; Baudat et al. 2000;
Daniel et al. 2011). Experiments were performed in a mixed
background.

Immunofluorescence (IF)

Preparation and immunostaining of testis–ovary cryosections
and nuclear surface spreads of meiocytes and the antibodies used
for IF were described previously (Wojtasz et al. 2009; Daniel et al.
2011). RNA FISH in combination with IF staining was carried
out as described before (Mahadevaiah et al. 2009). To produce
metaphase I oocytes for nuclear spreading, oocytes were col-
lected from antral follicles of adult (>12-wk-old) mice and cul-
tured in M2 medium for 6 h at 37.5°C. Staging of meiocytes,
quantification of gH2AFX signal in spread meiocytes, and oocyte
numbers were performed as described before except that oocyte
numbers were counted in every eighth section of sectioned
ovaries (Wojtasz et al. 2009; Daniel et al. 2011).

Extracts, immunoprecipitations, and pull-down experiments

Total testis extracts were prepared by boiling finely chopped
testis in Laemmli buffer for 5 min. To prepare Triton X-100-
soluble and -insoluble testis extract fractions, we incubated

testis cell suspensions of 12- or 13-d-post-partum (dpp) mice in
a Triton X-100 lysis buffer (50 mM Tris at pH 7.5, 150 mM NaCl,
0.25% Triton X-100, protease and phosphatase inhibitors) for
30 min at 4°C and separated soluble and insoluble fractions
by centrifugation at 20,000 relative centrifugal force (rcf) for
10 min. Immunoprecipitations were carried out following stan-
dard protocols in Brij-58-soluble nuclear testis extracts (details
in the Supplemental Material). Pull-down experiments were
performed as before with minor modifications (see the Supple-
mental Material) (Remenyi et al. 2005).
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