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Abstract
Meiotic crossover (CO) formation between homologous chromosomes (homologues) entails DNA
double strand break (DSB) formation, homology search using DSB ends, and synaptonemal
complex (SC) formation coupled with DSB repair. Meiotic progression must be prevented until
DSB repair and homologue alignment are completed to avoid forming aneuploid gametes. Here
we show that mouse HORMAD1 ensures that sufficient numbers of processed DSBs are available
for successful homology search. HORMAD1 is needed for normal SC formation and for the
efficient recruitment of ATR checkpoint kinase activity to unsynapsed chromatin. The latter
phenomenon was proposed to be important in meiotic prophase checkpoints in both sexes.
Consistent with this hypothesis, HORMAD1 is essential for the elimination of SC-defective
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oocytes. SC formation results in HORMAD1 depletion from chromosome axes. Thus, we propose
that SC and HORMAD1 are key components of a negative feedback loop that coordinates meiotic
progression with homologue alignment: HORMAD1 promotes homologue alignment and SC
formation, and SCs down-regulate HORMAD1 function, thereby permitting progression past
meiotic prophase checkpoints.

INTRODUCTION
Physical linkages between homologues ensure correct chromosome segregation during the
first meiotic division in mammals. These physical linkages, called chiasmata, depend on the
formation of at least one reciprocal recombination event, or CO, between each homologue
pair and on cohesion between pairs of sister chromatids (Supplementary Information, Fig.
S1a)1, 2. CO formation begins with the introduction of DSBs into the genome by the SPO11
enzyme (Supplementary Information, Fig. S1)3-5. DSBs are processed to produce single-
stranded DNA ends that can be used to probe for homology through strand invasion6.
Several DSB ends work together on each homologue pair to ensure successful homologue
alignment. After successful homology search, SCs form and connect the axes of aligned
homologues. SC components promote post-homology search steps in DSB repair and are
required for efficient CO formation1, 2. After SCs formation, homology search is no longer
needed, most DSBs become repaired from homologues as non-crossovers, and at least one
DSB per chromosome pair is turned into a CO1, 2. In mammals, meiotic checkpoint
mechanisms eliminate meiocytes with defects in homologue alignment and DSB repair
during the first meiotic prophase, thereby ensuring that it is rare for gametes to form with an
abnormal chromosome set or with unrepaired DNA7-14. Despite the importance of these
meiotic prophase checkpoint mechanisms, they are poorly understood.

In various non-mammalian taxa, meiotic HORMA (Hop1, Rev7 and Mad2)-domain proteins
have been implicated in diverse processes linked to CO formation2, 15-38. These include
DSB formation, homology search, preferred use of homologous DNA over sister DNA for
repair of DSBs, SC formation and the meiotic prophase checkpoint. Here we address the
functions of HORMAD1, one of two meiosis-specific mouse HORMA-domain proteins
(HORMAD1 and HORMAD2) that were shown to preferentially associate with unsynapsed
chromosome axes during first meiotic prophase in mice39-41.

RESULTS
HORMAD1 is required for fertility

Reasoning that functional analysis of HORMADs might provide novel insights into meiotic
chromosome behaviour and CO formation in mammals, we disrupted Hormad1 in mouse
(Supplementary Information, Fig. S2). While no obvious somatic defects were observed in
Hormad1−/− mice, both sexes are sterile, as reported by others as well41. Although
spermatocytes in Hormad1−/− mice are present in testis tubules at epithelial cycle stage III-
IV, which we identified by the presence of intermediate spermatogonia42, they undergo
apoptosis by the end of stage IV, and post-meiotic cells are not found in Hormad1−/− testes
(Supplementary Information, Fig. S3). In wild type (WT), stage IV tubules contain mid-
pachytene spermatocytes42; thus Hormad1−/− spermatocytes are eliminated at a stage
equivalent to mid-pachytene. Since spermatocytes with defects in SC formation and DSB
repair are eliminated by the mid-pachytene checkpoint7-14 we examined SC formation on
nuclear surface spreads of Hormad1−/− spermatocytes.
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HORMAD1 promotes SC formation
In WT spermatocytes, chromosome axes are fully formed by late-zygotene and SC
formation on autosomes is completed by pachytene (Fig. 1a, b). While chromosome axis-
cohesion core development and the timing of SC formation are similar in WT and
Hormad1−/− spermatocytes, the efficiency of stable SC initiation and SC elongation is
reduced in the mutant (Fig. 1c, Supplementary Information, Fig. S4). Autosomal SC
formation is never completed in Hormad1−/− cells with fully formed chromosome axes
(n=1000); most chromosomes that start SC formation do not complete it, and many
chromosomes do not even partially synapse (Fig. 1c). Due to these defects we cannot
distinguish between late-zygotene and pachytene in mutant spermatocytes and we refer to
these stages as zygotene-pachytene. Unlike in SC transverse filament mutant meiocytes,
where unsynapsed chromosomes align along their length8-11, unsynapsed chromosomes do
not align in Hormad1−/− spermatocytes (Fig. 1c). Nevertheless, based on the similar axis
lengths of synapsed chromosomes, the relatively long stretches of SCs that frequently form
in zygotene-pachytene Hormad1−/− spermatocytes appear to connect homologues (Fig. 1c).
SC formation between non-homologous chromosomes is unambiguously identifiable only in
a small fraction of Hormad1−/− spermatocytes (2.3% n=174) (data not shown). Similar
homologue alignment and SC formation defects are found in Hormad1−/− oocytes
(Supplementary Information, Fig. S5). Others reported complete lack of SCs in Hormad1−/
− spermatocytes based on the lack of tripartite SC structures observable by electron
microscopy41. The different conclusion reached by us may reflect differences in strain
backgrounds and/or SC detection methods in the two studies.

Homologue alignment defects could explain the SC defects in the Hormad1−/− mutant.
Additionally, HORMAD1 may also have SC promoting functions independent of its role in
homologue alignment. To test this possibility, we examined the effect of the Hormad1
mutation in the DSB-deficient Spo11−/− background, where homology search fails and SCs
form extensively between non-homologous partners (Fig. 1)4, 5. If HORMAD1 promotes SC
formation only through a function in DSB repair and homologue alignment, Spo11−/−
Hormad1−/− double mutant meiocytes should be as proficient in non-homologous SC
formation as Spo11−/− single mutant meiocytes. Notably, the double mutant has a much
more severe SC defect than either single mutant in both sexes (Fig. 1, Supplementary
Information, Fig. S5). It is unlikely that the double mutant SC-phenotype is caused by an
early block in meiotic progression, because single and double mutant spermatocytes are
eliminated at a comparable stage (Supplementary Information, Fig. S6). Hence, our findings
indicate that HORMAD1 promotes SC formation independent of homology search and raise
the possibility that HORMAD1 has a direct role in SC formation.

HORMAD1, DSB formation and DSB repair
Early DSB repair steps are important for homology search. Therefore, we examined if
chromosome alignment-SC defects in Hormad1−/− meiocytes reflect DSB repair defects.
The first step in DSB repair is DNA end resection, which creates single-stranded 3′
overhangs bound by two recombinases, RAD51 and DMC1, that facilitate homology
search1, 2, 6, 43-45. RAD51- and DMC1-marked meiotic DSB sites are chromosome axes-
associated, and RAD51-DMC1 focus counts provide an estimate of the number of DSBs
available for homology search1. Upon SC formation, RAD51 and DMC1 are replaced at
most DSB sites by markers of intermediate stages of DSB repair, including the single-
stranded DNA binding protein RPA and MSH41, 46. RAD51, DMC1, RPA and MSH4 foci
numbers are significantly lower in Hormad1−/− spermatocytes than in WT cells during
observable prophase stages (Fig. 2a-h, Supplementary Information, Fig. S7a-d)41. During
the comparable early-mid-zygotene stage median foci numbers are three- to six-fold reduced
in Hormad1−/− spermatocytes. (Fig. 2e-h). RAD51 and RPA focus numbers are similarly
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reduced in Hormad1−/− oocytes (Supplementary Information, Fig. S7e, f)41. Thus the
steady state numbers of single-stranded DSB ends appear strongly reduced in Hormad1−/−
meiocytes, which could explain the inefficient homologue alignment and contribute to
defective SC formation.

Two scenarios could explain the reduced numbers of processed DSB ends in Hormad1−/−
meiocytes: either fewer processed DSBs are produced, or DSBs are repaired faster.
Recombination protein foci first appeared at similar times (but fewer in number) and did not
disappear prematurely in Hormad1−/− spermatocytes (Fig. 2e-h). In particular, we did not
see dramatic early decline in RPA focus numbers, which would indicate premature repair.
We also examined the behaviour of the late recombination marker MLH1, which appears at
destined CO sites from mid-pachytene onwards in WT (Fig. 2i-k)46-48. We never observed
MLH1 foci in Hormad1−/− spermatocytes (n=378). Defective MLH1 foci formation in
Hormad1−/− spermatocytes41 is unlikely to be the result of a direct block in DSB repair,
because MLH1 foci are detected (preferentially associated with synapsed axes) in
Hormad1−/− oocytes, albeit in reduced numbers (~30% of WT) (Fig. 2i-k). This difference
between oocytes and spermatocytes is likely due to different timing of elimination of
defective meiocytes, with oocytes eliminated later, allowing stages corresponding to late-
pachytene to be examined. Although we cannot exclude that some DSB repair steps are
accelerated in Hormad1−/− meiocytes, the behaviour of recombination proteins does not
indicate significant acceleration.

We next asked how efficiently DSBs and/or single-stranded DSB ends are produced in the
Hormad1−/− mutant. DSBs trigger accumulation of phospho-histone H2AX (γH2AX)
during leptotene-early-zygotene through activation of ATM kinase49, 50. Levels of
chromatin-bound γH2AX are significantly reduced in Hormad1−/− leptotene-early-
zygotene spermatocytes (Supplementary Information, Fig. S8). Consistent with this, others
reported reduced γH2AX levels and reduced ATM autophosphorylation, implying reduced
ATM activation, in Hormad1−/− spermatocytes41.

Since this result may indicate reduced DSB formation, we measured the effect of
Hormad1−/− mutation on amounts of SPO11-oligonucleotide complexes that are produced
when DSB ends are resected45 (Fig. 3a-d). To control for the fact that the Hormad1−/−
mutant displays a mid-pachytene spermatogenic block, we employed the DSB repair-
defective Dmc1−/− background: DMC1-deficient spermatocytes arrest in mid-pachytene
irrespective of Hormad1 genotype (Fig. 3e)12, 43, 44. In three independent experiments with
adult mice we observed 2-, 3.1- and 4.2-fold reduction in testis-weight-normalised SPO11-
oligonucleotide levels in Hormad1−/− Dmc1−/− testes relative to Hormad1+/+ Dmc1−/−
controls (Fig. 3a). We also examined SPO11-oligonucleotide levels in testes of juvenile 14
days postpartum-dpp mice (Fig. 3c), in which the sizes and cellularities of WT and mutant
testes are comparable because the vast majority of spermatocytes have not yet progressed far
enough in meiosis to be affected by the mid-pachytene checkpoint. In two independent
experiments testis-weight-normalised SPO11-oligonucleotide levels were reduced 3.8- and
4.8-fold in Hormad1−/− testes relative to WT controls, whereas WT and Dmc1−/− testes
were similar. Although we cannot exclude that turnover of both SPO11-oligonucleotide
complexes and single-stranded DSB ends are faster in the Hormad1−/− mutant, the simplest
interpretation of our observations is that HORMAD1 is needed for efficient formation of
DSBs and/or single-stranded DSB ends.

HORMAD1 and meiotic prophase checkpoints
Collaboration between Hop1 and Mec1, the yeast orthologues of HORMAD1 and ATR
respectively, is required for the meiotic prophase checkpoint in budding yeast35.
Interestingly, HORMAD1 preferentially associates with unsynapsed chromosome axes,
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resembling the behaviour of ATR and two ATR activators, BRCA1 and TOPBP1 in WT
meiocytes51-57. Active ATR phosphorylates H2AX on unsynapsed chromatin from zygotene
onwards, thereby promoting meiotic silencing of unsynapsed chromosomes (MSUC), a
phenomenon that is crucial for the mid-pachytene checkpoint13, 14, 57. Therefore, we asked
whether HORMAD1 also has a role in these processes. In spermatocytes, sex chromosomes
only synapse and recombine in their short pseudoautosomal regions. Consequently, most sex
chromosome regions remain unsynapsed and silenced in a γH2AX-rich structure termed the
sex body57-59. Efficient sex chromosome silencing is essential for progression beyond mid-
pachytene60, 61. In DSB repair-SC defective spermatocytes, ATR activity (γH2AX) persists
on unsynapsed autosomes, and fails to accumulate strongly on sex chromosomes8-12, 60.
Consequently, sex body formation and sex chromosome silencing fail, resulting in mid-
pachytene apoptosis60, 61. Sex body formation is defective in Hormad1−/− spermatocytes
(Fig. 4a)41. Nevertheless, γH2AX was observed accumulating in chromatin regions that are
not associated strongly with unsynapsed chromosome axes in Hormad1−/− spermatocytes.
This abnormal localisation of γH2AX could result either from reduced DSB numbers and
incomplete SC formation or from a more direct involvement of HORMAD1 in the
recruitment of ATR activity to unsynapsed chromatin.

To test these two possibilities, we examined the effect of Hormad1−/− mutation on the
MSUC pathway in a Spo11−/− background4, 5. Although SC formation is abnormal in
Spo11−/− spermatocytes, MSUC is active and a random subset of unsynapsed chromosome
axes is frequently associated with one or a few γH2AX-rich silenced chromatin domains
termed pseudo-sex bodies (Fig. 4b)12, 50. Since SC formation is severely compromised in
Hormad1−/− Spo11−/− meiocytes relative to Spo11−/− mutants (Fig. 1), we controlled for
loss of SCs by comparing pseudo-sex body formation and the behaviour of MSUC proteins
in the Hormad1−/− Spo11−/− double mutant with the Syce2−/− Spo11−/− double mutant,
which lacks an SC central element component and does not form SCs9. Formation of
pseudo-sex body-like chromatin domains is strongly reduced in Hormad1−/− Spo11−/−
double mutant spermatocytes relative to both Spo11−/− and Syce2−/− Spo11−/− controls
(Fig. 4b, c). Lack of HORMAD1 strongly reduces total nuclear γH2AX
immunofluorescence staining in the Spo11−/− background, whereas loss of SC formation
does not (Fig. 4d). Both ATR and TOPBP1 accumulate within pseudo-sex bodies, and
BRCA1 accumulates on chromosome axes associated with pseudo-sex bodies (Fig. 5)12, 50,
60. We observed reduced localisation of TOPBP1, ATR and BRCA1 to unsynapsed
chromatin in the Hormad1−/− Spo11−/− double mutant in comparison with both control
strains (Fig. 5). This phenotype is probably not caused by an early block in meiotic
progression, since Spo11−/−, Syce2−/− Spo11−/− and Hormad1−/− Spo11−/−
spermatocytes are eliminated in stage IV tubules (Supplementary Information, Fig. S6). The
most straightforward interpretation is that HORMAD1 promotes recruitment of MSUC
proteins to unsynapsed chromatin regions independently of its role in the formation of
processed DSBs and SCs.

The prophase checkpoint is less well understood in oocytes than in spermatocytes, although
ATR activation and MSUC has been implicated in the female checkpoint13, 57. In the
absence of heterologous sex chromosomes, oocytes do not form sex bodies. Nevertheless
Spo11−/− oocytes frequently contain male pseudo-sex body-like γH2AX-rich chromatin
domains that also contain TOPBP1 and BRCA1 (Supplementary Information, Fig. S9)13.
Formation of such female “pseudo-sex bodies” is strongly reduced in Hormad1−/− Spo11−/
− oocytes (Supplementary Information, Fig. S9), indicating that HORMAD1 may have a
role in MSUC and the prophase checkpoint in females. Therefore, we compared the number
of oocytes in ovaries from 6-weeks-old WT, Hormad1−/−, Spo11−/− and Hormad1−/−
Spo11−/− animals and in ovaries from 11-month-old WT and Hormad1−/− animals (Fig.
6a, b). In the SC-defective Spo11−/− mutant, very few oocytes survive until 6 weeks.

Daniel et al. Page 5

Nat Cell Biol. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Despite defective SC formation, oocyte numbers are not reduced in Hormad1−/−41 or
Hormad1−/− Spo11−/− animals relative to WT. Notably, oocyte apoptosis rates are similar
in WT, Hormad1−/− and Hormad1−/− Spo11−/− mice, and are greatly elevated in the
Spo11−/− mutant one day after birth, when many of the SC-defective oocytes are eliminated
(Fig. 6c). Thus, Hormad1−/− suppresses oocyte loss in the Spo11−/− background. These
observations demonstrate that HORMAD1 is essential for the female prophase checkpoint
that eliminates oocytes with abnormal SC formation and homologue alignment.

Chromosome segregation in Hormad1−/− oocytes
Follicular oocyte development does not require HORMAD141 since we found oocytes at all
stages of follicular development in Hormad1−/− and Hormad1−/− Spo11−/− animals (Fig.
6a). This allowed us to test whether chiasmata form during the first meiotic metaphase in the
absence of HORMAD1. On average, roughly one third of chromosomes were connected by
chiasmata in in vitro-matured metaphase Hormad1−/− oocytes, which corresponds well to
the number of MLH1 foci observed in pachytene oocytes (Fig. 2k, 7). Chiasmata formation
depends both on sister chromatid cohesion along chromosome arms and on CO formation.
Thus, our observations suggest that sister chromatid cohesion is intact and that MLH1-
marked DSB sites are efficiently resolved as COs in the Hormad1−/− mutant.

We evaluated the consequences of reduced CO numbers on the first meiotic division in in
vitro-matured oocytes. Although nuclear envelope breakdown efficiency was similar in WT
(142 of 149) and Hormad1−/− (73 of 77) oocytes, polar body extrusion was greatly reduced
in the mutant (5 of 60) relative to WT (92 of 95). Video microscopy shows that Hormad1−/
− oocytes have abnormally long meiosis I spindles, on which chromosomes fail to align
(Fig. 7c, d, Supplementary Information, Movies 1, 2). This defect likely causes anaphase
failure and the polar body extrusion defect. Despite the abnormal first meiotic division,
some of the Hormad1−/− oocytes are fertilised in vivo since in a few cases (3 of 11 breeding
pairs) we found one to three reabsorbing embryos five to eight days after breeding began.
Nevertheless, embryos never developed to full term in Hormad1−/− females (19 females,
125 breeding weeks). Infertility and loss of embryos are consistent with the meiotic
chromosome segregation defects (Fig. 7c, d, Supplementary Information, Movies 1, 2) and
with the reported widespread aneuloidy in early embryos in Hormad1−/− females41.

DISCUSSION
We analysed the functions of HORMAD1 using mouse genetics. We propose three distinct
biological functions for mouse HORMAD1. First, HORMAD1 increases the steady state
numbers of single-stranded DSB ends, thereby facilitating homology search. Our data
suggest that HORMAD1 promotes either efficient DSB formation or resection of DSB ends
or both. Because budding yeast Hop1 is required for efficient DSB formation29, 35 we
favour the first possibility. In budding yeast, inter-homologue CO numbers remain relatively
stable when DSB numbers are reduced, a phenomenon called CO homeostasis62.
Comparable reduction in the numbers of early-intermediate recombination protein foci
(particularily RPA) and of chiasmata in the Hormad1−/− mutant might be interpreted as a
sign of lack of CO homeostasis in mice (Fig. 2, 7). However, a trivial explanation is that CO
homeostasis can function only if homology search succeeds and homologues align. Hence,
the roughly three-fold reduction in CO formation may simply reflect the low number of
homologues that manage to partially or fully align in Hormad1−/− meiocytes. The observed
correlation between numbers of SYCP1 stretches and MLH1 foci in oocytes is consistent
with this latter possibility (Fig. 2j). Our data suggest that Hormad1−/− meiocytes are
proficient in DSB repair steps that are important for homology search and inter-homologue
CO formation, and reduced CO formation is caused by reduced levels of single-stranded
DSB ends. Consistently with this hypothesis some homologues appear to synapse at least
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partially in Hormad1−/− meiocytes, a conclusion based on the observations that incomplete
SCs form between chomosomes of similar axis length, and that SC formation largely
depends on SPO11-DSBs and presumably on the downstream process of homology search
in Hormad1−/− cells (Fig. 1, Supplementary Information, Fig. S5). Furthermore, chiasmata
form between chromosomes of identical length indicating that inter-homologue chiasmata,
which are consequences of inter-homologue COs, form in Hormad1−/− oocytes (Fig. 7a).

Second, HORMAD1 promotes SC formation independently of its role in homology search.
This conclusion is based on the observation that HORMAD1 is needed for efficient non-
homologous SC formation (Fig. 1, Supplementary Information, Fig. S5). It is formally
possible that HORMAD1 is required only for pathological non-homologous synapsis.
However, we consider it unlikely that as a prelude to homology search unsynapsed
chromosome axes are loaded with a protein (HORMAD1) that specifically promotes non-
homologous synapsis. It seems more likely that HORMAD1 promotes SC formation
between axes that come into close proximity, irrespective of underlying homology.

Finally, HORMAD1 plays a key role in the male mid-pachytene checkpoint and the female
meiotic prophase checkpoint, both of which eliminate meiocytes with defects in DSB repair
and/or in homologue alignment-SC formation. HORMAD1 is required for efficient build up
of ATR activity on unsynapsed chromosome regions, a process that is believed to form the
basis of MSUC and meiotic prophase quality control in both sexes13, 14, 57 (Fig. 4, 5,
Supplementary Information, Fig. S9). In males, mid-pachytene apoptosis of DSB repair-SC
defective spermatocytes is triggered by failure of MSUC on sex chromosomes, allowing
transcription of genes whose expression is incompatible with survival beyond mid-
pachytene13, 60, 61. In females, elimination of defective oocytes might be triggered by
inappropriate MSUC or persistent ATR activity during prophase13. Therefore, the
apparently opposite effect of Hormad1 mutation in the two sexes (i.e., apoptosis of
spermatocytes and survival of SC-defective oocytes) is likely caused by a common defect in
recruitment of ATR activity to unsynapsed chromosomes. ATR is recruited to DSB sites in
somatic cells, where it becomes active as part of the G2/M DSB repair checkpoint14. In
meiosis, ATR and its activators are recruited to both DSB sites and unsynapsed chromatin13,
14, 51-57, 60. Our data raise the possibility that HORMAD1 fulfils its role in meiotic
progression control by recruiting ATR and/or other components of the somatic DSB
checkpoint machinery to unsynapsed chromatin, thereby adapting their functions for the
detection of unsynapsed chromosome axes.

A comprehensive model for meiotic progression control emerges from this study and
previous work showing that HORMAD1 is depleted from chromosome axes in response to
SC formation (Fig. 8)40. We propose that the SC and HORMAD1 interact in a negative
feedback-loop, to coordinate meiotic progression with successful homologue alignment.
HORMAD1 promotes homologue alignment and SC formation. In turn, SC formation down-
regulates HORMAD1 function by promoting HORMAD1 depletion from aligned
homologues, which is a prerequisite for progression beyond the first meiotic prophase.

Although our observations and consistent observations of others41 clearly show the
importance of HORMAD1 during mice meiosis, Hormad1−/− phenotypes appear partial.
Conceivably, HORMAD1's paralogue, HORMAD2, might partially substitute for
HORMAD1 during meiosis. It will be possible to resolve this question through analysis of
Hormad1−/− Hormad2−/− mice when such mutant becomes available.
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Methods
Hormad1 targeting

The Hormad1 targeting construct was designed according to the multi-purpose allele
strategy63. The Splice-Acceptor (SA)-IRES-LacZneo-pA and PGK-Blasticidin-pA cassettes
flanked by FRT sites were inserted in intron 3 (Supplementary Information, Fig. S2). The
frame-shifting exon 4 was flanked by loxP sites. Plasmids were constructed using
recombineering methods available on request64. To modify the Hormad1 locus, mouse R1
embryonic stem (ES) cells were cultured (using Mitomycin-C inactivated mouse embryonic
fibroblasts as feeders) and electroporated with the linearised targeting constructs using
standard protocols. Southern blot was used to identify correctly targeted ES clones: DNA
was digested overnight with BclI, Bsu36I or HindIII for Southern blots with internal-, 5′- or
3′-probe, respectively, and DNA fragments were separated on 0.8% agarose gels (data not
shown).

Generation of knockouts and genotyping
We generated mice that carried either of two different Hormad1 null alleles
(Hormad1insertion and Hormad1deletion) or an allele with restored functionality
(Hormad1restored) (Supplementary Information, Fig. S2). Two independent ES cell clones
with a single integration of the targeting construct into the Hormad1 locus were used to
generate chimeric animals. Progeny of the chimeric animals crossed to C57BL/6JOlaHsd
females were genotyped by Southern blot and PCR (Supplementary Information, Fig. S2). In
subsequent crosses, only PCR was used for genotyping the various alleles of Hormad1 from
tail tip DNA. Genotyping primers: LacZfor 5′-TGGCTTTCGCTACCTGGAGAGAC,
LacZrev 5′-AATCACCGCCGTAAGCCGACCAC, 5loxD 5′-
TCCCTTCTGTCCTCCCATCTCC, loxP1 5′-GCTATACGAAGTTATAGCGGCAC,
3loxD 5′-TGGGTGCAAGCCTTTAATCCCC. PCR product sizes with LacZfor/LacZrev
primers: Hormad1insertion template-208 bp, other alleles-no specific product; with
LoxP1/3loxD primers: Hormad1insertion, Hormad1restored and Hormad1deletion

templates-267 bp, WT allele-no specific product; with 5loxD/3loxD primers:
Hormad1insertion and Hormad1restored templates-487 bp, WT allele-377 bp, Hormad1deletion

allele-no specific product. To generate Hormad1restored/+ mice, we crossed ES26 derived
Hormad1insertion/+ mice with hACTB:FLPe transgenic mice65. To generate
Hormad1deletion/+ mice, we crossed Hormad1restored/+ with PGK-Cre transgenic mice66.

Animal experiments
Dmc1, Spo11 or Syce2 knockout mice were reported earlier4, 9, 43. Experiments were
performed in a mixed background (with 75-87.5% contribution from the C57BL/6JOlaHsd
inbred line). Whenever possible, experimental animals were compared with litter mate
controls or with age-matched non-litter mate controls from the same colony. Although some
of the figures show data from juveniles, all of our conclusions were reconfirmed from adult
mice (more than 8-weeks-old). In Fig. 2 e-h data points from different ages (16 days and 8
weeks) were pooled when WT and Hormad1−/− litter mates were compared, since data at
different ages were similar in respect of averages and ranges. HORMAD1 is not detected by
western blot in Hormad1insertion/insertion testis extract (Supplementary Information, Fig. S2)
and HORMAD1 is not detected by immunofluorescence on chromosome axes of
Hormad1insertion/insertion meiocytes (data not shown), indicating that Hormad1insertion is a
null allele. All of our conclusions are based on experiments that were performed at least
once in the ES26 Hormad1insertion lineage. Apart from the kinetic analysis of axis and SC
formation all of our conclusions involving experiments with single knockout mice were
reconfirmed in the ES21 Hormad1insertion and ES26 Hormad1deletion lineages. The
phenotypes of ES26 Hormad1insertion/insertion, ES21 Hormad1insertion/insertion and ES26

Daniel et al. Page 8

Nat Cell Biol. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Hormad1deletion/deletion are indistinguishable. Therefore, we do not distinguish between
Hormad1insertion and Hormad1deletion alleles, and we refer to them as the Hormad1- allele.
ES26 Hormad1restored/restored mice are fertile. Testis size and SC formation in spermatocytes
are indistinguishable in Hormad1restored/restored and WT mice (data not shown), which
reconfirms that the phenotypes of Hormad1insertion/insertion and Hormad1deletion/deletion

animals are caused by interference with production of WT Hormad1 transcripts. For staging
embryonic development, the day of detection of a vaginal plug was marked as 0.5 days post
coitum (dpc). All animals were used and maintained according to regulations provided by
the animal ethics committee of the Technische Universität Dresden.

Immunofluorescence (IF)
Preparation and immunostaining of testis-ovary cryosections and nuclear surface spreads of
meiocytes were performed as described previously with a few modifications40, 67. Ovaries
and testes were fixed for 25 and 40 min, respectively, in 3.6% formaldehyde buffered with
pH7.4 100 mM Na-phosphate. 8 μm (ovary) or 7 μm (testis) thick sections were cut from
frozen specimens embedded in “O.C.T.” (Sakura Finetek Europe). Sections dried onto slides
were immunostained following washes in PBS pH7.4 and PBS pH 7.4, 0.1% Triton X-100.
IF-TUNEL assay was performed with Millipores′s ApopTag® Plus In Situ Apoptosis
Fluorescein Detection Kit (S 7111). Antibodies: as described before40, rabbit anti-SMC3
(1:200) and rabbit anti-STAG3 (1:500) were gifts from Rolf Jessberger), guinea pig anti-
SYCE1 (1:500) and guinea pig anti-SYCE2 (1:200) were gifts from Christer Höög, rabbit
anti-RAD51 (1:200, Santa Cruz: sc-8349), rabbit anti-DMC1 (1:50, Santa Cruz: sc-22768),
rabbit anti-MSH4 (1:150, Abcam: ab58666), mouse anti-MLH1 (1:50, BD Biosciences:
551092), rabbit anti-ATR (1:300, Calbiochem: PC538), goat anti-BRCA1 (1:30, Santa Cruz:
sc-1553), rabbit anti-NOBOX (1:500, Abcam: ab41521), rat IgM anti-GCNA168 (1:5, gift
from George C. Enders), rabbit anti-cleaved PARP (Asp214) (1:250, Cell Signalling: 9544)
and CREST Human centromere auto-antibody HCT-100 (1:50, Cellon SA). For
quantification of γH2AX signal in spread spermatocytes (Fig. 4d) matched exposure images
were taken as described earlier40. We measured total IF signal intensity of γH2AX with
ImageJ in squares that covered spread nuclei identified by DAPI staining. Signal intensities
were measured in four regions around the examined nuclei to estimate the background. The
signal intensity values in Fig. 4d are background corrected. To compare oocyte numbers in
adults, we sectioned both ovaries of each mouse (8 μm thick sections), identified oocytes by
anti-NOBOX (oocyte marker69) immunostaining and counted oocytes in every tenth section.
To measure the rate of apoptosis in ovaries of 1 dpp animals, we sectioned both ovaries of
each animal (8 μm thick sections). The sections were stained for GCNA1 (oocyte marker68)
and for cleaved PARP1 (apoptosis marker). The numbers of cleaved PARP-positive and
negative oocytes were counted on every eighth section.

Staging meiotic prophase
First, we compared axis development and SC formation in WT nuclear spreads to determine
the stages of axis development corresponding to prophase stages. Thereafter, nuclear spreads
were staged based on axis development (see details in the legend of Supplementary
Information, Fig. S4).

Statistics
Statistical analysis was performed with GraphPad Prism5 and SPSS 11.5 for windows. For
the comparison of independent samples, the two-tailed non-parametric Wilcoxon–Mann–
Whitney two-sample rank-sum test was used.

Daniel et al. Page 9

Nat Cell Biol. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Measurement of SPO11-oligonucleotide complexes and testis extracts
Immunoprecipitations of SPO11 and SPO11-oligonucleotide detection were performed as
published previously with minor modifications45. Both testes from one juvenile or adult
mouse were used for each experiment. Testes were decapsulated, then lysed in 800 μl lysis
buffer (1% Triton X-100, 400 mM NaCl, 25 mM HEPES-NaOH at pH 7.4, 5 mM EDTA).
Lysates were centrifuged at 100,000 rpm (355,040 g) for 25 min in a TLA100.2 rotor.
Supernatants were incubated with anti-mSPO11 antibody 180 (5 μg per pair of testes) at 4°C
for 1 h, followed by addition of 30-40 μl protein-A–agarose beads (Roche) and incubation
for another 3 h. Beads were washed three times with IP buffer (1% Triton X-100, 150 mM
NaCl, 15 mM Tris-HCl at pH 8.0). Immunoprecipitates were eluted with Laemmli sample
buffer and diluted six- to seven-fold in IP buffer. Eluates were incubated with anti-mSPO11
antibody 180 at 4°C for 1 h, followed by addition of 30-40μl protein-A–agarose beads
(Roche) and incubation overnight. Beads were washed three times with IP buffer and twice
with buffer NEB4. SPO11-oligonucleotides were radiolabelled at 37 °C for 1 h using
terminal deoxynucleotidyl transferase (Fermentas) and [α-32P] dCTP. Beads were washed
three times with IP buffer, boiled in Laemmli sample buffer and fractionated on 8% SDS–
PAGE. Immunoprecipitates were transferred to a PVDF membrane by semi-dry transfer
(Bio-Rad). Radiolabelled species were detected and quantified with Fuji phosphor screens
and ImageGuage software. The quantified signal displayed on the figures is background-
corrected i.e. the signal found in the Spo11−/− testes was subtracted (Fig. 3a, c). To
calculate the ratios of testes-weight-normalised SPO11-oligonucleotide levels, the
background corrected signal was divided by the weight of the testes. For western analysis,
membranes were probed with anti-mSPO11 antibody 180 (1:2000 in PBS containing 0.1%
Tween 20 and 5% non-fat dry milk), then horseradish-peroxidase-conjugated protein A
(Abcam; 1:10,000 in PBS containing 0.1% Tween 20 and 5% non-fat dry milk), and
detected using the ECL+ reagent (GE Healthcare). The anti-SPO11 antibody was produced
by the hybridoma cell line 180, which was generated by M.P. Thelen at Lawrence
Livermore National Laboratory, California.

For anti-HORMAD1 western blot analysis (Supplementary Information, Fig. S2), total testis
extracts were prepared by boiling resuspended testes in Laemmli buffer. Standard methods
were used for SDS-PAGE and immunoblotting.

In vitro culture and video microscopy of oocytes
Oocytes were collected from antral follicles of 9-16 weeks old mice into M2 medium (38°C)
supplemented with 100 μg/ml dibutyryl cyclic AMP (dbcAMP), which arrested oocytes in
germinal vesicle stage (GV). Oocytes were induced to undergo meiotic maturation by
rinsing and culture in M2 medium without dbcAMP70. Only oocytes where germinal vesicle
breakdown (GVBD) was observed within 90 min after release were used for further
experiments. Extrusion of the first polar body was determined by visual observation with
light microscopy after overnight incubation (approximately 15-19 h after GVBD).

Video microscopy was carried out following injection of GV oocytes with in vitro-
transcribed mRNAs (Ambion mMessage mMachine kit) coding for histone-H2B-RFP and β-
tubulin-GFP70. Movies were made on a Nikon TE2000E microscope with PrecisExite High
Power LED Fluorescence (LAM 1: 400/465, LAM2: 585), equipped with a temperature
chamber (Life Imaging Services), Märzhäuser Scanning Stage, CoolSNAP HQ2 camera, and
controlled by Metamorph software. Acquisitions (8z sections, every 2 μm, Plan APO 20x/
0.75NA objective) were obtained every 30 min, starting from GVBD+5.5 h. GFP was set to
3% intensity, exposure time to 20 ms, RFP to 5% intensity with a 15 ms exposure time.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. HORMAD1 promotes SC formation independently of DSB-dependent processes
Images of SYCP3 (chromosome axis) and SYCP1 (SC transverse filament), detected by
immunofluorescence (IF) on nuclear spreads of WT zygotene (a), WT pachytene (b) and
mutant zygotene-pachytene spermatocytes (c-e left) collected from 14-weeks-old mice. The
frequency distribution of SC stretches in mutant zygotene-pachytene spermatocytes is
shown (c-e right). c, SC formation is never completed on all autosomes in Hormad1−/−
cells, and unlike in SC transverse filament mutant meiocytes, where unsynapsed
chromosomes align along their length8-11, unsynapsed chromosomes do not align in
Hormad1−/− spermatocytes. Nevertheless, robust stretches of SC frequently form between
chromosomes that appear homologous based on their similar axis length. See enlarged view
of boxed partially synapsed autosome: unsynapsed axes (arrowheads) are of similar lengths.
d, In contrast, SCs connect multiple non-homologous axes, thereby creating a meshwork of
interconnected axes in Spo11−/− mutant, in which strand invasion and homology search is
not possible due to lack of DSBs. See enlarged view of boxed chromosome axes:
arrowheads mark unsynapsed, arrows mark synapsed axes. e. Both the number and the
length of SYCP1 stretches are reduced in Hormad1−/− Spo11−/− spermatocytes relative to
the single mutants. The majority (61% in n=144 cells) of the remaining SYCP1 stretches is
unambiguously linked to a single chromosome axis (arrowheads) indicating that SYCP1
stretches do not necessarily mark inter-chromosomal SCs. Bars, 10 μm.
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Figure 2. Numbers of early, intermediate and late recombination protein foci are reduced in the
absence of HORMAD1 in prophase meiocytes
a-d, SYCP3 and either RAD51 (a) DMC1 (b), RPA (c) or MSH4 (d) are detected on nuclear
spreads of typical early-mid-zygotene WT and Hormad1−/− spermatocytes from 16-days-
old mice. Bars, 10 μm. e-h, Foci numbers of early (RAD51-e, DMC1-f) and intermediate
(RPA-g, MSH4-h) recombination proteins during leptotene (le) and early-mid-zygotene (e-
zy) in WT and Hormad1−/−; late-zygotene (l-zy) and pachytene (pa) in WT and zygotene-
pachytene (zy-pa) in Hormad1−/− spermatocytes. Median foci numbers are marked. During
the comparable early-mid-zygotene stage, a three- to six-fold reduction (highly significant
by Mann–Whitney test) is observed in recombination protein foci numbers in the mutant
relative to WT. i-k, Focus numbers of the CO marker MLH1 are reduced in the absence of
HORMAD1 in oocytes. i, SYCP3 (chromosome axis), SYCE2 (SC central element) and
MLH1 were detected by IF in nuclear spreads of Hormad1+/− and Hormad1−/− oocytes
from 19.5 dpc foetuses (a stage when most oocytes are in the late-pachytene or diplotene
stage in WT). Fewer chromosome axis-associated MLH1 foci are detected in Hormad1−/−
oocytes than in Hormad1+/− oocytes. Note that the majority of MLH1 foci (78%, n=51
cells) are observed on synapsed axes in the mutant. Bars, 10 μm. j, Scatter plot shows
positive correlation (Spearman's r=0.72, n=30) between MLH1 foci numbers and the
number of SC stretches (immunostaining for SYCE1 or SYCE2) in Hormad1−/− oocytes,
indicating that DSBs might be repaired as COs preferentially in chromosome regions that
align and synapse, or that synapsis occurs preferentially where COs are successfully
designated. k, Chromosome axis-associated MLH1 focus numbers are reduced
approximately three-fold in Hormad1−/− oocytes from 18.5-19.5 dpc foetuses relative to
Hormad1+/− oocytes. Median focus numbers are marked by horizontal lines.
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Figure 3. Amounts of SPO11-oligonucleotide complexes in testes are reduced in the absence of
HORMAD1
a, c, Measurement of SPO11-oligonucleotide complexes in testes of adult 14-weeks-old (a)
and juvenile 14 dpp (c) mice. SPO11-oligonucleotide complexes were immunoprecipitated
with or without anti-SPO11 antibodies, and covalently-linked oligonucleotides were
radioactively labelled. Each sample represents one testis-equivalent SPO11-oligonucleotide
complexes. Bars mark SPO11-specific signals and asterisks indicate non-specific labelling
of a contaminant in the terminal deoxytransferase preparations. Arrowhead marks an
artifactual radioactive signal attributable to presence of immunoglobulin heavy chain (Ig-hc
in b). Quantified radioactive signals in the mutants have been background-corrected and
normalised: in a signals are normalised to the adult WT control; in c Dmc1−/− and
Hormad1−/− signals are normalised to their litter mate Dmc1+/+ and Hormad1+/+
controls, respectively (see Methods). Blots of immunoprecipitates from a and c were probed
with anti-SPO11 antibodies in b and d, respectively. b, In WT adults, two alternative forms
of SPO11 (α and β) are present5. Total SPO11 amounts are similar in Dmc1−/− and
Hormad1−/− Dmc1−/− mutants, and are lower in the mutants than in WT. Only SPO11β,
the form that appears early in meiosis, is detected in the mutants. Arrowhead marks the
immunoglobulin heavy chain (bleached out signal). Mid-pachytene spermatogenic block in
the mutants (e) is the likely cause of reduced SPO11 amounts in Dmc1−/− and Hormad1−/−
Dmc1−/− testes, and of reduced SPO11-oligonucleotide amounts in Dmc1−/− testes12, 43,
44. d, In juveniles, total SPO11 protein levels are low and only the long β form of SPO11
(arrow) is detectable5. For full scan gel-images of a-d see Supplementary Information, Fig,
S10. e, DNA was detected by DAPI, and apoptosis was detected by IF-TUNEL assay on
cryosections of testes of 15-weeks-old mice. Dmc1−/− and Hormad1−/− Dmc1−/−
spermatocytes undergo apoptosis in stage IV tubules as identified by the concomitant
presence of intermediate spermatogonia (In), late-prometaphase intermediate spermatogonia
(La-In), mitotic intermediate spermatogonia (m) and spermatogonia B (SgB). Both non-
apoptotic (sc) and apoptotic (asc) spermatocytes are present in the stage IV tubules shown.
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Spermatocytes are fully eliminated upon progression to stage V (data not shown). Bars, 20
μm.
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Figure 4. HORMAD1 is required for sex body and pseudo-sex body formation in the Spo11+/+
and Spo11−/− backgrounds, respectively
a, SYCP3 (chromosome axis), SYCE2 (SC central element) and γH2AX were detected in
nuclear spreads of WT late-zygotene and pachytene, and Hormad1−/− zygotene-pachytene
spermatocytes collected from 16-days-old mice. Matched exposure images of γH2AX are
shown. In WT late-zygotene spermatocytes, γH2AX chromatin domains associate with
unsynapsed chromosome axes. In WT pachytene cells, unsynapsed regions of X and Y sex
chromosome axes (marked by x and y) are surrounded by one large γH2AX-rich chromatin
domain, the sex body. Anti-γH2AX staining is patchy in the majority (59%) of Hormad1−/−
spermatocytes, with no clear correlation between lack of synapsis and γH2AX localisation
(third row). A few large γH2AX-rich chromatin domains form in a minority of Hormad1−/−
spermatocytes (41%, n=512), but only a subset of unsynapsed axes overlap with γH2AX-
rich chromatin, and synapsed axes overlapping with γH2AX-rich chromatin domains are
also observed regularly (bottom row). Arrowheads mark two unsynapsed axes in WT late-
zygotene and in each mutant cell. Bars, 10 μm. b, Matched exposure images of SYCP3
(chromosome axis), SYCP1 (SC transverse filament) and γH2AX in nuclear spreads of
Spo11−/− , Hormad1−/− Spo11−/− and Syce2−/− Spo11−/− spermatocytes of adult (9-
weeks-old) mice. Large γH2AX-rich chromatin domains-pseudo-sex bodies (marked by
arrowheads) frequently form in Spo11−/− and Syce2−/− Spo11−/− spermatocytes. Bars, 10
μm. c, Quantification of pseudo-sex body formation in spermatocytes with full-length
chromosome axes (collected from 24-days-old mice). The percentage of cells with no
pseudo-sex body (cells without PSB) or with one to three clear pseudo-sex bodies (cells with
PSB) is shown. d, Quantification of γH2AX signal in spermatocytes with full-length
chromosome axes (collected from 24-days-old mice) shows a significant reduction in total
nuclear γH2AX amounts in Hormad1−/− Spo11−/− relative to Spo11−/− and Syce2−/−
Spo11−/− (Mann–Whitney test).
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Figure 5. I HORMAD1 is required for efficient accumulation of ATR, TOPBP1 and BRCA1 on
chromatin in the absence of programmed DSBs
Matched exposure images of SYCP3 (chromosome axis), γH2AX and either ATR (a),
TOPBP1 (b) or BRCA1 (c) in nuclear spreads of spermatocytes collected from 24-days-old
mice. Spo11−/− and Syce2−/− Spo11−/− spermatocytes are shown with cloud-like ATR (a)
or TOPBP1 (b) accumulation or with BRCA1 localised to axes (c) in γH2AX-marked
pseudo-sex bodies. In a and b, Hormad1−/− Spo11−/− cells are shown without a pseudo-
sex body and without ATR or TOPBP1 accumulation on chromatin, respectively. In c,
Hormad1−/− Spo11−/− cell is shown with a pseudo-sex body, within which no BRCA1
association with the axis was detected. Note that only a small minority of Hormad1−/−
Spo11−/− spermatocytes shows pseudo-sex body-like accumulation of γH2AX (Fig. 4c).
Bars, 10 μm. d-f, Frequency of cloud-like ATR (d) and TOPBP1 (e) accumulation and
frequency of BRCA1 association with axes (f) in spermatocytes with fully formed
chromosome axes. ATR- and TOPBP1-rich chromatin domains are frequently observed in
Spo11−/− and Syce2−/− Spo11−/− spermatocytes, and BRCA1 association with axes is also
observed in these mutants. ATR and TOPBP1 are virtually absent from chromatin in the
large majority of Hormad1−/− Spo11−/− cells, and BRCA1 localisation to axes was never
observed in Hormad1−/− Spo11−/− spermatocytes.
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Figure 6. I Lack of HORMAD1 allows survival of oocytes in the SC-defective Spo11−/− mutant
a, NOBOX (postnatal oocyte marker) was detected by IF on cryosections of ovaries from 6-
weeks-old mice. DNA was detected by DAPI. Oocytes in primordial (pd), primary (pr) and
secondary (s) follicular stages are shown in WT, Hormad1−/− and Hormad1−/− Spo11−/−
ovaries. In the SC-defective Spo11−/− mutant, oocyte numbers are strongly reduced. A
lower magnification section of a Spo11−/− ovary is shown to better illustrate the absence of
oocytes. Bars, 50 μm. b, Sum of oocyte numbers on every tenth section of sectioned-through
ovary pairs at the indicated ages. Each data point represents a mouse. c, Fraction of
apoptotic oocytes in the ovaries of 1-day-old (1 dpp) mice of indicated genotypes.
Horizontal lines show medians in b and c.
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Figure 7. Reduced numbers of chiasmata form in Hormad1−/− oocytes
a, Centromeres were detected by IF and DNA was detected by propidium iodide on nuclear
spreads of in vitro-matured metaphase stage oocytes. In WT cells, 20 pairs of chromosomes
are connected by chiasmata. In the Hormad1−/− mutant, a large fraction of chromosomes
does not have chiasmata (one such chromosome is marked by arrowhead). Arrow marks a
pair of chromosomes connected via a chiasma in the mutant oocyte. Note that bivalents are
symmetrical and chiasmata form between chromosomes of identical length in the mutant,
indicating that CO formation took place between homologous chromosomes. Chromosomes
scatter over a larger area during nuclear spreading in the mutant, therefore it was not
possible to include all 40 chromosomes of a meiosis I oocyte in the image. Bars, 10 μm. b,
The average numbers of paired chromosomes connected by chiasmata (marked by line) are
reduced nearly three-fold in in vitro-matured Hormad1−/− oocytes relative to WT oocytes. c
and d, mRNAs encoding β-tubulin-GFP and histone H2B-RFP were injected into WT (c)
and Hormad1−/− (d) oocytes during the germinal vesicle stage (prophase), and the oocytes
were matured in vitro. The fluorescent proteins in the oocytes were imaged 5.5 hours after
germinal vesicle break down (GVBD), at a time when WT oocytes are in the first meiotic
metaphase, and 17.5 hours after GVBD, at a time when WT oocytes are arrested in the
second meiotic metaphase. A polar body (marked by arrowhead in c), which was extruded 7
hours after GVBD (Supplementary Information, Movie 1) is observed next to the metaphase
II stage WT oocyte at the 17.5 hour time point. In the Hormad1−/− oocyte (d), the meiotic
spindle is abnormally long and chromosomes fail to align at both time points. Meiotic
anaphase did not take place in the displayed Hormad1−/− oocyte (Supplementary
Information, Movie 2), and no polar body can be observed at either time points (d). Bars, 20
μm.
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Figure 8. Model for meiotic progression: negative feedback-loop of HORMAD1 and SC
coordinates homology search and meiotic progression
Processes, activation-promotion and inhibition are marked by continuous black arrows, red
dashed arrows and blue flat-ended dashed arrows, respectively. HORMAD1 associates with
forming chromosome axes at the beginning of meiosis where it promotes DSB formation
and/or processing of DSBs. It thereby ensures that adequate numbers of single-stranded
DSBs are available for homology search. As part of the homology search process DSB ends
strand-invade into homologues. Multiple strand invasion events along the length of
chromosomes lead to full alignment of pairs of homologues, which is a prerequisite for the
completion of SC formation. HORMAD1 also promotes SC formation through a mechanism
that is independent of homology search. SC formation leads to depletion of HORMAD1
from axes and down-regulation of HORMAD1 function40. Hence, in spermatocytes, full
autosomal SC formation leads to a restriction of HORMAD1 and ATR activity to sex
chromosomes, thereby promoting efficient silencing of sex chromosomes, which is a
prerequisite for progression beyond mid-pachytene13, 60, 61. In oocytes, completion of SC
formation on all chromosomes leads to complete inactivation of HORMAD1, which in turn
leads to down-regulation of ATR and MSUC. Since sustained ATR activity and/or sustained
MSUC is believed to block progression beyond meiotic prophase13, full SC formation and
HORMAD1 inactivation link successful homologue alignment with progression beyond
meiotic prophase. Note that successful DSB repair is probably also required for full down-
regulation of ATR activity and for meiotic progression in oocytes (for the sake of simplicity,
this branch of the prophase checkpoint is not displayed in the model).
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