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A B S T R A C T

Repair of SPO11-dependent DNA double-strand breaks (DSBs) via homologous recombination (HR) is essential
for stable homologous chromosome pairing and synapsis during meiotic prophase. Here, we induced radiation-
induced DSBs to study meiotic recombination and homologous chromosome pairing in mouse meiocytes in the
absence of SPO11 activity (Spo11YF/YF model), and in the absence of both SPO11 and HORMAD1 (Spo11/
Hormad1 dko). Within 30min after 5 Gy irradiation of Spo11YF/YF mice, 140–160 DSB repair foci were detected,
which specifically localized to the synaptonemal complex axes. Repair of radiation-induced DSBs was incomplete
in Spo11YF/YF compared to Spo11+/YF meiocytes. Still, repair of exogenous DSBs promoted partial recovery of
chromosome pairing and synapsis in Spo11YF/YF meiocytes. This indicates that at least part of the exogenous
DSBs can be processed in an interhomolog recombination repair pathway. Interestingly, in a seperate experi-
ment, using 3 Gy of irradiation, we observed that Spo11/Hormad1 dko spermatocytes contained fewer remaining
DSB repair foci at 48 h after irradiation compared to irradiated Spo11 knockout spermatocytes. Together, these
results show that recruitment of exogenous DSBs to the synaptonemal complex, in conjunction with repair of
exogenous DSBs via the homologous chromosome, contributes to homology recognition. In addition, the data
suggest a role for HORMAD1 in DNA repair pathway choice in mouse meiocytes.

1. Introduction

Meiosis allows generation of haploid gametes from diploid pre-
cursor cells. In the first meiotic division, recombination and segregation
of homologous chromosomes takes place, whereas sister chromatids are
separated in the second division. At the onset of meiotic prophase I,
more than 200 meiotically regulated DNA double-strand breaks (DSBs)
are induced by the SPO11/TOPOVIBL complex in the mouse [1–4].
Essential components of non-homologous end joining (NHEJ), an error-
prone DSB repair mechanism, are suppressed in early meiotic prophase
of mouse spermatocytes [5], and meiotic DSBs are thought to be re-
paired via homologous recombination (HR), although a contribution of
pathways such as alternative NHEJ or single-strand annealing cannot be
excluded [6,7]. HR repair is mediated by recombinases, proteins that
have DNA-dependent ATPase activity and form filaments on the single-
stranded resected DNA ends at DSB sites. In meiotic cells, two

recombinases are expressed: RAD51 and DMC1. RAD51 is known to be
essential for homologous recombination repair in mitotic cells [8,9],
and is thought to perform an accessory function in mouse meiosis, in
analogy to what has been described for yeast RAD51 [10]. Recent
knockdown experiments indeed indicate a role for RAD51 in meiotic
recombination and crossover formation [11]. DMC1 has indispensable
meiosis-specific activity [12,13]. Repair via homologous recombination
implies the use of an intact DNA template to recover the missing genetic
information. In meiotic prophase I cells, three templates can be used:
the sister chromatid, that is tethered to its counterpart by (meiosis-
specific) cohesins which are loaded during [14,15] and after [16–18]
pre-meiotic S phase, and either one of the two chromatids of the
homologous chromosome. For meiosis in S. cerevisiae, it was shown that
the homologous chromosome is preferably used as a meiotic re-
combination partner, a phenomenon that is named interhomolog bias
[19]. This condition requires several proteins which are associated with
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the synaptonemal complex scaffold (Hop1, Red1, Hed1, Rec8, Mek1),
or function in the homologous recombination pathway (Rad51, Dmc1)
[20]. In mouse, no direct evidence of interhomolog bias has been
provided so far. However, in spermatocytes, several DSB repair foci are
present on the unsynapsed arm of the X chromosome, that only has the
sister chromatid available as repair template, long after autosomal
breaks have been fully repaired [21,22]. Recent data led to the sug-
gestion that new DSBs are induced on chromatin areas that fail to sy-
napse [23–25]. However, it is likely that X chromosome-associated foci
in pachytene represent (in part) persistent unrepaired DSBs, because
the key DSB promoting SPO11 auxilliary proteins IHO1 [26] and MEI4
[27] are both depleted from the unsynapsed sex chromosomes in early
pachytene, indicating cessation of DSB formation upon pachytene in-
itiation. Therefore, the persistense of unrepaired DSB markers on sex
chromosomes indicates that the sister chromatid is not used efficiently
as a template for the completion of repair, at least till late pachytene.
Based on this observation, and the observation of persisting repair foci
in meiocytes of DSB repair and synaptonemal complex mutants [28–35]
such an interhomolog bias is expected to be operational on mouse au-
tosomes as well. This would imply that the majority of mouse meiotic
DSBs is repaired via homologous recombination using one of the
chromatids of the homologous chromosome, rather than the sister
chromatid, as a template. As an important consequence, recombina-
tional DSB repair can promote homology recognition, juxtaposition of
pairing chromosomes, and finally synapsis. This is established by the
accumulation of central and transverse element proteins of the sy-
naptonemal complex, such as SYCP1, TEX12, SYCE2, and SYCE3
[36–39]. These synaptonemal complex components zip together the
lateral elements (composed of SYCP2 and SYCP3 complexes) that form
along the bases of the chromatin loops of each chromosome [40,41].

In the absence of SPO11-induced meiotic DSBs, axial elements still
form, but homologous pairing and synapsis are severely impaired in
mouse meiocytes; some heterologous synapsis can occur, but both
spermatocytes and oocytes do not proceed beyond a zygotene-like stage
[1,3,42].

In a yeast strain carrying a spo11 mutation, partial rescue of the
meiotic defect was achieved by X-irradiation, with a six-fold increase of
spore viability, showing that exogenous DNA lesions can partially
substitute for Spo11-activity [43]. Similarly, improved centromeric
interactions have been observed in Spo11 knockout spermatocytes upon
cisplatin treatment [3].

Herein, we aimed to study the role of meiotic HR repair in favouring
homologous chromosome synapsis in mouse. First, we investigated if
meiosis-specific processing of DSBs depends on SPO11-mediated for-
mation of these breaks. Second, we determined whether processing of
radiation-induced DSBs can contribute to homology recognition and
synapsis. Finally, we addressed if the processing of exogenous DSBs on a
Spo11 knockout background is affected by absence of HORMAD1,
which is a protein that might be involved in the enforcement of inter-
homolog bias in mammals [25,44]. To prevent endogenous DSB for-
mation, we used mice carrying a SPO11 amino acid replacement
(Y138F, hereafter referred to as Spo11YF/YF), which abrogates the en-
zymatic activity of SPO11 and results in a synapsis-deficient phenotype
[42], as well a Spo11−/− mice, that display a very similar phenotype
[1]. We generated exogenous DSBs by γ-irradiation of leptotene meio-
cytes. When we studied the early processing of the radiation-induced
DSBs, we observed that the DNA repair foci were specifically localized
on the axial elements. Irradiation is expected to generate DSBs ran-
domly in the genome, therefore this observation indicates relocalization
of DSBs to the chromosomal axes. Subsequently, we analysed the dy-
namics of exogenous DSB repair in Spo11YF/YF spermatocytes and oo-
cytes, compared to Spo11+/YF controls. We observed that many exo-
genous DSBs persisted for at least several days in homozygous Spo11
mutant meiocytes, although the machinery to repair DSBs by HR is
intact in both Spo11YF/YF and Spo11+/YF meiocytes, and the sister
chromatid is theoretically available as template for repair. This result

indicates that repair of exogenous breaks as it occurs in somatic cells is
inhibited. This might indicate that the interhomolog bias is imposed on
these DSBs, and intersister interactions are destabilized or inhibited. As
expected based on this notion, homologous chromosome pairing and
synapsis on the Spo11YF/YF mutant background were partially rescued
by the irradiation treatment, suggesting that the subpopulation of
breaks that is repaired via the homolog contributes to the establishment
of interhomolog interactions. Finally we studied the effect of a Hormad1
null mutation [45] on the processing of exogenous DSBs on a Spo11−/−

background. We observed altered processing of repair foci in sperma-
tocytes at 48 h after irradiation in the double knockout compared to the
single Spo11 knockout. Taken together, our data show that exogenous
DSBs recruit the meiosis-specific HR repair machinery, are translocated
to the axial elements, contribute to homology recognition, and that
their repair is modulated by HORMAD1.

2. Results

2.1. Radiation-induced DSBs rapidly localize on the synaptonemal complex

We treated Spo11+/YF and Spo11YF/YF adult male mice with γ-irra-
diation, at a dose of 5 Gy, and analysed DSB markers in leptotene
spermatocytes isolated from mice sacrificed 30 and 60min after irra-
diation.

Replication protein A (RPA) specifically binds to single-stranded
DNA [46–48] and it forms foci in meiotic cells as soon as meiotic DSBs
are resected [42,49]. We observed RPA foci in irradiated Spo11YF/YF

leptotene spermatocytes by 30min after irradiation (Fig. 1A and B). In a
previous study, we reported that RPA foci are almost completely absent
in non-irradiated spermatocytes and oocytes from Spo11YF/YF mice
([42], and Fig. 1A); therefore, we deduced that we could refer to RPA
foci as a proxy of radiation-induced DSBs. Radiation-induced DSBs are
expected to be randomly distributed in the nucleus, and to elicit repair
foci formation without specific localization. Interestingly, we observed
that RPA foci, although scattered around the nuclear volume, were
preferentially associated with the axial elements, although the per-
centage of foci that colocalised with SYCP3 axes was slightly lower in
the irradiated samples compared to the unirradiated control. (Fig. 1A,
close-ups, and quantitatively assessed in Fig. 1C). In Spo11YF/YF sper-
matocytes, the maximum number of foci (167 ± 30, Table 1) was
reached 30min after irradiation, and only 6 foci were observed in the
non-irradiated nuclei, which indicates that around 160 DSBs were in-
duced. In irradiated Spo11+/YF spermatocytes, 263 ± 58 RPA foci
were observed, which was 127 more than in the unirradiated control
(136 ± 37 RPA foci), and accumulation occurred with slower kinetics
compared to the Spo11YF/YF spermatocytes (Fig. 1B, Table 1). These
differences may indicate that more time is required to process the ra-
diation-induced DSBs in Spo11+/YF compared to Spo11YF/YF spermato-
cytes, perhaps due to limiting amounts of the involved proteins. In
addition, on the Spo11+/YF background, we cannot exclude that the
number of endogenously induced DSB foci (by SPO11) is reduced upon
irradiation, when factors become more limiting. In mouse meiotic
prophase, ATM restrains SPO11 activity via a negative feedback loop
[50], to limit the number of meiotic DSBs. If exogenous DSBs contribute
to the activation of such a feedback response, this could reduce the
number of SPO11-dependent DSBs that are actually formed in irra-
diated Spo11+/YF spermatocytes. Thus, limiting amounts of RPA, or of
proteins that recruit RPA, as well as reduction of SPO11 activity might
lead to underestimation of the number of exogenously induced DSBs on
this background.

During meiotic prophase I in wild type meiocytes, RAD51 and its
meiosis-specific homolog DMC1 are recruited to SPO11-dependent
DSBs [51–53]. These two recombinases have been shown to mostly
colocalize in DSB repair foci [53]. We observed similar patterns of ac-
cumulation using RAD51 and DMC1 antibodies in Spo11YF/YF leptotene
spermatocytes after irradiation (Fig. 2A and B), indicating that both
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RAD51 and DMC1 are recruited to the exogenous DSBs to form repair
foci. It should be noted that we cannot formally exclude that the
polyclonal RAD51 antibody may also recognize DMC1 to some extent,

but the monoclonal DMC1 antibody does not cross-react with RAD51.
Furthermore, colocalisation of the two proteins is not 100% indicating
that some repair foci contain a detectable amount of only one of the two
recombinases, making crossreaction unlikely (compare RAD51 to
DMC1 in enlargements in Fig. 2B). Our observations are coherent with
previous studies in which we showed that γ-irradiation results in for-
mation of additional RAD51/DMC1 foci in wild type leptotene sper-
matocytes [54,55]. Similar to what we observed for RPA, the majority
of RAD51/DMC1 foci were specifically associated with the axial ele-
ments (Fig. 2A and B, Supplemental Fig. 1A and B), confirming that the
damage-induced DSBs are tethered to the axes before presynaptic re-
combinase filaments can be formed. In addition, the dynamics of RPA
versus RAD51/DMC1 accumulation are consistent with a model in
which RPA accumulates first, and is subsequently replaced by RAD51
and DMC1, as suggested previously [56].

In Spo11YF/YF leptotene spermatocyte nuclei, the number of RAD51
and DMC1 foci both increased from an average of 6 and 5 in non-ir-
radiated nuclei (Fig. 2C, [42]) to a maximum of 150 ± 40 and
143 ± 45 at 60min following irradiation, respectively (Fig. 2C,
Table 1). This would indicate that around 140 exogenous DSBs can be
visualized by RAD51/DMC1 immunostaining upon irradiation. This is a
bit less than what we observed for RPA, which could be due to differ-
ences in signal-to-noise ratio between immunostaining of the different
proteins, or might be related to differences in life-time of RPA and
RAD51/DMC1 foci.

In Spo11+/YF and Spo11YF/YF leptotene nuclei, it is expected that the
same number of DSBs is induced by the same radiation dose. However,
the maximum increase in the numbers of RAD51 and DMC1 foci in
irradiated Spo11+/YF leptotene spermatocytes was only 56 for DMC1
and 84 for RAD51 (Table 1). This indicates that RAD51 and DMC1 foci
formation on radiation-induced breaks on the Spo11+/YF background is
much less efficient, compared to what is observed on the Spo11YF/YF

background, and also compared to what was observed for RPA. Al-
though there may be technical issues associated with the efficiency of
antigen detection by each antibody, this indicates that the re-
combinases RAD51 and DMC1 might become limiting when extra DSBs
are induced.

2.2. Radiation-induced DSBs stimulate synapsis in Spo11YF/YF

spermatocytes and oocytes

Given that radiation induced recombination foci associate with axial
elements, we wondered if these axis-associated radiation-induced DSBs
also promote juxtaposition of homologous chromosome axes and

Fig 1. RPA protein foci upon irradiation of Spo11+/YF and Spo11YF/YF spermatocytes.
(A) Co-staining of RPA (green) and SYCP3 (red) in irradiated Spo11+/YF (left panel) and
Spo11YF/YF (right panel) leptotene spermatocyte nuclei, 30 (left panels) and 60 (right
panels) minutes after irradiation, and in non-irradiated controls. In the absence of irra-
diation, very few RPA foci can be detected in Spo11YF/YF leptotene spermatocytes,
whereas numerous RPA foci have formed in leptotene spermatocytes, of which the vast
majority colocalizes with the chromosomal axes. At both timepoints after irradiation,
most RPA foci were found in association with the chromosomal axes in both genotypes;
the close-ups show representative areas of the nucleus. Scale bar represents 10 μm in
pictures of whole nuclei, and 1 μm in close-ups.
(B) The number of RPA foci was counted in Spo11+/YF and Spo11YF/YF leptotene sper-
matocytes, in control nuclei (C= non-irradiated), and at 30 and 60min after irradiation.
Statistically significant differences are marked in the plot (Mann-Whitney U). Each in-
dividual measurement is shown. horizontal lines indicate average values. n indicates the
number of nuclei analysed for each genotype and condition.
(C) The percentage of RPA foci colocalising with SYCP3 was analysed in Spo11+/YF and
Spo11YF/YF leptotene spermatocytes, in control nuclei (C= non-irradiated), and at 30 and
60min after irradiation. Lines indicate average values. All true images were significantly
different from their corresponding rotated images (## p < 0.001 Mann-Whitney U), and
significant differences between non irradiated Spo11+/YF and other groups are indicated
by * (p < 0.05) or ** (p < 0.001). n indicates the number of nuclei analysed for each
genotype and condition. (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this article.)
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synaptonemal complex formation. To address this, we analysed the
effect of DSBs induced by radiation during leptotene on the progression
of chromosome pairing and synapsis as spermatocytes developed fur-
ther. A time period of 48 h and 120 h is required for the transition from
leptotene to late zygotene and to midpachytene, respectively. Thus,
male mice were sacrificed at 48 h or 120 h following 5 Gy irradiation
(Fig. 3A). A dose of 5 Gy will kill most of the spermatogonia and pre-
leptotene spermatocytes, but more than half of the spermatocytes at
later stages will survive, and progress through meiotic prophase with
normal timing of subsequent events [57]. Thus, the late zygotene and
midpachytene (like) spermatocytes analysed at the chosen timepoints
will have developed from cells that were at the leptotene stage at the
time of irradiation. To analyse the effect of radiation-induced DSBs on
synapsis in Spo11YF/YF oocytes, we followed a different experimental
time schedule, coherent with the timing of female meiotic prophase,
which is initiated during embryonic development. Pregnant Spo11+/YF

female mice, which had mated with Spo11+/YF males were irradiated at
embryonic day 15.5 (E15.5), when most oocytes are in leptotene
[58,59]. These pregnant females were sacrificed to prepare spread oo-
cyte nuclei from female embryos, 24 (E16.5) and 48 (E17.5) hours later,
when the majority of oocytes that were at leptotene at the time of ir-
radiation has reached late zygotene and pachytene, respectively
(Fig. 3A). We analysed SC formation using antibodies directed against
the axial/lateral element component SYCP3 and the transverse filament
component SYCP1 [38]. In non-irradiated Spo11YF/YF spermatocytes
and E16.5 oocytes, the degree of synapsis is variable, with some nuclei
showing no synapsis, whereas others showed diverse degrees of het-
erologous, rather than homologous, synapsis (Fig. 3B and F). Occa-
sionally, in spermatocytes, complete synapsis between one or two
chromosomes appears to occur (Fig. 3B, arrows). On average, the de-
gree of synapsis is more extensive in Spo11YF/YF zygotene spermatocytes
compared to Spo11YF/YF zygotene oocytes isolated at E16.5 (Fig. 3B, F
and J). However, Spo11YF/YF oocytes isolated at E17.5 showed more
synapsis than Spo11YF/YF zygotene spermatocytes (Fig. 3D, H and J).
Subsequently, we measured the total length of synapsed SC (SYCP1
positive) per nucleus in spermatocytes and oocytes after irradiation.
Both in Spo11YF/YF spermatocytes and oocytes, the degree of synapsis
was increased upon irradiation. In spermatocytes, the SC length was
increased 1.5-fold and 2.3-fold compared to non-irradiated controls, at
48 h and 120 h after irradiation, respectively (Fig. 3B–E and J). In oo-
cytes, the SC length was increased approximately two-fold compared to
non-irradiated oocytes at 24 h after irradiation (Fig. 3F–G and J). At
E17.5, the extensive heterologous synapsis in non-irradiated Spo11YF/YF

oocytes obscured most of the effect of the irradiation (Fig. 3H–J).
However, the number of completely synapsed axes (not entangled) was
higher in irradiated compared to unirradiated Spo11YF/YF oocytes at
48 h after irradiation (Fig. 3H–I, arrows, and Fig. 3K).

2.3. Radiation-induced DSBs stimulate homologous chromosome
interactions in Spo11YF/YF meiocytes

To assess whether the observed increase in synapsis formation in
irradiated Spo11YF/YF meiocytes reflected increased interactions be-
tween homologous chromosomes, we performed FISH experiments
using BAC probes for chromosomes 1 and 8 in irradiated and non-ir-
radiated Spo11YF/YF spermatocytes and oocytes (Fig. 4A–D). We mea-
sured the distance between homologous (1–1, 8–8) and nonhomologous
probes (1–8) (schematically shown in Fig. 4A’–D’). Subsequently, we
generated plots whereby the frequencies of normalized cumulative
distances between homologous and nonhomologous signals were
compared between the treatment groups and also to Spo11+/YF pa-
chytene controls. In Spo11+/YF spermatocytes, 95% of the distances
between homologous probe signals were less than 6 μm, whereas this
occurred only for 23% of the nonhomologous probe signals. In pachy-
tene oocytes, homologous signals were always at less than 6 μm dis-
tance away from each other, and the distance between non-homologous
sites was always more than 6 μm. (Fig. 4E and F). For untreated
Spo11YF/YF spermatocytes and oocytes 30–36% of the probe distances
were less than 6 μm for homologous as well as nonhomologous probes.
This is to be expected, since random short distances between non-
homologous probes are expected to occur more often in a less-well
organized setting of chromosomes compared to a situation in which all
homologous chromosomes are properly arranged, and the homologous
probes are less often in close proximity to each other. Despite the ab-
sence of an overall rescue of homologous chromosome pairing upon
radiation treatment, we observed a significant difference between the
homologous and nonhomologous probe distance frequency distribu-
tions in irradiated Spo11YF/YF spermatocytes at 120 h, and in irradiated
Spo11YF/YF oocytes at 48 h, whereby 43% of the homologous probe
distances were less than 6 μm for both (Fig. 4E,F and Supplemental
Fig. 2). At these time points, nonhomologous probe signals at distances
closer than 6 μm from each other were observed at clearly lower fre-
quency (28% and 31%, for spermatocytes and oocytes, respectively).
No such statistically significant differences between the distribution
curves were observed at the other time points in irradiated Spo11YF/YF

spermatocytes and oocytes (Supp. Fig. 2). These results indicate that
irradiation with 5 Gy results in a small increase in the frequency of
homologous chromosome interaction, compared to non-irradiated
controls.

2.4. Repair of radiation-induced DSBs is slow in Spo11YF/YF spermatocytes
and oocytes

The observed increase in homologous chromosome interactions in
irradiated Spo11-deficient meiocytes indicated that radiation-induced
DSBs might follow, at least in part, the meiosis-specific homologous
recombination repair pathway. To analyse repair in more detail, we
followed the dynamics of radiation-induced RAD51 foci in

Table 1
Protein foci formation shortly after 5 Gy irradiation in Spo11+/YF and Spo11YF/YF leptotene spermatocytes (averages ± standard deviation; n > 60).

genotype protein foci time after irradiation

controla 30min 60min

total induced total induced

Spermatocytes Spo11+/YF RPA 136 ± 37 190 ± 26 54 263 ± 58 127
RAD51 138 ± 27b 137 ± 20 ns 222 ± 54 84
DMC1 93 ± 35 114 ± 20 ns 149 ± 64 56

Spo11YF/YF RPA 6 ± 3b 167 ± 30 161 152 ± 27 146
RAD51 6 ± 3b 128 ± 32 122 150 ± 40 144
DMC1 5 ± 3b 115 ± 39 110 143 ± 45 138

a control was not irradiated.
b data from [42].
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Fig. 2. RAD51 and DMC1 foci upon 5 Gy irradiation of Spo11+/YF and Spo11YF/YF spermatocytes.
(A) 5 Gy irradiated Spo11+/YF (upper panels) and Spo11YF/YF (lower panels) leptotene spermatocytes 30min after irradiation were immunostained for RAD51, DMC1, and SYCP3.
Overlayed images of the same nuclei show localization of RAD51 and DMC1 (green) to the axes (red), colocalization of RAD51 (red) and DMC1 (green) foci, and a merge of the foci with
SYCP3 (blue). Scale bar represents 10 μm
(B) Triple immunostaining with anti-SYCP3, anti-RAD51, and anti-DMC1 of a Spo11YF/YF leptotene spermatocyte nucleus from a mouse that was killed 60min after 5 Gy irradiation
(confocal images). RAD51 (green) and DMC1 (red) foci localize to patches of SYCP3 (white) in the assembling axial elements. The enlarged views of a distinct area of the nucleus on the
right show repair foci that are clearly recognized by both anti-RAD51 and ant-DMC1 (the majority of foci, lower part of enlargement), whereas some foci stain more strongly for RAD51,
or vice versa, for DMC1 (upper part of the enlargement). Scale bar represents 10 μm in pictures of whole nuclei, and 1 μm in close-ups.
(C) The numbers of DMC1 (red), and RAD51 (green) foci were counted in Spo11+/YF and Spo11YF/YF leptotene nuclei 30 and 60min after irradiation. Every dot represents one nucleus.
Statistically significant increases in repair foci numbers are observed between non-irradiated (C) and irradiated (60′) spermatocytes of both genotypes (Mann-Whitney U). n indicates the
number of analysed nuclei. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Radiation-induced DSBs stimulate synapsis in Spo11YF/YF spermatocytes and oocytes.
(A) Synapsis was analysed in control and 5 Gy irradiated Spo11+/YF and Spo11YF/YF spermatocyte and oocyte nuclei. A timeline of male and female meiotic prophase in mouse is shown to
indicate the correspondence between each analysed timepoint and the meiotic substage, both in spermatocytes [84] and in oocytes [58,59]. Example images of SYCP3 and SYCP1
localisation in wild type zygotene and pachytene spermatocytes are shown above the timeline. For wild type oocytes a similar pattern of SYCP3 and SYCP1 localisation accompanies
prophase I, except for the fact that all chromosome pairs synapse completely in pachytene oocytes [85].
(B-I) Spread zygotene-like spermatocyte (B–E) and oocyte (F–I) nuclei of Spo11YF/YF mice, either non-irradiated (B, D, F, H), or exposed to 5 Gy irradiation (C, E, G, I). Spermatocytes were
fixed at 48 h (C) or 120 h (E), and oocytes at 24 h (G) or 48 h (I) following irradiation. Synapsis was analysed via double-immunostaining for SYCP1 (green) and SYCP3 (red). Arrows
indicate fully synapsed axes. Scale bars represent 10 μm.
(J) The total SC length (measured via SYCP1-signal analysis) in zygotene-like nuclei of Spo11YF/YF mice irradiated as described above was measured. Error bars indicate SEM for the
indicated number of nuclei from 2 mice for each condition. C= non-irradiated controls.
(K) Boxplot showing the distribution of the number of fully synapsed (not entangled) axes in E17.5 Spo11YF/YF control (grey plot) and irradiated (turquoise plot) oocytes. Median values
are indicated by the horizontal black lines within each box, which represents the middle 50% of the values. The upper and lower whiskers indicate the upper and lower quartiles of the
values, respectively. Outliers are shown as small circles. P≤ 0.0001. Numbers of analysed nuclei are shown below the graphs (J,K), 2 animals were used for each condition.(For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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spermatocytes and in oocytes at the above-mentioned timepoints fol-
lowing irradiation (see also Fig. 3A), selecting nuclei of the appropriate
stage, as described in the Materials and Methods section. In adult
Spo11YF/YF mice, the population of meiotic cells will include different
stages, thus also zygotene and pachytene-like spermatocytes will be hit
at the moment of irradiation. However, these cells are expected to
progress to different stages than those that were analysed, or would be
eliminated by apoptosis, and are therefore not represented in this
analysis. Interestingly, the absolute number of foci did not significantly
differ between irradiated and non-irradiated Spo11+/YF spermatocytes
at the 48 and 120 h timepoints after irradiation (Table 2). However, this
was not the case for irradiated Spo11YF/YF zygotene- and pachytene-like
spermatocytes, which had much more abundant foci than non-irra-
diated matched controls. (Table 2, Fig. 5 A–D). In Spo11+/YF oocytes,
foci numbers were still significantly different between irradiated and
non irradiated nuclei, both at 24 and 48 h after irradiation, but the

Fig. 4. Distances between homologous and nonhomologous FISH probe signals in control and 5 Gy irradiated Spo11YF/YF spermatocytes and oocytes.
(A-D) Spo11YF/YF control (YF/YF) and 5 Gy irradiated (YF/YF 48 h) spermatocytes (A, B) and oocytes (C, D) were immunostained with anti-SYCP3 (white) and subjected to FISH using
BAC probes for chromosomes 1 (red) and 8 (green).
The FISH signals for chromosomes 1 and 8 are shown separately in (A’–D’). Arrows draw the minimum distance between homologous probes for chromosomes 1 (red) and 8 (green) and
heterologous probes (grey, all combinations). In D’ both probe signals for chromosome 8 formed a single domain inside the nucleus marked by the dashed white line. Scale bars represent
10 μm.
(E-F) Normalized cumulative frequency of probe distances in 5 Gy irradiated and non-irradiated Spo11YF/YF, and non-irradiated Spo11+/YF (control) spermatocytes (E) and oocytes (F),
analysed at 120 h (spermatocytes) or 48 h (oocytes) after treatment. (n=2 animals per genotype, numbers of nuclei analysed are indicated in Supplemental Fig. 2). Blue lines indicate
homologous probe distances of non-irradiated heterozygote control and irradiated (indicated by lightning symbol) and non-irradiated YF/YF samples. Grey lines indicate nonhomologous
(nh) probe distances. p-values of significant differences (Kolgomorov-Smirnov) are indicated.(For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Table 2
Time-course of RAD51 foci in control and 5 Gy irradiated Spo11+/YF and Spo11YF/YF

meiocytes (averages ± standard deviation; n > 60).

Spo11+/YF Spo11YF/YF

spermatocytes zygotene control 151 ± 26a 6 ± 4a

48 h 162 ± 27 63 ± 14ǂǂ

mid-pachytene(-like) control 40 ± 19a 6 ± 4
120 h 41 ± 19 47 ± 12ǂǂ

oocytes E16.5 control 129 ± 35a 5 ± 4a

24 h 156 ± 45ǂ 94 ± 16ǂǂ

E17.5 control 41 ± 23a 43 ± 35a

48 h 59 ± 24ǂ 112±24ǂǂ

ǂ,ǂǂSignificantly different from non irradiated control of the same genotype (ǂp≤ 0.05;
ǂǂp < 0.001, Mann–Whitney U).

a data from [42].
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differences were relatively small, in particular at the 48 h time point, in
the pachytene-like nuclei. (Table 2, Fig. 5E–H). In contrast, there was a
more than two-fold difference between irradiated and non-irradiated
pachytene-like oocytes of Spo11YF/YF mice. Thus, we conclude that ir-
radiation-induced DNA breaks can be repaired efficiently when SPO11-
induced DNA breaks ensure correct homolog pairing and synapsis, but
not in the absence of SPO11-induced breaks, in association with asy-
napsis.

2.5. Faster turnover of radiation-induced RAD51 and DMC1 foci in
spermatocytes on a Hormad1−/− background

HORMAD1 is one of the two mammalian homologs of the yeast
Hop1 protein [25,60,61]. In yeast it has been shown that this protein is
part of the machinery that mediates the interhomolog bias [19,62–64].

HORMAD1 localizes to axial elements, and is partially depleted from
axial elements upon synapsis initiation. In the absence of HORMAD1,
fewer DSBs are induced, and synapsis is incomplete [45,65,66]. In ad-
dition to its role in meiotic DSB formation, repair and synapsis,
HORMAD1 is also involved in checkpoint regulation [45,65]. The
published data are also consistent with the possibility that HORMAD1
inhibits completion of DSB repair along unsynapsed axial elements
[25,44,45]. Such an inhibitory function would prevent completion of
DSB repair until homologous pairing and synaptonemal complex for-
mation is sufficiently established. Then, after synaptonemal complex-
induced HORMAD1 depletion, repair would be rapidly achieved. Given
this hypothesis, we speculated that removal of HORMAD1 might allow
faster repair of exogeneous DSBs in meiocytes. To explore this, we
analysed exogenous DSB foci in spermatocytes of Spo11−/−/Hormad−/

− double knockout mice, in comparison to Spo11−/− mice. Here we did
not aim to rescue chromosome pairing but only wished to analyse the
dynamics of processing of the DSBs. Thus, we chose to irradiate mice
with 3 Gy, in order to reduce possible secondary effects of the radiation
as much as possible. In addition, we performed 5-ethynyl-2′-deoxyur-
idine (EdU) injections to label the premeiotic S-phase 24 h prior to the
irradiation, because we wanted to unequivocally identify a cohort of
cells, independent of functional markers of prophase progression, such
as synapsis, since HORMAD1-deficiency reduces overall synapsis [45].
At the moment of irradiation (T= 0) 65% of EdU-labelled cells were
observed to be in leptotene (Fig. 6A; preleptotene, 25%; early zygotene,
10%; n=100). DSB repair foci were counted in EdU-labelled nuclei at
T= 1 h, T=24 h and T=48 h in 2 mice of each genotype. First, we
analysed whether DSB repair foci still accumulated on the chromosomal
axes, and observed that this process is apparently independent of
HORMAD1 (Fig. 6B, Supplemental Fig. 3A, B). Then we analysed the
number of RAD51 foci at all the different time points (Fig. 6B–D). It is
clear that in this experimental setting, turnover of foci appears to be
slower compared to the previous experiment, since around 40% of the
144 radiation-induced RAD51 foci were still present in 5 Gy irradiated
Spo11yf/yf zygotene nuclei at 48 h after irradiation (Table 2), whereas
80% of the 49 radiation-induced foci were still observed in zygotene
nuclei 48 h after 3 Gy irradiation of Spo11−/− leptotene spermatocytes
(Fig. 6C and D, Table 3).

The absolute numbers of induced foci cannot be compared between
the two experiments, because we used a slightly different counting
method (see materials and methods). However, within this experiment,
we clearly observed that fewer foci remain at both 24 h and 48 h after
irradiation in the Spo11−/−/Hormad−/− double knockout spermato-
cytes, compared to Spo11−/− spermatocytes at each of these time
points (Fig. 6C and D, Table 3). Next, we also analysed DMC1 foci and
observed a similar effect, although it was less clear, possibly due to a
less efficient detection of DMC1 relative to RAD51 (Fig. 6E, Supple-
mental Fig. 3C–E, Table 3). To make sure that the reduction in DSB foci
numbers was not due to premature loss of DMC1 and RAD51 from
ssDNA, we also analysed RPA foci numbers, both at 1 h and 48 h after
irradiation, in both genotypes. Here we observed similar numbers of
foci at both time points (Fig. 6F and G, Table 3). In general, RPA will
bind to the 3′ ssDNA overhangs of processed DSBs that are not bound by
recombinases, or to ssDNA that forms during D-loop formation asso-
ciated with strand invasion when repair progresses. Therefore, these
RPA foci numbers are difficult to interpret in terms of repair progres-
sion. We conclude that HORMAD1 deficiency increases the turnover of
RAD51/DMC1 marked recombination intermediates, which might be
indicative of faster repair kinetics.

3. Discussion

3.1. Radiation-induced DSB repair foci are tethered to the axial elements
shortly after induction and contain both RAD51 and DMC1

In yeast, SPO11-induced breaks are most likely formed on the axes

Fig. 5. Repair dynamics of radiation-induced DSBs in Spo11+/YF and Spo11YF/YF sper-
matocytes and oocytes (A–H) 5 Gy irradiated spermatocytes (A–D) and oocytes (E–H)
from Spo11+/YF (A, C, E, G) and Spo11YF/YF (B, D, F, H) mice, immunostained for RAD51
(green) and SYCP3 (red). Size bars represent 10 μm. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
(A–D) Spermatocytes were collected 48 (A, B) and 120 (C,D) hours after 5 Gy irradiation,
to analyse late zygotene and pachytene-like stages, respectively.
(E–H) Oocytes were collected 24 h (E16.5) (E,F) and 48 (E17.5) (G,H) hours post 5 Gy
irradiation, to analyse late zygotene and pachytene-like stages, respectively.
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through an interaction with the DSB machinery components Mer2/
Rec114/Mei4 [67]. In mouse, the Mei4 ortholog MEI4 is also required
for SPO11-mediated induction of DSBs, and also localizes on axes be-
fore and at the time of DSB formation [27]. More recently, the
HORMAD1-interacting protein IHO1 was described to act upstream of
MEI4, also performing an essential role in DSB formation, most likely
via promoting the formation of MEI4-containing recombinosomes [26].
The present immunocytochemical analysis of RPA, RAD51, and DMC1
foci shortly after irradiation, shows that radiation-induced DSBs are
rapidly recruited to the axes in leptotene, coherent with our previous
observations in irradiated wild type pachytene spermatocytes [54]. It is
thus possible that a specific mechanism is responsible for recognizing
radiation-induced DSBs and tethering them to the chromosome axis. It
will be of interest to assess whether the damage-induced DSBs are not
only colocalizing with repair proteins, but also with components of the
protein complex that normally facilitates the formation of SPO11/TO-
POVIBL-induced DSBs. Here we observed that tethering to the chro-
mosomal axes is independent of HORMAD1. Together with the accu-
mulation of DMC1 in addition to RAD51, these data indicate that the
radiation-induced DSBs may be further processed in a manner similar to
SPO11/TOPOVIBL-induced DSBs.

3.2. Repair of exogenous DSBs stimulates chromosome synapsis and favours
homologous pairing

In mouse, lack of SPO11-induced DSBs results in loss of homologous
chromosome pairing and extensive heterologous synapsis [1,3,42].
Various DNA damaging agents have been used previously to induce
meiotic recombination in Spo11 mutants in different species. It was
shown that cisplatin treatment, which induces DSBs, had an effect on
centromeric interactions in Spo11 knockout spermatocytes [3]. More-
over, in yeast, fungi and worms, radiation-induced DSBs can partially or
completely rescue the spo11 mutant phenotype [43]; [68–71].

Similarly to what has been found for the species described above,
the induction of DSBs via γ-radiation in Spo11YF/YF mouse meiocytes,
would be expected to contribute to homologous chromosome pairing

and synapsis. Indeed, we observed a clear increase in the degree of
synapsis and homologous chromosome interactions upon irradiation,
indicating that repair of exogenous DSBs improves synapsis. Rescue of
homologous chromosome pairing was far from complete, and we sug-
gest that this may be caused by the fact that irradiation may induce
DSBs relatively frequently in regions of the genome that contain re-
petitive DNA. Homology-mediated repair at such sites may involve the
homologous sequence of repetitive DNA located on a non-homologous
chromosome. In this case, the homology search would still show a bias
for a non-sister template, but would not guarantee interaction between
homologous chromosomes. An alternative possibility is that despite
loading of RAD51 and the meiosis specific DMC1 recombinase onto
DNA ends at irradiation induced DNA breaks, the filaments may differ
in molecular composition from those of SPO11-induced DSBs, and this
may compromise stable strand invasions into homologs, which may
result in more frequent inter-sister strand invasions and inefficient
homolog pairing.

3.3. Kinetics of repair protein recruitment to radiation-induced breaks differ
between Spo11+/YF and Spo11YF/YF spermatocytes

In somatic cells, irradiation has been reported to induce approxi-
mately 35 DSBs/Gy in G1 cells in vitro, with some variation in the extent
of damage depending on oxygen level and DNA compaction [72–74]. In
our model, we compared accumulation of recombinases at damage-in-
duced DSBs between Spo11+/YF and Spo11YF/YF leptotene spermato-
cytes. At this stage of meiosis, there are no gross differences between
the two genotypes in the chromatin structure in the nuclei, and the mice
have similar sizes. Thus, we suggest that irradiation induces a com-
parable level of damage in leptotene nuclei of the Spo11+/YF and
Spo11YF/YF genotypes. However, on a Spo11+/YF background, the
number of radiation-induced recombinase foci was lower compared to
the Spo11YF/YF background. In irradiated Spo11+/YF spermatocytes,
part of the pool of DSB repair proteins is engaged in repair of SPO11-
induced breaks, and the amount of one or more of the components of
the whole machinery may become limiting. The dynamics of re-
combinase recruitment to DSBs may therefore be delayed in irradiated
versus non-irradiated Spo11+/YF spermatocytes. Indeed, the accumu-
lation of repair proteins occurred with slower kinetics in Spo11+/YF

compared to Spo11YF/YF leptotene spermatocytes. In addition, as dis-
cussed above, feedback mechanisms that inhibit SPO11/TOPOVIBL
acitivity in response to damage-signalling molecules may somewhat
obscure accurate assessment of the numbers of radiation-induced DSB
repair foci on a Spo11+/YF background. Still we observed little differ-
ence between irradiated and non-irradiated Spo11+/YF meiocytes at late
time points following the treatment, indicating that few if any radia-
tion-induced DSBs persist for more than 120 h. In contrast, on the

Fig. 6. Faster disappearance of radiation-induced DSB repair foci in the absence of HORMAD1.
A) EdU-labeling of a cohort of preleptotene cells 24 h prior to irradiation. At t= –24 h EdU will be incorporated in cells undergoing S-phase. At T=0 h we assessed the stages of the EdU-
positive cells by performing immunostaining on spermatocyte spread nuclei for SYCP3 (red) in combination with the click-reaction for EdU (green). Examples of labelled cells are shown.
B) Left: 3 Gy irradiated Spo11−/− (top panels) and Spo11−/−/Hormad1−/− (lower panels) spermatocytes at 1 h following irradiation were immunostained for RAD51 and SYCP3, right:
Quantification (boxplots) shows percentages of RAD51 foci colocalising with SYCP3 in Spo11−/− and Spo11−/−/Hormad1−/− leptotene spermatocytes, at 60min after irradiation. n
indicates the number of nuclei analysed (2 animals per genotype). Statistically significant differences between true and rotated images are marked in the plot (Mann-Whitney U). Median
values are indicated by the horizontal blue lines within each box, which represents the middle 50% of the values, mean values are shown in red. The upper and lower whiskers indicate
the upper and lower quartiles of the values, respectively.
C) 3 Gy irradiated Spo11−/− (left panels) and Spo11−/−/Hormad1−/− (right panels) spermatocytes at 24 h, and 48 h time points following irradiation were immunostained for RAD51
and SYCP3, in combination with EdU detection. Scale bar represents 10 μm.
D) Boxplots showing quantification of RAD51 foci in 3 Gy irradiated Spo11−/− and Spo11−/−/Hormad1−/− leptotene (1 h after irradiation) and EdU-positive spermatocytes (24 and 48 h
after irradiation). Significant differences are indicated with p-values (Mann Whitney U).
E) Boxplots showing quantification of DMC1 foci in 3 Gy irradiated Spo11−/− and Spo11−/−/Hormad1−/− leptotene (1 h after irradiation) and EdU-positive spermatocytes (24 and 48 h
after irradiation). Significant differences are indicated with p-values (Mann Whitney U).
F) 3 Gy irradiated Spo11−/− (left panels) and Spo11−/−/Hormad1−/− (right panels) spermatocytes at 1 h and 48 h time points following irradiation were immunostained for RPA and
SYCP3. Colours are swapped at 48 h because this was a costaining with Edu. The nuclei that are shown were also positive for EdU. Scale bar represents 10 μm.
G) Boxplots showing quantification of RPA foci in 3 Gy irradiated Spo11−/− and Spo11−/−/Hormad1−/− leptotene (1 h after irradiation) and EdU-positive spermatocytes (48 h after
irradiation). Significant differences are indicated with p-values (Mann Whitney U). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 3
Time-course of DSB repair foci in 3 Gy irradiated Spo11−/− Spo11−/−/Hormad1−/−

spermatocytes (averages ± standard deviation; n > 60).

genotype Spo11−/− Spo11−/−/Hormad1−/−

time after
irradiation

1 h 24 h 48 h 1 h 24 h 48 h

RAD51 48 ± 25 41 ± 10 38 ± 18 44 ± 19 34 ± 14 23 ± 13
DMC1 34 ± 12 30 ± 15 34 ± 19 32 ± 16 31 ± 21 26 ± 14
RPA 40 ± 25 22 ± 13 38 ± 21 22 ± 14
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Spo11YF/YF background, a relatively large fraction of DSB foci is still
present at the late time points, in cells that were irradiated at leptotene.
When subjected to γ-radiation, somatic G2 cells preferably use HR,
when a template to recover the missing genetic information is available
[75,76]. During G2 phase, exogenous DSBs are repaired within 4–5 h,
by using the sister chromatid as a DNA template which is in close
proximity thanks to sister chromatid cohesion [77]. Meiotic prophase
nuclei have also completed S phase, therefore the sister chromatid is
available both in Spo11+/YF and in Spo11YF/YF meiocytes. We speculate
that radiation induced DSBs cannot promote homolog pairing to the
same extent as SPO11-induced breaks, and that inhibition of intersister
repair results in inefficient repair of radiation induced DSBs in the
Spo11YF/YF background. We anticipate that Spo11YF/YF as well as
Spo11+/YF meiocytes have the capability of processing radiation-in-
duced DSBs, and we envisage two distinct explanations for the higher
efficiency repair of irradiation-induced DSBs on Spo11+/YF as compared
to Spo11YF/YF backgrounds. First, in wild type or heterozygous nuclei,
homologous synapsis is ongoing with the aid of SPO11-induced DSBs.
As a consequence, the homologous chromosome will more frequently
be nearby and available as a repair template for the exogenous DSBs in
Spo11+/YF, compared to Spo11YF/YF nuclei, perhaps allowing more
rapid repair of radiation-induced DSBs that might not be able to repair
from sister chromatids during meiosis. Second, DSB repair is delayed in
all synaptic mutants, hence asynapsis likely represent a kinetic block to
both intersister and interhomolog repair during meiosis. Therefore,
effective synapsis formation in Spo11+/YF, but not in Spo11YF/YF,
meiocytes could promote repair of irradiation induced DSBs irrespec-
tive of template choice.

3.4. Repair of radiation-induced DSBs on a SPO11-deficient background is
inhibited by HORMAD1

HORMAD1 is known to stimulate synapsis. This function is at least
partially independent of DSB formation, since heterologous synapsis in
Spo11−/− spermatocytes is reduced in the absence of HORMAD1 [45].
In yeast, Hop1 mutation (ortholog of Hormad1) reduces the inter-
homolog bias [19,62–64]. In mouse such a function for HORMAD1 is
difficult to analyse, since DSB formation is strongly reduced in the
absence of HORMAD1 [45]. Therefore, we irradiated Spo11/Hormad1
double knockout mice to study the effect of HORMAD1 on the turnover
of such exogenous DSB repair foci to provide more insight in its func-
tion during meiotic HR. This experiment was performed using a slightly
different setting and method compared to the previous experiment, and
if we compare the two irradiation dosages (3 Gy versus 5 Gy) we do not
observe the expected proportional difference in the numbers of radia-
tion induced foci at 1 h following damage induction. However, it should
be noted that the technical and biological differences between the two
experiments preclude a direct comparison of absolute foci numbers (see
materials and methods for a detailed explanation).

Still, within this experiment, loss of HORMAD1 on the Spo11−/−

background resulted in more rapid turnover of radiation-induced
RAD51/DMC1 recombination foci in spermatocytes. The paralogue of
HORMAD1, a protein called HORMAD2, is also a meiosis-specific axis-
associated protein, whose recruitment to unsynapsed axes largely de-
pends on HORMAD1 [78]. Interestingly, loss of HORMAD2 also leads to
increased turnover of radiation-induced RAD51 recombination foci in
Spo11-/- oocytes (DMC1 and RPA marked recombination foci were not
analysed) [79]. These findings suggest that HORMAD1 and HORMAD2
share a function in modulating DSB repair on chromosome axis during
meiosis. Turnover of RPA marked recombination intermediates does
not seem to be affected by loss of HORMAD1, hence it is possible that
HORMAD1 and HORMAD2 merely alter the choice of pathways that are
used for DSB repair without altering repair kinetics in meiocytes.
However, RPA marks more advanced recombination intermediates than
RAD51 and DMC1, hence the increased turnover of RAD51/DMC1 re-
combination foci might still indicate faster progression beyond the

initial stages of recombination in the absence of HORMAD1 or
HORMAD2. This interpretation of the data supports the attractive hy-
pothesis that a HORMAD1(and HORMAD2)-dependent mechanism may
inhibit specifically intersister repair, or inhibit both intersister and in-
terhomolog repair of DSBs on unsynapsed chromosome axes. Either of
these putative HORMAD1-dependent mechanisms could contribute to
establishment of a bias towards interhomolog DSB repair by preventing
repair of DSBs until synapsis forms, which typically occurs only if re-
combination-mediated repair involves invading the homolog chromo-
some. However, we note that this is unlikely to be the sole or the most
important mechanism underlying interhomolog bias in recombination
in mammals. In the absence of HORMAD1, a greatly reduced number of
DSBs seem to still promote pairing and SC formation primarily between
homologs [45]. Hence, interhomolog bias in meiotic recombination
seems to be at least partially functional without HORMAD1.

Another possible interpretation of our data would be that in the
absence of HORMAD1, (heterologous) synapsis is abolished, and this
somehow facilitates repair. This is unlikely, since in Sycp1−/− knockout
spermatocyes, that also lack synapsis, SPO11-induced DSBs persist
[33].

Taken together, the data presented in this manuscript show that
damage-induced DSBs are relocated to chromosome axes, where they
are processed by the meiosis-specific HR machinery, which results in an
increase in homology recognition and synapsis. Nonetheless, irradiation
induced DNA breaks are unable to efficiently promote normal meiotic
recombination which results in persistent DSBs on unsynapsed axes on
backgrounds defective in forming SPO11-induced breaks. HORMAD1
seems to contribute to the mechanisms that prevent efficient repair of
irradiation induced DNA breaks, because the turnover of exogenous
DSB-induced recombination foci is increased in Spo11-deficient sper-
matocytes in the absence of HORMAD1.

4. Materials and methods

4.1. Mice

All animal experiments were approved by the local animal experi-
ments committee DEC-Consult. All animals were housed in IVC cages
under supervision of the Animal Welfare Officer. Any discomfort of
animals was daily scored by the animal caretakers. No more than mild
or moderate discomfort of animals was expected from the treatments,
and no unexpected discomfort was observed.

Spo11 mutant mice were generated as described previously [42].
Spo11YF/YF males and age matched controls were irradiated with 5 Gy
with Elekta linear accelerator from a 137Cs source (Crawley). At 30min,
1 h, 48 h, and 120 h following irradiation, male mice were sacrificed to
prepare spermatocyte nuclei spread preparations for im-
munocytochemical and FISH analyses. Pregnant heterozygote Spo11+/

YF females were also irradiated with a dose of 5 Gy at E15.5. At the
timepoints 24 h and 48 h after irradiation, pregnant females were sa-
crificed, and embryos and ovaries were collected to prepare oocyte
nuclear spreads. In a separate experiment, Spo11−/− (some mice car-
rying an additional heterozygote allele), and Spo11−/−/Hormad−/−

mice (numbers and ages as shown in Supplementary Table I) were in-
jected with EdU (single intraperitoneal injection with 100 μl 10mM
EdU in DMSO). Each of these knockouts has been described previously
(Spo11−/− [1], Sycp3−/− [32], and Hormad1−/− [45]). 24 h later,
mice were irradiated with 3 Gy as described above, and subsequently
killed at 1 h, 24 h, or 48 h after irradiation. Testes were collected and
spermatocyte nuclei were spread as described below. Tails from each
embryo were used to genotype the embryos as described [42],
[1,32,45] (Table 4).

4.2. Meiotic spread nuclei preparations and immunocytochemistry

Testis and ovary tissues were processed to obtain spread nuclei for
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immunocytochemistry as described by [80]. Spread nuclei of sperma-
tocytes and oocytes were stained with antibodies mentioned below.
Before incubation with antibodies, slides were washed in PBS
(3× 10min), and non-specific sites were blocked with 0.5% w/v BSA
and 0.5% w/v milk powder in PBS. Primary antibodies were diluted in
10% w/v BSA in PBS, and incubations were overnight at room tem-
perature in a humid chamber. Subsequently, slides were washed
(3× 10min) in PBS, blocked in 10% v/v normal goat or donkey serum
(Sigma) in blocking buffer (supernatant of 5% w/v milk powder in PBS
centrifuged at 14,000 rpm for 10min), and incubated with secondary
antibodies in 10% normal goat or donkey serum in blocking buffer at
room temperature for 2 h. Finally, slides were washed (3× 10min) in
PBS (in the dark) and embedded in Prolong Gold with or without DAPI
(Invitrogen). Fluorescent images were observed using a fluorescence
microscope (Axioplan 2; Carl Zeiss) equipped with a digital camera
(Coolsnap-Pro; Photometrics). Fluorescent images for all quantitative
analyses were taken under identical conditions for all slides from each
of the two seperate experiments, and images were analyzed using the
ImageJ (Fiji) software (Rasband, W.S., ImageJ, U.S. National Institutes
of Health, Bethesda, Maryland, USA [http://rsb.info.nih.gov/ij/]). To
carefully analyse RAD51-DMC1 colocalisation on axial elements upon
irradiation, images were taken using a LSM700 confocal laser scanning
microscope (Zeiss).

To quantify to what extent repair foci localise on axial elements,
images were analysed using Image J (Fiji) software (Rasband, W.S.,
ImageJ, U.S. National Institutes of Health, Bethesda, Maryland, USA
[http://rsb.info.nih.gov/ij/]), whereby thresholds were manually set
for each channel, followed by conversion of the image into a binary
mask, and counting of the total number of foci using the count particles
function. For each image, a 90 ° rotated image (around the center of the
nucleus) was generated for the channel containing the DSB foci. Then
the image containing the SYCP3 mask was overlayed with the image
containing the DSB-foci, and subsequently also with the rotated image.
For both results, the number of foci localizing within the SYCP3 mask
was then counted. Results were expressed as% of the total number of
DSB repair foci for each image.

To detect EdU incorporation, slides were washed in H2O, followed
by a 30min incubation in 100 ul Click-iT EdU reaction cocktail
(Invitrogen) as described in the protocol provided by the manufacturer.
Then, slides were washed in 3% BSA in PBS at room temperature.
Subsequently, immunostainings were carried out as desired.

4.3. Antibodies

For primary antibodies, we used mouse monoclonal antibodies anti-

phosphorylated H2AX (Upstate), and anti-DMC1 (Abcam); rabbit
polyclonal antibodies anti-RAD51 [81], anti-RPA (gift from dr. Peter de
Boer) anti-SYCP3, anti SYCP1, and affinity-purified rabbit polyclonal
anti-Rec8 (N-terminus) (gifts from dr. C. Heyting), and anti-phos-
phorylated H2AX (Upstate); rat polyclonal anti-SYCP3 [82]; goat
polyclonal anti-SYCP3 (R&D Systems). For secondary antibodies, we
used a goat anti-rabbit IgG Alexa 405/488/546/633, goat anti-mouse
Alexa IgG 350/488/546/633, goat anti-rat IgG Alexa 546, donkey anti-
goat Alexa IgG 555. donkey anti-rabbit Alexa IgG 488, donkey anti-
mouse Alexa IgG 647 Molecular Probes.

4.4. Selection criteria for staging mutant meiocytes

To quantify the amount of induced DSBs shortly after irradiation,
repair protein foci were counted in leptotene nuclei. We only included
leptotene nuclei that had short patches of synaptonemal complex al-
ready formed (1–3 μm length), which is the same stage analysed for
quantification of the endogenous SPO11-dependent protein foci in
heterozygous controls.

For the time-course analysis of recombination foci upon irradiation,
Spo11YF/YF nuclei were selected based on the extent of synapsed areas,
in order to consistently select similar meiotic stages at the analysed
timepoints. Spermatocytes with a total synapsis length below 21 μm
(average length of 13 μm) were selected to count foci 48 h after irra-
diation (early zygotene) and with a total synapsis length above 21 μm
(average 24 μm) to count foci 120 h after irradiation (mid-pachytene).
With the same threshold set as for the 48 h timepoint in spermatocytes,
we selected zygotene-like Spo11YF/YF irradiated oocytes at E16.5
(average synapsis length 14 μm), and oocytes with synapsis extending
over at least 22 μm at E17.5 (average 42 μm), to select cells that would
have progressed to mid-pachytene.

To measure the increase of synapsis extent upon irradiation, we
included in the quantitative analysis the nuclei that showed extensive
synapsis at visual inspection, both for non-irradiated and for irradiated
Spo11YF/YF meiocytes.

The same class of nuclei that were analysed for synapsis extent was
used for quantification of homologous pairing frequency. Positions of
the selected nuclei in the specimen were recorded. Subsequently, FISH
was performed and FISH signals distances (see below) were measured
in the previously selected nuclei.

In the Edu labeling experiments, leptotene spermatocytes at 1 h
following irradiation were selected as in the previous experiment, but at
24 h and 48 h following irradiation, all stainings were combined with
EdU visualization, and all EdU-positive nuclei that were encountered
were included in the analyses.

4.5. Quantification of protein foci

Imaging of immunostained nuclei (RPA, RAD51, DMC1, SYCP1,
SYCP3, γH2AX) was performed with the same exposure time for each
nucleus. Foci were subsequently counted using Image J software, in-
cluding the Fiji plugin. For the Spo11YF/YF mice, we used the analyze
particles function and set the threshold manually, in order to include
the smallest visible focus in the analysis. The average area of one focus
was assessed to be 40–50 pixels, so that foci with an area larger than
100 pixels were counted as multiple foci to allow approximate quan-
tification of foci also when they were not resolved in the analysed
image. In the experiment involving Spo11 knockouts and EdU labeling,
we counted foci using the find maxima function, and set the noise
tolerance manually. This method detects a comparable number of foci.
However, background levels depend on the particular combinations of
first and secondary antibodies, as well as on the microscope that was
used for detection. Since these differ between the first and second ex-
periment, absolute numbers of foci cannot be compared between the
two experiments. Care was taken to keep these factors constant for each
single experiment whereby foci numbers were compared.

Table 4
Mouse genotypes, ages and analyses time points.

genotype age timepoint after 3 Gy irradiation

Hormad1 Spo11

+/− -/- 19 wk 1 h
+/− -/- 8 wk 1 h
+/+ -/- 19 wk 1 h
+/+ -/- 9 wk 1 h
-/- -/- 19 wk 1 h
-/- -/- 12 wk 1 h

+/+ -/- 9 wk 24 h
+/+ -/- 18 wk 24 h
-/- -/- 10 wk 24 h
-/- -/- 4 wk 24 h

+/+ -/- 12 wk 48 h
+/+ -/- 4 wk 48 h
+/+ -/- 4 wk 48 h
-/- -/- 10 wk 48 h
-/- -/- 10 wk 48 h
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4.6. FISH analyses

BAC probes were used both for chromosome 1 (RP23-82C21) and
chromosome 8 (CH26-18P14). BACs were labelled with biotin (Biotin-
Nick Translation Kit, Roche) and digoxigenin (DIG-Nick Translation Kit,
Roche) respectively. After alcohol precipitation in the presence of
mouse Cot-1 DNA and salmon sperm DNA, the labelled DNA was re-
suspended in formamide. An amount of 1 μg per probe was used to
perform FISH as described by Mahadevaiah et al. (2009) [83] on slides
that were first immunostained with SYCP1/SYCP3 (see above). Detec-
tion of the digoxigenin-labelled probe was performed with a primary
antibody sheep anti-DIG (Roche diagnosics) and a secondary rabbit
anti-sheep-FITC (Jackson labs). Detection of the biotin-labelled probe
was performed with a primary antibody mouse anti-BIO (Roche diag-
nostics) and a secondary goat anti-mouse Alexa 633 (Molecular
Probes).

FISH signals were analysed in Image J software (Fiji), measuring the
minimum distance between domains belonging to homologous probes
(1-1, 8-8) and heterologous probes (1–8, all combinations). Due to
variation in nuclear size, the measured absolute distances were nor-
malized to the nuclear diameter as follows: the average nuclear dia-
meter size was established to be 40 μm, and this reference size was
divided by the measured diameter of each analysed nucleus. The
number obtained was used as a conversion factor for the probe dis-
tances measured for the respective nucleus.

Subsequently, we generated cumulative distance distribution fre-
quencies, whereby bins of 3 micrometer where used. The dataset of
normalized homologous probe distances for all nuclei of a certain
genotype and time after irradiation, was compared to the corresponding
dataset of normalized nonhomologous probe distances in the same
nuclei using a non-parametric Kolgomorov Smirnov test (http://www.
physics.csbsju.edu/stats/KS-test.n.plot_form.html), that also generates
such plots and uses the largest distance between the two cumulative
graphs to determine whether two datasets are significantly different.
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