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Chromosome-wide inactivation is an epigenetic signature of sex chromosomes. The mechanism by which the
chromosome-wide domain is recognized and gene silencing is induced remains unclear. Here we identify an
essential mechanism underlying the recognition of the chromosome-wide domain in the male germline. We show
that mediator of DNA damage checkpoint 1 (MDC1), a binding partner of phosphorylated histone H2AX (gH2AX),
defines the chromosome-wide domain, initiates meiotic sex chromosome inactivation (MSCI), and leads to XY
body formation. Importantly, MSCI consists of two genetically separable steps. The first step is the MDC1-
independent recognition of the unsynapsed axis by DNA damage response (DDR) factors such as ataxia
telangiectasia and Rad3-related (ATR), TOPBP1, and gH2AX. The second step is the MDC1-dependent
chromosome-wide spreading of DDR factors to the entire chromatin. Furthermore, we demonstrate that, in
somatic cells, MDC1-dependent amplification of the gH2AX signal occurs following replicative stress and is
associated with transcriptional silencing. We propose that a common DDR pathway underlies both MSCI and the
response of somatic cells to replicative stress. These results establish that the DDR pathway centered on MDC1
triggers epigenetic silencing of sex chromosomes in germ cells.
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Sex chromosomes are representative models of epigenetic
gene regulation in which transcription is regulated in a
chromosome-wide manner during development. In mam-
malian females, one of the X chromosomes is inactivated to
equalize the X-linked gene dosage between XX females and
XY males. For female X-inactivation, placental mammals,
including humans and mice, acquired a noncoding RNA
(Xist) that decorates an entire X chromosome to initiate
chromosome-wide gene silencing (Chow and Heard 2010;
Lee 2010). Another form of X inactivation occurs in male
germ cells. Duringmalemeiosis, X and Y chromosomes are
specifically silenced in a process called meiotic sex chro-
mosome inactivation (MSCI). MSCI is an indispensable
step in spermatogenesis. In contrast to female X in-

activation, male MSCI is known to be Xist-independent
(McCarrey et al. 2002; Turner et al. 2002). Despite previous
studies that have implicated DNAdamage response (DDR)
factors in MSCI (Turner 2007; Inagaki et al. 2010), it
remains unclear how the sex chromosomes are recognized
and how gene silencing occurs in a chromosome-wide
manner in male germ cells.
Germ cells faithfully transmit life’s identity to the next

generation and confer genetic diversity. During meiosis,
homologous chromosomes undergo synapsis and recom-
bination, leading to genetically variable gametes. In con-
trast, heterologous chromatins (such as sex chromosomes)
are epigenetically silenced during meiosis in various
organisms—including the fungusNeurospora,Caenorhab-
ditis elegans, Drosophila, birds, and mammals—although
the underlying mechanisms depend on the species (Kelly
and Aramayo 2007; Namekawa and Lee 2009). Meiotic
silencing of unsynapsed chromatin (MSUC) is thought to
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be an ancient fundamental mechanism designed to sup-
press heterologous unsynapsed chromatin (Baarends et al.
2005; Turner et al. 2005). This trait may have evolved as a
genome defense mechanism to protect the host genome
from invasion by external DNA, such as transposons
(Huynh and Lee 2005; Kelly and Aramayo 2007). In the
mammalian male germline, meiotic silencing is confined
to the X and Y chromosomes (which are heterologous and
largely unsynapsed) and manifests as MSCI (McKee and
Handel 1993; Turner 2007; Namekawa and Lee 2009; Yan
and McCarrey 2009; Inagaki et al. 2010).
Cytological evidence suggests that various DDR factors

accumulate at sites of heterologous X and Y chromosomes.
First, ataxia telangiectasia and Rad3-related (ATR) kinase,
TOPBP1 (an ATR activator), and BRCA1 accumulate on
the unsynapsed axis of the sex chromosome (Scully et al.
1997;Moens et al. 1999; Perera et al. 2004; Reini et al. 2004;
Turner et al. 2004). Second, phosphorylation of H2AX
(gH2AX) marks entire sex chromosomes at the onset of
MSCI (Mahadevaiah et al. 2001). Previous studies suggest
that, during MSCI, gH2AX occurs independently of ataxia
telangiectasia-mutated (ATM) kinase but is dependent on
ATR kinase (Turner et al. 2004; Bellani et al. 2005). ATR is
known to sense ssDNA at the site of DNA damage in
somatic cells (Cimprich and Cortez 2008; Friedel et al.
2009). H2AX knockout mice cannot induce MSCI and
meiotic progression is arrested, suggesting the importance
of H2AX in MSCI (Fernandez-Capetillo et al. 2003). How-
ever, genetic evidence is lacking to ascertain whether phos-
phorylation of H2AX and the associated DDR pathway are
essential for MSCI.
To uncover themolecular mechanism underlyingMSCI,

we focused attention on mediator of DNA damage check-
point 1 (MDC1), a binding partner of gH2AX. MDC1 plays
a crucial role in the DDR signaling pathway downstream
from gH2AX in somatic cells (Goldberg et al. 2003; Lou
et al. 2003; Stewart et al. 2003). In this study, we show that
MDC1 is an essential factor for the recognition of the
chromosome-wide domain of meiotic sex chromosomes in
male mice, and MDC1 is therefore indispensable in the es-
tablishment of MSCI and the XY body. Importantly, our
studies in Mdc1 knockout mice reveal that MSCI is
genetically separable into two steps: MDC1-independent
chromosome axis recognition and MDC1-dependent chro-
mosome-wide domain formation.Hereinwe identify a novel
mechanism of chromosome-wide regulation based on cis-
recognition. Furthermore, the DDR pathway has a shared
role in both MSCI and the somatic response to replicative
stress during S phase. These results establish that the DDR
pathway, centered onMDC1, recognizes chromosome-wide
domains and induces epigenetic silencing of sex chromo-
somes in germ cells.

Results

MDC1 is essential for chromosome-wide spreading
of gH2AX

To test the role of MDC1 in MSCI, we examined the
phenotype of Mdc1�/� mice in male spermatogenesis. A

previous study revealedmale-specific infertility inMdc1�/�

mice due to meiotic arrest, whereas Mdc1�/� females are
fertile, suggesting a critical role for MDC1 in a male-
specific event in meiosis (Lou et al. 2006). A subsequent
study confirmed that spermatogenesis in Mdc1�/� mice is
arrested at epithelial stage IV, which corresponds to the
mid-pachytene stage in normalmeiosis (Ahmed et al. 2007).
Consistent with previous studies, we did not observe
abnormalities in Mdc1�/� mice before entry into meiosis
(Supplemental Fig. S1) and spermatids were not observed in
Mdc1�/� males, indicating that MDC1 is indispensable in
male meiosis.
To further investigate the role of MDC1 in meiosis, we

examinedmeiotic chromosome spreads ofMdc1�/�mice.
In the leptotene and zygotene stages, when homologous
chromosomes undergo synapsis following meiosis-spe-
cific DNA double-strand breaks (DSBs), the first wave of
gH2AX accumulation occurred extensively in Mdc1�/�

nuclei, as in the control (Supplemental Fig. S2). After the
early pachytene stage in normal meiosis, when homolo-
gous synapsis is completed, gH2AX localized on the
chromosome-wide domain of the sex chromosomes (Fig.
1A). However, in Mdc1�/� spermatocytes, chromosome-
wide accumulation of gH2AX on sex chromosomes was
significantly impaired at the pachytene stage, and the
gH2AX signal was confined to the unsynapsed axis and
proximal regions of sex chromosomes (Fig. 1B). This
phenotype was observed in all Mdc1�/� pachytene sper-
matocytes that we examined, and spermatid progression
to later stages totally failed (n > 100), indicating that sex
chromosome-wide accumulation of gH2AX is a critical
step in meiotic progression. However, it is also possible
that the gH2AX-spreading defect in Mdc1�/� spermato-
cytes is caused indirectly by meiotic arrest during the
course of gH2AX spreading. To test this possibility, we
examined meiotic progression by staining a testis-specific
histone variant (H1t) that specifically accumulates after
the mid-pachytene stage, when MSCI is already estab-
lished in normal meiosis (Inselman et al. 2003). We
confirmed that Mdc1�/� germ cells can reach the H1t-
positive stage, correlating with the mid-pachytene stage.
Since the spreading defect is evident in H1t-positive cells
(Supplemental Fig. S1), our results suggest that this defect
is not the indirect consequence of meiotic arrest. Thus, we
conclude that MDC1 is an essential factor for spreading
gH2AX from the axes to the chromosome-wide domain of
sex chromosomes in the pachytene stage.
Next, we examined the localization of ATR andTOPBP1

(ATR activator), which are thought to form a protein
complex and be involved in phosphorylation of H2AX
during MSCI (Turner et al. 2004; Bellani et al. 2005). In
normal meiosis, during the zygotene-to-pachytene transi-
tion,ATRandTOPBP1 initially accumulated on the unsyn-
apsed axes of sex chromosomes and then spread onto the
chromosome-wide domain of the sex chromosomes (Fig.
1C,E). Intriguingly, in Mdc1�/� spermatocytes, the spread-
ing of ATR and TOPBP1 from the unsynapsed axes to the
chromosome-wide domain of the sex chromosomes was
not observed, and the signals existed only on the unsyn-
apsed axes (Fig. 1D,F). These results suggest that MDC1 is
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an essential factor needed to build up chromosome-wide
spreading of ATR and TOPBP1, as well as gH2AX. On
the contrary, localization of BRCA1 was not altered in
Mdc1�/� spermatocytes and was confined to the unsyn-
apsed axes of sex chromosomes, as in controls (Supple-
mental Fig. S3). This suggests that BRCA1 does not
function downstream from MDC1 during MSCI. Sup-
porting its role in chromosome-wide spreading of DDR

factors, MDC1 spreads onto the chromosome-wide do-
main in normal pachytene spermatocytes (Supplemen-
tal Fig. S3; Lee et al. 2005). Taken together, we conclude
that MSCI consists of two genetically separable steps.
The first step is the MDC1-independent recognition of
the unsynapsed axis, in which the ATR–TOPBP1 com-
plex phosphorylates H2AX (Fig. 1G). The second step is
the MDC1-dependent chromosome-wide spreading of

Figure 1. MDC1 directs chromosome-wide spread-
ing of DDR factors. (A–F) Immunostaining of mei-
otic chromosome spreads using antibodies against
DDR factors together with the anti-SCP3 antibody.
SCP3 staining displays the status of chromosome
synapsis and is used to distinguish meiotic stages.
All images are wide-field images of pachytene sper-
matocytes. Areas surrounding sex chromosomes are
highlighted in dotted rectangles and are magnified in
the right panels. (Arrows) Sex chromosomes. (G)
Pictorial representation about the role of MDC1 in
MSCI. The first step is MDC1-independent recogni-
tion of the unsynapsed axis. The second step is
MDC1-dependent spreading of DDR factors to the
chromosome-wide domain.
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the ATR–TOPBP1 complex and the gH2AX signal to the
entire chromatin (Fig. 1G).
In addition to these factors, various DDR factors are

known to accumulate on the sex chromosomes at the onset
of MSCI. Mre11, Rad50, and Nbs1 form the multimeric
MRN complex and accumulate at sites of DNA DSBs in
somatic cells following gH2AX foci formation (Furuta et al.
2003). The MRN complex also accumulates on the chro-
mosome-wide domain of the sex chromosomes during
MSCI (Supplemental Fig. S4; Eijpe et al. 2000). To dissect
the genetic pathway thatMDC1 is involved in,we examined
the localization of theMRNcomplex inMdc1�/� spermato-
cytes.Mre11 and Rad50 localized on the unsynapsed axes of
sex chromosomes inMdc1�/� spermatocytes (Supplemental
Fig. S4). This indicates that recruitment of the MRN
complex to the unsynapsed axes is MDC1-independent,
but that MDC1 is required for spreading of the MRN
complex to the sex chromosome-wide domain. Although
the function of the MRN complex in MSCI is unknown,
these results further corroborate the essential role of
MDC1 in the recognition of the chromosome-wide domain
of the sex chromosomes by DDR factors during MSCI.

MDC1 initiates MSCI

To determine whether MDC1-dependent chromosome-
wide recognition is needed for transcriptional silencing of

the sex chromosomes, we examined the general tran-
scriptional status by immunostaining using an antibody
against RNA polymerase II (Pol II). We prepared meiotic
slides using amethodwe developed previously to conserve
the morphology of meiotic chromatin and the three-
dimensional nuclear structure (Namekawa et al. 2006;
Namekawa and Lee 2011). In normal pachynema, the sex
chromosomes formed a silent compartment, called the XY
body, in which Pol II was largely excluded from the entire
sex chromosome (Fig. 2A,C; Namekawa et al. 2006). In
Mdc1�/� pachynema, the unsynapsed axes of sex chromo-
somes were located largely in the transcriptionally active
euchromatic region, except for the centromeric end of the
X chromosome and a large part of the Y chromosome that
is known to reside in silent heterochromatin even before
meiosis (Fig. 2B,D; Namekawa et al. 2006). We conclude
that MDC1 is required for establishing chromosome-wide
silencing. This conclusion was confirmed independently
by Cot-1 RNA fluorescent in situ hybridization (FISH).
Cot-1 DNA consists of repetitive elements that can
hybridize to nascent transcripts, leading to visible tran-
scriptionally active regions (Hall et al. 2002). The Cot-1
signal was similarly excluded from the XY in the control,
as was the case for Pol II staining (Fig. 2E). In contrast, the
unsynapsed axes of sex chromosomes were located in the
Cot-1-positive region in Mdc1�/� spermatocytes (Fig. 2F)
despite the fact that various DDR factors accumulated on

Figure 2. MDC1 is required for MSCI. (A,B) Immu-
nostaining with anti-Pol II antibody in Mdc1+/� and
Mdc1�/� spermatocytes, respectively. Unsynapsed
axes of sex chromosomes are detected with anti-
BRCA1 antibody. Areas surrounding sex chromo-
somes are highlighted in dotted rectangles and are
magnified in the right panels. The outline of the
XY body is highlighted with a dotted oval. (Arrow)
Centromeric end of the X chromosome; (arrowhead)
Y-chromosome part of the sex chromosome pair. (C,D)
Pictorial representation of the unsynapsed axes of sex
chromosomes. (E,F) Combined immunostaining with
anti-BRCA1 antibody and Cot-1 RNA FISH inMdc1+/�

and Mdc1�/� cells, respectively. Meiotic slides were
prepared as described (Namekawa et al. 2006). All
images are deconvolved single Z-sections.
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the axes (Fig. 1). This suggests that the chromatin confor-
mational change following DDR factor accumulation is
required for transcriptional silencing.
To confirm these cytological analyses, we performed

microarray analysis using Affymetrix Gene 1.0 ST arrays
to examine gene expression profiles in juvenile testes in
which the first wave of meiosis is semisynchronous. For
example, the pachytene stage commences at ;10 d after
birth. At 16.5 d old, when MSCI is already established in
normal meiosis, genes on the sex chromosomes were not
repressed and were consequently up-regulated inMdc1�/�

testes as compared with wild-type testes (Fig. 3A). We also
examined average expression levels in individual chromo-
somes and confirmed that up-regulation inMdc1�/� testes
is specific to the sex chromosomes (Fig. 3B). Up-regulation
of the X chromosome in Mdc1�/� testes occurs in a chro-
mosome-wide manner (Fig. 3C). We conclude that MDC1-
dependent recognition of the chromosome-wide domain
is a critical step in the initiation of chromosome-wide
silencing in MSCI.

MDC1 is required for XY body formation

The chromosome-wide accumulation of gH2AX on sex
chromosomes is concomitant with the formation of
a distinct heterochromatin domain called the XY body
(also known as sex body). Various epigenetic modifica-
tions, including histone modifications, occur specifically
on the XY body following its formation (Greaves et al.
2006; Namekawa et al. 2006; Turner et al. 2006; van der
Heijden et al. 2007). The XY body is a distinct chromatin
domain detected by characteristic DAPI staining, as
shown in Figure 2A. The MSCI defect in Mdc1�/� sper-
matocytes suggests that MDC1 is essential for the forma-
tion of this distinct chromatin domain. To determine
whether XY body formation depends on MDC1, we exam-
ined localization of various XY bodymarkers. Sumoylation
occurs on entire sex chromosomes in normal meiosis (Fig.
4A; Rogers et al. 2004), but was completely abolished
in Mdc1�/� spermatocytes (Fig. 4B). Although a previous

observation suggested that SUMO-1 accumulation pre-
cedes gH2AX on the XY body (Vigodner 2009), our genetic
evidence demonstrates unequivocally that gH2AX–MDC1
signaling is upstream of SUMO-1 accumulation in both the
axes and the chromosome-wide domain of the sex chromo-
somes. Consistent with this result, a recent study revealed
that SUMO proteins function downstream from the DDR
pathway in somatic cells (Galanty et al. 2009). Further-
more, various XY bodymarkers—such as Xmr (Escalier and
Garchon 2000), MacroH2A1 (Hoyer-Fender et al. 2000),
ubiquitin conjugates (FK2), and ubiquitinated histone H2A
(Ubi-H2A) (Baarends et al. 2005)—did not localize on
chromosome-wide domains on the sex chromosome in
Mdc1�/� cells (Fig. 4C–J). Axial accumulation of Xmr,
MacroH2A, and Ubi-H2A was observed in Mdc1�/� cells,
however. Exclusion of histone H3 trimethylated at Lys 27
(H3K27me3) was also MDC1-dependent (Fig. 4K,L). Taken
together, we establish that gH2AX–MDC1 signaling pre-
cedes chromosome-wide accumulation of various XY body
markers and confers chromosome-wide epigenetic alter-
ations on the sex chromosomes.
We further investigated the chromatin conformation of

sex chromosomes by directly measuring the degree of
compaction of the XY chromosome axes. For this purpose,
we quantified the distance between the distal ends of theXY
axes displayed by BRCA1 staining (Fig. 4M,N). As illustrated
in Figure 4M, sex chromosome axes inMdc1�/� pachynema
were stretched longer than those in normal spermatocytes
in both early and mid-pachytene stages (Fig. 4N). These
results demonstrate thatMDC1directs the chromatin con-
formational change of sex chromosomes at the early
pachytene stage, concomitant with the establishment of
MSCI, leading to establishment of the XY body.

Meiotic recombination in Mdc1�/� mice

DDR factors, including gH2AX and MDC1, also accumu-
late in autosome regions at the leptotene and zygotene
stages (Mahadevaiah et al. 2001; Lee et al. 2005) when
meiosis-specific DSBs are induced by Spo11 to initiate

Figure 3. Microarray analysis of Mdc1�/� testis at
16.5 d old. (A) Comparison of gene expression levels
inMdc1�/� versusMdc1+/+ cells among autosomes or
X and Y chromosomes. The central dot is the median,
the boxes encompass 50% of data points, and the
error bars indicate 90% of data points. P was derived
from a paired t-test. (B) Average expression levels in
Mdc1�/� versus Mdc1+/+ mice for each chromosome.
(C) Expression levels along the location of represen-
tative autosomes (Chr1–Chr3) and the X chromo-
some. Locations are distances from proximal ends of
chromosomes (in megabases). Arrowheads denote
average expression levels in each chromosome.
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meiotic recombination (Baudat et al. 2000; Romanienko
and Camerini-Otero 2000). This meiotic recombination is
tightly associated with the progression of homologous
chromosome synapsis. Intriguingly, gH2AX and TOPBP1
foci remained along autosome axes inMdc1�/� pachytene
spermatocytes, but decreased on autosome axes in normal
meiosis (Fig. 1). If MDC1 has a role in processing meiotic
DSBs at the leptotene and zygotene stages, it could in-

directly disturbmeiotic silencing at the subsequent pachy-
tene stage in Mdc1�/� mice. To distinguish the roles of
MDC1 in meiotic silencing and recombination, we char-
acterized the roles of MDC1 in meiotic recombination
using Mdc1�/� mice. We first examined chromosome
synapsis, which is tightly associated with the initiation
of meiotic recombination in mice (Baudat et al. 2000;
Romanienko and Camerini-Otero 2000). We found normal

Figure 4. gH2AX–MDC1 signaling is the primary step in XY body formation. (A–L) Immunostaining of meiotic chromosome spreads using
the indicated antibodies together with the anti-SCP3 antibody. All pictures represent pachytene spermatocytes. (Arrows) Sex chromosomes.
All images are wide-field images. (M) Conformation of sex chromosome axes detected by BRCA1 staining in pachytene Mdc1+/� and
Mdc1�/� spermatocytes. To preserve relative three-dimensional conformation, meiotic slides were prepared as described (Namekawa
et al. 2006). (N) Summary of linear distances between both ends of sex chromosome axes. The normalized distance is the linear distance
between both ends detected with BRCA1 staining normalized to the nuclear diameter. The central dot is the median, the boxes
encompass 50% of data points, and the error bars indicate 90% of data points. Meiotic stages were judged by simultaneous staining with
SCP3 and H1t. P-values were calculated using an unpaired t-test. (*) P < 0.01; (**) P < 0.001.
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synapsis ofMdc1�/� autosomes at the pachytene stage (n =

70), as judged by immunostaining of SCP1, which localizes
only on synapsed chromosomes (Fig. 5A,B). This suggests
that MDC1 is not required for the initial stage of meiotic
recombination.However,Mdc1�/� spermatocytes exhibited
sex chromosome-specific synaptic defects, X and Yaxes that
were not associated (14%, n = 70) (Fig. 5C), and illegitimate
association of an end of the X axis to autosomes (24%,

n = 70) (Fig. 5D) at a higher frequency than in normal
spermatocytes (both 0%, n = 50). These abnormalities are
also observed in H2AX knockout mice (Celeste et al. 2002;
Fernandez-Capetillo et al. 2003), suggesting the crucial role
of gH2AX–MDC1 signaling in sex chromosome synapsis.
To examine the phenotype in terms of processing mei-

otic DSBs in Mdc1�/� spermatocytes, we examined the
localization of recombination intermediates by immuno-
fluorescence with marker antibodies such as RAD51, RPA,
andMLH1 (Plug et al. 1998; Tarsounas et al. 1999). RAD51
accumulated at sites of DSBs and subsequent strand in-
vasion during meiotic recombination in the leptotene and
zygotene stages in controls (Fig. 5E). After processing of
recombination intermediates at the pachytene stage,
RAD51 disappeared from autosomal axes and remained
only on the X axis (Fig. 5G; Plug et al. 1998). In Mdc1�/�

spermatocytes, localization of RAD51 foci was indistin-
guishable from that in normal spermatocytes (Fig. 5F,H).
Next we examined the localization of RPA, an ssDNA-
binding protein that marks synapsed regions at the site of
recombination after the zygotene stage. RPA is a late
marker of recombination intermediates, after RAD51 ac-
cumulation (Fig. 5I; Plug et al. 1998). InMdc1�/� spermato-
cytes, RPA foci formation occurred normally, suggesting
normal processing of meiotic DSBs (Fig. 5J). However, the
localization of MLH1, which marks one or two sites of
crossover recombination in normal meiosis (Fig. 5K; Baker
et al. 1996), was completely abolished in Mdc1�/� sper-
matocytes (Fig. 5L). These results in Mdc1�/� spermato-
cytes raised two possibilities: that MDC1 has a direct role
in processing crossover recombination and promoting
MLH1 accumulation, or that an MSCI defect causes mei-
otic arrest at the stage before MLH1 accumulation and
indirectly impedes MLH1 accumulation on autosomes.
To address these two possibilities, we examined the

recombination intermediates inMdc1�/� female meiosis.
Consistent with normal fertility in femaleMdc1�/�mice,
we observed normal accumulations of RPA and MLH1

Figure 5. Meiotic recombination in the Mdc1 mutant. Immu-
nostaining of meiotic chromosome spreads using the indicated
antibodies together with the anti-SCP3 antibody. All images are
wide-field images. (Arrows) Sex chromosomes. (A,B) Chromo-
some synapsis occurs normally at the pachytene stage inMdc1+/�

and Mdc1�/� spermatocytes. (C) Mdc1�/� spermatocytes exhibit
sex chromosome-specific synaptic defects. (D) Illegitimate asso-
ciations of the X axis to autosomes in Mdc1�/� spermatocytes.
Areas surrounding sex chromosomes (dotted rectangle) are mag-
nified in the right panels, and schematics of chromosome axes are
shown below. (E,F) Rad51 foci formation is normal at the
zygotene stage in Mdc1+/� and Mdc1�/� spermatocytes. (G,H)
Rad51 foci disappear from autosomal regions and remain only on
the X-chromosome axis at the pachytene stage in Mdc1+/� and
Mdc1�/� spermatocytes. (I,J ) RPA foci formation is normal at the
pachytene stage in Mdc1+/� and Mdc1�/� spermatocytes. (K)
MLH1 marks the sites of crossover at the pachytene stage in
Mdc1+/� spermatocytes. (L) MLH1 foci are abolished in Mdc1�/�

at the pachytene stage. (M) MDC1 localizes on the pseudo sex
body in Spo11�/� spermatocytes. (Arrowhead) Pseudo sex body.
(N) The pseudo sex body is abolished in spermatocytes of the
Spo11�/�Mdc1�/� double mutant.
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foci in Mdc1�/� females (Supplemental Fig. S5). These
results support the latter possibility that an MSCI defect
causes meiotic arrest and indirectly abolishes MLH1 foci
in Mdc1�/� spermatocytes.

A role for MDC1 in meiotic silencing independent
of meiotic recombination

As further support for MDC1 function in meiotic silencing
independent of meiotic recombination, we examined the
Spo11 mutant (Spo11�/�) that is defective in inducing
meiosis-specific DSBs and exhibits aberrant synapsis and
meiotic arrest. Interestingly, meiotic silencing character-
ized by the accumulation of DDR factors such as ATR and
gH2AX still takes place in Spo11�/� spermatocytes. How-
ever, in this case, the region of meiotic silencing locates
ectopically, rather than on sex chromosomes, presumably
due to the aberrant synapsis of autosomes. This region
is called the pseudo sex body (Barchi et al. 2005; Bellani
et al. 2005; Mahadevaiah et al. 2008). These observations
strongly suggest that meiotic silencing is a genetically
separable event from meiosis-specific DSBs, although cor-
rect localization of silencing on sex chromosomes may be
a consequence of homologous chromosome synapsis that
is, in turn, strictly dependent onmeiosis-specific DSBs. We
found that MDC1 accumulated in the pseudo sex body in
Spo11�/� spermatocytes and perfectly overlapped with
gH2AX, which illuminates the pseudo sex body domain
(Fig. 5M). Furthermore, pseudo sex body formation was
abolished in spermatocytes of the the Spo11�/�Mdc1�/�

double mutant (Fig. 5N). We conclude that MDC1 is
required for pseudo sex body formation andmeiotic silenc-
ing, supporting the notion thatMDC1 functions directly in
meiotic silencing independently of meiotic recombination.

MDC1 functions independently of RNF8 in MSCI

Next we sought to determine the pathway associated with
MDC1 in MSCI. In the somatic DDR pathway, MDC1
recruits an E3 ubiquitin ligase, ring finger protein 8
(RNF8), via a direct interaction, leading to the subsequent
recruitment of various DDR factors to the site of DNA
damage (Huen et al. 2007; Kolas et al. 2007; Mailand et al.
2007). We found that RNF8 also localized on the XY body,
but that the accumulation of RNF8 occurred only after the
late diplotene phase (Supplemental Fig. S6). This is much
later than that ofMDC1, suggesting thatMDC1 andRNF8
operate independently in MSCI. To determine the role of
RNF8 on the XY body, we examined the phenotype of
Rnf8 �/� spermatocytes. In Rnf8 �/� spermatocytes, chro-
mosome-wide accumulation of MDC1, TOPBP1, SUMO-1,
and Xmr were not disturbed (Supplemental Fig. S6). This
result is consistent with recent studies showing normal
chromosome-wide accumulation of gH2AX on the sex
chromosomes, while ubiquitin conjugates are abolished from
theXYbody inRnf8�/� spermatocytes (Lu et al. 2010; Santos
et al. 2010). We conclude that RNF8 is dispensable for sex
chromosome-wide localization of DDR factors and accumu-
lation of XY body markers (except for ubiquitin conjugates),
and MDC1 functions independently of RNF8 in MSCI.

A common role for MDC1 in meiotic silencing
and the DDR pathway after replicative stress
in somatic cells

The above results establish thatMDC1works downstream
from ATR and amplifies gH2AX signals in the chromo-
some-wide domain, which induces MSCI. Based on this
conclusion, we hypothesized that a common DDR path-
way underlies both meiotic silencing and the somatic
DDR, and that MDC1 is a common central player in
gH2AX amplification. We anticipated that transcriptional
silencing is a common consequence of gH2AX amplifica-
tion in both meiotic silencing and somatic DDR. Support-
ing our notion, it has been shown that MDC1 amplifies
gH2AX signals at the site of DNA DSBs in somatic cells
by a feedback loop with ATM kinase (Lou et al. 2006).
However, it is unclear whether MDC1-dependent gH2AX
amplification also occurs downstream fromATR signaling.
In somatic DDR, replicative stress activates an ATR-de-
pendent pathway, rather than ATM, at the site of the
stalled replication fork in S phase (Cimprich and Cortez
2008; Friedel et al. 2009). To explore our hypothesis, we
investigated the role of MDC1 in the ATR-dependent
pathway after the induction of replicative stress in the
U2OS human osteosarcoma cell line. We sought to deter-
mine whether MDC1 amplifies gH2AX signals after in-
duction of replicative stress, and whether gH2AX foci are
associated with transcriptional silencing, as is the case
with meiotic silencing.
Replicative stress can be induced by treatment of cells

with hydroxyurea (HU). We confirmed that HU treat-
ment specifically induces gH2AX foci in S phase using
5-ethynyl-29-deoxyuridine (EdU), which is incorporated
into replicating cells (Fig. 6A). To determine the role of
MDC1 in the ATR-dependent pathway, we performed
siRNA-based knockdown of MDC1. Following MDC1
knockdown, we observed that gH2AX amplification was
significantly hampered after HU treatment (Fig. 6B,C).
We conclude that MDC1 is also necessary for gH2AX
amplification in an ATR-dependent pathway of somatic
cells. Therefore, we propose that MDC1 directs gH2AX
amplification, possibly by a feedback loop with the ATR–
TOPBP1 complex, in both meiotic silencing and the
response of somatic cells to replicative stress (Fig. 6D).
To investigate whether gH2AX amplification in the

somatic ATR-dependent pathway is associated with tran-
scriptional silencing, we performed double immunostain-
ing of Pol II and gH2AX after HU treatment. As shown in
Figure 6E, sites of gH2AX accumulation after HU treat-
ment were mutually exclusive from those of Pol II accu-
mulation. In accord with our conclusion about the critical
role of MDC1 in meiotic silencing, we establish that the
common ATR-dependent pathway centered on MDC1 is
associated with both meiotic silencing and transcriptional
silencing following replicative stress.

Discussion

We demonstrate that MDC1 plays a critical role in chro-
mosome-wide silencing of the sex chromosomes. However,
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it is likely that MDC1 is dispensable in meiotic recombi-
nation, which is a common event in both sexes, since
Mdc1�/� females are fertile (Lou et al. 2006) and we do
not see defects in autosomal synapsis or formation of early
recombination intermediates in males. We show that
Mdc1�/� germ cells can partially retain early markers of
meiotic silencing (gH2AX, ATR, and TOPBP1) only on the
axes of sex chromosomes. However, Mdc1�/� spermato-
cytes have defects in spreading these factors to the entire sex
chromosome, in establishing the XY body, and in chromo-
some-wide gene silencing. A previous study suggests that
MDC1 amplifies gH2AX by a feedback loop with the ATM
kinase at the site of DSBs in somatic cells (Lou et al. 2006).
Another study in somatic cells showed that gH2AX is
dispensable for the initial recognition of DNA breaks but
is required for amplification of DDR factors at DNA breaks
(Celeste et al. 2003). Taken together, we propose that the

initial gH2AX signal occurs at the unsynapsed axes of sex
chromosomes in an MDC1-independent manner. MDC1
then mediates the spreading of the gH2AX signal over the
chromosome-wide domain through a feedback loop with
the ATR–TOPBP1 complex, thus leading to the recognition
of the chromosome-wide domain and to XY body formation
(Figs. 1G, 6D). In support of this model, a direct interaction
betweenMDC1 and TOPBP1 has been identified in somatic
cells following replicative stress (Wang et al. 2011). This
finding strongly supports the possibility thatMDC1 directly
recruits the ATR–TOPBP1 complex to amplify the gH2AX
signals in meiotic silencing (Fig. 6D), although other un-
identified factors may also be involved in this process. The
role of DDR factors in the recognition of the chromosome-
wide domain is further supported by our data showing that
XY body markers do not localize to the chromosome-wide
domain of the sex chromosomes in male Mdc1�/� cells

Figure 6. MDC1 amplifies gH2AX signal
after replicative stress in somatic cells. (A)
Replicative stress induction by HU and the
appearance of gH2AX foci during S phase.
U2OS cells were treated with 10 mMEdU for
30 min prior to 1 mMHU treatment for 2 h.
Images are confocal images using Optiglid.
(Arrowheads) S-phase cells. Dotted circles
show nuclear regions. (B) gH2AX signal
amplification is hampered by the knock-
down of MDC1. U2OS cells were treated
with siRNAs for 48 h prior to 1 mM HU
treatment for 2 h. siRNA for luciferase gene
(siLuc) was used as a negative control. Im-
ages are confocal images using Optiglid. (C)
Quantification of gH2AX signal intensity
after MDC1 knockdown. More than 30
nuclei of three independent experiments
were examined, quantified using the ImageJ
software, and normalized against the value
of control siRNA (siLuc). Pwas derived from
an unpaired t-test. The error bar shows
standard deviation. (D) Model showing the
role of MDC1 in gH2AX amplification. The
first step is MDC1-independent induction
of gH2AX. The second step is MDC1-de-
pendent amplification of gH2AX signals in
a feedback loop with TOPBP1 and ATR.
MDC1 directs spreading of DDR factors to
adjacent nucleosomes. (E) Foci of gH2AX
and Pol II are mutually exclusive in U2OS
cells after the 2-h HU treatment. Serial
Z-sections were deconvolved and a repre-
sentative Z-section is shown. Areas in
dotted rectangles are magnified in the right

panels. (Arrows) Sites of gH2AX foci.
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during meiosis (Fig. 4). Thus, a DDR pathway centered on
MDC1 is the critical determinant of chromosome-wide cis
regulation of the sex chromosomes in MSCI.
Although a previous study demonstrated that deletion

of the H2AX gene abolishes MSCI (Fernandez-Capetillo
et al. 2003), it is unclear whether gH2AX is the cue that
signals MSCI. In somatic cells, MDC1 binds to gH2AX to
exert its function (Stewart et al. 2003). In this study,
defective MSCI in Mdc1�/� mice provides compelling
evidence that gH2AX is an essential signal for MSCI and
XY body formation. Therefore, the current study provides
the first genetic evidence that gH2AX and the associated
DDR pathway are essential for MSCI.
DDR pathways mediate signaling downstream from

DNA damage. Collapse of DDR pathways causes aber-
rant DNA repair, genomic instability, and predisposition to
cancer (Andreassen and Niedernhofer 2009; Huen et al.
2010). We show that, in MSCI, recognition of the chromo-
some-wide domain by DDR factors takes place before the
establishment of gene silencing and epigenetic modifica-
tions such as histone tail modifications. Surprisingly, our
data suggest a common function for the DDR pathway and
MDC1 in meiotic silencing and the response of somatic
cells to DNA replication stress. It is well known that DNA
replication stress stalls the replication fork in the mitotic
S phase and that an ATR-dependent signaling cascade plays
a central role in the DDR at the stalled replication fork
(Cimprich and Cortez 2008; Friedel et al. 2009). A recent
study revealed that an ATM-dependent pathway is associ-
ated with transcriptional silencing at the site of DNADSBs
in somatic cells (Shanbhag et al. 2010). Taken together,
these results suggest that transcriptional silencing is a com-
mon consequence of gH2AX amplification in response to
replication stress and DSBs mediated by ATR and ATM,
respectively.
Notably, our data reveal a novel mechanism of

chromosome-wide regulation. We propose that MDC1
establishes chromosome-wide silencing via signal amplifi-
cation of gH2AX. Given that gH2AX foci are formed quite
rapidly after induction of DNA damage in somatic cells, we
suggest that the DDR pathway can provide an expeditious
recognition of entire chromosomes during meiosis. These
rapid kinetics during the initiation phase of MSCI are
strikingly different from those of Xist-dependent X-chro-
mosome inactivation in females. In both imprinted and
random X inactivation, the noncoding RNA Xist gradually
spreads and consequently establishes chromosome-wide
genic silencing over several days (Okamoto et al. 2004;
Chaumeil et al. 2006; Namekawa et al. 2010). The gradual
establishment of female X inactivation may have enabled
the regulation of several escape genes on a gene-by-gene
basis, which eventually grew to be a relatively large number
of escape genes in humans (such genes constitute ;15%
of genes on human X chromosomes) (Carrel and Willard
2005). On the other hand, the rapid kinetics of maleMSCI
could explain why MSCI results in an almost complete
shutdown of the X-linked genes, with the exception of
only a few X-linked coding genes and many X-linked
microRNA (miRNA) genes (Namekawa et al. 2006; Song
et al. 2009).

What is the raison d’etre for DDR pathway-based recog-
nition of the chromosome-wide domain in MSCI? Impor-
tantly, Mdc1�/� and H2AX�/� mice exhibit complete
arrest with no progression of spermatocytes to the later
stages (Fernandez-Capetillo et al. 2003; Lou et al. 2006). It
has been proposed that suppression of sex-linked genes is
essential in meiotic progression, and that the MSCI defect
activates the meiotic checkpoint that leads to apoptotic
elimination of germ cells (Burgoyne et al. 2009). The rapid
kinetics ofMSCIwould support this view in that expeditious
silencing is critical in checkpoint suppression and meiotic
progression. Furthermore, in the course of evolution, DDR
pathway-based MSCI also confers long-term benefits that
would justify selection in favor of MSCI. Several theories
consider the evolutionary benefits ofMSCI to be suppression
of illegitimate recombination between unsynapsed sex chro-
mosomes (McKee and Handel 1993), protection from in-
vasion of transposons (Huynh and Lee 2005; Kelly and
Aramayo 2007), and acting as a driving force of trans-
generational epigenetic inheritance (Huynh and Lee 2005;
Namekawa et al. 2006, 2007). Future challenges will be to
test the evolutionary history of sex chromosome inactiva-
tion and dissect the molecular mechanisms downstream
from gH2AX–MDC1 signaling that confer transcriptional
silencing and epigenetic memories on sex chromosomes.

Materials and methods

Mice

Mdc1, Spo11, and Rnf8 mutants were on C57BL/6 backgrounds.
For slide preparation, mutants and littermate controls were
processed at 20–60 d of age, post-partum. For the microarray
analysis, juvenile testes were processed at post-partum day 16.5.
Embryos fromMdc1�/� females were obtained on embryonic day
17.5, after natural mating with Mdc1 heterozygous males.

Spermatogenesis slide preparation

Hypotonic treatment was performed as described (Peters et al.
1997). Slides to conserve the morphology of meiotic chromatin
and relative three-dimensional nuclear structures in mouse testes
were prepared as described (Namekawa et al. 2006; Namekawa
and Lee 2011). To prepare paraffin blocks, testes were fixed with
4% paraformaldehyde in PBS, ethanol-dehydrated, and embed-
ded in paraffin. Six-micron paraffin sections were prepared with
a microtome (Leica) and deparaffinized prior to immunostaining.

FISH and immunofluorescence

Cot-1 RNA FISH was performed as described (Namekawa and Lee
2011). For immunofluorescence, slides were incubated in PBT
(0.15% BSA, 0.1% Tween 20 in PBS) for 60 min prior to overnight
incubation at room temperature with the following antibodies:
SCP3 (Novus), 1:100; Pol II CTD 8WG16 (Millipore), 1:200; H3-
3meK27 (Millipore), 1:200; gH2AX (Millipore), 1:5000; ATR (Cal-
biochem), 1:400; TOPBP1 (generated by the Chen laboratory)
(Yamane et al. 2002), 1:500;MDC1 (generated by the Nussenzweig
laboratory), 1:500; SUMO-1 (Invitrogen), 1:400; XMR (gift from
Denise Escalier), 1:500; macroH2A (Millipore), 1:200; ubiquitin
conjugates (FK2, Enzo Life Sciences), 1:500; Ubi-H2A (Millipore),
1:200; H1t (gift from Mary Ann Handel), 1:500; SCP1 (Abcam),
1:1500; RAD51 (Calbiochem), 1:100; RPA1 (gift from James
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Ingles), 1:100; MLH1 (Santa Cruz Biotechnology), 1:100; RNF8
(gift from Xiaochun Yu), 1:100; PLZF (Calbiochem), 1:50; MRE11
(Novus), 1:200; and RAD50 (Novus), 1:200. Thereafter, slides were
washed three times for 5 min in PBS plus 0.1%Tween 20, incubated
with secondary antibodies (Invitrogen or Jackson ImmunoResearch)
at 1:500 for 60 min in PBT, washed in PBS plus 0.1% Tween 20, and
mounted in Vectashield with DAPI. The anti-BRCA1 antibody was
raised in rabbits using the mouse BRCA1 fragment from 789 to 1141
amino acids (outsourced to Covance) and was used at 1:1500
dilution for immunostaining.

For double immunostaining using two primary antibodies from
the same host species (mouse anti-gH2AX antibody and mouse
anti-Pol II, clone 8WG), we used Fab fragments as suggested by the
manufacturer (Jackson ImmunoResearch). Briefly, we first per-
formed immunostaining of gH2AX and detected with Fab goat
anti-mouse IgG conjugated with DyLight488 (Jackson Immuno-
Research). After post-fixation in 4% paraformaldehyde in PBS, we
performed a second round of immunostaining with anti-RNA
polymerase antibody and detection with goat anti-mouse IgG
conjugated with Alexa 555 (Invitrogen). For combined RNA
FISH/immunostaining, we carried out immunofluorescent detec-
tion of proteins first, followed by RNA FISH. Details of FISH
and immunofluorescence microscopy are described elsewhere
(Namekawa and Lee 2011).

Microarray analysis

For microarray analysis, total RNAs from whole juvenile testes
at 16.5 d of age were examined on Affymetrix Gene 1.0 STarrays.
Data were analyzed using Affymetrix Expression Console soft-
ware for the calculation of expression levels, with each array
normalized with the RMA algorithm. Temporal expression
patterns observed in genes expressed at low levels are not
reliable, so low-expression probes were eliminated, as we described
previously (Namekawa et al. 2006). Approximately 40% of the
genes in the mouse genome are not expressed in spermatogenesis
(Namekawa et al. 2006), and thus 40% of low-expression probes
were eliminated prior to the analysis. For the expression analysis,
probes that do not specifically annotate the genome were elimi-
nated from the analysis. Two biological replicates were analyzed
and a representative data set was shown. Excel software was used
to generate the figures.

Cells; HU, siRNA, and EdU treatments; and fixation

U2OS cells were purchased from American Type Culture Collec-
tion (ATCC; HTB-96) and cultured in McCoy’s 5a medium
(ATCC) supplemented with 10% fetal bovine serum, penicillin,
and streptomycin. For the induction of replicative stress in U2OS
cells, HU (Sigma-Aldrich) was added to the medium at a final
concentration of 1 mM. After 2 h of incubation with HU, cells
were examined.

siRNA duplexes for Luciferase and MDC1 were designed as
described previously (Galanty et al. 2009) and were obtained from
Thermo Scientific. U2OS cells were transfected with siRNAs
using Dharmafect 1 (Thermo Scientific). HU treatment was per-
formed at 48 h after siRNA transfection.

EdUwas added to culturemedium at a final concentration of 10
mM and cells were cultured for 30 min. EdU was detected with
Alexa Fluor 555 azide as suggested by the manufacturer (Invitro-
gen). After EdU staining, cells were further immunostained with
anti-gH2AX antibodies. For the cytological analysis, cells were
grown and processed on cover glasses. Cover glasses were rinsed
in PBS and permeabilized with CSK buffer (100 mM NaCl, 300
mM sucrose, 10 mM PIPES at pH6.8, 3 mM MgCl2) plus 0.5%
Triton X-100 for 6 min on ice, followed by fixation in 4% para-

formaldehyde for 10 min at room temperature. For double
staining of MDC1 and gH2AX in U2OS cells, cells were fixed
with �20°C cold methanol and kept for >3 h at �20°C. Cells
were then washed three times with PBS and incubated in PBS
with 0.5% Triton X-100 for 10 min at room temperature. After
washing with PBS, cells were incubated with the following
primary antibodies: gH2AX (Millipore), 1:5000; and MDC1 (AbD
Serotec), 1:500.

Image acquisition and analysis

All images were acquired with a TE2000-E microscope (Nikon)
and a CoolSnapHQ camera (Photometrics). All image acquisi-
tion, including Z-sections and deconvolution, were performed
using Phylum software (Improvision). For the analysis of U2OS
cells, images were captured using an Optigrid confocal system,
except for immunostaining with Pol II. For immunostaining of
Pol II and Cot-1 RNA FISH, Z-sections were captured and
deconvolved with Phylum software to eliminate any secondary
signals from other Z-sections. A representative Z-section was
shown. Adobe Photoshop was used for composing figures. For
the analysis of meiosis, we analyzed a minimum of 50 nuclei of
pachytene spermatocytes per staining. Particular stages of pri-
mary spermatocytes were determined by staining for SCP3.
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