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SUMMARY

Precise epigenetic regulation of the sex chromosomes is vital for the male germline. Here, we 

analyze meiosis in eight mouse models deficient for various DNA damage response (DDR) 

factors, including Fanconi anemia (FA) proteins. We reveal a network of FA and DDR proteins in 

which FA core factors FANCA, FANCB, and FANCC are essential for FANCD2 foci formation, 

whereas BRCA1 (FANCS), MDC1, and RNF8 are required for BRCA2 (FANCD1) and SLX4 

(FANCP) accumulation on the sex chromosomes during meiosis. In addition, FA proteins 

modulate distinct histone marks on the sex chromosomes: FA core proteins and FANCD2 regulate 

H3K9 methylation, while FANCD2 and RNF8 function together to regulate H3K4 methylation 

independently of FA core proteins. Our data suggest that RNF8 integrates the FA-BRCA pathway. 

Taken together, our study reveals distinct functions for FA proteins and illuminates the male sex 

chromosomes as a model to dissect the function of the FA-BRCA pathway.
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INTRODUCTION

In meiosis, homologous chromosomes undergo synapsis and recombination to promote 

genetic diversity in offspring. However, in male mammals, the sex chromosomes—X and Y

— have vastly different morphologies and genetic content and are thus largely unsynapsed 

during meiosis. Instead, the sex chromosomes are transcriptionally silenced in a process 

known as meiotic sex chromosome inactivation (MSCI) (Ichijima et al., 2012; Turner, 2007). 

In MSCI, the sex chromosomes are compartmentalized together to form an XY body (also 

known as the sex body) and sequestered away from recombining autosomes. MSCI is 

initiated with the phosphorylation of histone variant H2AX at serine 139 (γH2AX) 

(Fernandez-Capetillo et al., 2003) and the near-simultaneous recruitment of binding partner 

MDC1 (Ichijima et al., 2011), a signaling mechanism that plays a crucial role in the DNA 

damage response (DDR) in somatic cells (Ciccia and Elledge, 2010; Polo and Jackson, 

2011). Following the initiation of MSCI, extensive chromatin remodeling occurs on the sex 

chromosomes. This includes nucleosome replacement, such as H3.3 incorporation (van der 

Heijden et al., 2007), establishment of epigenetic modifications, and maintenance of 

chromosome-wide silencing through meiosis into post-meiotic stages (Greaves et al., 2006; 

Namekawa et al., 2006; Turner et al., 2006). Some DDR factors, such as BRCA1 and ATR, 

have been implicated in the initiation of MSCI (Broering et al., 2014; Fernandez-Capetillo et 

al., 2003; Ichijima et al., 2011; Royo et al., 2013; Turner et al., 2004). However, it remains 

unknown whether a DDR protein network functions in concert, as it does in the somatic 

DDR, to govern the sex chromosomes.

Fanconi anemia (FA) is a genetic disease associated with bone marrow failure, increased 

cancer susceptibility, and severe germline defects. Patients are said to have FA if they are 

deficient for any one of a growing number of FA proteins that function in a biochemical 

pathway known as the FA-BRCA pathway. This pathway is known to function in the 

resolution of a particularly harmful form of DNA damage, DNA interstrand crosslinks, in 

Alavattam et al. Page 2

Cell Rep. Author manuscript; available in PMC 2016 November 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



which the Watson and Crick strands become covalently linked (Kee and D’Andrea, 2010; 

Kottemann and Smogorzewska, 2013). There are currently 21 identified FA proteins 

(Bluteau et al., 2016; Kottemann and Smogorzewska, 2013; Park et al., 2016; Sawyer et al., 

2015; Wang et al., 2015), comprising a network of proteins with distinct functions and 

properties. These include the FA core complex—FANCA, B, C, E, F, G, L, and M—which 

catalyzes the monoubiquitination of FANCD2 and FANCI in a biochemical pathway termed 

the FA pathway (Garcia-Higuera et al., 2001; Meetei et al., 2003; Sims et al., 2007; 

Smogorzewska et al., 2007). Also included are breast cancer susceptibility proteins, such as 

BRCA1 (FANCS) and BRCA2 (FANCD1) (Howlett et al., 2002; Park et al., 2014b; Sawyer 

et al., 2015), and SLX4 (FANCP), a scaffold for endonucleases such as XPF (FANCQ) (Kim 

et al., 2011; Stoepker et al., 2011). It remains largely unknown how these diverse proteins 

relate to each other to function in the broader FA-BRCA pathway, and how proteins in this 

pathway relate to proteins in other DDR pathways. In this context, we recently demonstrated 

that a member of the FA core complex, FANCB, accumulates on the XY body and regulates 

H3K9 methylation (Kato et al., 2015). Because of the involvement of FANCB in the 

regulation of the sex chromosomes (Kato et al., 2015), we reasoned that the FA-BRCA 

pathway may regulate the meiotic sex chromosomes.

To test whether the FA-BRCA pathway regulates MSCI, we first determined that FA 

proteins accumulate on the sex chromosomes in coordinated temporal and spatial 

arrangements and demonstrated that the FA pathway is activated during meiosis as shown by 

FANCD2 monoubiquitination. To determine the functions of the broader FA-BRCA pathway 

in meiosis, and whether the different FA proteins are epistatic, we systematically analyzed 

eight mouse models deficient for various DDR factors, including several FA proteins. Our 

findings reveal that a network of FA and related DDR proteins, MDC1 and RNF8, functions 

in the epigenetic programming of the sex chromosomes. We term this network the FA-DDR 

network. Further, our work provides several mechanistic insights into how this network is 

regulated. Based upon our findings, the meiotic sex chromosomes have emerged as a model 

that can yield important insights into the functions of the FA-BRCA pathway, including its 

roles in the somatic DDR.

RESULTS

Fanconi Anemia Proteins Accumulate on the Sex Chromosomes in Coordinated Temporal 
and Spatial Arrangements

To determine the relationship of the FA pathway to the sex chromosomes during meiosis, we 

performed immunofluorescence microscopy of meiotic chromosome spreads, analyzing the 

localization of FA proteins. We judged each stage of meiotic prophase based on the precise 

appearance of chromosome axes (summarized in Figure S1A). We tested various antibodies 

against proteins that are components of the FA core complex (Figure 1A). At the onset of the 

pachytene stage, MSCI and meiotic recombination are distinctly regulated (Figure 1B). 

Among the FA core proteins, we found the partial accumulation of FANCM on the axes of 

the sex chromosomes (termed XY axes hereafter) during meiosis (Figure 1C). FANCM, a 

helicase that binds single-strand DNA, is thought to be recruited to replication forks stalled 

by DNA interstrand crosslinks in the somatic DDR (Bakker et al., 2009). The specificity of 
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the anti-FANCM antibody (FARF D3823) was confirmed with a competition experiment 

using a FANCM peptide that matches the epitope region (Figure S1B). FANCM 

accumulation on the sex chromosome axes begins in the early pachytene stage and spreads 

onto the entire domain of the X and Y chromosomes (termed XY chromatin hereafter) 

through the early diplotene stage (Figures 1C and S1C). As spermatocytes progress through 

the remainder of prophase, FANCM is gradually lost from the XY chromatin (Figure S1C). 

In accord with this finding, our recent study demonstrated that FANCB, another FA core 

complex protein, accumulated on the sex chromosomes beginning in the early pachytene 

stage (Kato et al., 2015). Although we could not detect immunofluorescence signals for 

other core proteins during meiosis, our observations of FANCM and FANCB raised the 

possibility that the FA core complex is involved in the regulation of the sex chromosomes 

during meiosis.

Next, we examined whether the FA pathway is activated on the sex chromosomes. In 

somatic cells, activation of the FA pathway is measured by core complex-mediated 

monoubiquitination of FANCD2 (Figure 1A), which is followed by foci formation on 

chromatin (Garcia-Higuera et al., 2001; Taniguchi et al., 2002). Consistent with previous 

reports (An et al., 2012; Garcia-Higuera et al., 2001), FANCD2 foci localized on both 

autosome and sex chromosome axes during meiosis (Figure 1D). During the transition from 

the leptotene to zygotene stages, FANCD2 foci accumulated on the synapsed axes of 

autosomes and gradually decreased on autosomes through the remainder of meiotic prophase 

(Figures 1D, arrowheads, and 1E). On the other hand, we found that FANCD2 foci on the 

XY axes are regulated apart from those on autosomes. A small number of FANCD2 foci 

accumulated on the XY axes in the early pachytene stage and were amplified along the XY 

axes through the late pachytene stage before decreasing through the remainder of prophase 

(Figures 1D and 1E). Consistent with the appearance of FANCD2 foci, we detected 

monoubiquitinated FANCD2 by western blotting using the crude extract of wild-type mouse 

testes with three independent anti-FANCD2 antibodies (Figure 1F). We validated the 

presence of monoubiquitination by comparison with the somatic DDR. In brief, we blotted 

lysate from PD20 cells, a human lymphoblast cell line derived from an FA patient deficient 

for FANCD2 (Timmers et al., 2001), that were reconstituted with different forms of 

FANCD2. Before producing the lysates, the PD20 variants were treated with hydroxyurea to 

induce stalled replication forks, leading to DNA damage and thus activation of the FA 

pathway. Monoubiquitination was observed in PD20 cells reconstituted with wild-type 

FANCD2 but not those that contained a non-ubiquitinable form of FANCD2, K561R (Figure 

1F). Mono- and non-ubiquitinated FANCD2 bands from wild-type whole testis lysate co-

migrated with those in reconstituted PD20 cells (Figure 1F). Although testes also contain 

cells that are not in meiosis, and since it has been demonstrated, using the K561R mutant, 

that monoubiquitination is required for FANCD2 foci formation in somatic cells (Garcia-

Higuera et al., 2001), we infer that FANCD2 is monoubiquitinated in meiosis. In support of 

our conclusion, a previous study also detected monoubiquitinated FANCD2 in testis lysate 

(Houghtaling et al., 2003). Together, these results suggest that the FA pathway is activated 

during normal meiosis and is distinctly regulated between autosomes and the sex 

chromosomes.
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To further examine the involvement of FA proteins on sex chromosomes during meiosis, we 

reinvestigated the localization of two additional FA proteins reported to localize on the sex 

chromosomes during meiosis: BRCA2 (FANCD1) and SLX4 (FANCP) (Chen et al., 1998; 

Holloway et al., 2011). In the somatic DDR, BRCA2 is involved in the maintenance of 

genome stability via the homologous recombination pathway for double-strand DNA break 

repair (Moynahan et al., 2001). A previous study reported that BRCA2 is restricted to the 

XY axes during meiosis (Chen et al., 1998), but we found that BRCA2 localized to the XY 

chromatin in the late pachytene stage, after progressive accumulation on the X chromatin 

beginning in the mid pachytene stage (Figure 1G). Although we used a different anti-

BRCA2 antibody than that reported by Chen et al., we confirmed the specificity of our anti-

BRCA2 antibody based on immunoblots (Park et al., 2014a). It is interesting that FANCD2 

and BRCA2 have distinct localization patterns on the meiotic sex chromosomes since these 

proteins strongly colocalize in somatic cells exposed to exogenous DNA damage (Wang et 

al., 2004). SLX4, a structure-specific endonuclease involved in the repair of various DNA 

lesions (Kottemann and Smogorzewska, 2013; Yamamoto et al., 2011), also localized on the 

XY chromatin in the late pachytene stage, consistent with a previous study (Holloway et al., 

2011). SLX4 progressively increased in intensity as it spread through the XY chromatin 

during the pachytene stages (Figure 1H). The coordinated spatial and temporal localization 

of FANCM, FANCB, FANCD2, BRCA2, and SLX4 on the XY chromatin beginning in the 

early and mid pachytene stages (summarized in Figures 1I and S1C) suggests that the FA-

BRCA pathway is activated on the sex chromosomes.

Fanconi Anemia Core Factors Are Essential for FANCD2 Foci on the Sex Chromosomes 
during Meiosis

Next, we sought to dissect the interrelationship of FA proteins on the sex chromosomes 

during meiosis. To determine whether members of the FA core complex (FANCA and 

FANCC) and FANCD2 are necessary for the recruitment of other FA proteins, we analyzed 

mutant mice deficient for FANCA (Fanca−/−), FANCC (Fancc−/−), and FANCD2 

(Fancd2−/−). The accumulation of FANCD2 foci was abolished on XY axes in Fanca and 

Fancc mutants (Figures 2A and S2A). Autosomal FANCD2 foci were also absent from 

Fanca and Fancc mutants (Figure 2A and S2A). This appears to parallel the role of the FA 

core complex in regulating FANCD2 recruitment to foci in somatic cells (Garcia-Higuera et 

al., 2001; Taniguchi et al., 2002). FANCD2 foci were absent from autosomal and XY axes in 

meiotic cells from Fancd2 mutants (Figure 2B), demonstrating the specificity of the 

antibody used.

In contrast to FANCD2, the accumulation of BRCA2 on XY chromatin was unaffected in 

Fanca, Fancc, and Fancd2 mutants (Figures 2C, 2D, and S2B). This is distinct from a 

previous report in which the assembly of BRCA2 foci into DNA damage foci induced by 

ionizing radiation depends on FANCD2 monoubiquitination in somatic cells (Wang et al., 

2004). Further, SLX4 accumulation was unaffected in Fanca, Fancc, and Fancd2 mutants 

(Figures 2E, 2F, and S2C). These data indicate that the accumulation of BRCA2 and SLX4 

on sex chromosomes in meiosis is independent of the FA core complex and FANCD2 

(Figures 2G and S2D). This is in contrast to a reported finding that the FA core complex and 

FANCD2 regulate SLX4 in the somatic DDR (Yamamoto et al., 2011). It should be noted 

Alavattam et al. Page 5

Cell Rep. Author manuscript; available in PMC 2016 November 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that our recent study demonstrated that FANCB is essential for FANCD2 foci formation 

during meiosis but is dispensable for SLX4 localization on the sex chromosomes during 

meiosis (Kato et al., 2015). Therefore, the core factors FANCA, FANCB, and FANCC 

appear to have common functions on the sex chromosomes.

BRCA1 and MDC1 Are Required for the Accumulation of BRCA2 and SLX4 on the Sex 
Chromosomes during Meiosis

At the onset of MSCI, BRCA1 is a critical regulator of the DDR that recruits ATR (Turner et 

al., 2004) and establishes DDR signals along the unsynapsed axes (Broering et al., 2014). In 

somatic cells, BRCA1 is functionally linked to FA proteins (Folias et al., 2002; Garcia-

Higuera et al., 2001; Zhang et al., 2010), and, indeed, BRCA1 has been identified as an FA 

gene and designated FANCS (Sawyer et al., 2015). BRCA1 is required for the recruitment of 

FANCD2 to DNA interstrand crosslinks and other types of DNA damage in the somatic 

DDR (Garcia-Higuera et al., 2001; Vandenberg et al., 2003; Zhang et al., 2010). To 

investigate whether BRCA1 has a relevant function in regulating FA proteins in meiosis, we 

examined conditionally deleted mutants of Brca1 established in our previous study 

(Broering et al., 2014). Since deletion of Brca1 exon 11 has an embryonic lethal phenotype, 

Brca1 exon 11 was conditionally deleted (Brca1cKO) using the germline-specific Ddx4-cre 

(also known as Vasa-cre) (Gallardo et al., 2007). FANCD2 foci were present, but not 

amplified, on the XY axes, and foci persisted on autosomal axes while their numbers 

decreased in control samples (Figures 3A and 3B). Thus, these data indicate a role for 

BRCA1 in the amplification of FANCD2 foci on the XY axes and the progressive resolution 

of FANCD2 foci from autosomes. On the other hand, the accumulation of BRCA2 on XY 

chromatin was abolished in the Brca1cKO (Figure 3C), consistent with the requirement of 

BRCA1 for BRCA2 foci formation in the somatic DDR (Chen et al., 1998; Zhang et al., 

2009a, 2009b). Furthermore, in the Brca1cKO, accumulation of SLX4 on XY chromatin was 

abolished (Figure 3D), indicating that BRCA1 is required for SLX4 recruitment to XY 

chromatin. Although it has been reported that BRCA1 is not necessary for the recruitment of 

SLX4 to inter-strand crosslinks in somatic cells (Lachaud et al., 2014), these data indicate 

that BRCA1 regulates SLX4 on the sex chromosomes. Brca1cKO spermatocytes undergo 

meiotic arrest at the mid pachytene stage and are eliminated soon afterward (Broering et al., 

2014; Xu et al., 2003), but we conclude that the abrogation of BRCA2 and SLX4 

localization is not due to meiotic arrest since we observed the beginnings of BRCA2 and 

SLX4 accumulation in, respectively, the mid and early pachytene stages of wild-type 

spermatocytes (Figures 1G, 1H, and S1C). Thus, BRCA1 regulates amplification of 

FANCD2 foci on the XY axes and is required for the accumulation of BRCA2 and SLX4 on 

the XY chromatin (Figure 3E). Therefore, while FANCD2, BRCA2, and SLX4 are each 

regulated by BRCA1, examination of meiotic cells shows that BRCA1 has distinct roles in 

the recruitment of FANCD2 versus BRCA2 and SLX4. In particular, BRCA1 may be more 

important for the recruitment of BRCA2 and SLX4 than for the recruitment of FANCD2.

After the establishment of DDR signaling on the unsynapsed XY axes by BRCA1 (Broering 

et al., 2014), MDC1 is essential for the initiation of MSCI (Ichijima et al., 2011). MDC1 

plays a crucial role in the somatic DDR (Goldberg et al., 2003; Lou et al., 2003; Stewart et 

al., 2003) and works in a feedback loop with the TOPBP1-ATR network to spread γH2AX 
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to the chromosome-wide XY chromatin in the early pachytene stage (Ichijima et al., 2011). 

Because MDC1 recognizes XY chromatin at the onset of MSCI, we sought to determine 

whether MDC1 is required for the recruitment of FA proteins. Similar to Brca1cKO cells, 

FANCD2 foci were present in spermatocytes deficient for MDC1 (Mdc1−/−), unamplified on 

the XY axes, and persistent on autosomal axes as spermatocytes progressed into the mid 

pachytene stage (Figures 3F and 3G). Thus, MDC1, like BRCA1, regulates amplification of 

FANCD2 foci on XY axes and the resolution of FANCD2 foci from autosomal axes. 

Additionally, the accumulation of both BRCA2 and SLX4 on XY chromatin was abolished 

in Mdc1−/− cells at meiosis (Figures 3H and 3I). Because Mdc1−/− spermatocytes undergo 

meiotic arrest at the mid pachytene stage, we conclude that the abolishment of BRCA2 and 

SLX4 accumulation is not due to meiotic arrest given that we did not observe the 

accumulation of BRCA2 and SLX4 in, respectively, the mid and early pachytene stages. 

And because BRCA1 localization was not disturbed in Mdc1−/− spermatocytes (Ichijima et 

al., 2011), BRCA1 is upstream of MDC1 in meiosis. Taken together, BRCA1 and MDC1 

cooperate in the same pathway in the regulation of FANCD2 foci on chromosomes axes, as 

well as in the accumulation of BRCA2 and SLX4 on XY chromatin (Figure 3J). Because 

BRCA2 and SLX4 are not regulated by the FA core complex and FANCD2 (Figure 2 and 

S2), these results demonstrate that the functions of BRCA1 and MDC1 are uncoupled from 

that of the FA core complex and FANCD2.

RNF8 Regulates the Maintenance of FANCD2 and BRCA2 and Is Required for SLX4 
Accumulation

On the sex chromosomes, the E3 ubiquitin ligase RNF8 works downstream of MDC1 and is 

required for ubiquitination of the XY chromatin. RNF8 is also required for subsequent active 

epigenetic modifications on the XY chromatin during meiosis and for gene activation in 

postmeiotic round spermatids (Sin et al., 2012). However, in the somatic DDR, MDC1 

recruits and interacts with RNF8 to facilitate the recruitment of various down-stream DDR 

factors (Huen et al., 2007; Kolas et al., 2007; Mailand et al., 2007; Zhang et al., 2012). 

Although RNF8 partially regulates the FA-BRCA pathway in the context of interstrand 

crosslink repair (Bick et al., 2016; Yan et al., 2012; Zhang et al., 2012), it remains unknown 

whether RNF8 regulates FA proteins during meiosis. To investigate this possibility, we 

analyzed the recruitment of FA proteins in male mutant mice deficient for RNF8 (Rnf8−/−). 

The accumulation of FANCD2 foci on XY axes was undisturbed in the early pachytene 

stage of Rnf8−/− spermatocytes (Figures 4A and 4B). A reduced number of foci appeared on 

chromosome axes in the midst of condensation and synapsis in the leptotene/zygotene stages 

(Figure 4B). Strikingly, as Rnf8−/− spermatocytes progressed through the three pachytene 

stages, FANCD2 foci were not amplified along the XY axes through the late pachytene stage 

(Figures 4A and 4B)–in stark contrast to wild-type late pachytene spermatocytes (Figures 

1D and 1E). Thus, these data suggest that RNF8 is required for the amplification of 

FANCD2 foci on the XY axes. This is in contrast to the absence of FANCD2 foci on the XY 

axes in Fanca and Fancc mutants (Figures 2A and S2A).

Interestingly, we also observed severe impairment of BRCA2 accumulation in Rnf8−/− 

spermatocytes. In contrast to wild-type spermatocytes (Figure 1G and S1C), the initial 

accumulation of BRCA2 was abrogated in most Rnf8−/− samples (Figures 4C and 4D). 
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However, as the late pachytene stage transitioned into the early diplotene stage, BRCA2 

accumulated and spread over portions of the XY chromatin in Rnf8−/− spermatocytes with 

decreased efficiency compared to wild-type controls (Figures 4C and 4D). SLX4 was more 

severely affected in Rnf8−/− cells: it did not accumulate on XY chromatin at all (Figure 4E). 

Thus, in addition to the RNF8-dependent amplification of FANCD2 foci on XY axes, RNF8 

modulates the accumulation and maintenance of BRCA2 and is essential for the 

accumulation of SLX4 on the XY chromatin (Figure 4F). Because RNF8 works downstream 

of BRCA1 and MDC1 on the sex chromosomes (Lu et al., 2013; Sin et al., 2012), these 

results suggest that RNF8 is a key DDR factor regulating FANCD2. Further, our data 

indicate a two-step mechanism for the formation of FANCD2 foci (Figure 4G): the first step 

is FA core dependent and regulates the initial accumulation of FANCD2 foci beginning in 

the leptotene stage, and the second step regulates the amplification of FANCD2 foci on the 

XY axes through the BRCA1-MDC1-RNF8 signaling axis.

The Initial Accumulation of FANCD2 Foci on XY Axes Likely Represents Persistent DNA 
Double-Strand Breaks

We next examined whether the initial accumulation of FANCD2 foci on XY axes represents 

persistent DNA double-strand breaks (DSBs), which may serve as landmarks to target 

meiotic silencing to the sex chromosomes (Broering et al., 2014; Carofiglio et al., 2013; 

Inagaki et al., 2010). Given the possible recruitment of RAD51 to sites of unrepaired DSBs 

on the XY axes (Inagaki et al., 2010), we examined whether the initial accumulation of 

FANCD2 foci overlapped with that of RAD51, which repairs DSBs by homologous 

recombination. In normal early pachytene spermatocytes, the initial accumulation of 

FANCD2 foci on XY axes largely overlapped with that of RAD51 foci (Figure 5A), 

suggesting that the initial FANCD2 foci on XY axes represent sites of unrepaired DSBs. 

FANCD2 colocalizes with RAD51 in spermatocytes transitioning from the mid to late 

pachytene stages as well (Figure 5B).

To further elaborate on the conclusion that FANCD2 foci occupy sites of unrepaired DSBs 

on XY axes, we performed immunofluorescence colocalization experiments using 

spermatocytes from the Spo11 knockout model (Spo11−/−), which is defective for SPO11-

dependent DSBs (Baudat et al., 2000; Romanienko and Camerini-Otero, 2000). SPO11 is 

responsible for generating programmed DSBs for meiotic recombination and is thus required 

for proper chromosome synapsis. Interestingly, a small number of RAD51 foci were 

reported in Spo11−/− spermatocytes, and these presumably represent SPO11-independent 

DNA repair foci (Carofiglio et al., 2013). We found that a reduced number of FANCD2 foci 

tend to colocalize with RAD51 foci in Spo11−/− spermatocytes (Figure 5C), suggesting that 

FANCD2 accumulates at SPO11-independent DNA repair foci.

SPO11-independent DNA repair foci were proposed to be the cause of the ectopic meiotic 

silencing that occurs in Spo11−/− spermatocytes (Carofiglio et al., 2013). Sites of ectopic 

meiotic silencing are referred to as pseudo sex bodies since they are known to cover 

autosome chromatin (Barchi et al., 2005; Bellani et al., 2005). In support of this notion, we 

found that the majority of observed FANCD2 foci colocalized with MDC1 domains: XY 

chromatin in wild-type spermatocytes (Figure S3A) and pseudo sex bodies in Spo11−/− 
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spermatocytes (Figure S3B). Together, these data support the possibility that the initial 

accumulation of FANCD2 foci represents persistent DSBs, which function to target the 

silencing machinery to unsynapsed chromatin, including the sex chromosomes, in meiotic 

prophase.

FANCD2 Cooperates with the BRCA1-MDC1-RNF8 Axis for the Accumulation of FANCM

In the course of our analyses of the sex chromosomes, we observed a dynamic temporal and 

spatial accumulation pattern for FANCM (Figures 1C and S1C), an FA protein associated 

with the FA core complex. To further define the epistatic relationship of the FA proteins, we 

designed experiments to determine whether proteins in a broad FA-DDR network—

composed of the FA core complex, FANCD2, and the BRCA1-MDC1-RNF8 signaling axis

—regulate FANCM. We scored the accumulation patterns of FANCM in spermatocytes at 

different time points of meiotic prophase and ran Pearson’s chi-square test to identify 

categorical differences in accumulation between control and mutant samples. While 

FANCA, FANCB, and FANCC are dispensable for FANCM accumulation and maintenance 

(Figure S4A–S4D; data not shown), FANCD2 is necessary for the proper accumulation and 

maintenance of FANCM signals on the sex chromosomes (Figures 6A and 6B). Beginning in 

the early pachytene stage, FANCM accumulates on the sex chromosomes of Fancd2−/− 

spermatocytes with reduced efficiency (Figure 6B). As prophase progresses, FANCM fails to 

spread through the XY chromatin domain and, instead, is progressively lost from the XY 

chromatin and axes (Figure 6B). Given the normal accumulation and spreading of FANCM 

in the Fanca, Fancb, and Fancc knockout models (Figure S4A–S4D; data not shown), these 

data indicate a function for FANCD2 that is independent of the FA core complex. Strikingly, 

we observed a more severe phenotype in the Brca1cKO and Mdc1−/− models: our analyses 

revealed a drastic reduction of FANCM accumulation and spreading over the XY chromatin 

when compared to controls (Figures 6C–6F). Our analyses also implicated RNF8 in the 

accumulation and maintenance of FANCM on the sex chromosomes: although the 

phenotype was not as severe as those of Brca1cKO and Mdc1−/− spermatocytes, FANCM 

accumulation and maintenance was disrupted in Rnf8−/− samples (Figures 6G and 6H). The 

extent of this disruption was similar to that observed in Fancd2−/− spermatocytes. Together, 

these data suggest that FANCD2, independent of the FA core complex, cooperates with the 

BRCA1-MDC1-RNF8 axis to regulate the accumulation and maintenance of FANCM on the 

sex chromosomes.

The FA Core Complex and FANCD2 Are Nonessential for Upstream DDR Events in MSCI 
and Meiotic Recombination

Given the possibility that FANCD2 functions independently of the FA core complex on the 

sex chromosomes, we next examined whether the core complex-FANCD2 axis, also known 

as the FA pathway, regulates early DDR events that occur on the sex chromosomes during 

MSCI. For these experiments, we used the Fancd2−/− model as a proxy for loss of function 

of the FA pathway. We found that FANCD2 does not regulate the accumulation of early 

DDR factors that are crucial for the initiation of MSCI, including BRCA1, ATR, TOPBP1, 

γH2AX, and MDC1 (Figure S5A–S5E). In our previous publication (Kato et al., 2015), we 

established that the FA core protein FANCB is also dispensable for the accumulation of 

these DDR factors. Consistent with our FANCB report, upstream DDR events occurred 
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normally in Fanca−/− and Fancc−/− spermatocytes (data not shown). Together, these results 

indicate that the FA core complex and FANCD2 are dispensable for upstream DDR events 

on the sex chromosomes. Furthermore, these results explain why meiotic arrest is not 

induced in FA mutant mice: we infer that the FA pathway works downstream of γH2AX 

signaling and the initiation of MSCI, so FA deficiencies bypass meiotic arrest.

Because of the accumulation of FANCD2 focion autosomes, we next determined whether 

the FA pathway is involved in the resolution of DSBs in meiotic recombination. We 

examined two factors involved in DSB resolution: RAD51, an upstream recombinase in the 

DSB repair pathway, and MLH1, a downstream mismatch repair protein that catalyzes 

crossover recombination. We found the unperturbed formation of RAD51 and MLH1 foci in 

Fancd2−/− and control spermatocytes (Figure S5F–S5H). Consistent with the normal 

formation of RAD51 and MLH1 foci, we detected normal chromosome synapsis in 

Fancd2−/− spermatocytes, as detected by double immunostaining for SYCP3 and SYCP1, a 

factor present at synapsed meiotic axes (Figure S5I). Combined, these data indicate a 

nonessential role for the FA pathway in meiotic recombination and chromosome synapsis.

FA Core-Dependent Regulation of H3K9 Methylation and FA Core-Independent Regulation 
of H3K4 Methylation

Because the FA pathway is not required for upstream DDR events, we next investigated 

possible downstream steps. Following the accumulation of DDR factors, epigenetic 

modifiers are recruited and histone modifications that can regulate transcription are 

established on the XY chromatin during meiosis (Ichijima et al., 2012). Our previous studies 

demonstrated that DDR factors regulate histone modifications on the XY chromatin: 

FANCB regulates H3K9 methylation, and RNF8 regulates active epigenetic modifications 

(Kato et al., 2015; Sin et al., 2012). To determine whether there is a general role for the FA 

pathway in epigenetic programming, we tested the localization of several histone 

modifications on XY chromatin by immunostaining Fanca−/−, Fancc−/−, and Fancd2−/− 

spermatocytes. Because of the relationship between the FA proteins and RNF8, we first 

investigated the possibility that the FA pathway is functionally linked with RNF8 by testing 

the RNF8-dependent active epigenetic modification H3K4me2 (Sin et al., 2012). In Fanca−/− 

and Fancc−/− spermatocytes, H3K4me2 accumulation on XY chromatin during the 

pachytene-to-diplotene transition was not affected (Figures 7A, 7B, S6A, and S6B). 

However, in Fancd2−/− cells, accumulation of H3K4me2 was decreased on XY chromatin 

during the pachytene-to-diplotene transition (Figures 7C and 7D). These results were 

confirmed through the quantification of relative mean fluorescence intensity (RMFI) from n 

≥ 3 sets of independent samples for Fanca, Fancc, and Fancd2 mutants and littermate 

controls. Thus, FANCD2 regulates H3K4me2 accumulation on the XY chromatin, whereas 

the FA core factors do not. Since RNF8 is involved in the amplification of FANCD2 on sex 

chromosomes (Figures 4A and 4B), FANCD2 may act downstream to mediate RNF8-

dependent H3K4me2 accumulation. Together, these results suggest that RNF8 is a central 

factor that integrates the broader FA-BRCA pathway.

Next, we examined whether the FA pathway regulates the silent epigenetic modification 

H3K9me2, which accumulates on the XY chromatin in the transition from the pachytene to 
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diplotene stages (Khalil et al., 2004; Namekawa et al., 2006). In Fanca−/−, Fancc−/−, and 

Fancd2−/− spermatocytes, H3K9me2 was diminished on the sex chromosomes during this 

transition in comparison to wild-type sex chromosomes (Figures 7E–7H, S6C, and S6D). 

Together with our recent study demonstrating that FANCB regulates H3K9me2 on XY 

chromatin (Kato et al., 2015), these results suggest that the FA core complex and FANCD2 

are required for the regulation of H3K9me2 on XY chromatin during the pachytene-to-

diplotene transition.

Also, because we recently found that FANCB negatively regulates H3K9me3 (Kato et al., 

2015), we investigated whether the FA pathway regulates H3K9me3. In wild-type 

spermatocytes, H3K9me3 initially accumulates on XY chromatin in the early pachytene 

stage and disappears in the mid pachytene stage due to histone H3 replacement (van der 

Heijden et al., 2007); then, in the late diplotene stage, H3K9me3 reaccumulates on the XY 

chromatin (van der Heijden et al., 2007). In Fanca−/−, Fancc−/−, and Fancd2−/− 

spermatocytes, H3K9me3 intensity was increased on both early pachytene and late diplotene 

sex chromosomes in comparison to wild-type sex chromosomes (Figures 7I–7L, S6E, and 

S6F). These results suggest that the FA pathway negatively regulates H3K9me3 both at the 

early pachytene and late diplotene stages. Taken together, we conclude that the FA pathway 

positively regulates H3K9me2 and negatively regulates H3K9me3 on XY chromatin. 

Therefore, the FA core complex is required for the regulation of H3K9 methylation, while 

the regulation of H3K4me2 is independent of the FA core complex.

These findings led us to examine the transcriptional status of the meiotic sex chromosomes 

in Fancd2−/− spermatocytes, a proxy for loss of function of the FA pathway. First, we 

performed RNA fluorescence in situ hybridization (FISH) using Cot-1 DNA probes. Cot-1 

DNA probes consist of repetitive elements that can hybridize nascent transcripts, enabling 

the visualization of transcriptionally active regions (Hall et al., 2002; Namekawa et al., 2006, 

2010). Our data revealed no significant changes in Cot-1 visualization (Figure S7A): Cot-1 

was largely excluded from the XY chromatin in both control and Fancd2−/− spermatocytes, 

suggesting that the global transcription level is comparable between control and mutant 

spermatocytes. As a complementary approach to visualizing the transcriptional status of the 

sex chromosomes, we performed immunolocalization experiments for RNA Polymerase II 

(RNAPII) in Fancd2−/− spermatocytes and controls. Similar to Cot-1, RNAPII was largely 

excluded from the XY chromatin in both control and Fancd2−/− spermatocytes (Figure S7B). 

These data suggest that the initiation of MSCI is not perturbed in mutants deficient for 

FANCD2, although we were not able to define the transcriptional status of individual genes 

due to the limited numbers of Fancd2−/− spermatocytes.

As a whole, our findings define the FA-DDR network in meiosis, yield insights into the 

recruitment of FA proteins, and illuminate the male sex chromosomes as a model to dissect 

the broad FA-BRCA pathway.

DISCUSSION

In this study, we have defined how the FA-DDR network is coordinated during meiosis. By 

comparing mutants for FA core proteins and FANCD2, we revealed core-dependent and -
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independent functions of the FA pathway on meiotic sex chromosomes. In particular, we 

uncovered a role for the FA core complex in the accumulation of FANCD2 foci during 

meiosis. This is parallel to the role of the FA pathway in regulating FANCD2 foci in the 

somatic DDR (Garcia-Higuera et al., 2001; Taniguchi et al., 2002). However, the FA core 

complex is dispensable for the recruitment of BRCA2 and SLX4 to the sex chromosomes, so 

FA proteins do not appear to be recruited to sex chromosomes in meiosis through a simple 

linear pathway. And although a previous report demonstrated the necessity for FANCD2 in 

the recruitment of SLX4 to DNA interstrand crosslinks in somatic cells (Yamamoto et al., 

2011), our results reveal FANCD2-independent recruitment of SLX4 to the XY chromatin in 

meiosis. Although there can be distinct mechanisms in somatic cells versus the meiotic sex 

chromosomes, one notable feature of the meiotic sex chromosomes is that upstream factors 

tend to present on axes and downstream factors tend to present on XY chromatin. In this 

regard, the differential localization of RAD51 and BRCA2—two factors reported to 

associate with each other in the canonical somatic DDR—suggests distinct regulation of 

each factor. In accord with this notion, in somatic cells, there is evidence of BRCA2-

independent, non-canonical regulation of RAD51 recruitment to damaged chromatin (Yata et 

al., 2012).

Previously, we found that the focal accumulation of FANCB, an FA core protein, on the XY 

chromosomes is dependent on MDC1 (Kato et al., 2015). Interestingly, we find here that 

initial FANCD2 foci are present in Mdc1−/− spermatocytes, but that MDC1 is required for 

the amplification of FANCD2 foci. Thus, focal accumulation of FANCB may not be 

required for initial FANCD2 foci formation. In this context, it should be noted that there 

may be some independence in the recruitment of FA core complex proteins since they can 

form distinct subcomplexes (Medhurst et al., 2006).

Our data indicate that FANCM accumulation on the sex chromosomes is independent of FA 

core complex proteins. Yet strikingly, we report that FANCM accumulation and maintenance 

on the sex chromosomes is dependent on FANCD2 and the BRCA1-MDC1-RNF8 signaling 

axis. FANCM is an evolutionarily conserved helicase and mammalian ortholog of the 

archaeal DDR factor Hef (Meetei et al., 2005), and indeed, FANCM, but not the other FA 

core factors, has an evolutionary conserved role in suppressing meiotic crossover 

recombination and directs non-crossover recombination (Crismani et al., 2012; Lorenz et al., 

2012). Therefore, these reports underscore an essential and ancient function of FANCM in 

meiosis that is likely to be independent of the FA core complex. While FANCM has a role in 

promoting FANCD2 monoubiquitination and localization in the somatic DDR (Singh et al., 

2009), we expect that FANCM functions with the BRCA1-MDC1-RNF8 axis independent 

of the FA core complex to regulate the broad FA-DDR network in meiosis.

By using mutants from the BRCA1-MDC1-RNF8 signaling axis, we show that BRCA1, 

MDC1, and RNF8 regulate the recruitment of BRCA2 and SLX4. In contrast, rather than 

having a role in the recruitment of FANCD2 to the XY axes, BRCA1 and MDC1 are instead 

involved in the amplification of FANCD2 signals on the sex chromosomes, as is RNF8. 

Notably, we previously observed a BRCA1-dependent signal amplification of RAD51 foci 

(Broering et al., 2014) that is similar to the amplification of FANCD2 foci found in this 

study. This suggests that FANCD2 and RAD51 foci may be amplified similarly along the 
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XY axes. Consistent with this possibility, a recent study identified Rad51 as the FA gene 

Fancr (Wang et al., 2015). Given the possible recruitment of RAD51 to sites of unrepaired 

double-strand breaks (DSBs) on the XY axes (Inagaki et al., 2010), initial signals of 

FANCD2 and RAD51 may represent sites of unrepaired DSBs. Indeed, our results 

demonstrate that the initial signals for FANCD2 foci colocalize with RAD51 foci on XY 

axes in normal meiosis. Our analyses of Spo11−/− spermatocytes further support this 

assertion since FANCD2 colocalizes with RAD51 at SPO11-independent DNA repair foci.

FANCD2 and RAD51 signals may be amplified at undetermined sites regulated by BRCA1-

MDC1-RNF8 signaling along the XY axes. These data suggest that BRCA1, MDC1, and 

RNF8 work as a single pathway in the regulation of FA proteins (Figure 7M). A clue to 

understand these undetermined sites may be inferred by studies of somatic cells. A recent 

proteomics analysis identified DDR protein recruitment to DNA interstrand crosslinks 

(Räschle et al., 2015). Because the proteins in the FA-DDR network are crucial for the repair 

of DNA interstrand crosslinks, it would be intriguing to compare the factors commonly 

present both at meiotic sex chromosomes and DNA interstrand crosslinks in somatic cells.

Here, by investigating meiosis, we demonstrate a critical role for RNF8 in the regulation of 

four different FA proteins: FANCM, FANCD2, BRCA2, and SLX4 (Figure 7M). One 

possible mechanism by which RNF8 regulates FA proteins is RNF8-mediated ubiquitination 

established on the XY chromatin for subsequent epigenetic programming (Sin et al., 2012). 

In support of this possibility, SLX4 binds ubiquitinated substrates (Yamamoto et al., 2011). 

This may help to explain our finding that SLX4 recruitment to XY chromatin is RNF8 

dependent. In turn, we demonstrate here that FANCD2, but not FA core proteins, modulates 

H3K4me2, an RNF8-dependent modification, suggesting a possible role for FANCD2 in 

RNF8-dependent epigenetic programming. The functional link between FANCD2 and RNF8 

is further supported by the fact that both factors regulate FANCM. Based on these results, 

we propose a model in which FANCD2 and RNF8 function together, serving as a central 

link between the FA pathway and the BRCA1-MDC1-RNF8 signaling axis to integrate the 

FA-DDR network (Figure 7M).

Unlike H3K4me2, H3K9 methylation is regulated by FA core factors. Thus, there are both 

core-dependent and -independent roles for FANCD2 in meiotic prophase. A previous report 

showed that germ cells and testicular size were severely compromised in Fancd2−/− mice 

(Houghtaling et al., 2003) as compared with other mutants of FA core subunits (including 

Fanca−/− and Fancc−/−) that display subfertility (Whitney et al., 1996; Wong et al., 2003). 

This severe germline phenotype of Fancd2−/− mice could indicate additional roles for 

FANCD2 beyond its canonical function in the FA pathway downstream of the FA core 

complex. The different roles for FANCD2 and the FA core complex in epigenetic regulation 

could be related to the fact that the localization of FANCD2 is regulated by both the FA core 

complex and by RNF8. FANCD2 foci require the FA core complex and the FA pathway may 

thereby be involved in the regulation of H3K9 methylation.

In contrast, the role of FANCD2 in the regulation of H3K4me2 levels does not appear to be 

dependent on its monoubiquitination since the FA core complex is not involved in regulating 

H3K4me2. But RNF8 also has some control over FANCD2 foci, which could be related to 
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FA core-independent regulation of H3K4me2 levels. To clarify the molecular mechanisms 

that underlie these differences, it will be important to dissect the molecular link between FA 

proteins and epigenetic programming in future studies. We recently demonstrated that the 

substrate of RNF8-mediated ubiquitination on XY chromatin is an unknown target that is 

not histone H2A (Hasegawa et al., 2015). While this ubiquitin substrate of RNF8 had a 

different size and is therefore not likely to be FANCD2, it will be important to identify this 

substrate and interesting to test whether it is regulated by FANCD2. Intriguingly, the 

function of FANCD2 in epigenetic programming of the sex chromosomes concurs with the 

recent finding that FANCD2 has histone chaperone activity in DNA crosslink repair (Sato et 

al., 2012). Because the initiation of MSCI is followed by the replacement of histone H3.3 

(van der Heijden et al., 2007), it is conceivable that FANCD2 is involved in this step to 

regulate epigenetic programming.

Taken together, these results demonstrate that the FA proteins, together with MDC1 and 

RNF8, comprise the FA-DDR network, which governs the sex chromosomes during meiosis 

(Figure 7M). This raises the possibility that common pathways underlie both the regulation 

of sex chromosomes during meiosis and the somatic DDR. Therefore, MSCI has emerged as 

a model system to dissect the roles of different FA proteins in the DDR and in epigenetic 

programming, and for understanding how FA proteins are regulated and how they are 

interrelated. In future studies, the coordinated spatial and temporal localization of FA 

proteins on the meiotic sex chromosomes will enable us to use FA genetic models to dissect 

the details of the FA-BRCA pathway and subsequent epigenetic programming in high 

resolution. Furthermore, the functional consequence of histone modification changes 

observed in FA mutant mice has emerged as another important area of investigation. 

Because RNF8 is required for establishing active modifications and gene activation of male 

reproduction genes from inactive sex chromosomes in spermatids (Sin et al., 2012), it is 

possible that the changes in histone modification may alter individual gene expression from 

silent sex chromosomes in FA mutant mice. Understanding the role of FA proteins in 

epigenetic programming may also be important for understanding fertility defects associated 

with FA, and for understanding the role and regulation of FA proteins in DNA repair.

EXPERIMENTAL PROCEDURES

Mice

Fanca−/−, Fancb−/Y, Fancc−/−, Fancd2−/−, Mdc1−/−, Rnf8−/−, and Spo11−/− mouse models 

were previously described (Chen et al., 1996; Cheng et al., 2000; Houghtaling et al., 2003; 

Kato et al., 2015; Lou et al., 2006; Minter-Dykhouse et al., 2008; Romanienko and 

Camerini-Otero, 2000). Mice with a conditional deletion of Brca1 exon 11 using Ddx4-cre 

were previously described (Broering et al., 2014). Rnf8−/−, Mdc1−/−, Fancb−/Y, and 

Spo11−/− mouse models were on C57BL/6 backgrounds; Fanca−/−, Fancc−/−, Fancd2−/−, and 

Brca1cKO mouse models were on mixed backgrounds. This work was approved by 

Institutional Animal Care and Use Committee protocol no. IACUC2015-0032.
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Slide Preparation and Cytological Analyses

Meiotic chromosomes were analyzed with surface spreads prepared via hypotonic treatment, 

modified from an established protocol (Peters et al., 1997). Immunofluorescence was 

performed as described (Kato et al., 2015). Specialized slides that preserve the relative three-

dimensional nuclear architecture of testicular germ cells were prepared as described 

(Namekawa et al., 2006, Namekawa, 2014; Namekawa and Lee, 2011). Cot-1 RNA FISH 

was performed as described (Namekawa and Lee, 2011).

Statistical Analyses

Means were compared using unpaired two-tailed Student’s t tests for experiments involving 

two groups. Two-tailed one-way ANOVA was used when comparisons were made across 

more than two groups, and Tukey’s method was performed as a posttest for pairwise 

comparisons. Pearson’s chi-square test was used to identify categorical differences in the 

accumulation of BRCA2 (Figure 4) and FANCM (Figures 6 and Figure S4) between two 

groups. Unless specified, p values are indicated with text or asterisks as follows: n.s., not 

significant, p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The FA-DDR network regulates the sex chromosomes during male 

meiosis

• FA proteins undergo both FA-core-complex-dependent and -

independent regulation

• RNF8 is functionally linked with FANCD2 and integrates the FA-

BRCA pathway

• FA core complex components and FANCD2 distinctly regulate H3K4 

and H3K9 methylation
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In Brief

Alavattam et al. reveal a regulatory network of Fanconi anemia (FA) and DNA damage 

response (DDR) proteins on the sex chromosomes during male meiosis. They show that 

FA proteins modulate distinct histone marks on the sex chromosomes and establish the 

sex chromosomes as a model to dissect the FA-DDR network.
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Figure 1. The FA-BRCA Pathway Is Activated on the Sex Chromosomes during Meiosis
(A) Schematic of the FA-BRCA pathway. FA proteins analyzed in this study are shown in 

color.

(B) Schematic of stages of meiotic prophase.

(C, D, G, and H) Immunostains using indicated antibodies in meiotic chromosome spreads 

from wild-type mice. SYCP3 is a marker for meiotic chromosome axes. Substages are 

labeled to the left. Dashed squares border sex chromosomes and are magnified to the right. 
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Arrowheads: selected FANCD2 foci present on synapsed autosomes. Consistent results were 

obtained with n = 3 independent mice. Scale bars, 5 µm.

(E) Total number of FANCD2 foci on all chromosome axes (top) and on the sex 

chromosome axes (bottom) per spermatocyte for stages of meiotic prophase. Numbers of 

spermatocytes analyzed are noted above each graph. Bars represent means and SEMs. Data 

are aggregated from n = 6 wild-type adult mice. p values are derived from unpaired, two-

tailed Student’s t tests: n.s., not significant, p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. 

Prophase spermatocyte stage abbreviations: L/Z, leptotene and zygotene; EP, early 

pachytene; MP, mid pachytene; LP, late pachytene; ED, early diplotene; LD, late diplotene.

(F) Western blot analysis with three independent anti-FANCD2 antibodies (G33, E33, and 

Novus NB100-182 antibody: NB). K561R, PD20 cells expressing a mutated form of 

FANCD2 incapable of monoubiquitination; WT, PD20 cells complemented with wild-type 

FANCD2; Vector, PD20 cells containing empty vector.

(I) Summary of temporal and spatial staining patterns for anti-FA protein antibodies on the 

sex chromosomes of wild-type mice. Axial, FA factors spread along XY axes. Domain, FA 

factors spread along XY axes and through XY chromatin. For comparison, FANCB results 

from our recent study (Kato et al., 2015) are summarized here.

See also Figure S1.
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Figure 2. FA Core-Dependent and -Independent Functions of the FA Pathway
(A–F) Immunostains using indicated antibodies in meiotic chromosome spreads from 

Fanca−/− mice, Fancd2−/− mice, and wild-type littermate controls. Stages are labeled above, 

genotypes are labeled to the left. Dashed squares border sex chromosomes and are magnified 

to the right. Consistent results were obtained with n = 3 independent littermate pairs for each 

mouse model. Scale bars, 5 µm.
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(G) Summary of temporal and spatial localization of anti-FA protein antibodies on the sex 

chromosomes in Fanca−/− and Fancd2−/− mice; summaries of localization in wild-type mice 

are shown in Figures 1I and S1C.

See also Figure S2.
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Figure 3. BRCA1 and MDC1 Regulate the Localization of FA Proteins in Meiosis
(A, C, D, F, H, and I) Immunostains using indicated antibodies in meiotic chromosome 

spreads from Brca1cKO mice, Mdc1−/− mice, and wild-type or heterozygous littermate 

controls. Stages are labeled above; genotypes are labeled to the left. Dashed squares border 

sex chromosomes and are magnified to the right. Arrowheads: selected FANCD2 foci 

present on synapsed autosomes. Consistent results were obtained with n = 3 independent 

littermate pairs for each mouse model. Scale bars, 5 µm.
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(B and G) Total number of FANCD2 foci on all chromosome axes (top) and on the sex 

chromosome axes (bottom) per spermatocyte for stages of meiotic prophase. Numbers of 

spermatocytes analyzed are noted above each graph. Bars represent means and SEMs. Data 

are aggregated from n = 4 littermate pairs of Brca1 mice, n = 3 littermate pairs of Mdc1 
mice. p values are derived from unpaired, two-tailed Student’s t tests: n.s., not significant, p 

> 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. L/Z, leptotene and zygotene; EP, early 

pachytene; MP, mid pachytene.

(E and J) Summaries of temporal and spatial localization of anti-FA protein antibodies on 

the sex chromosomes inBrca1cKO and Mdc1−/− mice; summaries of localization in wild-

type mice are shown in Figures 1I and S1C. Spermatocytes from the Brca1cKO and Mdc1−/− 

models undergo meiotic arrest and apoptosis after the mid pachytene stage, designated by 

“meiotic arrest.”
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Figure 4. RNF8 Regulates the FA-BRCA Pathway
(A, C, and E) Immunostains using indicated antibodies in meiotic chromosome spreads from 

Rnf8−/− mice and wild-type littermate controls. Stages are labeled above, genotypes are 

labeled to the left. Dashed squares border sex chromosomes and are magnified to the right. 

Consistent results were obtained with n = 9 independent littermate pairs. Scale bars, 5 µm.

(B) Total number of FANCD2 foci on all chromosome axes (top) and on the sex 

chromosome axes (bottom) per spermatocyte for stages of meiotic prophase. Numbers of 

spermatocytes analyzed are noted above each graph. Bars represent means and SEMs. Data 
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are aggregated from n = 4 littermate pairs. p values are derived from unpaired, two-tailed 

Student’s t tests: n.s., not significant, p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. L/Z, 

leptotene and zygotene; EP, early pachytene; MP, mid pachytene; LP, late pachytene; ED, 

early diplotene; LD, late diplotene.

(D) Categorical staining patterns for BRCA2 accumulation on sex chromosomes in 

pachytene and diplotene spermatocytes. Numbers of spermatocytes analyzed are noted 

above each graph. Accumulation patterns: Full domain, covers entirety of XY axes and 

chromatin; Partial domain, covers XY axes and portions of XY chromatin; Axial 

accumulation, covers XY axes; No accumulation, depletion from XY axes and chromatin. 

Data are aggregated from n = 6 littermate pairs. p values are derived from Pearson’s chi-

square test: n.s., not significant, p > 0.05; *p ≤ 0.05; **p < 0.01; ***p ≤ 0.001.

(F) Summary of temporal and spatial localization of anti-FA protein antibodies on the sex 

chromosomes in Rnf8−/− mice; summaries of localization in wild-type mice are shown in 

Figures 1I and S1C.

(G) Model of two-step amplification of FANCD2 foci on the sex chromosomes.
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Figure 5. FANCD2 Colocalizes with RAD51 at Sites of Persistent DSBs
(A–C) Immunostains using indicated antibodies in meiotic chromosome spreads from 

Spo11−/− mice and control littermates. Stages of meiotic prophase are labeled above images; 

genotypes are labeled to the left of images. Dashed boxes border selected nuclear regions 

and are magnified below. Arrowheads: co-localization of FANCD2 and RAD51. Consistent 

results were obtained with n = 3 independent littermate pairs. PAR, pseudo-autosomal 

region. Scale bars, 5 µm.

See also Figure S3.
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Figure 6. FANCD2 Cooperates with the BRCA1-MDC1-RNF8 Axis to Regulate FANCM on the 
Sex Chromosomes
(A, C, E, and G) Immunostains using indicated antibodies in meiotic chromosome from 

Fancd2−/− (A), Brca1cKO (C), Mdc1−/− (E), and Rnf8−/− mice (G), and corresponding wild-

type littermate controls. Stages are labeled above; genotypes are labeled to the left. Dashed 

squares border sex chromosomes and are magnified to the right. Consistent results were 

obtained with n = 5 Fancd2, n = 4 Brca1, n = 4 Mdc1, and n = 4 Rnf8 littermate pairs. Scale 

bars, 5 µm.
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(B, D, F, and H) Categorical staining patterns for FANCM accumulation on sex 

chromosomes of Fancd2 (B), Brca1 (D), Mdc1 (F), and Rnf8 (H) spermatocytes. Numbers 

of spermatocytes analyzed are noted above each graph. Accumulation scored according to 

criteria described in the legend for Figure 4D. Data are aggregated from n = 5 Fancd2, n = 4 

Brca1, n = 4 Mdc1, and n = 4 Rnf8 littermate pairs. p values are derived from Pearson’s chi-

square tests: n.s., not significant, p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.

See also Figures S4 and S5.
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Figure 7. FANCD2 Regulates H3K4me2 Independently of FA Core Factors, whereas FA Core 
Factors and FANCD2 Cooperate to Regulate H3K9 Methylation
(A, C, E, G, I, and K) Immunostains using indicated antibodies in meiotic chromosome 

spreads from Fanca−/− mice, Fancd2−/− mice, and corresponding wild-type littermate 

controls. Stages are labeled above, genotypes are labeled to the left. Dashed squares border 

sex chromosomes and are magnified to the right. Scale bars, 5 µm.

(B, D, F, H, J, and L) Quantification of H3K4me2 (B and D), H3K9me2 (F and H), and 

H3K9me3 (J and L) relative mean fluorescence intensity (RMFI) on sex chromosomes (XY) 

and autosome regions (Au.) in pachytene (P) and diplotene (D) spermatocytes. Numbers of 
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spermatocytes analyzed are noted above each graph. Bars represent means and SEMs. Data 

are aggregated from n = 4 Fanca littermate pairs (B, F, and J), and n = 3 Fancd2 littermate 

pairs (D, H, and L). p values, indicated in the panels, are derived from one-way ANOVA and 

Tukey’s method posttest.

(M) Model of the FA-DDR network on the sex chromosomes. See the text for details.

See also Figures S6 and S7.
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