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Summary

During spermatogenesis, global nucleosome removal occurs where histones are initially replaced by
transition proteins and subsequently by protamines. This chromatin reorganization is thought to
facilitate the compaction of the paternal genome into the sperm head and to protect the DNA from
damaging agents. Histone ubiquitination has been suggested to be important for sex chromosome
inactivation during meiotic prophase and nucleosome removal at post-meiotic stages. However, the
mechanisms regulating these ubiquitin-mediated processes are unknown. In this study, we investigate
the role of the ubiquitin ligase RNF8 during spermatogenesis and find that RNF8-deficient mice are
proficient in meiotic sex chromosome inactivation (MSCI), but deficient in global nucleosome
removal. Moreover, we show that RNF8-dependent histone ubiquitination induces H4K16
acetylation, which may be an initial step in nucleosome removal. Thus, our results show that RNF8
plays an important role during spermatogenesis through histone ubiquitination, resulting in trans-
histone acetylation and global nucleosome removal.

Introduction

The basic subunit of chromatin are nucleosomes which 147 bp of DNA wrapped around a
histone octamers each containing of two copies of histones H2A, H2B, H3 and H4 (Kornberg
and Thomas, 1974). Posttranslational modifications of histone tails have been tightly coupled
with many nuclear activities such as replication, transcription and DNA repair (Li et al.,
2007; Martin and Zhang, 2007; Vidanes et al., 2005). These modifications may directly affect
the electrical charge of histone octamers and subsequently their affinity to DNA (Shahbazian
and Grunstein, 2007). Histone modifications may also be recognized by “reader” proteins
which may recruit other “effector” proteins for the regulation of various processes relating to
DNA metabolism (Ruthenburg et al., 2007). Due to the importance of histone modifications
in the regulation of DNA metabolism, perturbations of proteins, or pathways, responsible for
these modifications are linked to various developmental defects and human diseases (Bhaumik
etal., 2007).
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Histone ubiquitination is unique compared to other histone modifications, because of the
relatively bulky size of ubiquitin. Histone ubiquitination is predominantly monomeric on
histone H2A at lysine 119 and H2B at lysine 120. Histone ubiquitination can both stimulate
or repress various cellular processes (Weake and Workman, 2008). For example, ubiquitination
of H2A at gene promoter regions suppresses gene transcription (Cao et al., 2005; de Napoles
etal., 2004; Wang et al., 2004), while intragenic ubiquitination of H2B facilitates transcription
elongation (Fleming et al., 2008; Minsky et al., 2008; Pavri et al., 2006; Shema et al., 2008;
Zhu et al., 2005). Histone ubiquitination is also associated with DNA damage responses where
H2A ubiquitination is enriched at sites of DNA damage (Bergink et al., 2006; Doil et al.,
2009; Huen et al., 2007; Mailand et al., 2007; Stewart et al., 2009; Zhao et al., 2007). H2B
ubiquitination is also induced by DNA damage (Wu et al., 2009).

In addition to playing important roles in DNA damage responses, histone ubiquitination is
important for normal development and spermatogenesis. During the pachytene stage of meiotic
prophase I, ubiquitinated H2A is highly enriched in the XY body (Baarends et al., 1999), where
X and Y chromosomes has become partially synapsed through pseudo-autosomal regions and
silenced transcriptionally. This phenomena is known as meiotic sex chromosome inactivation
(MSCI) (Turner, 2007). Consistent with its transcriptionally silenced status, the XY body
contains a unique combination of histone modification markers associated with gene silencing
including dimethylation of H3K9 and deacetylation of histone H3 and H4 (Khalil et al.,
2004). MSCI is important for proper meiosis and disruption of MSCI leads to the arrest of
spermatocytes at the pachytene stage of meiotic prophase (Fernandez-Capetillo et al., 2003).
Because of its role in gene silencing, ubiquitinated H2A is believed to be important for the
silencing of sex chromosomes in the XY body.

Besides meiosis, ubiquitinated H2A and H2B are also enriched in elongating spermatids
(Baarends et al., 1999; Chen et al., 1998), indicating that ubiquitinated H2A and H2B play
roles in chromatin remodeling during spermiogenesis. Unlike somatic DNA, sperm DNA is
highly condensed and tightly wrapped around protamines instead of histone octamers (Oliva,
2006). The transition from nucleosomes to protamines occurs during the post-meiotic stages
of spermatogenesis, termed spermiogenesis, when round haploid spermatids elongate and
transform into mature sperm. During this process, most nucleosomal histones are initially
replaced by two transition proteins, transition protein 1 and 2, and subsequently by two
protamines, protamine 1 and 2 (Meistrich et al., 2003; Oliva, 2006). Although the biological
function of these massive chromatin remodeling events are not clear, it is hypothesized that
protamine promotes further DNA condensation facilitating the packaging of DNA into tiny
sperm heads (Oliva, 2006). Failure to accomplish this global chromatin restructuring causes
male sterility (Cho et al., 2001; Shirley et al., 2004; Zhao et al., 2004).

RNF8 is a 485-residue nuclear polypeptide with an N-terminal FHA domain and a C-terminal
RING domain. Like other RING domain proteins, RNF8 has ubiquitin E3 ligase activity (Ito
et al., 2001). RNF8 has been shown to participate in the DNA damage response by interacting
with MDC1, which is rapidly recruited to DNA damage sites through its interaction with
yH2AX. At sites of DNA damage, RNF8 ubiquitinates histones, promoting the recruitment of
downstream DNA damage response factors, such as 53BP1, BRCA1 and Rad51 (Huen et al.,
2007; Kolas et al., 2007; Mailand et al., 2007; Wang and Elledge, 2007). Although the
molecular mechanism remains elusive, it has been shown that the RING domain of RNF8
regulates both H2A and H2B ubiquitination at DNA damage sites (Huen et al., 2007; Mailand
etal., 2007; Wu et al., 2009), indicating that RNF8 could play an important role in chromatin
remodeling.

In this study, we used RNF8-deficient mice and demonstrated that RNF8 regulates both H2A
and H2B ubiquitinations in cells of the testes. Surprisingly, RNF8-mediated histone
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ubiquitination was not important for meiotic sex chromosome inactivation in the XY body
prior to meiosis. Instead, RNF8-dependent histone ubiquitination appears to promote H4 K16
acetylation, which is a critical modification for the replacement of histones by protamines
during spermiogenesis.

RNF8-deficiency results in male infertility in mice

To examine the functions of RNF8-dependent ubiquitination in vivo, we have examined RNF8-
deficient mice generated by using the gene trap ES cell clone RRR260. The gene trap vector
was inserted after exon 4, and the exact genomic location was mapped using genomic PCR
and DNA sequencing (Supplementary Figure Sla, b). The gene trap allele disrupted proper
transcription of the RNF8 gene and generates a fusion product of B-geo and the N-terminal
part of RNF8 without its C-terminal RING domain critical for RNF8’s function
(Supplementary Figure Slc, d) (Huen et al., 2007; Kolas et al., 2007; Mailand et al., 2007;
Sakasai and Tibbetts, 2008; Wang and Elledge, 2007). Although no obvious defect was
observed in the germ cells and reproductive system in female RNF8-deficient mice, RNF8-
deficient male mice were infertile. The average weight of the testes from 3-month old RNF8-
deficient mice was only 60% of that of wild type of the same age (Supplementary Figure S2a).
The infertility was unlikely due to changes of hormone levels in RNF8-deficient mice, as FSH,
LH, and testosterone levels remained unaltered (Supplementary Figure S2b).

Absence of ubiquitinated H2A in the XY body did not affect meiosis in RNF8-deficient mice

RNF8 regulates H2A ubiquitination (Huen et al., 2007; Mailand et al., 2007) and ubiquitinated
H2A is highly enriched in the XY body during the pachytene stage of meiotic prophase |
(Baarends et al., 1999). To investigate whether RNF8 plays a role in the ubiquitination of H2A
in the XY body, we investigated the level of ubiquitination of H2A in RNF8-deficient mice.
It was found that, although the XY body still formed and was clearly marked by yH2AX
essential for XY body formation (Fernandez-Capetillo et al., 2003) (Figure 1a), little
ubiquitination of H2A was observed in the XY body in RNF8-deficient mice (Figure 1b,
Supplementary Figure S3a). Ubiquitinated proteins, detected by the monoclonal antibody FK2,
were similarly absent from the XY body of RNF8-deficient mice (Figure 1c). Since histone
H2A is the most abundant ubiquitinated protein in cells (Jason et al., 2002), absence of staining
for ubiquitinated proteins further supported a role of RNF8 in that H2A ubiquitination. It has
been shown that RNF8 regulates the function and localization of BRCAL following DNA
damage (Huen et al., 2007; Kolas et al., 2007; Mailand et al., 2007; Wu et al., 2009). Since
BRCAL is important for sex chromosome inactivation (Turner et al., 2004) and localizes to the
unsynapsed axial elements of sex chromosomes in the XY body, we examined BRCA1
localization in the XY body of RNF8-deficient mice. To our surprise, BRCAL localization
appeared normal in the XY body with a string-like shape (Figure 1d), suggesting that BRCA1
might have RNF8-independent roles in the XY body which are distinct from those in DNA
damage response in somatic cells. This hypothesis is consistent with a previous report showing
that BRCAL associates with sex chromosomes even when the XY body does not form
(Fernandez-Capetillo et al., 2003). The specific role of ubiquitinated H2A in the XY body is
not clear but it has been suggested to be important for inactivation of sex chromosomes
(Baarends et al., 2005). To investigate whether RNF8 plays a role in sex chromosome
inactivation by ubiquitinating H2A, we examined whether RNF8-deficient mice showed
evidence of any defect in sex chromosome inactivation. One of the hallmarks of MSCI is that
the transcriptional machinery is excluded from the XY body (Richler etal., 1994). Interestingly,
we found that RNA polymerase was similarly absent from the XY body in RNF8-deficient
mice as in wild type mice, suggesting that transcriptional activity was low in either case (Figure
1e). Consistently, the level of Cot-1 RNA FISH signals, which represent newly synthesized
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RNA (Namekawa et al., 2006; Turner et al., 2005), was found to be low in leptotene stage
spermatocytes, increased in pachytene stage, and remained excluded from the XY body in
RNF8-deficient mice, further suggesting that overall sex gene expressions were not altered
(Supplementary Figure S3b,c). To confirm these observations, we examined the expression
levels of several sex chromosome genes (Chicl, Hprt, Atp7a, Ubelx, Gla and Pctk1 on X
chromosome; Ubely and Rbmy on Y chromosome) using purified spermatocytes and found
that their RNA levels were indeed not elevated (Figure 1f). These results suggest that the
process of sex chromosome inactivation is independent of RNF8 ubiquitin ligase activity, and
that ubiquitination of H2A is not required for this process. Furthermore, the induction of
meiotic synapsis was unaffected (Supplementary Figure S3d), as well as crossover events
(marked by MLH1), which occur after synapsis (Supplementary Figure S3e). In addition,
metaphase | spermatocytes and haploid round spermatids (identified by centromere and SCP3
staining) could be readily observed in the testes of RNF8-deficient mice (Supplementary Figure
S3f). Taken together, these observations suggest that the spermatogenic defect in RNF8-
deficient mice occurs after meiosis.

Spermiogenesis is defective in RNF8-deficient mice

Next we analyzed the post-meiotic development in the testes of RNF8-defecient mice.
Histological analysis of the testes revealed that RNF8-deficient testes contained similar
numbers of tubule cross sections as in wild type testes (Supplementary Figure S4a). Although
there was a slight decrease of the cellularity of Sertoli cells in each tubule cross section
(Supplementary Figure S4b), RNF8-deficient male germ cells progressed through meiosis
normally. Compared with Sertoli cells, there was little reduction of haploid round spermatids
that just finished meiosis and started acrosomes development (Figure 2a, Supplementary Figure
S4c) However, late spermatid development was compromised. Fewer condensing spermatids
were identified (stage I, 11-111) and the number of condensed mature spermatids was drastically
reduced (stage 1V-VI, VII-VIII) (Figure 2a, Supplementary Figure S4c). Inspection with
electron microscopy suggested that spermatid elongation occur normally and acrosomes were
formed. DNA condensation in step 13 spermatids could be observed with anterior-to-posterior
thickening of chromatin fibers, however, the extent of condensation was slightly lower than
that in wild type mice. Strikingly, DNA condensation in stage V-VIII spermatids, which have
been expected to mature to step 15-16 with highly compacted DNA, was severely abrogated
in RNF8-deficient mice (Figure 2b). Consistently, dramatically fewer sperm were harvested
from cauda epididymis in RNF8-deficient mice than from wild type mice (Figure 3a). Most of
these sperm displayed abnormal rounded heads (Figure 3b). Hematoxylin staining revealed
that most of these sperm still contained residue cytoplasm (Figure 3b). Although these sperm
had tails, the majority of them (>95%) were immotile (Figure 3c). In vitro fertilization using
these abnormal sperm revealed that they could not fertilize wild type oocytes (Supplementary
Figure 5a). Sections of cauda epididymis also showed a similar dramatic decrease of sperm.
Consistently, we observed the presence of rounded sperm heads in more than 95% of the
remaining specimens from RNF8-deficient mice (Figure 3d). Electron microscopy inspection
of epididymal sperm further confirmed that the sperm heads were much less condensed and
residual cytoplasm had not been completely removed in most of these sperm (Figure 3e).
Notably, a slight elevation of apoptosis was observed in both testes and epididymis, but this
elevated level of apoptosis was not associated with a specific cell type (Supplementary Figure
S5c). To test if nuclei of sperm from RNF8-deficient mice could fertilize oocytes and support
embryonic development, we performed intracytoplasmic sperm injection (ICSI) using sperm
derived from RNF8-deficient mice and oocytes from wild type mice. Interestingly, 5 out of 28
oocytes that survived after injection developed into blastocysts and hatched out of the zona
pellucida (Supplementary Figure S5a). Genotyping using these hatched blastocysts confirmed
that they were all heterozygous for the RNF8-deficient allele (Supplementary Figure S5b),
suggesting that chromatin integrity was maintained in the sperm from RNF8-deficient mice.
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Collectively, these observations suggested that the infertility of RNF8-deficient male mice was
likely due to defects at post-meiotic stages of spermatogenesis, known as spermiogenesis.

Histones failed to be replaced in sperm from RNF8-deficient mice

During spermiogenesis, histones are first replaced by transition proteins, which are
subsequently replaced by protamines (Meistrich et al., 2003; Oliva, 2006). DNA is tightly
wrapped around these basic proteins and packaged into sperm head. In order to check if histone
replacement was affected in RNF8-deficient mice, we stained histones and protamines in the
sperm. Consistent with previous reports showing that more than 85% of histones are replaced
by protamines in sperm (Tanphaichitr et al., 1978), sperm from wild type mice showed strong
staining for both PrmZ1 and Prm2 but not histones. On the contrary, sperm from RNF8-deficient
mice contained histones but not protamines in their rounded heads (Figure 4a). This suggests
that histones are not properly replaced by protamines in sperm from RNF8-deficient mice.
Previous reports have found that disrupted expression of transition proteins or protamines could
lead to a defect in histone replacement (Nair et al., 2008; Okada et al., 2007; Wu et al.,
2000). This prompted us to examine whether the level of expression of two transition proteins
(Tnpland Tnp2) and two protamines (Prm1 and Prm2) differed between wild type and RNF8-
deficient testes using semi-quantitative RT-PCR. Our results show no significant difference in
the RNA expression pattern of these genes in wild-type and RNF8-deficient testes (Figure 4b).
Transition proteins were intermediates between histones and protamines, and the presence of
histones in the sperm from RNF8-deficient mice suggested that the defect lies at the
replacement of histones by transition proteins. As transition proteins are only expressed at step
9-12 during spermatid development, we analyzed the levels of chromatin-bound Tnp1 and
Tnp2 in the testes of wild type and RNF8-defective mice. In the testes of wild type mice, a
portion of both Tnpl and Tnp2 were chromatin-bound, suggesting that some of the histones
had been replaced by these proteins. However, we found that chromatin-associated Thpl and
Tnp2 levels were dramatically reduced in RNF8-deficient testes while they were significantly
increased in the chromatin-free fraction (Figure 4c). This suggested that most transition
proteins failed to replace the histones and to become incorporated into the sperm chromatin in
the testes of RNF8-deficient mice. Alternatively, changes in chromatin structure in RNF8-
deficient mice rendered transition proteins loosely associated with chromatin and failed to
pellet during chromatin extraction. Consistently, we did not detect any transition proteins in
RNF8-deficient sperm (data not shown), which was likely due to proteolysis or other types of
degradation of non-chromatin-associated transition proteins, together with many other non-
chromatin-associated proteins, in the final stages of spermatid development. Very little
protamine could be detected in testes of RNF8-deficient mice (Supplementary Figure S6),
probably due to developmental defect at a stage prior to the protein synthesis of protamines
(Braun, 1998). This hypothesis is consistent with the observation that spermatids of steps13-16
were lost. Alternatively, it could be due to a rapid proteolysis of protamines unable to be
deposited on DNA.

Decreased ubiquitination of H2A, H2B and acetylation of H4 K16 in sperm from RNF8-
deficient mice

We next explore the potential mechanism by which RNF8 participates in the replacement of
histone in sperm nuclei. Interestingly the substrate of RNF8, ubiquitinated H2A, was enriched
not only in the XY body, but also in elongating spermatids before histone replacement
(Baarends et al., 1999). We therefore hypothesized that RNF8 may be required for H2A
ubiquitination in elongating spermatids, which might be important for the incorporation of
transition proteins in sperm chromatin. We compared the ub-H2A levels between wild type
and RNF8-deficient testes and found that ub-H2A staining was significantly decreased in
elongating spermatids in the tesis of RNF8-deficient mice (Figure 5a). Consistent with a
previous report (Chen et al., 1998), we found that ubiquitinated H2B was present in elongating
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spermatids and colocalized with yH2AX staining, and the level of ub-H2B was decreased in
RNF8-deficient mice (Figure 5b). We also used the FK2 antibody, which recognizes
ubiquitinated proteins, and we confirmed that FK2 signal was decreased in elongating
spermatids as well (Figure 5c, d). It has also been suggested that the N-terminal tail of histone
H4 is highly acetylated in elongating spermatids before histone replacement (Meistrich et al.,
1992). Since acetylation adds negative charges to nucleosomes, it has been hypothesized that
acetylation of H4 could loose chromatin fibers which would enhance histone replacement
(Sonnack et al., 2002). Consistently, we observed the presence of H4 acetylation in elongating
spermatids, and interestingly this was significantly decreased in the testes of RNF8-deficient
mice (Figure 5c). Although several lysine residues could be acetylated at the N-terminus of
H4 (Allfrey et al., 1968; Shahbazian and Grunstein, 2007), H4 K16 acetylation has been shown
to be a key step in chromatin remodling to a more open conformation (Dion et al., 2005;
Shogren-Knaak et al., 2006). Since acetylation of H4 K16 is prevelent in elongating spermatids
(van der Heijden et al., 2006), we examined the levels of H4 K16 acetylation in the testes of
RNF8-deficient mice and found that it was significantly decreased compared with that in testes
from wild type mice (Figure 5d). The decrease of these histone modification markers was
further confirmed by staining individual spermatids (Figure 5e-h). In order to quantitatively
assess histone modifications, we used Western blot and found that the levels of both
ubiquitinated H2A and H2B were decreased in testes from RNF8-deficient mice, and that
acetylation of H4 K16 was dramatically decreased as well (Figure 5i). These results suggest
that RNF8-dependent H2A and H2B ubiquitinations are likely to induce H4 K16 acetylation
which facilitates global removal of histones from sperm chromatin. Since histone
ubiquitination has been shown to associate with histone methylation (Briggs et al., 2002; Lee
etal., 2007a; Lee et al., 2007b; McGinty et al., 2008; Sun and Allis, 2002), we also examined
several histone methylation markers in the testes of RNF8-deficient mice. No obvious defects
of histone methylation markers were observed in RNF8-deficient mice (Figure 5i).

RNF8 controls the association of H4K16 acetyltransferase MOF with chromatin

To confirm our observation on the changes of histone modifications in the testes of RNF8-
deficient mice, we examined these histone markers again by analyzing RNF8-deficient mouse
embryonic fibroblasts (MEFs). As was found in the testes of RNF8-defective mice, the
ubiquitnation of H2A and H2B as well as the acetylation of H4 K16 were all decreased in
RNF8-deficient MEFs (Figure 6a). Furthermore, depleting RNF8 in HeLa cells suppressed not
only H2A and H2B ubiquitinations, but also H4 K16 acetylation (Figure 6b). RNF8 is an E3
ubiquitin ligase and has been reported to directly ubiquitinate H2A in vitro (Mailand et al.,
2007), It can also ubiquitinate H2B in vitro, but neither contain any acetyltransferase activity
to directly acetylates H4 K16 nor associate with any known acetyltransferases (data not shown).
Thus, it is likely that the decrease of H4 K16 acetylation is due to loss of RNF8-mediated
ubiquitinations of H2A and H2B. The major acetyltransferase responsible for H4 K16
acetylation is MOF (males absent of the first). It was initially identified as a key component
of the male specific lethal (MSL) complex in drosophila, which binds to male X chromosome
and maintains dosage compensation of male X-linked genes (Akhtar and Becker, 2000; Hilfiker
et al., 1997). Mammalian MOF is also required for H4 K16 acetylation (Gupta et al., 2008;
Smithetal., 2005; Taipale etal., 2005; Thomas et al., 2008). Although MOF is highly expressed
in the male reproduction system (Thomas et al., 2007), the role of MOF in spermatogenesis is
not clear. We examined the expression pattern of MOF proteins in the testes of wild type mice
and found that MOF was highly enriched in the elongating spermatids (Figure 6c¢), which
correlated well with the distribution of H4 K16 acetylation in the testes. We went on to check
the expression level of MOF in RNF8-deficient testes, but did not find any significant
alterations (Figure 6¢). However, Western blot analysis revealed that chromatin-bound MOF
was significantly reduced in the testes of RNF8-deficient mice while MOF levels were elevated
in the chromatin-free fraction (Figure 6d). Similar results were also obtained from wild type
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and RNF8-deficient MEFs (Figure 6e), suggesting that ubiquitinated H2A and H2B are needed
for the efficient association of MOF to the chromatin in order to acetylate H4 K16. Depletion
of MOF from HeLa cells abolished more than 90% of H4 K16 acetylation, while ubiquitinations
of H2A and H2B were normal (Figure 6f), indicating that H4 K16 acetylation is a downstream
event of H2A and H2B ubiquitination during histone replacement in the elongating spermatids.
Since H4 K16 has been shown to control chromatin relaxation in vitro (Shogren-Knaak et al.,
2006), H4 K16 acetylation likely promotes histone removal in elongating spermatids.

Collectively, our results demonstrate that RNF8-dependent histone ubiquitination is not
essential for meiotic sex chromosome inactivation, but is important for global histone removal
at post-meiotic stages. Furthermore, our results suggest that RNF8-dependent histone
ubiquitination controls H4 K16 acetylation by regulating association of MOF on the chromatin,
which could be a crucial step for histone removal in the elongating spermatids.

Discussion

Global histone removal from the DNA of spermatids and replacement by transition proteins
and protamines are critical for proper spermiogenesis. In this study, we demonstrate that histone
ubiquitination and histone H4 K16 acetylation play important roles in global histone
replacement in spermatids. Transition proteins and protamines are very basic proteins that help
generate an extremely condensed chromatin that is packaged into the sperm head. This process
is proposed to protect the paternal genome and make it inaccessible to nucleases and mutagens
(Oliva and Dixon, 1991). It is thus not surprising that several studies have shown that mice
with reduced levels of transition proteins or protamine displayed defects in spermiogenesis
(Nair et al., 2008; Okada et al., 2007; Wu et al., 2000). In our study, we found that RNF8-
dependent histone ubiquitination and histone H4 K16 acetylation do not affect the mRNA
levels of transition proteins or protamines. Instead, these histone modifications appear to
control histone removal and transition protein incorporation into the chromatin.

H2A ubiquitination has been shown to be important for spermatogenesis. During pachytene
stage of meiosis I, ubiquitinated H2A is accumulated in the XY body and enriched again in
elongating spermatids after meiosis (Baarends et al., 1999). The role of ubiquitinated H2A in
the XY body is not clear, but it is thought that these modifications may mediate MSCI (Baarends
et al., 2005). Interestingly, absence of ubiquitinated H2A in the XY body does not affect XY
body formation, sex chromosome inactivation or meiotic progression, indicating that H2A
ubiquitination is not essential for these processes. The ubiquitination of H2A was significantly
suppressed in elongating spermatids in the testes of RNF8-deficient mice (Figure 5i) suggesting
that H2A ubiquitination may play an essential role for nucleosome removal during post-meiotic
stages. Besides H2A ubiquitination, we provide evidence that H2B ubiquitination is also
present in elongating spermatids and it is decreased in the spermatids of RNF8-deficient mice.

Yeast Radb6 is an E2 ubiquitin conjugase for H2B. Similar to a mutation of the Rad6-directed
ubiquitination site of H2B, Rad6 mutants are defective in sporulation (Lawrence, 1994; Robzyk
etal., 2000). Genetic deletion of its mouse homolog HR6B causes male sterility due to defects
at post-meiotic stages of spermiogenesis (Roest etal., 1996). It is possible that RNF8 and HR6B
work in concert to regulate H2B ubiquitination in the elongating spermatids, which could be
essential for nucleosome removal. Protein structure analysis of recombinant nucleosomes
indicates that H2B ubiquitination may be involved in decondensation of chromatin (Luger et
al., 1997). In addition, ubiquitinated H2B, which are usually associated with active genes
(Minsky et al., 2008; Pavri et al., 2006), may promote local nucleosome removal during
transcription.
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We and others have previously demonstrated that RNF8 regulates the ubiquitination of H2A
following DNA damage (Huen et al., 2007; Mailand et al., 2007). Here we show that RNF8
also affects the basal levels of H2A and H2B ubiquitination in the absence of DNA damage.
Previous reports have suggested that the PRC1 complex, containing RING1A/RING1B, is
responsible for H2A ubiquitination while the RNF20/RNF40 complex is responsible for H2B
ubiquitination (Wang et al., 2004; Zhu et al., 2005). It is possible that RNF8 is in a large
complex together with PRC1 and other proteins or that RNF8 is a tissue-specific E3 for histone
H2A/H2B. Although topoisomerase 1l-induced DNA decatenation occurs in the elongating
spermatids (Leduc etal., 2008), it is unlikely that RNF8 participates in the global DNA damage
response in elongating spermatids since key DNA damage repair factors, suchas MDC1, Rad51
and DNAPK, are not expressed in the elongating spermatids (data not shown).

Trans-histone modification has been suggested to occur in several organisms (Briggs et al.,
2002; Kirmizis et al., 2007; Lee et al., 2007b; Sun and Allis, 2002; Weake and Workman,
2008; Wood et al., 2005). In yeast, ubiquitinated H2B has been shown to regulate methylation
of H3 K4 and H3 K79 (Briggs et al., 2002; Lee et al., 2007a; McGinty et al., 2008; Sun and
Allis, 2002). In our study, we did not observe any dramatic alterations in the levels of in H3
K4 methylation in RNF8-deficient mice (Figure 3e). It is likely that histone modifications in
yeast and mammals are regulated by different mechanisms. Alternatively, since H2B
ubiquitination only occurs in about 1.5 % of the total pool of H2B proteins in mammalian cells
(West and Bonner, 1980), this ubiquitination event may not affect the global level of H3 K4
methylation. Nevertheless, we here found evidence that H2A and H2B ubiquitination may
control H4 K16 acetylation, which represents a novel trans-histone modification in mammalian
cells. We have further demonstrated ub-H2A and ub-H2B regulates chromatin-association of
MOF, the acetyltransferase responsible for H4 K16 acetylation. It has been shown that the N-
terminal tail of H4, including H4 K16 site, from one nucleosome interacts with a H2A/H2B
heterodimer on an adjacent nucleosome (Luger et al., 1997). Thus, it is possible that the bulky
ubiquitin group may simply change the internucleosomal space to expose the H4 K16 site or
to accommodate for the MOF complex to associate with chromatin. A similar mechanism has
been recently suggested for the recruitment of the Dotl methyltransferase where the
ubiquitination of H2B promotes Dotl-mediated H3 K79 methylation possibly by facilitating
allosteric binding of Dot1 to the ubiquitinated H2B site (McGinty et al., 2008).

In this study, we provided the first direct evidence in vivo that H4 K16 acetylation is critical
for histone removal during spermatogenesis. H4 K16 acetylation has been shown to change
the higher-order chromatin structure and prevent the formation of 30 nm fibers in vitro,
suggesting that this modification prevents chromatin condensation (Shogren-Knaak et al.,
2006). H4 K16 acetylation is indeed correlated with decondensed chromatin structure in
vivo. In yeast, over 80% of H4 proteins are acetylated at K16 and the chromatin is in a more
decondensed state than in higher eukaryotes (Lohr et al., 1977; Smith et al., 2003). In
Drosophila, the male X chromosome is also highly enriched for H4 K16 acetylation and is
highly decondensed compared to the other chromosomes (Turner et al., 1992). Although no
chromosome locus that is highly enriched for H4 K16 acetylation have been identified in human
or mice, we have shown here that H4 K16 acetylation is dramatically increased globally in
elongating spermatids and this acetylation event precedes histone replacement during
spermatogenesis. Such global H4 K16 acetylation correlates well with the global removal of
histones and incorporation of transition proteins, suggesting that acetylation of H4 K16 induces
global chromatin decondensation and triggers histone removal. Consistently, we have
demonstrated that a defect in H4 K16 acetylation indeed significantly suppresses histone
removal and transition protein incorporation. It has also been noticed that in addition to
acetylation of H4 K16, the K5, K8 and K12 sites of H4 are also hyperacetylated during
spermatogenesis (Govin et al., 2007). The functional significance of these acetylations needs
to be further examined both in vitro and in vivo.

Dev Cell. Author manuscript; available in PMC 2011 March 16.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Luetal. Page 9

The mechanisms responsible for global nucleosome removal may be similar to mechanisms
regulating local removal of nucleosome during transcription and DNA repair. It has been
reported that both ubiquitination of H2A and acetylation of H4 K16 are induced by DNA
damage (Gupta et al., 2005; Huen et al., 2007; Mailand et al., 2007; Nicassio et al., 2007). It
is conceivable that these histone modifications may render the structure of chromatin more
open and trigger removal of histones surrounding the DNA damage sites to provide
accessibility for DNA repair proteins. Similarly, acetylation of histones is also required for
efficient histone eviction during transcription (Reinke and Horz, 2003; Williams et al., 2008).

Taken together, our results reveal a novel role of the ubiquitin ligase RNF8 in the nucleosome
removal during spermiogenesis. RNF8 ubiquitinates histones H2A and H2B promoting the
recruitmant of the MOF acetyltransferase by increased accessibility of H4 histones resulting
in trans-histone acetylation of H4 K16 by MOF. The MOF-mediated acetylation of H4 K16
initiates a global histone removal leading to the restructuring of the sperm chromatin into a
compact structure, impervious to DNA-damaging agents and malleable to the tight packaging
of the paternal genome into the sperm head.

Experimental Procedures

Animals

Gene trap ES cell RRR260 was purchased from Bay Genomics. After germline transmission
of gene trap ES cell RRR260, the chimeras were backcrossed with C57BL/6J mice. All of the
mice were housed in an AAALAC accredited facility in accordance with the National Research
Council’s guide for the care and use of laboratory animals. Genotyping primer sequences were
listed in Supplementary Table S1.

Sperm analysis

Sperm were harvested by dissecting and cutting cauda epididymis in Research Vitro Fert
medium (Cook, Australia). Sperm counting and sperm activity analysis were performed as
described previously (Shirley et al., 2004).

Transmission electron microscopy

For transmission electron microscopy, mice were perfused with 1% glutaraldehyde and 4%
PFA in PBS. Testes and Epididymis were quickly harvested after perfusion and post-fixed
with1% osmium tetroxide. The tissues were then dehydrated, embedded, and thick sections
were cut. After toluidine blue staining, ultra thin sections at75 nm thickness were cut, stained
by lead citrate, and observed using Philips CM-100 transmission electron microscope.

In vitro fertilization (IVF) and intracytoplasmic sperm injection (ISCI)

IVF was preformed according to protocol from Jackson Laboratory
(http://cryo.jax.org/ivf.html) and ISCI was performed as described (Kimura and Yanagimachi,
1995). Genotyping of blastocysts were performed using nested PCR. All primers sequences
are listed in Supplementary Table S1.

Germ cell spread and fractionation

Germ cell spread was performed as described with modifications (Peters et al., 1997). Germ
cells fractionation was performed using sedimentation in 2-4% BSA gradient following
established protocols (Pivot-Pajot et al., 2003). Fractions enriched with certain populations
were indentified under a light microscope, and fractions of similar populations were pooled.
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Cell culture, siRNA and Western blots

Cells were cultured in DMEM supplemented with 10% FBS. For siRNA experiments, HelLa
cells were seeded in 6-well plates with 5x10° cells per well, and two sequential SIRNA
transfections were performed after 24 and 48 hours respectively. Lysates were prepared 36
hours post-transfection and subjected for Western blots. All siRNAs were purchased from
Dharmacon and individual siRNAs for the same gene were pooled for optimal effects. SiRNA
sequences for RNF8 were AGAAUGAGCUCCAAUGUAUATAT and
GAUGGGUGCGAGGUGACUGATAT, and those for MOF were
GCACGAAGUUGAUGGCAAAJTIT and GGAAAGAGAUCUACCGCAAATAT. For
Western blot, cell pellet was lysed with NETN (50mM Tris-HCI pH8.0, 100mM NaCl, 2 mM
EDTA and 0.5% NP-40). Soluble fraction was collected and the pellet was treated with
micrococcal nuclease or 0.2 M HCI to release chromatin-bound proteins, which were then
neutralized using 1 M Tris-HCI pH 8.5. Both fractions were subjected to electrophoresis,
Western blot, and then probed with antibodies as indicated. Acid urea gel was used for detecting
protamine 1 and 2. Anti-RNF8 N and C terminus antibodies were generated against a.a. 1-324
and 380-488 respectively. Myc antibody was from Covance. Plk1 antibody was generated as
described previously (Lu et al., 2008). Antibodies for transition proteins, protamines and MOF
were kind gifts from Dr. Stephen Kistler, Dr. Rod Balhorn and Dr. Yali Dou respectively.

Histology, Immunostaining, TUNEL assay, and RNA FISH

For histology, testes were fixed by perfusing mice with Bouin’s fixatives (Polysciences). 5
um paraffin sections were cut and the stained with periodic acid schiff (PAS)-hematoxylin.
Stages of seminiferous epithelium cycle and steps of spermatid development were determined
described (Russell et al., 1990). For immunostaining, 5 um paraffin-embedded sections of testis
were used for staining FK2, H4 acetylation and H4 K16 acetylation. After deparaffinization
and rehydration, slides were incubated with boiling 0.01 M sodium citrate, pH 6.0 for 10
minutes to retrieve the antigens before immunostaining. For ub-H2A, ub-H2B and MOF
staining, testes were fixed in fast fix (Polysciences) and 8 m frozen sections were taken. Each
section was treated with 2 M HCI for 30 minutes before staining ub-H2B. Standard
immunostaining procedures were used. All histone antibodies were from Millipore except anti
ub-H2B antibody, which was from Medimabs. FK2 antibody was from Biomol. Anti-RNA
polymerase 1l antibody was from Santa Cruz. Centromere antibody was from Antibodies
Incorporated. MLH1 antibody was from BD. BRCA1 antibody was generated as described
previously (Wu et al., 2009). SCP3 antibodies were from Genetex (rabbit polyclonal) and Dr.
Stephen West (mouse monoclonal). Apoptosis analysis was performed using ApopTag Plus
Peroxidase In Situ Apoptosis Kit (Millipore). Cot-1 RNA FISH was performed as described
(Turner et al., 2005) besides that biotinylated Cot-1 probes were prepared using mouse Cot-1
DNA and BioNick DNA Labeling System (Invitrogen) and incubated overnight.

Statistical methods

Student t-tests were used for all statistical analyses. Mean and standard deviation were plotted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Absence of ubiquitinated H2A in the XY body did not affect meiosis in RNF8-deficient
testes

a.-d. Ubiquitinated H2A and ubiquitinated proteins (FK2) were absent in the XY body of
RNF8-deficient spermatocytes, while yH2AX and BRCA1 were intact. Typical
immunostaining images of spermatocytes at pachytene stage are shown. SCP3 represents
synapsed chromosomes and yH2AX marks the XY body. e. RNA polymerase Il remained
excluded from the XY body in RNF8-deficient spermatocytes. Typical immunostaining images
of spermatocytes at pachytene stage are shown. f. Sex chromosome inactivation was
maintained in RNF8-deficient mice. Real time PCR results of expression levels of several genes
on sex chromosomes in purified spermatocytes are shown. The levels in WT mice were
arbitrarily set to 1 and those in RNF8-deficient mice were normalized accordingly. See also
Supplementary Figure S3.
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Figure 2. Late steps of spermatid development were abrogated in RNF8-deficient testes

a. RNF8-deficient testes contained less condensed late spermatids. PAS-hematoxylin staining
of testes from 3-month old wild type (WT) and RNF8-deficient (KO) mice were performed.
Stages of seminiferous epithelium cycle were determined according to the morphology of
spermatocytes and round spermatids. Spermatids at different stages are shown. PI,
preleptotene; L, leptotene; Z, zygotene; P, packytene; D, diplotene; RS, round spermatids; ES,
elongating spermatids. b. Defect of DNA condensation during step 13-16 of spermatid
development was observed in RNF8-deficient testes. Typical electron microscopic images of
spermatids at different steps are shown. See also Supplementary Figure S4.
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Figure 3. Spermiogenesis was defective in RNF8-deficient mice

a. Number of sperm was decreased in RNF8-deficient mice. Sperm from 3-month old wild
type (WT) and RNF8-deficient (KO) mice were counted. Sperm from both cauda epididymis
were included. 6 mice of each genotype were used, p<0.001. b. Abnormal rounded sperm heads
were observed in RNF8-deficient mice. Upper, typical morphologies of sperm from wild type
(WT) and RNF8-deficient (KO) mice with hematoxylin staining are shown; Lower,
quantification of sperm with abnormal rounded head is shown. c. Majorities of sperm from
RNF8-deficient mice were immotile. Sperm mobility of wild type (WT) and RNF8-deficient
(KO) mice are compared. d. H&E staining of paraffin sections of cauda epididymis from wild
type (WT) and RNF8-deficient (KO) mice are shown. On right are images with higher
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magnification showing details of sperm heads. e. Sperm were less condensed and contained

residue cytoplasm. Typical electron microscopic images of sperm heads from wild type (WT)
and RNF8-deficient (KO) are shown. See also Supplementary Figure S5.
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Figure 4. Histones failed to be replaced in sperm from RNF8-deficient mice

a. Protamines failed to replace histones in RNF8-deficient sperm. Typical immunostaining
images of sperm from wild type (WT) and RNF8-deficient (KO) mice are shown. Antibodies
used are indicated. Prm1: protamine 1; Prm2: protamine 2. b. mRNA levels of transition
proteins and protamines were similar in wild type and RNF8-deficient mice. Semi-quantitative
RT-PCR was performed using testes cDNA from wild type (WT) and RNF8-deficient (KO)
mice. Tnpl: transition protein 1; Tnp2: transition protein 2. GAPDH was used as internal
control. ¢. Incorporation of transition proteins into chromatin was defective in RNF8-deficient
mice. Western blots using testes from wild type (WT) and RNF8-deficient (KO) mice are
shown. Both NETN-soluble and HCI-released chromatin-bound fractions were used.
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Antibodies used are indicated, and PIk1 and H3K27me3 were used as soluble and chromatin-
bound fraction loading controls respectively. See also Supplementary Figure S6.
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Figure 5. Ubiquitinated H2A, H2B and H4 K16 acetylation were decreased in RNF8-deficient testes
a.-d. ub-H2A, ub-H2B and K4 K16 acetylation were decreased in elongating spermatids of
RNF8-deficient mice. Typical immunostaining images of testes seminiferous tubules at similar
stages from wild type (WT) and RNF8-deficient (KO) mice are shown. SC: spermatocytes;
ES: elongating spermatids. Antibodies used are indicated, FK2: antimono/poly-ubiquitinated
proteins. e.-h. Typical immunostaining images of individual elongating spermatids from wild
type (WT) and RNF8-deficient (KO) mice are shown. i. ub-H2A, ub-H2B and H4 K16
acetylation were decreased in testes from RNF8-deficient mice. Western blots of chromatin-
bound proteins using testes from wild type (WT) and RNF8-deficient (KO) mice are shown.
Antibodies used are indicated, and H4 was used as loading control.
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Figure 6. RNF8 controlled chromatin association of H4K16 acetyltransferase MOF

a. ub-H2A, ub-H2B and H4 K16 acetylation were decreased in RNF8-deficient MEFs. Western
blots of chromatin-bound proteins from wild type (WT) and RNF8-deficient (KO) MEFs are
shown. Antibodies used are indicated, and H4 was used as loading control. b. Depletion of
RNF8 affects not only H2A and H2B ubiquitination, but also H4K16 acetylation. Western
blots of chromatin-bound proteins from control sSiRNA or RNF8 siRNA-treated HelL a cells are
shown. ¢. MOF is enriched in elongating spermatids. Typical immunostaining images of
seminiferous tubules at similar stages from wild type (WT) and RNF8-deficient (KO) mice are
shown. SC: spermatocytes; ES: elongating spermatids. Antibodies used are indicated. d.-e.
Chromatin-associated MOF was decreased in both testes and MEFs from RNF8-defiecient
mice. Western blot using wild type (WT) and RNF8-deficient (KO) testes (d) and MEFs (e)
are shown. Both NETN-soluble and chromatin-bound fractions were used. Antibodies used
are indicated. Plk1 and H3K27me3 were used as soluble and chromatin-bound fraction loading
controls, respectively. f. Depletion of MOF affects H4K16 acetylation only, but not H2A and
H2B ubiquitination. Western blots of chromatin-bound proteins from control sSiRNA or MOF
SiRNA-treated HeLa cells are shown.
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