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Function of RAD6B and RNF8 in spermatogenesis
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ABSTRACT
Histone ubiquitination regulates sperm formation and is important for nucleosome removal during
spermatogenesis. RNF8 is an E3 ubiquitin ligase, and RAD6B is an E2 ubiquitin-conjugating enzyme. Both
proteins participate in DNA damage repair processes via histone ubiquitination. Loss of RNF8 or RAD6B
can lead to sterility in male mice. However, the specific mechanisms regulating these ubiquitin-mediated
processes are unclear. In this study, we found that RNF8 knockout mice were either subfertile or sterile
based on the numbers of offspring they produced. We explored the mechanism by which RAD6B and
RNF8 knockouts cause infertility in male mice and compared the effects of their loss on spermatogenesis.
Our results demonstrate that RAD6B can polyubiquitinate histones H2 A and H2B. In addition, RNF8 was
shown to monoubiquitinate histones H2 A and H2B. Furthermore, we observed that absence of histone
ubiquitination was not the only reason for infertility. Senescence played a role in intensifying male sterility
by affecting the number of germ cells during spermatogenesis. In summary, both histone ubiquitination
and senescence play important roles in spermatogenesis.
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Introduction

Ubiquitin (ub) is a small protein containing only 76 amino acids
and is present in all cells. The ubiquitin system plays key roles in
regulating protein activity and in several essential cellular pro-
cesses, such as cell cycle regulation, DNA repair, apoptosis and
protein degradation in eukaryotic cells.1-6 Three types of enzymes
play essential roles in the ubiquitination process: the ubiquitin-
activating enzyme (E1), the ubiquitin-conjugating enzyme (E2),
and the ubiquitin ligase enzyme (E3).7,8 Substrate ubiquitination
can occur by the addition of a single ubiquitin molecule (monou-
biquitination) or by the addition of different types of ubiquitin
chains (polyubiquitination).9 Polyubiquitination often results in
substrate targeting for proteasomal degradation.10 In contrast,
monoubiquitination is involved in processes such as DNA repair
and regulation of gene expression.11

Histones are highly basic proteins that bind tightly to acidic
DNA to form chromatin. Nucleosomes are the fundamental
packing unit of chromatin and are formed by 2 molcules each
of H2 A, H2B, H3, and H4, as well as one linker H1 that associ-
ates with 147 bp of DNA.12,13 Histone modifications are linked
to various developmental defects and human diseases.14,15

Histone ubiquitination is unique among histone modifications
because of the relatively bulky size of ubiquitin, and histone
ubiquitination has previously been shown to stimulate or
repress various cellular processes.16-24

In addition to playing important roles in DNA damage, histone
ubiquitination is important for spermatogenesis.25 Spermatogene-
sis is a continuous and precisely controlled biologic process that
transforms diploid spermatogonial stem cells into haploid

spermatozoa in the seminiferous tubules of testes. Spermatogene-
sis consists of mitosis, meiosis and spermatogenesis processes.26

Spermatogenesis is divided into 12 stages (stages I–XII) in mouse,
and spermiogenesis is further divided into 16 steps (steps 1–16)
based on changes in acrosome structure and the nuclear morphol-
ogy of the maturing spermatids27-29 During spermatogenesis,
most nucleosomal histones are replaced by transition proteins and
subsequently by protamines.30,31 The biologic functions of chro-
matin remodeling events remain unclear, but it is hypothesized
that protamines facilitate the packaging of DNA into sperm heads
by promoting DNA condensation.31 Failure to accomplish this
global chromatin restructuring causes male sterility.32-34

RAD6B functions as an E2 ubiquitin-conjugating enzyme that
plays a role in DNA damage and in protein degradation via the
N-end rule pathway, and along with UBR2, it promotes the ubiq-
uitination of H2 A and H2B but not H3 and H4.35-41 RNF8 enco-
des an E3 ubiquitin-ligase enzyme, and either RAD6B deficiency
or RNF8 inactivation can cause male infertility.42-44 Although the
molecular mechanism remains elusive, it has been shown that
RAD6B promotes H2 A and H2B ubiquitination and that RNF8
regulates both H2 A and H2B ubiquitination at DNA damage
sites.19,20,24,45-48 These previous findings indicate that RAD6B
and RNF8 may play important roles in chromatin remodeling.

In this study, we demonstrate that RNF8 knockout results in
subfertility or sterility in mice. Additionally, RAD6B knockout
mice were shown to be sterile. H2 A and H2B in testes are
monoubiquitinated by RNF8 and polyubiquitinated by
RAD6B. Interestingly, we found that senescence may play an
important role during spermatogenesis.
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Results

Infertility of RAD6B-deficient males and reduced fertility
of RNF8-deficient males

RNF8¡/¡ and RAD6B¡/¡ males appeared abnormal during
reproduction (Table 1). In mating tests, each male was paired
with 2 females for all genotypes. Matings between 3-month-old
WT male and WT female mice produced an average of 18 pups
per cage (Fig. 1), and matings between 6-month-old WT male
and WT female mice produced an average of 21 pups per cage
(Fig. 1). In contrast, 3-month-old RNF8 homozygous knockout
males mated with WT female mice produced an average of 6
pups per cage, and 6-month-old RNF8 homozygous knockout
males mated with WT female mice produced only 2 pups per
cage. As we expected, matings between WT female mice and
either 3-month-old or 6-month-old RAD6B homozygous
knockout males did not produce pups after the mating test.
Interestingly, WT female mice when mated with either RNF8C/

¡ or RAD6BC/¡ male mice had normal litter sizes. Hence, het-
erozygous knockout of RNF8 and RAD6B expression permitted
normal spermatogenesis to occur. Furthermore, loss of RNF8 or
RAD6B in females did not affect their fertility, as evidenced by
the observation of normal litter sizes when RNF8 KO and
RAD6B KO females were mated with WT male mice.

Testicular phenotypes of RAD6B- and RNF8-deficient mice

To investigate potential spermatogenesis defects, we analyzed
the testes of RAD6B¡/¡ and RNF8¡/¡ mice. Testes from 6-
month-old RAD6B¡/¡mice and RNF8¡/¡mice were smaller
than testes fromWT mice (Fig. 1B). H&E staining showed clear
differences among testicular sections from WT, RAD6B¡/¡
and RNF8¡/¡ mice. The number of post-meiotic cells and the
presence of vacuoles decreased dramatically in RAD6B¡/¡
and RNF8¡/¡ mice, with the largest decrease observed in
RAD6B¡/¡ testes (Fig. 1 C). Furthermore, seminiferous tubule
cross sections were smaller in RAD6B¡/¡mice and RNF8¡/¡
mice than in WT mice.

Spermiogenesis is defective in RAD6B- and RNF8-deficient
mice

Significant morphological differences were observed among
DAPI-stained testicular sections from WT, RAD6B¡/¡ and

Table 1. The number of pups per litter with genotypes for various paternal
combinations.

Genotype (n D 6) NO. of pups (3 months) NO. of pups (6 months)

WT(<) £ WT(,) 12,13,18,21,21,24 15,17,18,30,23,25
RNF8¡/¡(<) £ WT(,) 2,3,8,10,7,6 0,1,3,4,2,2,
RAD6B¡/¡(<) £ WT(,) 0,0,0,0,0,0 0,0,0,0,0,0,

Figure 1. Testicular phenotypes of WT, RNF8¡/¡ and RAD6B¡/¡ mice. (A) Three-month-old (3 m) and 6-month-old (6 m) WT, RNF8¡/¡ and RAD6B¡/¡ males were
mated with WT females of the same age. The numbers of pups are shown. All values are presented as the mean § SEM (WT n D 6; RNF8¡/¡ n D 6; RAD6B¡/¡ n D 6).
Student’s t-test; ���P < 0.001, ����P < 0.0001. (B) Pictures of normal testes from 6-month-old wild-type (WT) male mice and of testes from 6-month-old RNF8 knockout
(KO) male mice and 6-month-old RAD6B knockout male mice are shown. (C) Images of H&E-stained sections of seminiferous tubules from 6-month-old WT, RNF8¡/¡
and RAD6B¡/¡ mice. H&E staining of testis sections from RAD6B¡/¡ males showed a dramatic reduction in germ cells compared with RNF8¡/¡ males. Bar, 20 mm.
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RNF8¡/¡ males. The knockout mice had testicular degenera-
tion within the seminiferous tubules, and RAD6B¡/¡ tubules
were significantly devoid of mature sperm compared with WT
and RNF8¡/¡ tubules, suggesting that RAD6B mice were
hypocellular for germ cells (Fig. 2 A). We divided spermato-
genic stages into 4 groups, I–IV, V–VIII, IX–X, and XI–XII,49

based on the presence and arrangement of specific cell types.
Compared with WT mice, fewer spermatids were present in the
seminiferous tubules of RAD6B¡/¡ and RNF8¡/¡ mice
throughout all 4 stages. RAD6B¡/¡ and RNF8¡/¡ mice
showed a failure in spermiation. Light microscopic analysis of
RNF8¡/¡ mice revealed that spermatogenesis was normal

until stages V–VIII of spermiogenesis and that RAD6B¡/¡
mice showed abnormalities earlier than RNF8¡/¡ mice
(Fig. 2B, 2C and 2D). Meiotic division was normal, and in
RNF8¡/¡ mice, we observed haploid, round spermatids that
had just completed meiosis before beginning acrosome devel-
opment. However, there was severe sloughing of round and
elongated spermatids from RAD6B¡/¡males, and the number
of germ cells in the seminiferous epithelium decreased dramati-
cally in RAD6B¡/¡ male mice. Moreover, RAD6B¡/¡ mice
showed a 19.25% decrease in spermatogonia (Spg) and a
49.55% decrease in spermatocytes (Spc) compared with WT
mice. The number of post-meiotic spermatids at each stage of

Figure 2. RAD6B and RNF8 KO mice showed abnormalities in spermatogenesis. (A) DAPI staining of seminiferous tubules sections from WT, RNF8¡/¡ and RAD6B¡/¡
males. Bar, 20 mm. (B) The spermatogenic stages were divided into 4 groups based on the presence of specific cell types and their arrangements: I–IV, V–VIII, IX–X and
XI–XII. (C and D) The numbers of developing germ cells present during the first wave of spermatogenesis. Spermatogonia (Spg) and spermatocytes (Spc) were counted
from DAPI-stained testicular sections at the postnatal days indicated. A significant reduction in Spc counts was observed in RAD6B¡/¡ mice. (E) The numbers of stage I–
IV and V–VIII round spermatids (Rs) counted from DAPI-stained testicular sections from WT, RNF8¡/¡ and RAD6B¡/¡ mice. The decrease in the total number of Rs in
RNF8¡/¡ and RAD6B¡/¡ mice is attributed to a loss of stage V–VIII spermatids. All values are presented as the mean § SEM (WT n D 6; RNF8¡/¡ nD 6; RAD6B¡/¡ n
D 6). Student’s t-test; ��P < 0.01; ���P < 0.001; ����P < 0.0001; ns, not significant.
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spermiogenesis was examined in microscopic sections. In stage
I–IV tubule sections, RAD6B¡/¡ mice showed a 56.57%
decrease in round spermatids (Rs) compared with WT. In con-
trast, RNF8¡/¡ mice did not show a significant (ns) difference
in Rs compared with WT. In stage V–VIII tubule sections,
RAD6B¡/¡ mice showed a 90.73% decrease in Rs compared
with WT, and RNF8¡/¡ tubules showed a 16.73% decrease in
Rs compared with WT tubules. Therefore, loss of sperm
appears to occur post-meiotically in RAD6B¡/¡ and RNF8¡/
¡ tubules. These results suggest that developing sperm are pro-
gressively removed from RAD6B¡/¡ tubules beginning at the
transition occurring between stages I–IV and V–VIII.

RAD6B- and RNF8-deficient male mice have reduced sperm
production and generate defective sperm

To evaluate sperm cells, the epididymis was isolated from
WT, RAD6B¡/¡ and RNF8¡/¡ mice, and Giemsa staining

was performed. Various hookless heads, which include
club-shaped heads, amorphous heads, and those with disin-
tegrated nuclei or no nuclei, were observed from RAD6B¡/
¡ and RNF8¡/¡ mice (Fig. 3A). Normal, crescent-shaped
sperm heads were not observed in the epididymis of
RAD6B KO mice. As expected, the epididymal tubules of
WT animals were full of sperm cells, and RNF8 KO mice
had some sperm cells (Fig. 3B). In contrast, the epididymal
tubules of RAD6B KO mice were almost completely devoid
of sperm cells. Thus, a major loss of sperm cells in
RAD6B¡/¡ mice and RNF8¡/¡ mice occurs before their
release from the testes. We examined the sperm number
per epididymis in cross sections obtained from animals
(Fig. 3C). The RAD6B¡/¡ males clearly showed the small-
est number of sperm. Therefore, variable sperm counts and
the uniformity of morphological abnormalities account for
the infertility of RAD6B KO mice and the subfertility of
RNF8 KO mice.

Figure 3. RAD6B and RNF8 knockout mice have developmental sperm disorders. (A) Normal sperm was observed in wild-type (WT) males, whereas abnormal round
sperm was observed in RNF8¡/¡ and RAD6B¡/¡ mice. Typical morphologies of sperm from WT, RNF8¡/¡ and RAD6B¡/¡ mice as observed with Giemsa staining.
Bar, 20 mm. (B) H&E staining of paraffin sections of cauda epididymis from wild-type (WT) and RNF8¡/¡ and RAD6B¡/¡ mice. Bar, 20 mm. (C) The number of sperm
was counted from H&E staining of the cauda epididymis. All values are presented as the mean § SEM (WT n D 6; RNF8¡/¡ n D 6; RAD6B¡/¡ n D 6). Student’s t-test;
���P < 0.001; ����P < 0.0001.
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RAD6B and RNF8 deletions both affect the
histone-to-protamine replacement and spermatid
nucleus head formation

During mammalian spermiogenesis, most nucleosomal histones
are removed and replaced by histone variants, transition proteins
and subsequently protamines.50-53 The process of histone-to-
protamine replacement repackages the sperm genome to be at
least 6-fold more compact than its somatic counterpart.52 To
evaluate whether histone replacement was affected in RNF8¡/¡
males and RAD6B¡/¡ males, we used immunofluorescence to

assess the expression of testes-specific histone H2B (tH2B) during
spermatogenesis. In WT testes, histone H2B was quickly depleted
after the Rs steps, with minimal retention in condensing and con-
densed spermatids (Fig. 4A and 4B). In contrast, in RAD6B¡/¡
differentiated spermatids, more histone H2B was retained, indi-
cating ineffective histone removal. Furthermore, immunofluores-
cent analyses of sperm showed greater expression of H2B in
RAD6B¡/¡ and RNF8¡/¡ spermatids than in WT spermatids.
Sperm from WT mice showed no staining for tH2B (Fig. 4C),
whereas sperm from RNF8 KO mice and RAD6B KO mice con-
tained histones in their rounded heads (Fig. 4C). These results

Figure 4. RAD6B-knockout mice and RNF8-knockout mice present a histone replacement disorder during spermatogenesis. (A) Sections of testes from WT, RNF8¡/¡ and
RAD6B¡/¡ mice stained with anti-tH2B (testis-specific histone H2B) are shown. Bar, 20 mm. (B) We used the ratio of tH2B IOD (sum) to DAPI IOD (sum) to analyze the dif-
ference in expression levels of tH2B among WT, RNF8¡/¡ and RAD6B¡/¡ mice. All values are presented as the mean § SEM (WT n D 6; RNF8¡/¡ nD 6; RAD6B¡/¡ n
D 6). Student’s t-test; ���P < 0.001; ����P < 0.0001; ns, not significant. (C) Histone tH2B was not replaced in RNF8¡/¡ and RAD6B¡/¡ mice sperm. Images of immunos-
tained sperm from WT, RNF8¡/¡ and RAD6B¡/¡ mice are shown. Bar, 20 mm.
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suggest that histones are not properly replaced with protamine in
sperm from RNF8 KO mice and RAD6B KO mice.

Immunoblot analysis of ubiquitinated histones
in mouse testis

Basic nuclear proteins were isolated from total testis of WT,
RNF8¡/¡ and RAD6B¡/¡ mice and analyzed using SDS–
PAGE. To determine whether RAD6B and RNF8 are important

for quantitative maintenance of overall protein ubiquitination,
we studied protein ubiquitination by using one-dimensional
SDS-PAGE gels. Coomassie staining revealed global changes in
basic protein levels. The levels of histone H1 T and of TP2
(transition protein 2) were higher in the testes of WT mice
than in those of RAD6B KO mice (Fig. 5A). However, there
were few differences in basic protein levels between RNF8¡/¡
mice and WT mice. The proteins present in Fig. 5 were identi-
fied by mass spectrometry (MS). These results indicate that

Figure 5. H2 (A)and H2B ubiquitination were increased in testes from RAD6B¡/¡ males but decreased in testes from RNF8¡/¡ males. (A) Basic nuclear proteins were isolated
from total testis from WT, RNF8¡/¡ and RAD6B¡/¡ mice, separated using 15% SDS-PAGE, and stained with Coomassie blue. Proteins were excised from the gel and identified
by MS. (B) H1 T was decreased in testes from RNF8¡/¡ and RAD6B¡/¡ mice and H2 A and H2B were increased in testes from RAD6B¡/¡ males. In contrast, no significant
changes were observed in RNF8¡/¡ males. Western blots of proteins using testes from WT, RNF8¡/¡ and RAD6B¡/¡ mice are shown. Antibodies used are indicated, and H4
was used as a loading control. (C) The relative expression levels of H1 T, H2 A and H2B in panel B are summarized in the histogram (mean § SEM). (D) ub-H2 A and ub-H2B
were decreased in testes from RNF8¡/¡ mice but increased in testes from RAD6B¡/¡ mice. Western blots of proteins from testes of WT, RNF8¡/¡ and RAD6B¡/¡ mice are
shown. Antibodies used are indicated, and H4 was used as a loading control. (E) H2 A-ub2 had almost completely disappeared from the testes of RAD6B¡/¡ mice and was
decreased significantly in the testes of RNF8¡/¡ mice. Western blots of proteins using testes from WT, RNF8¡/¡ and RAD6B¡/¡ mice are shown.
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RAD6B and RNF8 may not be required for the maintenance of
bulk protein ubiquitination but are involved in the ubiquitina-
tion of some specific substrates whose functions are essential
for spermatogenesis. To quantitatively assess histone modifica-
tions, we performed Western blot analysis and found that levels
of H1 T were decreased in testes from RAD6B¡/¡ and
RNF8¡/¡ males (Fig. 5B and 5C). During spermatogenesis,
histone H1 T is detected in mid-pachytene Spc,54-56 and it then
rapidly becomes a part of the chromatin and replaces most of
the other H1 subtypes. In pachytene Spc and round spermatids,
H1 T represents a major part of the total H1 histone comple-
ment,57,58 and persists until the stage of elongating spermatids.
Moreover, these findings suggest that loss of germ cells in the
testes from RAD6B¡/¡ and RNF8¡/¡ males leads to
decreased H1 T. Furthermore, we found that levels of H2 A
and H2B were increased in testes from RAD6B¡/¡ males
(Fig. 5B and 5C). In contrast, no significant changes were
observed in RNF8¡/¡ males (Fig. 5B and 5C). These findings
are consistent with the results in Figure 4 and indicates histones
cannot be successfully replaced and degraded. Thus, the expres-
sion of histones residue is increased. We found that in RNF8¡/
¡ males, ub-H2 A and ub-H2B were decreased in the testes,
consistent with previous findings made by Linyu Lu43

(Fig. 5D). Interestingly, the levels of mono-ub-H2 A and
mono-ub-H2B were increased in testes from RAD6B KO mice,
whereas poly-ub-H2 A was decreased (Fig. 5D). We performed
the ub blot with WT, RNF8- and RAD6B-deficient MEFs
(Fig S1) and the level of ub in RAD6B-deficient showed a sig-
nificant reduction compared with WT and RNF8-deficient
MEFs. We hypothesized that RNF8 may play a role in monou-
biquitination and RAD6B may play a role in polyubiquitina-
tion. To investigate this hypothesis, we detected the levels of
ub-H2 A (Fig. 5E). The H2 A-ub2 in testis cells had almost
completely disappeared in RAD6B¡/¡ mice and was signifi-
cantly decreased in RNF8¡/¡mice.

Analysis of senescence in seminiferous tubule cross
sections from 6-month-old mice

b-Gal is a direct evidence of the presence and aggregation of
senescent cells in the process of aging. The p53/p21 and p16/
pRB pathways are the key regulators of the senescence, acti-
vated along with the cellular senescent state. Examination of
testis sections via b-Galactosidase (b-Gal) staining was detected
in aging cells of WT, RNF8¡/¡ and RAD6B¡/¡mice. Positive
b-Gal staining was detected in Leydig cells that were located
near the basal lamina of the seminiferous tubules in 6-month-
old RAD6B¡/¡ mice (Fig. 6A and 6B). In contrast, there were
few b-Gal-positive cells in WT or RNF8¡/¡ mice. To confirm
that aging plays an important role during spermatogenesis, we
performed immunohistochemistry. Consistent with b-Gal
staining, P16 and P21 were detected in testes cross sections
from RAD6B KO mice (Fig. 6C and 6D). This result suggests
that aging was essential for spermatogenesis.

Discussion

Global histone removal from the DNA of spermatids followed
by replacement with transition proteins and protamines is a

critical process for proper spermiogenesis. Previous studies
have highlighted the importance of histone ubiquitination and
its crucial role in global histone replacement in spermatids.42,43

Transition proteins and protamines are basic proteins that pro-
mote the condensation of chromatin, which is packaged into
the sperm head. This process is proposed to protect the pater-
nal genome and make it inaccessible to nucleases and muta-
gens.59 Hence, it is not surprising that several studies have
shown that reduced levels of transition proteins or protamines
in mice are linked to defects in spermiogenesis.60-62 In our
study, we demonstrate that RAD6B-dependent and RNF8-
dependent histone ubiquitination affects global histone removal
(Fig. 4C). Spermatids with global histone ubiquitination defects
display abnormal morphologies and reduced sperm production
and generate defective sperm resulting in male sterility (Fig. 3).
In summary, histone ubiquitination appears to control histone
removal and transition protein incorporation into chromatin.
We observed abundant germ cells in the testes of RAD6B¡/¡
and RNF8¡/¡ males, but few sperm were present in their epi-
didymides, and those sperm displayed abnormal morphology.
The mechanism by which sperm is screened and eliminated
will be the focus of our next study.

H2 A ubiquitination has been shown to play an important
role during spermatogenesis. Ubiquitinated H2 A is accumu-
lated in the XY body during the pachytene stage of meiosis I
and is enriched again in elongating spermatids after meio-
sis.25,63 The function of ubiquitinated H2 A in the XY body is
unclear, but it is thought that these modifications may mediate
meiotic sex chromosome inactivation.64 Interestingly, the
absence of ubiquitinated H2 A in the XY body does not affect
XY body formation, sex chromosome inactivation, or meiotic
progression, indicating that H2 A ubiquitination is not essential
for these processes.43 H2B ubiquitination has also been shown
to modulate the formation of double-strand breaks during mei-
osis.65 Protein structure analysis of recombinant nucleosomes
indicates that H2B ubiquitination may be involved in the
decondensation of chromatin.66 In addition, ubiquitinated H2B
is associated with active genes,67,68 which may promote local
nucleosome removal during transcription. Genetic deletion of
HR6B causes male sterility, due to defects at postmeiotic stages
of spermiogenesis.42 The ubiquitination of H2 A was signifi-
cantly enhanced in the testes of RAD6B knockout mice but was
suppressed in those of RNF8 knockout mice (Fig. 5D). Further-
more, we provide evidence that H2B ubiquitination shows the
same change in the testes of RAD6B knockout and RNF8
knockout mice. These results suggest that RAD6B and RNF8
have different effects on H2 A and H2B ubiquitination. It is
possible that RNF8 and RAD6B work in concert to regulate H2
A/H2B ubiquitination during spermatogenesis, which could
prove essential for nucleosome removal.

Polyubiquitination modifications typically target a substrate
for proteasomal degradation,10 whereas monoubiquitination is
involved in many processes, including DNA repair and regula-
tion of gene expression.11 Interestingly, we found that RAD6B¡/
¡ and UBR2¡/¡ males showed very similar phonotypes,69 such
as male sterility, reduced Spc and germ cell numbers and hollow
lumens.69 It has been reported that mouse UBR2 can mediate the
ubiquitination of N-end rule substrates in concert with Ub-con-
jugating enzymes such as RAD6B via the N-end rule pathway.69
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This finding indicates that the infertility phenotype of RAD6B¡/
¡ males may be mediated by the interaction of RAD6B with
UBR2 and involves the dysregulation of protein degradation via
the N-end rule. UBR1, UBR1 and UBR3 form an E2-E3 complex
with the E2 enzyme RAD6, which leads to polyubiquitylation of

the substrates and their subsequent degradation.36 UBR2 func-
tions as a scaffold E3 that promotes HR6B polyubiquitinates H2
A and H2B but not H3 and H4.69 The levels of both ubiquiti-
nated H2 A and H2B are decreased in testes from RNF8-deficirnt
mice.44 We provided evidence that H2 A polyubiquitination was

Figure 6. Aging is essential for spermatogenesis. (A) Sections of testes from WT, RNF8¡/¡ and RAD6B¡/¡ mice stained with b-Gal, P16 and P21. Bar, 20 mm. (B–D)
Quantification of aging in WT, RNF8¡/¡ and RAD6B¡/¡ mice. We used IOD (sum) of b-Gal, P16 and P21 in A to analyze the aging expression. All values are presented
as the mean § SEM (WT n D 6; RNF8¡/¡ nD 6; RAD6B¡/¡ n D 6). Student’s t-test; �P < 0.05, ��P < 0.01, ���P < 0.001; ����P < 0.0001; ns, not significant.
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undetectable and that H2 A monoubiquitination was highly
expressed in the testes of RAD6B knockout mice (Fig. 5D). In
contrast, H2 A polyubiquitination and monoubiquitination were
suppressed in the testes of RNF8 knockout mice. Combined with
H2 A/H2B monoubiquitination in testes of RAD6B knockout
and RNF8 knockout mice, these results suggest that RAD6B may
play a role in H2 A/H2B polyubiquitination and that RNF8 may
play a role in H2 A/H2B monoubiquitination during spermato-
genesis. Since H2 A/H2B monoubiquitination was decreased in
the testes of RNF8 knockout mice, we hypothesized that RNF8
may participate in histone ubiquitination during spermatogene-
sis.23 We believe that polyubiquitination is more essential than
monoubiquitination during spermatogenesis because histone
degradation is critical for the process of histone-protamine
replacement. Furthermore, RAD6B is critical for spermatogene-
sis. In summary, we hypothesize that H2 A/H2B ubiquitination
may be a signal to initiate the replacement process and that his-
tone degradation recruits transition proteins that promote his-
tone-protamine processing, and we plan to investigate this
further in future studies.

In this study, we provide evidence that senescence may be crit-
ical for the spermatogenesis dysfunction (Fig. 6). We observed
small testis size and decreased seminiferous tubule cross section
width in RAD6B knockout and RNF8 knockout mice, pheno-
types that may be attributable to the senescent cells found to be
concentrated in the testis interstitial regions (Fig. 1A and 1B).
These results proved that RAD6B- and RNF8-deficient males dis-
played testicular degeneration and atrophy, which indicates that
DNA damage leads to an increase in senescent cells in the testes
from RAD6B- and RNF8-deficient males, although the expres-
sion of b-Gal, P16 and P21 in RNF8-deficient mice was not sig-
nificant in the experiment. In addition, we observed significantly
lower numbers of Spc from 6-month-old RAD6B¡/¡ mice
(Fig. 2C). An intact tubular structure with normal development
of Sertoli cells and Spc has been observed in immature mHR6B
¡/¡ mice.42 Hence, RAD6B knockout does not affect mitosis
and the formation of Spc; instead, senescence affects the number
of germ cells formed during spermatogenesis. A similar reduction
in the number of Spc was observed in UBR2¡/¡ males.69 These
findings suggest that mutations in DNA repair proteins in
RAD6B¡/¡ and UBR2¡/¡ mice can lead to DSB repair defects,
which intensify the aging process. Thus, the number of Spc is
decreased significantly.

Taken together, our results reveal that RAD6B and RNF8 con-
tribute to nucleosome removal during spermiogenesis. RAD6B
knockout mice are infertile, and RNF8 knockout mice are either
sub-fertile or sterile. RNF8 monoubiquitinates histones H2 A
and H2B, and RAD6B polyubiquitinates histones H2 A and
H2B. In addition, RAD6B interacts with UBR2 in the N-end rule
pathway to promote histone degradation and facilitate the pro-
cess of histone-protamine replacement during spermatogenesis.
Aging also plays an important role during spermatogenesis.

Materials and methods

Animals

We used 6-month-old homozygous male mice to collect all data
presented here. RAD6B-deficient mice have been reported

previously,42 and the RNF8-deficient mice also have been
described.43 RNF8 knockout mice were obtained from Dr.
Xiaochun Yu. RAD6B knockout mice were obtained from
COMM (MGI: 102944). All animals were maintained at the
Lanzhou University Animal Center. The animals were housed
under standard housing conditions and were given free access
to food and water. The experimental protocols were approved
by the Committee on the Ethics of Animal Experiments of
Lanzhou University. All procedures were performed under
anesthesia with pentobarbital sodium, and efforts were made to
reduce the suffering of mice.

Paraffin-embedded sections

Testes and epididymides were isolated and excised, fixed in 4%
paraformaldehyde overnight and then embedded in paraffin
according to standard procedures and sectioned (5 mm). Sec-
tions were used for hematoxylin-eosin (H&E) staining, immu-
nofluorescence, Immunohistochemistry and b-Galactosidase
staining.

Histology and immunostaining

Paraffin sections were baked overnight at 55�C, dewaxed and
hydrated according to standard methods. Tissue sections were
H&E stained following standard procedures. Testicular sections
were examined systematically to detail the different germ cell
types, and cross sections of the cauda epididymis were observed
to determine the numbers of spermatozoa within the lumen.
For immunostaining of Spc, spermatids and seminiferous
tubules, sections from 6-month-old mice were stained using
anti-Histone H2B [testis specific] (ab23913, Abcam, 1:400 dilu-
tion). For secondary detection, goat anti-rabbit IgG-FITC
(BA1105, BOSTER, 1:400 dilution) was used according to stan-
dard immunostaining procedures. Then, slides were mounted
with DNA-specific fluorochrome 4, 6-diamidino-2-phenylin-
dole (DAPI; D9542, Sigma) for counterstaining. An Olympus
fluorescence microscope (BX53) was used to capture images.

Sperm morphology

The sperm were harvested by dissection and removal of the epi-
didymis. Next, air-dried smears were prepared from spermato-
zoa suspended in PBS. The smears were used for Giemsa
staining and immunofluorescence and were stained with
Giemsa for observing normal and abnormal morphology of
sperm. For immunostaining, the smears were stained using
anti-Histone H2B [testis specific] (ab23913, Abcam, 1:400 dilu-
tion) according to standard immunostaining procedures.

SDS-PAGE and immunoblotting

Histone protein extracts were prepared from 6-month-old
mouse testes, as described.36 Protein concentrations were deter-
mined by using the Bradford assay. Proteins were separated on
SDS-PAGE gels (15% SDS-PAGE, 120 V, 0–4�C) and subjected
to either staining with Coomassie brilliant blue (CBB) or West-
ern blot using the following antibodies: anti-ubiquityL-histone
H2B [clone 56] (05–1312, Millipore, 1:500 dilution), anti-
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ubiquityL-histone H2 A [clone E6C5] (05–678, Millipore,
1:500 dilution), anti-histone H2B (15857–1-AP, Proteintech,
1:500 dilution), anti-HIST1H1 T (18188–1-AP, Proteintech,
1:500 dilution), anti-histone H4 (16047–1-AP, Proteintech,
1:500 dilution) and anti-ubiquitin (ab7780, Abcam, 1:1000
dilution) .The CBB staining gel was analyzed using liquid chro-
matography-mass spectrometry (LC-MS).

Cell culture

MEFs were obtained from WT, RNF8- and RAD6B-deficient
mice. MEFs were cultured in DMEM (Gibco Invitrogen Corpo-
ration) supplemented with 10% FCS.

b-Galactosidase staining

b-Galactosidase reagent was obtained from Beyotime Biotechnol-
ogy. Paraffin sections were subjected to dewaxing and hydration
treatment using standard procedures and added to an appropri-
ate volume of b-galactosidase staining fixative at room tempera-
ture for 15 minutes. Tissues were washed 3 times with PBS for 5
minutes. PBS was removed, and the appropriate amount of stain-
ing solution added before overnight incubation at 37�C.

Immunohistochemistry

Immunohistochemistry was performed as described previ-
ously.42 The following antibodies were used for immunohis-
tochemistry: anti-P16 (ab51243, Abcam, 1:400 dilution), anti-
P21 (ab109520, Abcam, 1:400 dilution) and goat anti-rabbit
IgG (H&L) biotin-conjugated, affinity-purified antibody
(AP132 B, Millipore, 1:500 dilution).

Statistical analysis

Prism software (GraphPad) was used to generate graphs and
analyze data. Data are presented as the mean § SEM for each
genotype. Photoshop CC was used to count different germ cells.
The data of IOD was obtained using ImageJ software. One-way
analysis of variance (ANOVA) with student’s t-test was used to
compare the difference in means between the variants and WT.
P < 0.05 was considered statistically significant.
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