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ABSTRACT

Meiotic recombination is essential for fertility in
most sexually reproducing species, but the molec-
ular mechanisms underlying this process remain
poorly understood in mammals. Here, we show that
RNF20-mediated H2B ubiquitination is required for
meiotic recombination. A germ cell-specific knock-
out of the H2B ubiquitination E3 ligase RNF20 results
in complete male infertility. The Stra8-Rnf20~/~ sper-
matocytes arrest at the pachytene stage because of
impaired programmed double-strand break (DSB) re-
pair. Further investigations reveal that the depletion
of RNF20 in the germ cells affects chromatin relax-
ation, thus preventing programmed DSB repair fac-
tors from being recruited to proper positions on the
chromatin. The gametogenetic defects of the H2B
ubiquitination deficient cells could be partially res-
cued by forced chromatin relaxation. Taken together,
our results demonstrate that RNF20/Bre1p-mediated
H2B ubiquitination regulates meiotic recombination
by promoting chromatin relaxation, and suggest an
old drug may provide a new way to treat some oligo-
or azoospermia patients with chromatin relaxation
disorders.

INTRODUCTION

Meiotic recombination enables the reciprocal exchange of
genetic materials between parental homologous chromo-
somes and ensures faithful chromosome segregation dur-
ing meiosis in sexually reproductive organisms. Disorders in
meiotic recombination often lead to meiotic arrest or chro-

mosome segregation failure, and finally results in dire con-
sequences such as infertility (1,2). Meiotic recombination
is initiated by the formation of programmed DNA double-
strand breaks (DSBs) (Supplementary Figure S1), which
are mainly repaired by homologous recombination. Pro-
grammed DSBs are induced by the evolutionarily conserved
SPO11 protein at the leptotene stage (3). The programmed
DSB repair pathway is initiated by the activation of sev-
eral conserved kinases, including ATM and ATR, in a pro-
cess that is similar to DSB repair in somatic cells (4). Upon
activation, ATM and ATR phosphorylate histone H2AX
at serine 139 (termed yH2AX) (5) and BRCA1 (6). Au-
tophosphorylated ATM (termed pATM) then phosphory-
lates NBS1 at the DSB sites (7). NBS1 is a component of
the MRN complex, which contains MRE11 and RADS50;
MREI11 has 3’'-to-5 exonuclease activity and endonuclease
activity and cooperates with NBS1/Xrs2 and RADS0 to
generate the single strands at the DSB sites (8). The sin-
gle strands are protected by the RPA complex (RPA1, 2
and 3) from degradation, and they will invade other homol-
ogous chromosome strands with the help of RADS51 and
DMCI1 which replace RPA at the zygotene stage (9). After
single strand invasion, the programmed DSB is repaired by
meiotic homologous recombination via homologous chro-
mosome synapsis and crossover/noncrossover. Meiotic ho-
mologous chromosome synapsis depends on the formation
of the synaptonemal complex (SC complex), which con-
tains SYCP1, SYCP2 and SYCP3 (10). SYCP3 and SYCP2
are lateral elements of the SC complex and are distributed
along the chromosome axis. SYCP1 is the central element
that links two homologous chromosomes for pairing and
the formation of the chiasmata at the pachytene stage (10).
After pairing and synapsis, the crossovers between the ho-
mologous chromosomes are finished by MLH1 and other

*To whom correspondence should be addressed. Tel: +86 10 64807529; Fax: +86 10 64807316; Email: leways@ioz.ac.cn

© The Author(s) 2016. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact

journals.permissions@oup.com

#20z Iudy g€ uo 3senb Aq 026.092/1896/02/7/o101e/1eU/W0d dnodlwsepese//:sdiy woly papeojumo(



9682 Nucleic Acids Research, 2016, Vol. 44, No. 20

molecules (11), and then the spermatocytes enter into the
diplotene stage and diakinesis stages, finally exiting the long
meiotic prophase. Although an overall molecular model has
been built, the detailed mechanisms underlying meiotic re-
combination remain elusive.

It has been proposed that meiotic recombination is
evolved from mitotic homologous recombinational repair
(HRR) (12). This hypothesis largely depends on the fact
that these two pathways share some components. Recently,
protein ubiquitination has emerged as a critical factor in
double-strand DNA break repair and genome stability
(13). Among the ubiquitination-related factors, RADG6 (14),
UBR2 (15), CUL4A (16) and HEI10 (17) are involved in
meiotic recombination, whereas UBCI13 (18), RNFS8 (19)
and RNF168 (20) are not required for this process. Recently,
it was reported that histone H2B ubiquitination (H2Bub)
is involved in HRR in mammalian somatic cells (21,22).
In mammalian cells, with the help of WAC (WW domain
containing adaptor with coiled-coil), H2Bub is mediated by
E2 RADG and the E3 ligase RNF20/RNF40 heterodimer
(23). RNF20 and RNF40 are RING finger proteins, and
their RING domains are critical for the formation of a het-
erodimeric complex and the stability of each other (24).
RNF20/RNF40 exists as a tetramer containing two copies
of each protein (25). They are reported to be required for
the transcription of some genes (26-28), and play vital roles
in some fundamental biological processes such as stem cell
differentiation (29-31) and tumorigenesis (26,32). Whether
H2Bub or its related E3 ligase involved in meiotic recombi-
nation or spermatogenesis in mammals is unknown.

Here, we show that RNF20 is required for meiotic recom-
bination by promoting chromatin relaxation at the zygotene
and pachytene stages. We generated an Rnf20/7°%/F0¥ mouse
and created a meiosis-specific Rnf20-knockout mouse by
mating Rnf20F0%/F10x mice with Stra8- Cre mice. Once Rnf20
was knocked out in the germ cells, the spermatocytes
were arrested at the pachytene stage due to impaired pro-
grammed DSB repair. Further investigation revealed that
the depletion of RNF20 in germ cells affected chromatin
relaxation by reducing H2B ubiquitination, thus prevent-
ing the recruitment of programmed DSB repair factors to
the proper positions on the chromosome. Meiotic recombi-
nation and the gametogenetic defect of the H2B ubiquiti-
nation deficient cells could be partially rescued by chloro-
quine treatment. Taken together, we identified RNF20 as
a chromatin binding protein during meiosis, demonstrated
that RNF20-mediated H2B ubiquitination regulates mei-
otic recombination by promoting chromatin relaxation, and
revealed that an old drug might provide a new treatment for
some oligo- or azoospermia patients with chromatin relax-
ation disorders during meiotic recombination.

MATERIALS AND METHODS
Generation of Rnf20-conditional-knockout mice

Conditional knockout (cko)-targeting vectors were con-
structed using recombineering to introduce LoxP sites and
selection markers into BAC DNA by a novel recombineer-
ing approach adapted from Liu ez al. (33). Briefly, a 7.7-kb
Rnf20 fragment containing exons 2, 3 and 4 was subcloned
from the 129 SVEV BAC library into the PL253 vector by

gap repair with homology arms via recombineering. The re-
sulting DNA sequence was confirmed by sequencing. Then,
the LoxP sites were introduced into this subcloned genomic
region via two targeting rounds using the neomycin (Neo)
cassettes from the PL452 and PL451 vectors. To insert the
first single 5" Lox P site, a Lox P-flanked neomycin resistance
(Neo) cassette (PL452) was introduced into the subcloned
genomic region via homology, and the Neo cassette was sub-
sequently removed by electroporating the targeted plasmid
DNA into EL350 cells, which had been previously induced
for Cre expression by growth in an arabinose-containing
medium for 1 h. Using the same procedure, an Frt-neo-Frt-
LoxP cassette from PL451, which was homologous to the
region 3’ of Rnf20 intron 4, was inserted to generate the
complete cko-targeting vector. To avoid the introduction
of undesired mutations during the recombination process,
both targeted regions were confirmed by sequencing.

The cKO-targeting vector was then linearized with Notl
and electroporated into R1 ES cells using standard proce-
dures. The resultant G418-resistant clones were genotyped
by PCR, and the PCR products were sequenced both to ver-
ify the junction regions, including the first Lox P site, the sec-
ond LoxP site and two Frt sites (neo cassette), and to ensure
that no other sequence alterations had occurred. Correct
ES-targeting clones were then injected into C57BL/6 blas-
tocysts, which were then implanted into pseudo-pregnant
CDI1 foster females. The resultant male chimeras were
identified by coat color and mated to C57BL/6 mice to
assess germ line transmission. After germ line transmis-
sion of the targeted (Neo) allele, the resultant heterozy-
gous Rnf207/Fox-Neo mjce were then mated to transgenic
mice expressing the FLP recombinase (34) to induce ex-
cision of the Neo marker. Rnf20"x/Flox mice were gener-
ated by intercrossing Rnf207°*/* heterozygous mice. Ho-
mozygous Rnf207*/F1ox mice were crossed with transgenic
mice expressing the CRE recombinase under the control of
the Stra8 promoter (35) to generate Rnf2070x/F10x - Stra8-Cre
(referred to as Stra8-Rnf20~/~) mice. Genotyping PCR for
Rnf20 was performed using the following primers: forward:
GCTGTAAGAGTTCTTAATGTATG, and reverse: GG
CTTGTCACACAAG CATGAGCATC. The PCR condi-
tions were as follows: 94°C for 5 min; 35 rounds of 94°C for
30 s, 58°C for 30 sec, and 72°C for 1 min; and 72°C for 5
min.

All animal experiments were approved by the Animal Re-
search Panel of the Committee on Research Practice of the
University of the Chinese Academy of Sciences.

Antibodies

Rabbit antibody to SYCP3 (ab150292), rabbit anti-
body to RPA1 (ab87272) and rabbit antibody to VASA
(ab13840) were purchased from Abcam (Cambridge, UK).
Mouse antibody to yH2AX (05-636), mouse antibody
to ATMps1981 (05-740) and mouse antibody to H2Bub
(05-1312) for immunohistochemistry were purchased from
Merck Millipore (Darmstadt, Germany). For immunoblot-
ting, rabbit antibody to H2Bub (5546s) was purchased
from Cell Signaling Technology (Danvers, MA). Mouse
antibody to MLHI (51-1327GR) was purchased from BD
Pharmingen (SanDiego, CA). Rabbit antibody to SYCPI1
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(NB300-228c), rabbit antibody to MREI11 (NB100-142)
and rabbit antibody to NBS1 (NB100-143) were purchased
from Novus Biologicals (Littleton, CO). Mouse antibody
to SYCP3 (SC-74569), goat antibody to ATR (SC-1187),
goat antibody to BRCA1 (SC-1553), rabbit antibody to
RADS1 (SC-8349), rabbit antibody to DMCI1 (SC-22768),
mouse antibody to PLZF (SC-28319) were purchased from
Santa Cruz Biotechnology (Dallas, TX, USA). Rabbit
antibody to RNF20 (21625-1-AP) for immunoblotting was
purchased from Proteintech (Chicago, IL, USA). Rabbit
antibody to H3Kl4ac (BE3225) and mouse antibody
to H3K9me2 (BE3016) were purchased from Easybio
(Beijing, China). Mouse antibody to Mouse Sperm Protein
sp56 (55101) was purchased from QED Bioscience Inc. (San
Diego, CA). Goat FITC-conjugated secondary antibody
to rabbit, donkey FITC-conjugated secondary antibody
to mouse, rabbit TRIRC-conjugated secondary antibody
to goat, goat TRIRC-conjugated secondary antibody to
mouse and horseradish peroxidase (HRP)-conjugated
secondary antibodies were purchased from Zhong Shan
Jin Qiao (Beijing, China). Alexa Fluor®680-conjugated
goat secondary antibody to mouse (A21057) and Alexa
Fluor® 680-conjugated rabbit secondary antibody to
goat (A21088) for immunoblotting were purchased from
Invitrogen (Carlsbad, CA), IRDye® 800CW-conjugated
goat secondary antibody to rabbit (926-32211) for im-
munoblotting were purchased from LI-COR (Lincoln,
NE).

The polyclonal antibody to RNF20 for immunofluores-
cence and the polyclonal antibody to RNF40 were gen-
erated as follows: cDNA fragments encoding #Rnf20 and
hRnf40 were inserted into pET28a and pGEX4T1, respec-
tively. His-tagged RNF20 protein or GST-tagged RNF40
protein were extracted from BL21-CodonPlus (DE3) cells,
solubilized in phosphate-buffered saline (PBS) and pu-
rified by Ni Sepharose High Performance (17-5268-02,
GE Healthcare, Pittsburgh, PA, USA) or Glutathione
Sepharose High Performance (17-5279-02 GE Healthcare,
Pittsburgh, PA, USA) chromatography, respectively. The
recombinant proteins were dialyzed in PBS and used to
immunize rabbits. Polyclonal antibodies to RNF20 and
RNF40 were affinity purified on antigen-coupled SulfoLink
Coupling Gel (20402, Thermo Fisher, Waltham, MA).

Breeding assays

Breeding assays with Rnf2070/Fox and Stra8-Rnf20~/~
male mice were carried out as described previously (36).
Briefly, each examined male mouse (8 weeks) was caged with
two wild-type (CDI strain) female mice (6-8 weeks), and
their vaginal plugs were checked every morning. The num-
ber of pups produced by each pregnant female was counted
within a week after birth. Each male was tested through at
least six cycles of this breeding assay.

TUNEL assays

TUNEL assays were carried out using the In Situ Cell
Death Detection Kit (Roche Diagnostics, 11684795910,
Rotkreuz, Switzerland) as described in our previous paper
(36).
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Tissue collection and histological analysis

Testes and caudal epididymides were dissected immediately
following euthanasia. The tissues were then fixed in Bouin’s
fixative overnight at 4°C, dehydrated in an ethanol series,
and embedded in paraffin wax. Then, 5-pm sections were
cut with a microtome. Following deparaffinization and re-
hydration, the sections were stained with hematoxylin and
Periodic acid Schiff (PAS) or eosin for histological analy-
sis. Images were collected with a Nikon inverted microscope
with a charge coupled device (CCD) (Nikon, Eclipse Ti-S,
Tokyo, Japan).

Immunohistochemistry (IHC)

Paraffin sections were fixed with 4% paraformaldehyde and
rinsed in PBS three times. Then, the sections were boiled
for 15 min in sodium citrate buffer for antigen retrieval. Af-
ter blocking with 5% bovine serum albumin (BSA), each
section was incubated with a primary antibody at 4°C
overnight and then washed in PBS three times. The sections
were then treated with 3% H,O, to eliminate internal per-
oxidase activity. After three PBS washes, the sections were
stained with an horseradish peroxidase (HRP)-conjugated
secondary antibody. Finally, the sections were stained with
3,3/-diaminobenzidine (DAB), and the nuclei were stained
with hematoxylin. Images were collected using a Nikon in-
verted microscope with a CCD (Nikon, Eclipse Ti-S, Tokyo,
Japan).

Spermatocyte surface spreading

Spermatocyte surface spreading was performed using the
drying-down technique previously described by Peters et
al (37). Briefly, the testes were dissected, and the tubules
were washed in phosphate-buffered saline (PBS), pH 7.4,
at room temperature. Then, tubules were placed in a hy-
potonic extraction buffer containing 30 mM Tris, 50 mM
sucrose, 17 mM trisodium citrate dihydrate, 5 mM EDTA,
0.5 mM DTT and 0.5 mM phenylmethylsulfonyl fluoride
(PMSF), pH 8.2, for 30-60 min. Subsequently, the tubules
were torn to pieces in 100 mM sucrose, pH 8.2, on a clean
glass slide and were pipetted repeatedly to make a suspen-
sion. The cell suspensions were placed on slides containing
1% paraformaldehyde (PFA), pH 9.2, and 0.15% Triton X-
100. The slides were dried for at least 2 h in a closed box
with high humidity. Finally, the slides were washed twice
with 0.4% Photoflo (Kodak, 1464510, Rochester, NY) for 2
min and dried at room temperature.

Immunofluorescence

Testes were embedded in an optimum cutting temperature
compound (SAKURA Tissue-Tek® O.C.T. Compound,
4583, Torrance, CA) and cut in 6-pm sections using a
microtome-cryostat (Leica, CM1950, Wetzlar, Germany).
Testis sections were fixed with 4% paraformaldehyde (PFA)
for 15 min and washed in PBS three times (pH 7.4). Then,
the sections were treated with 0.3% Triton X-100 for 10 min
and rinsed in PBS 3 times. After blocking with 5% bovine
serum albumin for 30-60 min, the slides were incubated
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with a primary antibody in 1% BSA containing 0.1% Tri-
ton X-100 at 4°C overnight. After three rinses in PBS, the
sections were incubated with a fluorescein isothiocyanate-
conjugated secondary antibody at a dilution of 1:200 for 1
h at 37°C. Next, the nuclei were stained with 4',6-diamidino-
2-phenylindole (DAPI). For spread immunofluorescence,
the spread preparations were rinsed 2 times for 10 min in
ddH,O and 3 times for 5 min in PBS, blocked in 5% BSA for
1 h, incubated overnight at 4°C with the corresponding pri-
mary antibodies, and stained as described above. For paraf-
fin sections, the sections were boiled for 15 min in sodium
citrate buffer for antigen retrieval and then processed as de-
scribed above. Images were collected immediately using a
TCS SP8 confocol microscope (Leica, TCS SP8, Wetzlar,
Germany).

Isolation of mouse spermatogenic cells

Spermatogenic cells were isolated using a method previ-
ously described by Bellve with a slight modification (38).
Briefly, testes from adult Rnf207%*/¥x and Stra8-Rnf20~/~
mice were removed and decapsulated. The seminiferous
tubules were tore into small pieces and incubated in 8
ml PBS containing 1 mg/ml collagenase (Sigma, C5138,
St. Louis, MO, USA) and 1 mg/ml hyaluronidase (Sigma,
H3506, St. Louis, MO) at 37°C for 6 min with gentle shak-
ing. After pipetting, the dispersed seminiferous tubules and
cells were incubated at 37°C for 5 min with gentle shaking.
Then, the cells were collected by centrifugation at 200 x g
for 5 min at 4°C, washed once with PBS, resuspended in 15
ml PBS containing 0.25% Trypsin and 1 mg/ml DNase I,
and incubated at 37°C for 5 min with gentle shaking. There-
after, the cells were collected and washed with PBS contain-
ing 0.5% BSA. After filtration through a 40 wm Nylon Cell
Strainer, the cells were separated by sedimentation velocity
at unit gravity at 4°C, using a 2-4% BSA gradient in PBS.
The cell fractions were bottom-loaded in a volume of 300
ml. An aliquot of each fraction was examined by light mi-
croscope to assess cellular purity and cell type identity. The
fractions containing the expected cell type (zygotene and
pachytene spermatocytes) and purity (> 90%) were pooled
together and identified with immunofluorescence against
with PLZF, SYCP3 or sp56.

Immunoblotting

Tissue extracts were prepared using a Dounce homoge-
nizer in cold RIPA buffer (25 mM Tris—HCI, pH 7.6, 350
mM NacCl, 1% Nonidet P-40, 1% sodium deoxycholate, and
0.1% sodium dodecyl sulfate) supplemented with 1 mM
phenylmethylsulfonyl fluoride and a protein inhibitor cock-
tail (Roche Diagnostics, 04693116001, Rotkreuz, Switzer-
land). Spermatocytes isolated from testes were resuspended
in cold RIPA buffer as described above. After transient son-
ication, the cell lysate was incubated on ice for 30 min.
The samples were centrifuged at ~14 000 xg for 15 min to
pellet the cell debris, and the supernatant was transferred
to a new tube for further analysis. Protein concentration
was determined using the Bio-Rad Bradford protein assay.
Protein lysates were separated via SDS-PAGE and electro-
transferred to a nitrocellulose membrane. After incubation

with primary and secondary antibodies, the membrane was
scanned using an ODYSSEY Sa Infrared Imaging System
(LI-COR Biosciences, Lincoln, NE, USA).

Micrococcal nuclease (MNase) sensitivity assay

The assay was performed as previously described with a mi-
nor modification (39). Briefly, isolated spermatocytes were
incubated in a hypotonic buffer (10 mM Hepes, pH 7.9, 10
mM KCI, 1.5 mM MgCl,, 0.34 M sucrose, 10% glycerol and
I mM dithiothreitol (DTT)) supplemented with 0.1% Tri-
ton X-100. After washing in hypotonic buffer without Tri-
ton X-100, the cell nuclei were digested with 4 U MNase in
200 wl reaction buffer (15 mM Tris—=HCI, pH 7.4, 60 mM
KCl, 0.25 M sucrose, | mM CaCl,, and 0.5 mM DTT) at
25°C for the indicated period of time. The reaction was ter-
minated by adding an equal volume of 2x TNESK buffer
(20 mM Tris—HCI, pH 7.4, 0.2 M NaCl, 2 mM EDTA, and
2% SDS) with freshly added proteinase K (0.2 mg/ml). The
samples were then incubated 2 h or overnight at 37°C, and
genomic DNA was purified and separated by electrophore-
sis in a 1.2% agarose gel. The intensity of each lane was
quantified using the GIS 1D software.

Yeast cell nuclei MNase sensitivity assay was per-
formed as described with a few modifications (40). In
brief, yeast cells were harvested at 4 h in the sporulation
medium. After incubated in preincubation buffer (0.7 M
B-mercaptoethanol, 3 mM EDTA, 20 mM Tris—HCI (pH
8.0)) at 30°C for 15min with shaking, the yeast cells were
washed in 1 M srobitol and incubated in the 0.1 mg/ml zy-
molyase 100T at 30°C for 30 min with shaking. The resul-
tant spheroplasts were collected by centrifugation at 3500
rpm for 5 min. After incubation in the lysis buffer (18%
(w/v) Ficoll 400, 10 mM KH,;POj4, 10 mM K,HPO,, 1 mM
MgCl,, 0.25mM EGTA, 0.25 mM EDTA) for 5 min, the so-
lution was centrifuged at 12 000 rpm at 4°C for 30 min. The
supernatant was carefully removed and the crude nuclear
suspension was digested with MNase in the buffer A (10
mM Tris—HCI (pH 8.0), 150 mM NacCl, 5 mM KCI, 1 mM
EDTA) which contained 5 mM CaCl, at 37°C for the indi-
cated period of time. The reaction was terminated by adding
25 mM EDTA (pH 8.0), 1% (w/v) SDS and 0.06 mg/mL
Proteinase K, then each sample was incubated at 55°C for
2 h to overnight. Five M potassium acetate was added and
incubated for 15 min. After centrifugation at 12 000 rpm for
10 min to remove cell debris, the supernatant was subjected
to phenol-chloroform extraction and isopropanol precipi-
tation for DNA purification. The pellet was dissolved in 50
pl of ddH,O. After digestion of RNA with the DNase free
of RNase with 30 min at 37°C, genomic DNA was sepa-
rated by electrophoresis in 1.2% agarose gel. The intensity
of each lane was consecutively quantified by using the GIS
1D software.

Testicular chloroquine injection

Chloroquine (C6628, Sigma, St. Louis, MO) was injected
into mouse testes using a previously described method (41)
with minor modifications. Briefly, 6-week-old Rnf20/7x/Flox
and Stra8-Rnf20~/~ mice were anaesthetized with avertin
(T48402, Sigma, St. Louis, MO) through intraperitoneal in-
jection, and 30 wl of a chloroquine solution in 0.9% NaCl
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was then slowly injected into the efferent ductules of the
testes with a needle attached to a 50-pul microinjector. Af-
ter injection of the testes, mice were fostered for another
3 weeks. Testes and epididymides were then dissected and
fixed for normal histological analysis and immunofluores-
cence; spermatozoa from the epididymides were sampled to
examine their number.

Yeast strains, sporulation and chloroquine treatment

All yeast strains in this study were SK1 derivatives and
were described in Supplementary Table S1. Strain with brel
deletion was constructed by standard procedure (42). The
H2BFLAG and H2BKI23R yeast strains were constructed
as previous reported with some modifications (43,44).
Firstly, HT B2 gene was deleted and H7T'BI gene was cloned
into a YEP vector with an HA epitope at the N-terminus
of HTBI, then it was transformed into the HTB2 deletion
strain, after which the endogenous H7'BI was knocked out.
Next, the HTBI was cloned into a pRS424 vector with
FLAG epitope at the C-terminus (pRS424-H2B-FLAG).
Then pRS424-H2B-FLAG ( TRPI1 ) was introduced into the
YEP-HA-H2B (URA3) strains. Finally, the yeast strains
that contained the pRS424-H2B-FLAG (TRP1) and YEP-
HA-H2B (URA3) were cultured on 5-fluoroorotic acid
plates to evict the YEP-HA-H2B (URA3) plasmid. For
H2BKI123R yeast strain, lysine-to-arginine substitution mu-
tations were introduced at conserved ubiquitination site
(K123) in the HTB1 gene by PCR based mutagenesis com-
bined with homologous recombination in vivo. Strains that
contained the recombined plasmid (pRS424-H2B-KI123R -
FLAG) were selected after growth on 5-B uoroorotic acid
plates.

Yeast cells were grown in YPD medium (1% yeast extract,
2% peptone, 2% glucose) or YPA medium (1% yeast extract,
2% peptone, 2% potassium acetate). For sporulation, yeast
cells were grown overnight in liquid YPD medium and di-
luted in liquid YPA medium to an ODggy of 0.3 and cultured
for 10 h at 30°C. Then cells were harvested and resuspended
in sporulation medium (2% potassium acetate) to ODggo of
1.9 and sporulated at 30°C for different lengths of time. In
the treatment of chloroquine to the bre/A or H2BKI23R
mutant strains experiments, chloroquine was added into the
sporulation medium for the first 4 h and then removed to
test its effects on sporulation.

Sporulation was assayed by the microscopic examination
of cultures that had been incubated in SPM (sporulation
medium) for 24 h. Approximately five hundreds cells per
culture were counted and the percentage of cells that had
formed asci was scored. The nuclear DNA was stained by
DAPI, visualized and counted using a Nikon inverted mi-
croscope (Nikon, Eclipse Ti-S, Tokyo, Japan).

Real-time PCR

Real-time PCR was performed with a Roche Light Cycler®
48011 System. Total RNA was extracted from isolated sper-
matocytes with a Trizol Kit. cDNA was synthesized us-
ing the PrimeScript RT Reagent Kit (TaKaRa, RR037A,
Kusatsu, Janpan). Amplification was performed in a 10-p.1
reaction with 5 pl 2x EvaGreen mix (Applied Biological
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Materials Inc., MasterMix-S, Richmond, Canada), 0.8 .l
of each primer (10 nmol/I), 2 pl sample cDNA, and 2.2 pl
ddH,O. The real-time PCR was initiated at 95°C for 10 min,
followed by 40 cycles of denaturation for 5 sec at 95°C, an-
nealing for 30 s at 60°C, and elongation for 60 s at 72°C.
Fluorescence signals were collected at 72°C during the elon-
gation step. Each DNA amplification was performed in trip-
licate. The results were analyzed using Light Cycle 480SW
1.5.1.

Statistical analysis

All data are presented as the mean + SEM. The statistical
significance of the difference between the mean values for
the different genotypes was examined using Student’s z-test
with a paired two-tailed distribution. The data were consid-
ered significant when P < 0.05 (*), 0.01(**) or 0.001(***).

RESULTS
H2B ubiquitination mainly occurs in spermatocytes

To study the potential role of H2Bub during spermato-
genesis, we first used immunohistochemistry to investigate
the localization of H2Bub in the seminiferous tubules of
mice. We found that H2B ubiquitination mainly occurred in
spermatogonia and spermatocytes (Supplementary Figure
S2A). Then we isolated the spermatogonia, spermatocytes
and round spermatids from the mouse testis to detect the
expression of RNF20, which is the major E3 ligase for H2B
ubiquitination (Supplementary Figure S2B and C). Con-
sistent with the localization of H2Bub, the expression of
RNF20 was high in spermatocytes but low in round sper-
matids and absent in spermatozoa which were isolated from
mouse cauda epididymidis (Supplementary Figure S2D).
These results suggest that H2B ubiquitination is dynami-
cally regulated during spermatogenesis and that H2Bub and
RNF20 might participate in the regulation of meiosis.

Germ cell-specific knockout of Rnf20 results in male infertil-
ity

To explore the potential function of H2B ubiquitination
during spermatogenesis, we generated an Rnf20f7x/Flox
mouse via a highly efficient recombineering-based method
(33). Briefly, LoxP and the neomycin resistance cassette
were sequentially inserted into the introns flanking exons
2-4 of the Rnf20 gene (Supplementary Figure S3A). Af-
ter electroporation, the targeted embryonic stem (ES) cell
clones were screened and verified by multiple rounds of
PCR (Supplementary Figure S3B). The positive clones of
the targeted ES cells were microinjected into blastocysts and
then transplanted into the uteri of mice to produce chimeric
offsprings (Supplementary Figure S3C). The neomycin cas-
sette between the Frt sites was removed after crossing with
FLP mice to generate Rnf20"°X/FoX mice (Supplementary
Figure S3A).

To determine whether RNF20 is required for meiosis,
Rnf207x/Flox mice were mated with Stra8-Cre mice (35) to
produce Rnf200x/Flox; Stra8-Cre mice (referred to as Stras-
Rnf20~/~) (Supplementary Figure S3D). Because the Stra8
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promoter specifically expresses in early-stage spermatogo-
nia from 3 days after birth onward, and peaks in prelep-
totene spermatocytes first present at postnatal day 7 (35),
Rnf20 exons 2-4 were specifically deleted in the germ cells,
which was predicted to disrupt the open reading frame of
Rnf20 mRNA, thus resulting in germ cell-specific Rnf20-
knockout mice. We first used immunoblotting to test Rnf20-
knockout efficiency in Stra8-Rnf20~/~ mice. As shown in
Figure 1A, the protein level of RNF20 was dramatically re-
duced in the testes of the Stra8-Rnf20~/~ mice compared
with those of the Rnf20/</Flex and Stra8-Rnf20*/ mice,
suggesting that Rnf20 was efficiently removed in the testes
of the Stra8-Rnf20~/~ mice. Most strikingly, the testes of
the Stra8-Rnf20~/~ mice were smaller than those of the
Rnf20F1~/Flox and Stra8-Rnf20*/ ~ mice (Figure 1B), and the
testis weight of the Stra8-Rnf20~/~ mice was reduced com-
pared with that of the Rnf20%"0*/¥1ox and Stra8- Rnf20"/ mice
(Figure 1C). Histological examination showed that the sem-
iniferous tubule diameter of the Stra8-Rnf20~/~ mouse
was less than half of the Rnf20"x/FloX mouse seminiferous
tubule (Figure 1D and E). The Stra8-Rnf20~/~ male mice
lost most of their germ cells and possessed no round or elon-
gated spermatids in the seminiferous tubules, and almost
no mature spermatozoa were found in the epididymal lu-
mens of these mice (Figure 1E and F). The breeding assays
showed that the Stra8-Rnf20~/~ male mice were completely
infertile (Supplementary Figure S4). These results demon-
strate that germ cell-specific Rnf20 knockout results in sper-
matogenesis failure and suggest that Rnf20 is essential for
spermatogenesis.

Rnf20 knockout results in pachytene stage arrest in male mice

To determine exactly which stage of spermatogenesis was
affected by Rnf20 knockout, we used immunohistochem-
istry of the germ cell marker VASA to characterize the
first wave of spermatogenesis in mice at 9 dpp (days post-
partum), when testes begin to generate leptotene spermato-
cytes, at 12 dpp, when testes are populated by leptotene and
zygotene spermatocytes, and at 15 dpp, when testes begin
to generate pachytene spermatocytes. Compared with those
of littermate controls, the seminiferous tubules of Stras-
Rnf20~/~ mice contained similar numbers of germ cells at
9 dpp, but these numbers started to decrease at 12 dpp
and dramatically dropped at 15 dpp (Figure 2A-C), sug-
gesting that the Rnf20 knockout affected the prophase of
meiosis I. To define the exact block stage of Stra8-Rnf20~/~
testis during spermatogenesis, PAS and hematoxylin stain-
ing were used to further analyse the phenotype of Stras-
Rnf20~/~ testes. We found that the spermatogenesis was
blocked at stage IV, and most of the spermatocytes arrested
at the pachytene stage in the Stra8-Rnf20~/~ testes (Sup-
plementary Figure S5A). Some spermatocytes survived in
the stage I'V but then died in stage XII (Supplementary Fig-
ure S5A). The TUNEL assays results showed that these
germ cells underwent apoptosis in the Stra8-Rnf20~/~ sem-
iniferous tubules (Supplementary Figure SSB-D). We fur-
ther detected the exact meiotic stages which were affected
by Rnf20 knockout in spermatocyte nucleus spreads with
an antibody against SYCP3, which is one of the SC com-
ponents (10). In the control group, every prophase stage
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Figure 1. Spermatogenesis is disrupted in Stra8-Rnf20~/~ mice. (A) The
RNF20 protein level was dramatically reduced in the testes of the Stra8-
Rnf20~/~ mice. The numbers of the underlying bands were gray scale of
RNF20 and B-actin quantified by the ODYSSEY Sa Infrared Imaging Sys-
tem. (B) The testes of the Stra8-Rnf20~/~ mice were smaller than those of
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ous tubules in Stra8-Rnf20~/~ mice was smaller than that in the Stras-
Rnf2*/= and Rnf20"0x/Tlox mice, Rnf2070x/Flox 202.1 £ 0.72 pm; Stra-
Rnf2*/=,198.6 + 2.71 pm; Stra8-Rnf20~/~, 96.63 & 0.97 um. (E) His-
tological analysis of the seminiferous tubules of the Rnf2070x/F1ox ' Strq8-
Rnf2*/~and StrasS-Rnf20~/"mice. Scale bars, 100 wm, upper panel; 20 wm,
lower panel. (F) Histological analysis of the caudal epididymides of the
Rnf20"0x/Flox - §1rq8-Rnf2*/~ and Stra8-Rnf20~/~ mice. Scale bars, 50
wm. The Rnf2070x/Flox and Stra8-Rnf20~/~ mice in Figure 1 were 8 weeks
old.
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Figure 2. Meiosis arrests at the pachytene stage in Stra8-Rnf20~/~ mouse
testis. (A) Histological analysis of the seminiferous tubules of juvenile
Rnf20710x/Flox and Stra8-Rnf20~/~ mice (9-15 dpp). Scale bars, 50 wm.
(B) VASA immunohistochemical analysis of the germ cells in juvenile
Rnf20F10x/Flox and Stra8-Rnf20~/~ mice showed that the amount of the
germ cells began to drop from 12 dpp to 15 dpp. Scale bars, 50 pm. (C)
Quantification of the germ cells in the seminiferous tubules of the juve-
nile Ruf20F10x/Flox and Stra8-Rnf20~/"mice in (B). 9 dpp: Rnf2010x/Flox,
19.63 & 1.19; Stra8-Rnf20~/~, 18.56 & 1.27. 12 dpp: Rnf20"1x/Flox 40 08
+ 2.69; Stra8-Rnf20~/~, 29.15 & 3.19. 15 dpp: Rnf207x/Flox 6377 +
2.85; Stra8-Rnf20~/~, 36.69 + 2.52. (D, E) Meiotic chromosome spreads
from Rnf2070X/Flox and Stra8-Rnf20~/~ males were stained with anti-
body to SYCP3. Scale bars, 10 pm. (F) Frequencies of meiotic stages
in Rnf2070x/Flox and Stra8-Rnf20~/"testis suspensions. Le (Leptotene):
Rnf20%0x/Flox - 6.80 + 1.53%; Stra8-Rnf20~/~, 6.90 + 1.62%. Zy (Zy-
gotene): Rnf2070x/Flox 11,60 + 1.86%; Stra8-Rnf20~/~, 24.40 + 2.02%.
E-P (Early-Pachytene): Rnf2070¥/F10x 13,60 + 2.02%; Stra8-Rnf20~/,
58.40 4 4.94%. M-P (Middle-Pachytene): Rnf20"0x/Flox 38 00 + 4.97%;
Stra8-Rnf20~/~,17.80 + 2.91%. Dip (Diplotene): Rnf20F0x/Flox 273 80 4
3.51%; Stra8-Rnf20~/~, 3.60 + 1.21%. Dia (Diakinesis): Rnf20%%0x/Flox
5.80 + 1.56%; Stra8-Rnf20~/~, 0.00 £ 0.00%. The Rnf20""~/Flox and
Stra8-Rnf20~/~ mice in Figure 2D-F were 8 weeks old.

could be identified (Figure 2D), whereas in the testes of
the Stra8-Rnf20~/~ mice, only those spermatocytes from
the leptotene to pachytene stages were observed (Figure
2E). The proportion of the zygotene and early pachytene
spermatocytes increased substantially, and some impaired
mid-pachytene spermatocytes were observed in the Stra$-
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Rnf20~/~ seminiferous tubules (Figure 2F). All these re-
sults suggest that Rnf20 knockout leads to spermatocyte ar-
rest at the pachytene stage, and this phenotype is irrelevant
to its age.

Meiotic recombination is impaired in Stra8-Rnf20~/~ sper-
matocytes

Defects in meiotic recombination are important causes
for pachytene arrest (45). Meiotic recombination is de-
pendent on the successful repair of programmed DSBs.
MLHI, SYCP1, RPA1, RADSland DMCI are important
marker molecules for different stages of meiotic recombi-
nation. RPA1 associates with single-strand intermediates
and RADS51/DMCI facilitate the invasion of homologous
chromosomes (46). SYCPI is one of the key components
of the synaptonemal complex, and it bridges homologous
chromosomes for recombination (10). MLHI1 represents
crossovers during meiotic recombination (11). When we
monitored these markers via spermatocyte nuclear spreads
and immunofluorescence, we found that MLH1 foci de-
creased dramatically due to the depletion of Rnf20 in
pachytene spermatocytes (Figure 3A and B), suggesting
failed crossover formation. SYCP1 signals were not contin-
uous in the Rnf20-depleted spermatocytes at the pachytene
stage, suggesting that synapses were not fully assembled
(Figure 3C, D and Supplementary Figure S6). RADS51 and
DMCI1 were not sufficiently recruited to the recombina-
tion foci in Stra8-Rnf20~/~ spermatocytes (Figure 3E-H
and Supplementary Figure S7A and B), suggesting a defect
in programmed DSB repair. In Stra8-Rnf20~/~ spermato-
cytes, both RPA1 and BRCAI signals at the zygotene stage
were decreased in comparison with those in Ruf20f7x/Flox
spermatocytes (Figure 3G, H and Supplementary Figure
S7C-QG), suggesting defects in single strand DNA invasion
or generation. All of these results suggest that the pachytene
stage arrest that was caused by Rnf20 depletion is associ-
ated with defects in meiotic homologous recombination and
synapsis which are coupled with programmed DSB repair.

Effect of Rnf20 knockout on programmed DSB repair in sper-
matocytes

To further investigate the functional role of RNF20 in
programmed DSB repair, we monitored the following re-
pair steps by immunofluorescence: yH2AX is a meiotic
marker that accumulates in the nucleus during the lep-
totene (distributed globally) and zygotene stages (begin to
disappear), concomitantly with DSB formation and repair,
but decreases in the autosomes after DSB repair at the
pachytene stage (concentrated in the XY body) (Figure 4A
and Supplementary Figure S8A and B, upper three pan-
els) (47). The X and Y chromosomes retain yH2AX at
the pachytene stage most likely because these chromosomes
lack homology and cannot fully undergo synapsis (Figure
4A and Supplementary Figure S8A and B) (47). At the lep-
totene stage, the yH2AX signals in Stra8-Rnf20~/~ sper-
matocytes were modestly weaker than in Ruf200x/Flox sper-
matocytes (Supplementary Figure S8C). However, during
the pachytene stage, the y H2AX signals in Stra8-Rnf20~/~
spermatocytes were still diffused in the autosomes, rather
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Figure 3. Meiotic crossover, synapsis, and strand invasion are impaired due to RNF20 depletion. (A) Ruf2070X/Flox and Stra8-Rnf20~/~ spermatocytes
stained for SYCP3 (red) and MLHI (green). Scale bars, 10 wm. (B) Quantification of the MLHI1 foci number per cell in Rnf2050~/Flox and Stra8-Rnf20~/~
mice. Rnf20F0x/Flox 2055 4 0.75; Stra8-Rnf20~/~, 3.95 -+ 0.48. (C) Rnf20"10x/Flox and Stra8-Rnf20~/~ spermatocytes stained for SYCP3 (red) and SYCP1
(green). Discontinuous SYCP1 staining was observed in Stra8-Rnf20~/~ cells. Scale bars, 10 pm. (D) Number of SYCP1 stretches per Rnf20770%/Flox o
Stra8-Rnf20~/"spermatocyte. Continuous SYCP1 stretches: Rnf20F10x/Flox 18 36 + 0.41; Stra8-Rnf20~/~, 8.27 + 0.48. Discontinuous SYCPI stretches:
Rnf20F10x/Flox '3 41 + (.28; Stra8-Rnf20~/~, 12.05 & 0.81. (E) Spermatocytes stained for SYCP3 (red) and RADS51 (green) from Rnf20F10x/Flox and Stras-
Rnf20~/~ mice. (F) Quantification of the RAD51 foci per cell in Ruf2070¥/F1ox and Stra8-Rnf20~/~ mice. Leptotene stage: Ruf2070x/Flox 64 14 + 5.70;
Stra8-Rnf20~/~,42.33 + 3.50. Zygotene stage: Rnf20"0x/T10x 165 40 & 7.28; Stra8-Rnf20~/~, 86.75 + 7.92. Pachytene stage: Rnf2070/Flox 6213 + 6.67;
Stra8-Rnf20~/~,20.81 + 1.84. (G) Spermatocytes stained for SYCP3 (red) and RPA1 (green) in Rnf2070%/F10x and Stra8-Rnf20~/~ mice. RPA1 was not
sufficiently recruited to the chromosomes in the Stra8-Rnf20~/~ spermatocytes. Scale bars, 10 wm. (H) Immunoblot results showed decreased RADSI

and RPA1 in Stra8-Rnf20~/~ spermatocytes. The Rnf2070X/Flox and Stra8-Rnf20~/~ spermatocytes used for immunofluorescence and western blottings
were from 8 weeks mice.
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Figure 4. Programmed DSBs are not repaired efficiently due to the insufficient recruitment of repair factors in Stra8-Rnf20~/~ spermatocytes. (A)
Rnf2070x/Flox and Stra8-Rnf20~/~ spermatocytes stained for SYCP3 (red) and yH2AX (green). At the pachytene stage, y H2AX remained at some auto-
somal locations in Stra8-Rnf20~/~ cells. (B) Percentage of cells retaining y H2AX outside of the sex chromosomes in Ruf2070X/F10x and Stra8-Rnf20~/~
pachytene spermatocytes. y H2AX signal localized on the XY bodies only: Rnf2070¥/F10x 88 11 + 1.62%; Stra8-Rnf20~/~, 8.510 =+ 2.83%. yH2AX signal
localized on the autosomes: Rinf20F10x/Flox |11 89 + 1.62%; Stra8-Rnf20~/~,91.49 + 2.83%. (C) Spermatocytes stained for SYCP3 (red) and pATM (green).
In StraS-Rnf20~/~, the pATM signal was retained on the autosomes. Scale bars, 10 wm. (D) Spermatocytes stained for SYCP3 (green) and ATR (red).
The ATR signal was retained on the autosomes in Stra8-Rnf20~/"mice. (E) Spermatocytes stained for SYCP3 (red) and MREI11 (green) in Rnuf207x/Flox
and Stra8-Rnf20~/~ mice. MRE11 was not sufficiently recruited onto the chromosomes in Stra8-Rnf20~/~ spermatocytes. (F) Spermatocytes stained for
SYCP3 (red) and NBS1 (green) in Rnf2050X/ 710X and Stra8-Rnf20~/~ mice. NBS1 was not sufficiently recruited onto the chromosomes in Stra8-Rnf20~/~
spermatocytes. (G) Immunoblot analysis of yH2AX, pATM, ATR, MRE11 and NBSI in Ruf20"05/Flox and Stra8-Rnf20~/~ spermatocytes. Scale bars,
10 wm. The Rnf20F0x/Flox and Stra8-Rnf20~/~ spermatocytes used for immunofluorescence and western blottings were from 8 weeks mice.

20z 1Mdy gz uo 3senb Aq 026.2092/1896/02/tv/S101HE/IeU/WOd dNO"dlWapED.//:sd]Y WOl) papeojumo(



9690 Nucleic Acids Research, 2016, Vol. 44, No. 20

than accumulating only on the XY body (Figure 4A, B,
G and Supplementary Figure S8C). These results suggest
that RNF20 might be involved in programmed DSB for-
mation as reported in yeast (14). Consistent with yH2AX,
pATM and ATR were present on the autosomes in Stras-
Rnf20~/~ pachytene spermatocytes, but completely disap-
peared on the autosomes in Rnf2070¥/FloX pachytene sper-
matocytes (Figure 4C, D, G and Supplementary Figure S9).
These results indicate that the programmed DSB repair pro-
cess is indeed delayed in Rnf20-knockout spermatocytes.
Next, we compared the MRE11/RADS50/NBS1 (MRN)
complex, which is involved in DSB end resectioning, of
Stra8-Rnf20~/~ spermatocytes with that of Rnf20%"x/Flox
spermatocytes. As shown in Figure 4E-G and Supplemen-
tary Figure S10, MREI11 and NBSI decreased dramati-
cally in Stra8-Rnf20~/~ spermatocytes, suggesting that the
MRN complex might be insufficiently recruited to the pro-
grammed DSB sites in Stra8-Rnf20~/~ spermatocytes. All
of these results suggest that RNF20 might participate in
MRN complex recruitment during programmed DSB end
resectioning.

RNF20-mediated H2B ubiquitination promotes chromatin
relaxation during meiosis

It has been reported that NBSI directly interacts with
RNF20 (21). Because NBSI localizes on the chromosome
at the prophase of meiosis I, RNF20, together with its part-
ner RNF40, might also be recruited to the chromosome at
this stage. To test this possibility, we used immunofluores-
cence to determine the subcellular localization of both pro-
teins at the zygotene and pachytene stages; both RNF20
and RNF40 localized in the nucleus and were distributed
in a thread-like structure (Supplementary Figure S11A and
B). Both proteins co-localized well with SYCP3 (Figure SA
and B), suggesting they were indeed recruited to the chro-
mosome at this stage. When the RNF20-positive thread-
like structures disappeared in Stra8-Rnf20~/~ spermato-
cytes (Supplementary Figure S11A), the RNF40 signal was
also reduced (Supplementary Figure S11B). These results
were further confirmed by immunoblotting (Figure 5C and
Supplementary Figure S11C). At the same time, we found
that the major product of RNF20/RNF40 H2Bub was also
dramatically reduced (Figure 5C and Supplementary Fig-
ure S11D). All of these results suggest that RNF20 regulates
meiotic recombination by mediating H2B ubiquitination.
RNF20-mediated H2B ubiquitination might regulate
meiotic recombination by affecting chromatin structure. To
test this possibility, we first determined the acetylation sta-
tus of H3K 14 (H3K 14ac), which is an active transcription
histone marker and is highly associated with programmed
DSB hot spots during meiosis (Supplementary Figure
S12A) (48,49). Interestingly, the total level of H3K14ac
was reduced dramatically in Stra8-Rnf20~/~ spermatocytes
(Figure 5D-F). Because H3K 14ac is directly involved in reg-
ulating chromatin relaxation (49-51), we then used a mi-
crococcal nuclease (MNase) sensitivity assay to determine
how RNF20-mediated H2B ubiquitination regulates chro-
matin structure during meiotic recombination. We found
that Stra8-Rnf20~/~ chromosomes were more resistant to
MNase digestion than Rnf207*/F1°x chromosomes during

the zygotene and pachytene stages (Figure 5G and H), sug-
gesting that H2B ubiquitination promotes chromatin relax-
ation during these stages. In support of the above conclu-
sions, we found that a heterochromatin-associated modifi-
cation, dimethylation at histone H3K9 (H3K9me2) (Sup-
plementary Figure S12B) (51-53), was increased signifi-
cantly at these stages (Figure 5D, I and J), further confirm-
ing the changes in chromatin structure. All of these results
suggest that RNF20-mediated H2B ubiquitination relaxes
the chromatin structure at the programmed DSB sites dur-
ing meiosis, allowing the recruitment of DSB repair factors
to the proper position.

The spermatogenetic defect of Stra8-Rnf20~/mice can be
partially rescued by forced chromatin relaxation

If RNF20-mediated H2B ubiquitination regulates meiotic
recombination by promoting chromatin relaxation, then
forced chromatin relaxation might at least partially res-
cue meiotic recombination or even the spermatogenetic de-
fect of Stra8-Rnf20~/~ mice. To test this possibility, we
injected 30 pl of 93.8-156.3 M chloroquine, which can
alter chromatin and chromosome structures (54), into 6-
week-old mouse testes and studied the effects 3 weeks
later. Injection of 156.3 M chloroquine clearly destroyed
the spermatogenesis process in Rnf207*/Fox mice, while
the lower dose of 93.8 wM chloroquine did not result in
any observable effect on Rnf20f</Flox mouse testes (Fig-
ure 6A and Supplementary Figure S13A). However, the in-
jection of 93.8 wM chloroquine into the testes of Stras-
Rnf20~/~ mice restored spermatogenesis to some extent;
round, elongated spermatids and some mature spermato-
zoa were observed in some StraS8-Rnf20~/~ mouse sem-
iniferous tubules (Figure 6A), and the number of germ
cells and the diameter of the seminiferous tubules also in-
creased significantly (Figure 6B and C). Immunostaining
results confirmed that the expression and localization of
NBS1 and RADS1 were restored to some extent in sperma-
tocytes of Stra8-Rnf20~/~ mice after chloroquine injection
(Figure 6D and E), suggesting that meiotic recombination
was partially rescued. Furthermore, western blotting results
of H3K 14ac (marker of loosed chromatin) and H3K4me2
(marker of condensed chromatin) showed that the chloro-
quine treatment indeed partially restored the chromatin re-
laxation status of RNF20 deficient spermatocytes (Supple-
mentary Figure SI3B-D). Finally, histological examination
of the epididymal lumens and total spermatozoa analysis
showed that chloroquine injection into the testes of Stra8-
Rnf20~/- mice significantly increased the numbers of mature
spermatozoa in the epididymis (Figure 6F and G and Sup-
plementary Figure S13E). These results demonstrate that
chloroquine can partially rescue the spermatogenetic defect
of Stra8-Rnf20~/-mice by relaxing the chromatin structure
and thus restoring impaired meiotic recombination.

H2B ubiquitination mediated chromatin relaxation is re-
quired for meiosis

Next, we tested whether a deficiency of H2B ubiquitina-
tion is really responsible for the meiotic defect in Rnf20
knockout cells. Because of a technical obstacle to create
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Figure 5. RNF20 modulates meiotic recombination by promoting chromatin relaxation. (A and B) Spermatocytes stained for SYCP3 (red) and
RNF20/RNF40 (green) in wild-type mice. RNF20 and RNF40 were recruited onto the chromosomes at the zygotene and pachytene stages. (C) Immunoblot
analysis of RNF40 and H2Bub in Rnf2070%/Flox and Stra8-Rnf20~/~ spermatocytes. RNF40 and H2Bub were decreased significantly in Stra8-Rnf20~/~
spermatocytes. (D) Immunoblot analysis of H3K 14ac and H3K9me2 in Rnf2070X/F1ox and Stra8-Rnf20~/~ spermatocytes. (E) Spermatocytes stained for
SYCP3 (red) and H3K 14ac (green) in Rnf2070x/Flox and Stra8-Rnf20~/~ mice. H3K 14ac was decreased in Stra8-Rnf20~/~ spermatocytes. (F) Relative
fluorescence intensity of H3K 14ac in Rnf2070x/Flox and Stra8-Rnf20~/spermatocytes. Rnf20F10x/Flox 24 14 + 1.55; Stra8-Rnf20~/~, 5.35 4+ 0.39. (G)
Chromatin isolated from Stra8-Rnf20~/~ spermatocytes was more compacted than chromatin isolated from Rnf20%0x/FloX spermatocytes. Micrococcal
nuclease (MNase) sensitivity assay was used to detect the chromatin compaction status which was isolated from Rnf207~/Fox and Stra8-Rnf20~/~ sper-
matocytes. (H) Quantification of the N3 and N4 intensities of lanes 3 and 6 in (G) using GIS 1D software; N3 and N4 indicate the number of nucleosomes.
N3: Rnf20F10x/Flox 119,00 + 7.44; Stra8-Rnf20~/~, 86.50 & 5.85. N4: Rnf2010x/Flox 148 50 + 11.00; Stra8-Rnf20~/~, 113.3 + 7.86. (I) Spermatocytes
stained for SYCP3 (red) and H3K9me2 (green) in Rnf2070/F1ox and Stra8-Rnf20~/~ mice. H3K9me2 was increased in Stra8-Rnf20~/~ spermatocytes.
(J) Relative fluorescence intensity of H3K9me2 in Rnf20/"%/F1ox and Stra8-Rnf20~/~ spermatocytes: Rnf2070x/Flox '3 01 4 0.17; StraS-Rnf20~/~, 10.62
+ 2.12. Scale bars, 10 wm.The Rnf2070x/Flox and Stra8-Rnf20~/~ spermatocytes used for immunofluorescence, western blottings and MNase assay were
from 8 weeks mice.
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Rnf20~/~ + Con, 93.13 +9.19 pm; Stra8-Rnf20~/~ + CQ, 139.4 + 15.07 wm. (D, E) Spermatocytes stained for SYCP3 (red) and NBS1 or RADS51 (green)
after injection with or without CQ (93.8 .M chloroquine). (F) Histological analysis of the epididymides of the Rnf20F%0x/Flox and Stra8-Rnf20~/~ mice
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H2B KI120R mutant mouse, we turned to yeast to test
this possibility. H2B K123 was ubiquitinated by the homo-
logue of RNF20/RNF40, Brelp, to modulate gene tran-
scription and meiotic DSB formation in yeast (14,55). To
that end, we created a Brel deletion mutant yeast strain,
we found that the sporulation efficiency decreased dramat-
ically compared with a wild-type control strain (Figure 7A
and Supplementary Figure S14A). Interestingly, the addi-
tion of chloroquine to the media during the first 4 h not
only relaxed the chromatin (Figure 7B and C), but also re-
stored the sporulation efficiency to some extent (Figure 7A
and Supplementary Figure S14A). Consistent with these
results, the H2BKI23R strain almost completely failed to
sporulate (Figure 7D and Supplementary Figure S14B),
while the addition of chloroquine to the media significantly
increased both the chromatin sensitivity to MNase (Fig-
ure 7E and F) and the sporulation efficiency of this mu-
tant strain (Figure 7D and Supplementary Figure S14B).
These results suggest that, in addition to programmed DSB
production (14), Brelp mediated H2B ubiquitination also
regulates meiotic recombination by promoting chromatin
relaxation in yeast, and may share the similar functional
role to RNF20/RNF40-mediated H2B ubiquitination dur-
ing mammalian meiotic recombination. These findings in-
dicate that the RNF20/Brelp mediated H2B ubiquitination
could maintain an accessible meiotic chromatin structure to
guarantee the timely repair of programmed DSBs and the
finishing of the meiotic recombination.

DISCUSSION

H2B ubiquitination regulates numerous molecular and cel-
lular processes, such as transcription elongation (27), DNA
replication (56), DNA damage response (21,24), nucle-
osome dynamics (57), chromatin segregation (58), cen-
tromeric chromatin maintenance (59), chromatin boundary
integrity (60) and the activity of other histone-modifying
enzymes (61,62). Although it has been reported that
H2B ubiquitination is involved in stem cell differentiation
(29,30), apoptosis (63) and tumorigenesis (26), its in vivo
physiological and developmental functions have not been
well investigated, especially in mammals, due to the ab-
sence of an animal model. To study the potential function
of H2B ubiquitination during meiosis, we generated the first
germ cell-specific Rnf20-knockout mouse and found that
RNF20-mediated H2B ubiquitination regulates meiotic re-
combination by promoting chromatin relaxation and fa-
cilitating the recruitment of some early DNA repair fac-
tors to the chromatin. Previously, it has been reported that
H2B ubiquitination is required for the recruitment of a
DSB-creating complex at specific loci during meiosis, rather
than having a general effect on DSB formation in budding
yeast (14). Although we found that RNF20-mediated H2B
ubiquitination might also be involved in programmed DSB
formation in mammals, its major function still is to reg-
ulate meiotic recombination since almost all RNF20 defi-
cient spermatocytes arrest at pachytene stage. In contrast to
the above, mutations in the plant orthologs of mammalian
Rnf20/ Rnf40, Hubl and Hub2 only caused a reduction in
seed dormancy and plant size in Arabidopsis (64,65), sug-
gesting H2B ubiquitination may not be essential for meiotic
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recombination at all. Thus, although the essential compo-
nents of H2B ubiquitination are evolutionarily conserved,
the functional role of H2B ubiquitination in mammalian
meiotic recombination is distinct from those in plants, sug-
gesting that meiotic recombination is different from somatic
cell homologous recombination at this point, and the latter
is evolutionary conserved from yeast to vertebrates (21).

During the DNA damage response in somatic cells,
RNF20 interacts with both ATM and NBS1 at the DSB
sites, but Rnf20 knockdown does not affect the NBS1 signal
at the DSB sites during homologous recombinational repair
(21,24). However, during meiotic recombination, RPA1,
DMCI1, MREII1, and NBSI, but not pATM and ATR,
decreased dramatically in Stra8-Rnf20~/~ spermatocytes
(Figures 3G, H, 4C-G and Supplementary Figure S7, S9,
S10), a result that was entirely different from that of ho-
mologous recombination in somatic cells. The decreasing
presence of these proteins is likely due to failed recruitment
to the programmed DSB sites, thus making them unsta-
ble, but not due to a transcriptional defect because we did
not observe a clear decrease in their mRNA levels (Sup-
plementary Figure S15). It has been reported that H2B
ubiquitination leads to an open and biochemically acces-
sible fiber conformation (66). Accordingly, the major func-
tion of H2B ubiquitination during meiotic recombination
is to relax chromosome structures and facilitate the recruit-
ment of some meiotic recombination factors to the pro-
grammed DSB sites. This conclusion is supported by our
observation that chromatins from Stra8-Rnf20~/~ sperma-
tocytes, brel A and H2BK123 R yeast strains are resistant to
MNase digestion, and that forced chromatin relaxation par-
tially rescues the gametogenesis defect of Rnf20-deficient
spermatocytes, brel A and H2BKI23R yeast cells (Figures
5G, H and 7C-F). Interestingly, forced chromatin relaxation
partially restored the recruitment of not only RADS1 but
also NBS1 to the chromatin of Stra8-Rnf20~/~ spermato-
cytes (Figure 6D and E); this result suggests that, in ad-
dition to RNF20, at least one other unknown protein can
recruit NBS1 to the chromatin under these conditions. Al-
though we cannot exclude the possibility that the MRN
complex on the chromatin becomes unstable in the absence
of Rnf20 during meiotic recombination, we favor the sce-
nario that once programmed DSB has occurred, ATM re-
cruits RNF20 to ubiquitinate H2B. Simultaneously or sub-
sequently, RNF20 or another unknown protein recruits the
MRN complex to the programmed DSB sites on the de-
condensed chromatin, followed by other DNA repair fac-
tors to finish the entire meiotic recombination process (Fig-
ure 8A).

In this study, once Rnf20 was knocked out, the chro-
matin could not be relaxed. Consequently, the MRN com-
plex and other DNA repair factors could not be efficiently
recruited to the programmed DSB sites, and those DSBs
could not be repaired by meiotic recombination, result-
ing in spermatocyte cell death and ultimately male infer-
tility in mice (Figure 8B). In addition to H2B ubiquitina-
tion, it has been reported that the posttranslational mod-
ification status of H3 and H4 are involved in meiosis by
de-condensing local chromatin structures to regulate mei-
otic recombination (67,68). Actually, in addition to histone
modifications, some components of the chromatin remod-
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Figure 7. H2B ubiquitination regulates chromatin condensation status during yeast meiosis. (A) Chloroquine (CQ) treatment partially rescued the sporu-
lation defect of the brel A (Brel deficient) yeast strain. brel A yeast strain was induced to sporulate at the presence or absence of 93.8 uM CQ condition.
The cells were collected at the indicated time points, and stained with 4’,6-diamidino-2- phenylindole (DAPI), the percentage of cells/asci with dyads and
tetrads were counted on the fluorescent microscopy. (B) Effect of brel deletion and CQ treatment on chromatin condensation status at the pachytene
stage of meiosis I (The fourth hour of the sporulation). Micrococcal Nuclease (MNase) Assay was used to detect the chromatin condensation status of
the cells in (A) at fourth hour (pachytene stage). After fixation and extraction, the chromatins from the above mentioned cells were digested with MNase,
the mononucleotides and oligonucleotides were detected by agarose gel electrophoresis and ethidium bromide staining. (C) Quantification of N2 and N3
intensities of lanes 3, 7, 11 and 15 in (B) by using GIS 1D software. N2 and N3 indicate the number of nucleosomes. N2: WT + Con, 52.33 & 3.76; brel A
+ Con, 29.33 &+ 5.04; WT + CQ, 63.00 & 4.93; brel A + CQ, 46.67 + 6.01. N3: WT + Con, 73.67 £ 4.98; brel A + Con, 38.33 £ 7.13; WT + CQ, 87.67 &+
6.89; brel A + CQ, 65.00 & 7.64. (D) Chloroquine (CQ) treatment partially rescued the sporulation defect of the H2BK123R (H2B ubiquitination deficient
yeast strain) yeast strain. The CQ treatment and sporulation assays were similar to (A). (E) Effect of H2B ubiquitination and CQ treatment on chromatin
condensation status at the pachytene stage of meiosis I. Micrococcal Nuclease (MNase) Assay was used to detect the chromatin condensation status of
the cells in (D). (F) Quantification of N2 and N3 intensities of lanes 3, 7, 11 and 15 in (E) by using GIS 1D software. N2 and N3 indicate the number of
nucleosomes. N2: H2BFLAG + Con, 23.67 + 1.45; H2BK123R + Con, 17.00 & 1.16; H2BFLAG + CQ, 27.00 & 1.73; H2BKI23R + CQ, 25.67 4+ 3.18. N3:
H2BFLAG + Con, 43.00 £+ 1.73; H2BKI123R + Con, 30.33 4+ 2.67; H2BFLAG + CQ, 57.00 + 3.22; H2BKI23R + CQ, 54.33 + 3.84.
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Figure 8. Diagrams of the proposed functional roles of RNF20-mediated
H2B ubiquitination and chloroquine during meiotic recombination. (A) In
the initiation of programmed DSB repair, ATM and ATR recruit RNF20
to ubiquitinate H2B and promote chromatin relaxation. Simultaneously
or subsequently, RNF20 or another unknown protein recruits the MRN
(MRE11/RADS50/NBS1) complex to the programmed DSB sites on the
de-condensed chromatin, followed by other DNA repair factors such as
RPA1, BRCA1 RADS51 and DMCI to finish the entire meiotic recombi-
nation process. (B) In the RNF20-deficient spermatocytes, H2B cannot be
ubiquitinated. As such, meiotic chromatin cannot be relaxed, which affects
the efficient recruitment of the MRN complex (MRE11/RADS50/NBSI)
and other DNA repair factors (RPA1, BRCAL, RADS51 and DMCI) to the
DSB sites. Thereafter, programmed DSBs cannot be repaired by meiotic
recombination, resulting in spermatocyte cell death and ultimately male
infertility in mice. (C) During meiotic recombination in Stra8-Rnf20~/~
spermatocytes, the insertion of chloroquine into the chromatin may relax
the chromatin, mimicking the function of H2B ubiquitination. Thus, the
recruitment of repair and recombination factors is partially restored, which
recovers the programmed DSB repair and meiotic homologous recombina-
tion in the Rnf20-deficient spermatocytes and partially rescues spermato-
genesis in Stra8-Rnf20~/~ mice.

eling complexes, such as switching defective/sucrose non-
fermenting (SWI/SNF), imitation switch (ISWI), chromod-
omain, helicase, and DNA binding (CHD) and inositol re-
quiring 80 (INOS80), might also be involved in chromatin
relaxation during meiotic recombination; an ATPase sub-
unit of SWI/SNF, brahma-related gene 1 (Brgl), has been
found to be required for meiotic recombination in mice (51).
Thus, we speculate that in addition to the action of these
well-studied factors, the involvement of many chromatin
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relaxation-related factors in meiotic recombination might
be uncovered in the near future.

Meiotic recombination is essential for fertility and the in-
tegrity of the genome (69). Reduced or absent meiotic re-
combination may lead to spermatogenic arrest, which re-
sults in male infertility (69,70). The Rnf20-knockout mouse
model produces a phenotype that is very similar to some
cases of human oligozoospermia or azoospermia. Although
there are no reported Rnf20- or Rnf40-associated male in-
fertility patients, the existence of these types of patients
should not be discounted. Even if Rnf20-associated patients
do not exist, the existence of chromatin relaxation defect-
associated male infertility is very likely. Most importantly,
we found that the meiotic recombination and spermato-
genesis defects of Stra8-Rnf20~/~ mice were partially res-
cued by the injection of a 4-aminoquinoline drug that has
long been used in the treatment or prevention of malaria
(71). Chloroquine is also a chromatin relaxation agent that
can intercalate into the nuclear strands and force chromatin
relaxation (54). During meiotic recombination in Stra8-
Rnf20~/~ spermatocytes or H2BKI123R yeast cells, the in-
sertion of chloroquine into meiotic chromatin might relax
the chromatin, which can mimic the function of H2B ubiq-
uitination, thus partially restoring the meiotic recombina-
tion process (Figure 8C). Together with the fact that low-
dosage chloroquine can partially rescue some homologous
recombination defects in somatic cells (21,22), we predict
that this drug might be applied to the treatment of some
chromatin relaxation defect-associated reproductive or even
other kinds of diseases, and this old drug may greet its
bright spring again in the future.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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