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ABSTRACT

The histone variant H3.3 is encoded by two dis-
tinct genes, H3f3a and H3f3b, exhibiting identical
amino-acid sequence. H3.3 is required for spermato-
genesis, but the molecular mechanism of its sper-
matogenic function remains obscure. Here, we have
studied the role of each one of H3.3A and H3.3B
proteins in spermatogenesis. We have generated
transgenic conditional knock-out/knock-in (cKO/KI)
epitope-tagged FLAG-FLAG-HA-H3.3B (H3.3B"”) and
FLAG-FLAG-HA-H3.3A (H3.3A"A) mouse lines. We
show that H3.3B, but not H3.3A, is required for
spermatogenesis and male fertility. Analysis of the
molecular mechanism unveils that the absence of
H3.3B led to alterations in the meiotic/post-meiotic
transition. Genome-wide RNA-seq reveals that the
depletion of H3.3B in meiotic cells is associated
with increased expression of the whole sex X and
Y chromosomes as well as of both RLTR10B and
RLTR10B2 retrotransposons. In contrast, the ab-
sence of H3.3B resulted in down-regulation of the
expression of piRNA clusters. ChiP-seq experiments
uncover that RLTR10B and RLTR10B2 retrotrans-

posons, the whole sex chromosomes and the piRNA
clusters are markedly enriched of H3.3. Taken to-
gether, our data dissect the molecular mechanism
of H3.3B functions during spermatogenesis and
demonstrate that H3.3B, depending on its chromatin
localization, is involved in either up-regulation or
down-regulation of expression of defined large chro-
matin regions.

INTRODUCTION

DNA in the eukaryotic nucleus is packaged into chromatin.
Chromatin exhibits repeating structure and its basic unit,
the nucleosome core particle, consists of an octamer of core
histones (two of each H2A, H2B, H3 and H4) around which
DNA is wrapped into ~167 helical turns (1). This arrange-
ment allows not only DNA packaging but also the control
of all nuclear processes. Transcription is a dynamic process
that requires permanent adjustments. To answer to these
critical needs, the cell is using several epigenetic strategies,
including chromatin remodeling, histone post-translational
modifications and replacement of canonical histones with
histone variants. This confers novel structural and func-
tional properties of the nucleosomes and in turn, permits
to either activate or repress transcription (2,3).
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Histone variants are non-allelic isoforms of conventional
histones. Each conventional histone family, except H4, has
histone variants (4). Histone variants are incorporated into
chromatin by dedicated histone chaperones (5-10). The hi-
stone H3 family, in addition to conventional H3, comprises
two main histone variants, CENP-A and H3.3. H3.3 is en-
coded by two distinct genes H3f3a and H3f3b, which are
localized on different chromosomes and show various orga-
nization, but the coded proteins exhibit identical amino acid
sequence (11). H3.3 differs of only four amino acids residues
from conventional H3 (12) and its deposition in chromatin
is assisted by two specific chaperones, DAXX and ubinu-
clein (10,13).

The available data suggest that H3.3 is implicated in sev-
eral essential nuclear events, including transcription and mi-
tosis (9,14-16). Genome-wide ChIP analysis has shown that
H3.3 is located on promoters, gene bodies and both cen-
tromeric and telomeric chromatin (9,14,16), but how H3.3
acts on these elements is not clear. The turnover of H3.3 de-
pends on its localization, suggesting that the residence time
of H3.3 association with specific chromatin loci is linked to
its function (17).

H3.3 is also involved in spermatogenesis. A very strong
phenotype, including severe infertility and reduced viabil-
ity were observed in Drosophila loss of functions mutants,
where both H3.34 and H3.3B were deleted by P element
transposition (18). Inactivation of both H3f3a and H3f3b
genes in mice led to early embryonic lethality and dou-
ble H373a%°/WT ) H3£3b%O mutant males are totally infertile,
while double H373aX°/VT /H3f3h%C females are fertile, re-
vealing a specific role of H3.3 in spermatogenesis (16). An-
other study showed that H3.3B depletion is alone sufficient
to generate infertility in mice (19). Other reports claimed
that H3/3b heterozygotes were growth-deficient with males
being sterile because of problems at the level of round sper-
matids, while H3.3A depleted males were found subfertile
with dysmorphic spermatozoa (20). A hypomorphic gene-
trap mutation in H3/3a led to high mortality by weaning
and the surviving animals exhibited severe infertility (21).
Taken as a whole, these data demonstrate that H3.3 is an
important player in spermatogenesis. The various genetic
background of the animals used could explain the observed
different impact of H3.3A and H3.3B on the progress of
spermatogenesis in the different studies (discussed in (20)).
The molecular mechanism of H3.3 functions during sper-
matogenesis and in particular, the impact of the H3.3 defi-
ciency on transcription at genome-wide level, are, however,
only superficially addressed.

Repression of the transcription of transposable elements
(22,23), including long terminal repeats (LTR), long inter-
spersed nuclear elements (LINE), and short interspersed
nuclear elements (SINE) (Mouse Genome Sequencing Con-
sortium 2002) are of prime importance. In germ cells,
transposable elements, if transcribed, could spread into the
host genome and pose an ongoing genetic threat. Hosts
have developed specific strategies to silence them (24). For
instance, RLTR10B containing retrotransposons such as
MMERVK10C, one of the youngest retrotransposons in the
mouse genome, was reported to be strongly down-regulated
during spermatogenesis (25), through Trim33, a protein ex-
hibiting ubiquitin ligase activity. No other chromatin asso-
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ciated proteins acting as repressors of RLTR10B were iden-
tified to date.

Another important sophisticated strategy for safeguard-
ing the germ line genome in animals is the piwi (piRNA)
pathway (24,26). This small RNA pathway is employed by
the host animals to silence retrotransposons both transcrip-
tionally and post-transcriptionally. This pathway uses com-
plexes of the Argonaute subfamilies with piRNA to destroy
the retrotransposon transcripts (26). Of note, the piwi path-
way is also able to affect the epigenetic properties of the cog-
nate genetic loci.

Here, we have studied the role of each one of H3.3A and
H3.3B proteins in spermatogenesis by using conditional
knock-out/knock-in (cKO/KI) epitope-tagged H3.3AHA
and H3.3BHA mouse lines. We showed that H3.3B is re-
quired for spermatogenesis. The use of genome-wide ap-
proaches detailed the intimate mechanism of H3.3B sper-
matogenic functions. Our results revealed that H3.3B has a
complex ‘dual’ role in spermatogenesis. Indeed, H3.3 pos-
itively regulates piRNA expression, but it is also required
for meiotic sex chromosome inactivation and transcrip-
tional repression of RLTR10B and RLTR10B2 repetitive
elements. Our data illustrated the ability of the cell to use
the same histone variant to control two opposite processes,
preservation of an active transcriptional state and its repres-
sion.

MATERIALS AND METHODS
Mouse strains

Both H3.3BHA and H3.3AHA mutant mouse lines were es-
tablished at the Phenomin-iCS (Phenomin — Institut Clin-
ique de la Souris, Illkirch, France; http://www.ics-mci.fr/
en/). For the generation of the H3.3BHA line, a 2 kb frag-
ment encompassing exon 2, exon3 and a part of exon 4
was amplified by PCR (from 12952/SvPas ES cells genomic
DNA) and subcloned in an iCS proprietary vector. This iCS
vector contains a LoxP site as well as a floxed and flipped
Neomycin resistance cassette. A DNA element encoding the
FLAG-FLAG-HA epitope sequence was inserted in frame
with the N-terminus of H3.3B. The linearized construct was
electroporated in 12952 /SvPas mouse embryonic stem (ES)
cells. After selection, targeted clones were identified by PCR
using external primers and further confirmed by Southern
blot with 5" and 3’ external probes. Two positive ES clones
were injected into C57BL/6N blastocysts, and the male chi-
maeras derived gave germline transmission. The H3.3AHA
mutant mouse line constructed similarly to the H3.3BHA
one. However, for the construction of the targeting vector,
a DNA fragment, encompassing exon 2 was used. Mice
were housed in the mouse facility of the Plateforme de haute
Technologie Animale (PHTA, Grenoble, France; agreement
number C 38 516 10001, registered protocol no. 321 at eth-
ical committee C2EA-12). Of note, the mice used in the
experiments exhibit C57BL/6 genetic background, which
does not display a subfertile phenotype.

Genomic DNA, isolated from tails, was used for genotyp-
ing with the following primers: H3f3a forward, 5-TTTGC
AGACGTTTCTAATTTCTACT-3; reverse-1, 5-ATATC
GGATTCAACTAAAACATAAC-3'; reverse-2 5-CAG
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AGACCTGCCTGCCTGCTG-3 (pl, p2 and p3, respec-
tively in Supplementary Figure Sla); H3f3b forward-1 5'-
CTGCCCGTTCTGCTCGCCGATT-3'; H3f3b forward-
2, 5- TCCTCATTCTACCACATGTTCA-3'; reverse, 5-
TCAATCTAGGCCTAAGACCAAA-3 (p4, p5S and po,
respectively in Supplementary Figure S1b).

Mouse in vitro fertilization and embryo development

Mouse sperm, obtained by manual trituration of caudae
epididymides in M2 (Sigma-Aldrich) for 10 min. Sperm
were allowed to swim for 10 min at 37°C in 1 ml of M2
medium. Sperm were centrifuged at 300 g before washing
with M16 medium (Sigma-Aldrich), and their concentra-
tion adjusted for further use. Sperm were then capacitated
in M16 medium with 2% fatty acid-free BSA at 37°C in a
5% CO; incubator for 45 min prior IVF.

Oocytes were collected from mature OF1 females, syn-
chronized by exposure to 5 units of pregnant mare serum
gonadotropin (PMSG) and 5 units of human chorionic go-
nadotropin (hCG). Washed sperm were introduced into
droplets containing 25 to 50 oocytes. Oocytes were incu-
bated with: 1.5 x 10° to 5 x 10° capacitated sperm/ml
(37°C, 5% CO,) in M 16 medium, and unbound sperm were
washed away after 4 h incubation. The number of 2-cell em-
bryos were scored 24 h after insemination and transferred in
KSOM medium for further pre-implantation development.
Blastocysts were scored at 3.5 days after fertilization.

Computer-assisted motility analysis (CASA)

10 pl of sperm suspension in M2 was immediately placed
onto an analysis chamber (Leja Products B.V., Netherlands)
of 100 pm depth and kept at 37°C for microscopic quantita-
tive study of sperm movement. Sperm motility parameters
were measured at 37°C using a sperm analyzer (Hamilton
Thorn Research, Beverley). A minimum of 100 motile sper-
matozoa was analyzed for each assay. Motile sperm were
defined by VAP >1 and progressive sperm were defined by
VAP >30 and STR >70.

Measurement of sperm vitality

40 wl of sperm were mixed with 20 w1 of eosin 1% diluted
in NaCl9/1000 and 20 wl of nigrosine 10% diluted in NaCl
9/1000. Sperm were then layered onto glass slide and dried.
A minimum of 100 spermatozoa was analyzed for each as-
say.

Sperm morphology analysis

10 pl of the semen sample was displayed over a slide
and dried at room temperature for 10 min, then fixed in
ether/ethanol 1:1 and stained with Harris-Schorr stain.

Sperm DNA assessment

Chromomycin A3 staining: semen samples were washed
twice with 5 ml of PBS 1x and fixed in a methanol/acetic
acid (3:1 v/v) solution at 4°C for at least 30 min. Cells were

spread on Superfrosto slides and air dried at room temper-
ature overnight. Cells were then labeled using a 0.25 mg/ml
chromomycin A3 (CMA3) solution in Mcllvaine buffer (pH
7) for 20 min, and washed twice for 2 min with Mcllvaine
buffer. Sperm nuclei were counterstained with a 0.5 pg/ml
Hoechst solution for 3 min, and washed in PBS 1x for 3
min before mounting with DAKO mounting media.

Aniline blue: semen samples were washed twice with 5 ml
of PBS 1x, 10 pl were spread on a slide, allowed to air dry
and then fixed with a 3% glutaraldehyde solution in PBS
1x for 30 min at room temperature. Slides were then incu-
bated for 5 min in water, 10 min in 5% aniline blue diluted
in 4% acetic acid solution, twice for 2 min in water, 2 min in
70%, 90% and 100% ethanol solutions and finally for 2 min
in toluene.

Germ cell purification

To prepare germ cells, the seminiferous tubules were initially
treated with collagenase (1 mg/ml for 15 min at 35°C) and
3 times washed with ice-cold DMEM, supplemented with
0.5% BSA, 10 mM sodium butyrate. The pelleted material
was re-suspended in the same solution and germs cells were
dissociated upon pipetting. After washing in PBS 1x and
centrifugation at 2500 g for 5 min, the cells were fixed in
formalin overnight at 4°C and stocked in PBS 1x at 4°C.

Immunohistology

Testes and epididymis were isolated from adult mice and
were formalin-fixed overnight, dehydrated and paraffin-
embedded. Ten serial paraffin sections (10 pm thick) of
fixed mouse tissues were deparaffinized in toluene and hy-
drated through series of 10 min baths of 100%, 90%, 80%,
50% ethanol solution in PBS 1x. The sections were finally
washed in PBS 1x. At this stage, the slides were used for
staining with hematoxylin eosin (Sigma). For immunos-
taining, the sections were incubated for 40 min at 95°C in
sodium citrate 10 mM pH 6 (Sigma), 0.05% Tween 20 (Carlo
Erba) and blocked with 5% dried milk in PBS for 1 h at
room temperature. The acrosomes were stained in red by
incubation during 1 h at 37°C with lectin PNA alexa 568
(Life Science 1.32458) diluted 1/500. DNA was counter-
stained with the Hoechst 33342 (Invitrogen H3570). After
washing in PBS 1x, the slides were mounted in fluores-
cent mounting medium (Dako). The sections were then ob-
served with Zeiss Axio Imager Z1 microscope with a Plan-
Apochromat 20x /0.8 M27 objective. Images were acquired
with a Hamamatsu Orca Flash the camera with Zeiss Ax-
iovision 4.8.10 software.

Immunostaining on testis section

Immunostaining was carried out on deparaffinized testis
sections (8um), rehydrated in ethanol bath (100 to 30%)
PBS 1x for 5 min and incubated for 40 min at 95°C in 10
mM sodium citrate pH 6 (Sigma), 0.05% Tween 20 (Carlo
Erba). Next, they were permeabilized with 0.1% Triton-X
at room temperature for 30 min. After blocking in 5% dried
milk and washing in PBS 1x, the testis sections were incu-
bated in 1% dried milk for 1 h at 37°C in a humidified cham-
ber using the following antibodies: anti-PLZF 1/100 (Santa
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Cruz sc22839), anti-yH2AX 1/500 (Abcam ab81299), anti-
H3.3 1/100 (Millipore 09-838). Anti-SCP3 (Santa Cruz
sc20845), anti-lectin PNA 1/500 (ThermoFisher 1.32458)
was incubated 3 h at 37°C in 1% milk with 1/100. Af-
ter washes in PBS 1x for 30 min at room temperature, a
secondary cyanine 2 (Jackson lab 115-225-146), cyanine 3
(Jackson lab 705-165-147-174-00) or cyanine 5 (Jackson lab
111-175-144) antibodies were applied for 30 min at room
temperature in 1% fetal bovine serum, PBS 1x. All samples
were incubated for another 5 min in Hoechst 33342 (Invit-
rogen H3570) to counterstain DNA.

Immunostaining of germ cells

Germ cells were spread out on a slide, dried for 2 h at room
temperature, rehydrated in PBS 1x for 5 min and incubated
for 40 min at 95°C in 10 mM sodium citrate pH 6 (Sigma),
0.05% Tween 20 (Carlo Erba). Next, they were permeabi-
lized with 0.1% Triton-X at room temperature for 30 min.
After blocking in 5% dried milk and washing in PBS 1x,
cells were incubated in 1% dried milk for 1 hat 37°Cin a hu-
midified chamber using the following antibodies: anti-HA
1/800 (Roche 1867423), anti-H3 1/200 (Millipore 05-928),
anti-H4 1/200 (Abcam ab10158), anti-y H2AX 1/500 (Ab-
cam ab81299), anti-H3K9me3 1/600 (Abcam ab8898), anti-
H3.3 1/100 (Millipore 09-838). After washes in PBS 1 x for
30 min at room temperature, a secondary cyanine 2 or cya-
nine 3 antibodies were applied for 30 min at room temper-
ature in 1% fetal bovine serum, PBS 1x. All samples were
incubated for another 5 min in Hoechst 33342 (Invitrogen
H3570) to counterstain DNA.

Of note, immunostaining with the 1/100 CD9 (BD phar-
magen 553758) antibody was performed immediately dry-
ing the germ cells for 2 h at room temperature and their
rehydratation in PBS 1x for 5 min. The slides were then
blocked with 10% bovine fetal serum for 1h at room tem-
perature and subsequently incubated in humidified cham-
ber with the antibody for 1 h at 37°C.

Microscopy

Microscopy visualization was performed using a Zeiss Axio
Imager Z1 microscope apotome module. The fixed germ
cells were observed with a Plan-Apochromat x63 objec-
tive and the Zeiss Axiocam camera. The meiotic and the
post-meiotic cells were identified by their distinct nucleus
morphology after DAPI staining (27,28). yH2AX staining
was used for the identification of sex chromosomes (28,29).
Germ stem cells were identified by CD9 antibody (30).

TUNEL test

TUNEL test was carried out on both semen and deparaf-
finized testis sections. Semen samples were washed twice
with 5 ml of PBS 1 x and fixed in a methanol/acetic acid (3:1
v/v) solution at 4°C for at least 30 min. Cells were spread
on Superfrosto slides and air dried at room temperature
overnight. Cells and sections were permeabilized using 0.1%
(v/v) Triton X-100, 0.1% (w/v) sodium citrate in PBS 1 x for
2 min and labeled by terminal deoxynucleotidyl transferase
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mediated deoxy-UTP nick end labeling (TUNEL) accord-
ing to the protocol provided with the In Situ Cell Detec-
tion Kit (Roche Diagnostic, Manheim, Germany). Nuclei
were counterstained with 0.5 wg/ml Hoechst solution for
3 min, washed in PBS 1x for 3 min and mounted with
DAKO mounting media. All testes section image were per-
formed with Zeiss Axio Imager Z1 microscope with a Plan-
Apochromat 20x /0.8 M27 objective. Images were acquired
with a Hamamatsu Orca Flash the camera with Zeiss Ax-
iovision 4.8.10 software and analyzed with Zen Office 2.3
lite. Cell type identification and tubule seminiferous stage
were performed according to (27,31) in using serial section
labeling with PNA-lectin.

Fractionation of spermatogenic cells

The fractionation of the spermatogenic cells was carried out
essentially by using the available protocol (32,33). Briefly,
male mice were euthanized and testes were recovered. Af-
ter the removal of albuginea, seminiferous tubules were in-
cubated in a 1 mg/ml collagenase solution for 15 min at
35°C. After centrifugation, collagenase-treated cells were
suspended in 0.5% BSA-DMEM medium. The aggregates
were dissociated by rapid pipetting for 10 min and filtered
through a 100 wm filter. The total germ cell suspension was
loaded on the top of a 2-4% BSA gradient. The cells were
let to sediment for 70 min. Cell fractions were collected
and processed for examination with a phase contrast mi-
croscope. Meiotic and post-meiotic cell fractions (mainly
round spermatids) were pooled and used for further anal-
ysis. The post-meiotic fraction contains only small contam-
inations of elongated spermatids.

RT-qPCR

Reverse transcriptase quantitative real-time PCR (RT-
gPCR) was used to measure RNA expression levels of the
studied genes. Total RNA was isolated from seminiferous
tubules of one mouse in 1 ml of TRIzol (Invitrogen)
using Nucleospin RNA (Macherey-Nagel) according
to the manufacturer’s instructions. Reverse-transcribed
was realized with iScript (Biorad) and random hex-
amer and poly-dT primer mix. Rer! was used as the
internal reference gene. Supermix SYBR Green iTaq
Universal (BioRad) and C1000 Touch Thermal Cycler
(BioRad) real-time system were used. Primers used were
as follows: Rerl-F, YSGCCTTGGGAATTTACCACCT;
Rerl-R, -CTTCGAATGAAGGGACGAAA-3'; H3f3a-

F, 5-ACAAAAGCCGCTCGCAAGAG-3;  H3f3a-
R, 5-ATTTCTCGCACCAGACGCTG-3'; H3f3b-F,
5-TGGCTCTGAGAGAGATCCGTCGTT-3";  H3f3b-

R, S-GGATGTCTTTGGGCATGATGGTGAC-3;
Prml-F, 5'-ATGCTGCCGCAGCAAAAGCA-3;
Prmli-R, 5-CACCTTATGGTGTATGAGCG-3;
Prm2-F, 5-ATGGTTCGCTACCGAATGAG-3"; Prm2-

R, S5-TTAGTGATGGTGCCTCCTAC-3;  Tnpl-F,
5-ATGTCGACCAGCCGCAAGCT-3'; TnpI-R,
5-TCACAAGTGGGATCGGTAAT-3'; Abcg8-F,
5-GATTTCCAATGACTTCCGGGAC-3';  Abcgs8-R,
5-AGTGACATTTGGAGACGACATC-3;  Ptpro-F,
5-TCCATGAACGAAGAGGAAGGAG-3;  Ptpro-R,

2202 1oquianoN 0€ Uo 1sanb Aq G/161.99/0SEL/E L/0G/2I01E/IBU/WOD dNO"dlWSpEd.//:SANY WOI) PSPEOjUMOQ



7354 Nucleic Acids Research, 2022, Vol. 50, No. 13

5-TTGAGTGAGCATGACGATGATG-3'; Fmnll-F,
5'-CATGAACACACTCACCTTCCTG-3; Fmnll-R,
5'- CTCTGAAGTCGGAAACCATAGG-3; Hand2-F,

5'-CCAAACTCTCCAAGATCAAGAC-3; Hand2-
R, 5-TTGTCGTTGCTGCTCACTGTG-3; Vnnl-F,
5-ACTCCATCTATGTTGTGGCGAAC-3; Vnnl-R,
5'-GGACATTGAACTGATCTTCTCC-3; Z{p811-F,
5'-GCTGGTGACCTTCGAGGATG-3; Ztp811-R,

5-CTTATGTCTCCTATGGAAACCAC-3'.

‘Western blot

Germ cells were isolated from seminiferous tubules or pu-
rified meiotic and post-meiotic cells and collected in 1 ml
TRIzol (Life Technologies). After protein extraction with
TRIzol protocol, 20 w1 of sample HA flag was loaded and
separated on 15% SDS-PAGE. Proteins were detected us-
ing anti-H3 1/5000 (Millipore 05-928) and anti-HA 1/2500
(Abcam ab9110). The western blot with sample H3/3a"7,
H3/3a% and H3f3b%° in whole testis or purified meiotic
and post-meiotic cells realized on mini-PROTEAN TGX
stain free 4-20% (BioRad). Total proteins were visualize by
UV activation for 1 min. The quantity of H3.3 protein de-
tected by anti-H3.3 (Millipore 09-838). The Western blot
was carried out as described (34,35).

Native ChIP-seq

Micrococcal — nuclease  preparation — and  double-
immunoaffinity purification of native FLAG-HA tagged
mononucleosomes. Meiotic and post-meiotic cells ex-
pressing FLAG-HA tagged endogenous H3.3 were lysed
in hypotonic buffer (10 mM Tris—HCI at pH 7.65, 1.5 mM
MgCl,, 10 mM KCI) and disrupted by Dounce homoge-
nizer. The cytosolic fraction was separated from the nuclei
by centrifugation at 4°C. Nuclei were re-suspended in
sucrose buffer (20 mM Tris—HCI at pH 7.65, 15 mM KCI
60 mM NaCl, 0.15 mM spermine, 0.5 mM spermidine)
adjusted with high-salt buffer (20 mM Tris—HCl at pH 7.65,
25% glycerol, 1.5 mM MgCl,, 0.2 mM EDTA, 900 mM
NaCl) to get a final NaCl concentration of 300 mM. The
nuclear-soluble fraction was recovered by centrifugation
at 4°C. The pellet containing chromatin fraction was
incubated in sucrose buffer containing 1 mM CaCl,, and
MNase (2.5 U/g of cells) 10 min at 37°C. Digestion was
stopped with 4 mM EDTA and mononucleosomes were
recovered by centrifugation at 4°C. Tagged nucleosomes
were immunoprecipitated with anti-FLAG M2-agarose
(Sigma), eluted with FLAG peptide (0.5 mg/ml), fur-
ther affinity-purified with anti-HA antibody-conjugated
agarose, and eluted with HA peptide (1 mg/ml). The
HA and FLAG peptides were first buffered with 50 mM
Tris—Cl (pH 8.5), then diluted to 4 mg/ml in TGEN 150
buffer (20 mM Tris at pH 7.65, 150 mM NaCl, 3 mM
MgCl,, 0.1 mM EDTA, 10% glycerol, 0 0.01% NP40), and
stored at —20°C until use. Between each step, beads were
washed in TGEN 150 buffer. Nucleosomes were submitted
to RNase and proteinase K digestion, and DNA was
extracted by phenolchloroform.

Library construction and sequencing.  Libraries were pre-
pared using the Diagenode MicroPlex Library Preparation

kit version v.2 02.15, and sequenced on Illumina Hiseq
4000 sequencer as single-end 50 bp reads following Illu-
mina’s instructions. Image analysis and base calling were
performed using RTA 2.7.3 and and bcl2fastq 2.17.1.14.
Adapter dimer reads were removed using DimerRemover
v0.9.2 (https://sourceforge.net/projects/dimerremover/).
Reads were mapped to the mouse genome (mm9) using
Bowtie (36) v1.0.0 with the following arguments : -m 1
—strata —best -y -S 140 -p 8.

MeDIP-seq and hMeDIP-seq

DNA immunoprecipitation, librairies construction and se-
quencing were done as previously described (37).

Computational analyses of ChIP-seq and DIP-seq datasets

Heatmaps and quantifications of the ChIP-seq and DIP-
seq data were performed running seqMINER (38), using
datasets normalized to 10 million uniquely mapped reads.
As reference coordinates, we used the Ensembl 67 database
(for coding genes) of the mouse genome (mm9), the anno-
tated RepeatMasker (RMSK) database (for DNA repeats)
and the piRNA cluster database generated by the small
RNA group Mainz University (http://www.smallrnagroup.
uni-mainz.de/piRNAclusterDB.html) after having trans-
lated mm10 coordinates to mm9 using liftOver (UCSC:
https://genome.ucsc.edu/cgi-bin/hgLiftOver). For chromo-
some coverage analysis, the number of reads for each
non-overlapping 40 kb windows of the Mouse genome
(mm9/NCBI37) was computed for each sample using BED-
tools v2.26 (39). Then, data were normalized to 10 million
reads and plots were generated using custom R scripts.

RNA-seq

Library construction and sequencing. After isolation of
total cellular RNA from WT and H3f3h%° meiotic and
post-meiotic cells, libraries of template molecules suit-
able for strand specific high throughput DNA sequenc-
ing were created using “TruSeq Stranded Total RNA Sam-
ple Preparation Guide’ (PN 15031048). The libraries were
sequenced on Illumina Hiseq 4000 sequencer as single-
end 50 base reads following Illumina’s instructions. Im-
age analysis and base calling were performed using RTA
2.7.3 and and bcl2fastq 2.17.1.14. Adapter dimer reads
were removed using DimerRemover. (https://sourceforge.
net/projects/dimerremover/). Reads were mapped onto the
mm9 assembly of the mouse genome by using Tophat ver-
sion: tophat-2.0.14 (39) and the bowtie version bowtie-2—
2.1.0 (36). Only uniquely aligned reads have been retained
for further analyses.

Gene expression analysis. Quantification of gene expres-
sion has been performed using HTSeq-0.6.1 (http://www-
huber.embl.de/users/anders/HTSeq) and gene annotations
from Ensembl release 67. Read counts were normalized
across libraries with the method proposed by Anders and
Huber (40). Comparisons of interest were performed using
the method proposed by (41) implemented in the DESeq2
Bioconductor library (DESeq2 v1.14.1). Independent filter-
ing based on the mean of normalized counts was performed
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in order to filter out those genes that have no or little chance
of showing significance evidence of differential expression
(without looking at their statistic). Indeed, genes with very
low counts are not likely to be significantly differentially ex-
pressed typically due to high dispersion. This independent
filtering results in increased detection power. Genes with
high Cook’s distance were also filtered out. Cook’s distance
is a measure of how much a single sample is influencing the
fitted coefficients for a gene, and a large value of Cook’s
distance is intended to indicate an outlier count. Resulting
P-values were adjusted for multiple testing using the Ben-
jamini and Hochberg method (42). The following thresh-
olds have been used to select significantly differentially ex-
pressed genes:

e P-value adjusted for multiple testing < 0.01
e llog; Fold-Changel > 1

PIRNA cluster expression analysis. Using IntersectBed
from BEDTools release v2.26.0, split-mapped reads and
reads that overlap genes annotated by Ensembl were
removed (IG_C_gene, IG_D_gene, IG_J_gene, IG_V_gene,
Mt_rRNA, Mt_tRNA, polymorphic_ pseudogene, pro-
tein_coding, pseudogene, rRNA). The region correspond-
ing to those genes was extended to 3kb upstream of the
transcription start site and 10 kb downstream of the tran-
script end site, in order to minimize signal from polymerase
read-through from genic transcripts. The overlap was per-
formed on the opposite strand as the library preparation
protocol used to construct these RNA-seq libraries leads
to sequence the strand generated during first strand cDNA
synthesis. Quantification of piRNA cluster expression has
been performed using IntersectBed from BEDTools release
v2.26.0q. piRNA read counts were added to those of gene
expression’s and used as follows: read counts were normal-
ized across libraries with the method proposed by Anders
and Huber (40). Comparisons of interest were performed
using the method proposed by Love et al. (41) implemented
in the DESeq2 Bioconductor library (DESeq2 v1.14.1). The
following thresholds have been used to select significantly
differentially expressed piRNA clusters:

e P-value adjusted for multiple testing < 0.01
e llog, Fold-Changel > 0.5

DNA repeat expression analysis. Repeat analysis was per-
formed following the methodology described in Papin et al.
(23). Data were normalized based upon library size. Sig-
nificance of the difference of repeat read counts between
RNA samples was assessed using the Bionconductor pack-
age DESeq. To avoid over- or underestimating fold enrich-
ments due to low sequence representation, repeat families
with less than 5 RPM (reads per million mapped reads) per
RNA sample were excluded from further analysis. The fol-
lowing thresholds have been used to select significantly dif-
ferentially expressed DNA repeats:

e P-value adjusted for multiple testing < 0.01
e llogy Fold-Changel > 0.5
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RESULTS
H3f3b null male mice are infertile

The availability of transgenic conditional knock-
out/knock-in (cKO/KI) epitope-tagged H3.3AHA and
H3.3BHA mouse lines allowed, by using homologous
recombination, to produce either H3/3a or H3f3b null mice
(see Supplementary Figure Sla—f and Method section for
the gene targeting strategy). Both RT-qPCR and Western
blotting showed that the proteins were absent from the
respective mouse line (Figure 1A-D).

The male null H3/3b mice, mated with WT females,
exhibited very severe subfertility problems in contrast to
H3f3a null mice, which were found as fertile as the WT mice
(Figure 1E). In agreement, in vitro fertilization using null
H3f3b mouse spermatozoa failed completely (Figure 1F).
The testis weight of the H3f3b null mice were ~30% smaller
than this of the control WT ones (Figure 1G). A decrease
of the number of spermatozoa in the cauda epididymis of
H3f3b null mice was also observed (Figure 1H). Accord-
ingly, the concentration of sperm in the H3/3b%° animals
was found to be only ~40% compared to this of the WT
animals (Figure 1I). The vitality of the mature spermato-
zoa from the H3f3b null mice was slightly decreased (Sup-
plementary Figure S1g), but they showed increased level of
DNA fragmentation as judged by the TUNEL assay (Sup-
plementary Figure S1h) and markedly altered morphol-
ogy (Supplementary Figure S1i), including both abnormal
tails and heads (Supplementary Figure S1j—m). In addition,
strong alterations of DNA compaction in the spermatozoa
from H3/3b null mice were observed (Supplementary Fig-
ure SIn), that presumably reflects the abnormal exchange of
histone to protamines (Supplementary Figure S1o). How-
ever, our data suggested that the absence of H3.3B did not
affect the expression level of both transition proteins (TPs)
(Supplementary Figure S1p) and protamines (Supplemen-
tary Figure S1q,r), unveiling that this is very likely not due
to a decrease of the expression of these proteins. Taken col-
lectively, these results reveal, in agreement with the reported
data (19) (where mice with very similar background to this
of our mouse lines were used), that H3.3B, but not H3.3A, is
essential for male fertility and, in particular, for functional
spermatozoa formation.

The absence of H3.3B is associated with strong decrease of
the amount of post-meiotic cells

To shed light on the origins of the alterations in the mor-
phology and in the dramatic decrease of produced sperma-
tozoa in the H3f3H%C animals, we next sought to identify the
testis cell types that are affected by the absence of H3.3B. To
this end, we analyzed the different testis cell types in WT,
H3f3a%0 and H3f3b%9 mice. For simplicity, in our analysis
we grouped the cells in three different classes, namely mi-
totic, meiotic and post-meiotic cells. What is worthy to note
is that, the very large majority of meiotic cells are pachytene
spermatocytes and those of the post-meiotic ones are round
spermatids (43,44). The absence of H3.3B resulted in dra-
matic decrease of the round spermatid quantity in the sem-
iniferous tubules, whereas the absence of H3.3A did not af-
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Figure 1. H3f3bX0_ but not H3f3aX? mice, exhibit decreased sperm production and severe infertility. (A—D) Efficient depletion of H3.3A and H3.3B
in the testis of the indicated knock-out mice. qPCR measurement of the mRNA level (A, C) and Western blotting (anti-HA) analyses (B, D) of either
H3.3A (A, B) or H3.3B (C, D). (A, C) The average values of the mRNA of three biologically independent experiments are shown. (B, D) Total cellular
lysates derived from testis extracted from H3f3a4 H3f3a WT and H3f3a KO mice (B) or H3f3bMA H3f3b WT and H3f3b KO mice (D) were submitted to
Western blot analysis. (E) Numbers of pups per female OF 1 mated with either H3/36"7, H3f3a null or H3f3b null male. The average of 9 litters is presented
for 3 males by genotype. (F) Number of 2-cell and blastocysts obtained by in vitro fertilization using sperm from either control or H3/3b null males and
oocytes prepared from control H3f3b"7 females. (G) Testis weight for control and H3/3b null males. The average of four testes of different genotypes was
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milliliter) for control H3/3™7 (n = 5) and H3/3b null males (n = 2). (A, C, E, G, I) P-values were calculated from Student’s unpaired r-tests.

fect the production of round spermatids (Figure 2A and
Supplementary Figure S2a, b). Quantification of the dif-
ferent cell types in the testis of the H3/3hX° males showed
that the ratio meiotic cells/post-meiotic cells is dramatically
altered. Indeed, in both control and H3f3a null testis, the
amount of meiotic cells is ~2.5-fold smaller compared to
the amount of post-meiotic cells, while in the H373bH null
testis, this is the opposite with meiotic cells being ~1.5-fold
more than post-meiotic cells (Figure 2B).

Since H3.3 is involved in cell division (15), the simplest
explanation of this phenomenon would be some implica-
tion of H3.3B in meiosis. If this is correct, one should ex-
pect the absence of H3.3B, but not of H3.3A, to affect the
meiotic process and to generate defects that should lead to
apoptotic outcomes of the meiotic cells and consequently,
to the production of smaller amount of post-meiotic cells.
With this in mind, we have used the TUNEL assay to vi-
sualize DNA fragmentation in the cells of the seminifer-

ous tubules of the three types of mice. As seen (Figure 2C),
the amount of TUNEL positive cells in the seminiferous
tubules of the H3f3h%XC animals is much higher compared
to this of both WT and H3f3a*° animals. The quantifica-
tion showed that the absence of H3.3B resulted in 7-fold in-
crease of TUNEL positive cells in the seminiferous tubules
of the H3/3hX° mice (Figure 2D). Importantly, more than
85% of the TUNEL positive cells belonged to the meiotic
pool (Figure 2E). We concluded that H3.3B is, as hypoth-
esized, involved in meiosis and that its absence led to a de-
pletion of post-meiotic cells.

We next examined the number of spermatogonia in the
seminiferous tubules of the H3/3h%X° mice using the PLZF
germline stem cells marker. Loss of H3f3b did not affect
spermatogonia formation or proliferation (Supplementary
Figure S2¢, d), but led to progressive depletion of post-
meiotic cells and finally caused infertility, indicating its crit-
ical role in meiosis.
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In middle pachytene H3.3B appears after yYH2AX on sex
chromosomes

To deeply investigate the role of H3/3b in spermatogenesis,
we performed immunostaining analysis of H3.3b distribu-
tion in spermatocytes from meiosis (Figure 3A), to post-
meiosis (Figure 3B). Developmental stages were classified
by staining profiles with anti-SCP3/yH2AX in meiosis and
PNA labeling in post-meiosis and according to the descrip-
tion of the different stages of spermatogenesis (according
to Meistrich and Hess (27)). At the zygoten stage, we ob-
served the absence of H3.3 (Figure 3A, panel al). Cells at
the zygoten stage are easily identifiable since they have a
small nucleus and diffuse yH2AX labeling in the nucleus
(Figure 3A, panel a3) (45). In addition, SCP3 labeling (Fig-
ure 3A, panel a2) appears as an entangled line, a charac-
teristic image corresponding to the labeling of the synap-
tonemal complex. This complex links together sister chro-
matids of the same chromosome until the pachytene late
stage (Figure 3A, panel al9) (45). Between all meiotic stages
(Figure 3A, panels a4, a9, al5, a21, a27) the volume of the
cells grows progressively. The pachytene early stage is iden-
tifiable by typical yH2AX labeling only on the rod-shaped
sex chromosomes (Figure 3A, panel a8). At this stage, H3.3
was totally absent from the whole cell (Figure 3A, panel a6),
but appeared at the pachytene middle stage, when yH2AX
labelled sex chromosome condense to form the XY body
(Figure 3A, panels al2, al4) (46). At the pachytene late
and diploten stages, H3.3 and y H2AX remained on the XY
body (Figure 3A, panels al8, a20, a24, a26) and showed
similar labeling (Figure 3A, panels al7, a23, a29) (47).

Diploten cells were easily identified as they showed a large
cell volume (Figure 3A, panel a27) and sparse SCP3 labeling
(Figure 3A, panel a25) along the synaptonemal complex.
The destruction of the synaptonemal complex starts at the
diploten stage with the disappearance of SCP3 in diakinesis
excepted at the kinetochore in the centromeric region (Fig-
ure 3A, panels a31, a35). Chromosomes remained linked
by chiasmas (area of chromatid overlap) (Figure 3A, panel
adl). At this stage, there was a separation of homologous
chromosomes that migrate to the centrosomes during the
first meiotic division (Figure 3A, panels a40, a46) (48,49).
H3.3 remains enriched on sex chromosomes from diakine-
sis to anaphase I (Figure 3A, panels a30-a42). In metaphase
11, SCP3 disappeared from the centromeric region. Kineto-
chores were called upon to separate sister chromatids. This
step was extremely fast and only very few cells were visible.

In post-meiosis, H3.3 remains localized on the sex chro-
mosomes of round spermatids (Figure 3b, panels b1, b5, b9)
resulting from the meiotic divisions. Round spermatids were
small, haploid, round-shaped cells with a centrally located
area of round heterochromatin, named chromocenter (Fig-
ure 3B, panels b3, b7, bl1) (28,50). The sex chromosomes
were present in an area of facultative (light grey in DAPI
panel) round heterochromatin juxtaposed to the chromo-
center (Figure 3b, panels b3, b7, bl1) named post-meiotic
sex chromatin (PMSC) (51-53).

All together these data show that H3.3 appears on sex
chromosomes in the middle pachytene after yH2AX and
remain associated during all transition stages from meiosis
to post-meiosis.

H3.3B is implicated in transcriptional repression of sex chro-
mosomes

The absence of H3.3B could affect specific genes play-
ing a key role in meiosis and this could in turn lead in
severe dysfunction of meiotic cells and consequently to
apoptosis and cell death. To test this, we have carried
out genome-wide transcriptome studies. The comparative
analysis of the meiotic/post-meiotic WT cell transcriptome
showed, in agreement with the reported data (54), that the
meiotic/post-meiotic transition is associated with vast tran-
scriptional reprogramming, including thousands of up- and
down-regulated genes, ranging in well-defined clusters (Fig-
ure 4A, D). The absence of H3.3B had only a slight effect
on the number of deregulated genes and cluster types dur-
ing the meiotic to post-meiotic transition (Figure 4B, E).
Accordingly, genes are dysregulated in the same way dur-
ing the meiotic/post-meiotic transition in both WT and KO
cells (Figure 4C). This suggests that the H3.3B effect on the
meiotic/post-meiotic transition could not be directly asso-
ciated with alterations of the expression of specific genes,
but rather reflects its implication in other process(es). Fur-
thermore, only 214 and 150 genes were significantly up-
and down-regulated, respectively, in the H3f3b null mei-
otic cells (Figure 4F, Supplementary Figure S3a and Sup-
plementary Table S1). A single cluster, consisting of signif-
icantly up-regulated histone genes located on chromosome
13 was found (Figure 4I). In the case of H3.3B deficient
post-meiotic cells, the picture was very similar (Figure 4G,
H), but the single observed cluster consisted of genes cod-
ing for glycoproteins (Figure 4J, Supplementary Figure S3a
and Table S2). This is in agreement with recent data, show-
ing only a minor role of H3.3 in the control of transcription
in both mouse embryonic fibroblast (MEFs) and mouse em-
bryos (15,16). It is worth noting that the absence of H3.3B
was reported to affect some genes involved in mouse sper-
matogenesis (19). However, in this latter case the cutoff used
was only 1.5-fold (19).

To shed further light on the implication of H3.3B in sper-
matogenesis, we next aimed to determine the genome-wide
distribution pattern of H3.3. With this in mind, we car-
ried out both immuno-fluorescence (IF) and native ChIP-
seq experiments in epitope tagged FLAG-HA H3.3A and
H3.3B mouse lines using commercially available anti-HA
and anti-FLAG antibodies (Figure 5). For the ChIP-seq ex-
periments, we purified by double immuno-affinity the na-
tive H3.3 mononucleosomes from micrococcal nuclease di-
gested meiotic and post-meiotic nuclei (10). The IF data
showed a clear enrichment of both epitope tagged H3.3A
and H3.3B in the sex body (consisting of the X and Y
chromosomes) of both pachytene spermatocytes and round
spermatids (Figure SA, B) as observed with the endogenous
untagged proteins (Figure 3). This was further confirmed
by the meiotic and post-meiotic cell ChIP-seq data, which
showed, compared to autosomes, a four-fold enrichment of
H3.3 in the sex chromosomes (Figure 5C, D). Interestingly,
the percentage of detected reads for the sex chromosomes
in the input fractions of both meiotic and post-meiotic cells
was clearly smaller compared to those of the autosomes
(Figure SE, F). This would reflect lower accessibility of the
sex chromosomes to the micrococcal nuclease and conse-
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Figure 4. Genome-wide transcriptome analysis of meiotic and post-meiotic cells in the absence of H3.3B. (A, B) Scatter plots comparing gene expression
profiles of WT post-meiotic and meiotic cells in the presence (A) or absence (B) of H3.3B. Red dots indicate differentially expressed genes. (C) Scatter
plot of all pairwise log2-fold change in gene expression during meiotic to post-meiotic transition between WT and KO cells. (D, E) Functional annotation
clustering of differentially expressed genes in post-meiotic cells in the presence (D) or absence (E) of H3.3B. (F, G) Scatter plots comparing gene expression
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Figure 5. Enrichment and homogenous distribution of H3.3 along the sex chromosomes in spermatogenic cells. (A, B) Immunostaining of pachytene
spermatocytes (A) and round spermatids (B) of H3.3WT and epitope-tagged H3.3AHA and H3.3BHA mouse lines. The sex bodies are markedly enriched in
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and post-meiotic cells. (I) Genome browser view showing the distribution pattern and enrichment of H3.3 in chromosome 15 and X-chromosome in both
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quently, higher level of compaction of both of them. In the
autosomes, H3.3 peaked at two sites around the TSS (Fig-
ure 5G). The picture is, however, clearly different in the sex
chromosomes in both meiotic and post-meiotic cells. No en-
richment of H3.3 is observed on promoters and gene bod-
ies (Figure SH). In fact, H3.3 showed a completely uniform
distribution along the sex chromosome genes (Figure 5H,
I). We attributed this to the transcriptional repressive status
of the sex chromosomes in meiotic cells and in its minor role
in the direct control of transcription.

The Manhattan plots, showing the transcription pattern
for each individual chromosome, are presented in Sup-
plementary Figure S3b-e. As expected, the meiotic/post-
meiotic transition is associated with both up- and down-
regulation of very large number of genes in each indi-
vidual autosome (Supplementary Figure S3b). The ab-
sence of H3.3B does not affect the general up- and down-
regulation pathway of the transcriptional autosome repro-
gramming (Supplementary Figure S3c). The meiotic/post-
meiotic transition in WT cells is associated with massive up-
regulation of the genes of the sex chromosomes in the post-
meiotic cells (Supplementary Figure S3b), a result in agree-
ment with the reported data (54). Again, H3.3 appeared not
to affect the ‘directionality’ of this process (Supplementary
Figure S3c). The comparison of the gene expression pat-
terns in WT and H3.3B null both meiotic and post-meiotic
cells revealed that all autosomes exhibited ‘two directional’
(up and down) alterations in their expression. However, the
sex chromosomes showed distinct behavior, since essentially
all their genes are found only up-regulated in the absence of
H3.3B (Supplementary Figure S3d, ¢). We concluded that:
(i) the association of H3.3B affects the sex chromosomes
in a distinct manner compared to the autosomes and (ii)
H3.3B behaves as a specific general repressor for the whole
sex chromosomes.

H3.3B and regulation of piRINA expression

piRNA are playing an important role in spermatogenesis
(24,26). To shed light if H3.3B could be involved in the reg-
ulation of their expression, we first analyzed in depth the
distribution pattern of H3.3. Interestingly, the results un-
ambiguously show that the piIRNA clusters are enriched
of H3.3 (Figure 6A, Supplementary Table S3, ChIP-seq
panel). In addition, the H3.3 density followed piRNA clus-
ter transcription (Figure 6B). The H3.3 enrichment on
piRNA clusters is higher in meiotic cells compared to post-
meiotic cells that would reflect the smaller level of H3.3 ex-
pression in the last ones (Figure 6A, RNA-seq panel and
Figure 6B). The transition meiotic/post-meiotic cells is as-
sociated with massive repression of the piRNA cluster ex-
pression (88 of the 101 analyzed piRNA clusters were ~10-
fold down-regulated, Figure 6C) and their expression is
hardly detected in post-meiotic cells.

Notably, the absence of H3.3B led to substantial tran-
scriptional repression of the piRNA clusters in the meiotic
cells (Figure 6A, Supplementary Table S3, RNA-seq panel).
Quantification showed a ~25% decrease in transcription
level for one-third of the piRNA clusters in H3f3b null mei-
otic cells (35 of the 101 analyzed were significantly down-
regulated, Figure 6D). In summary, the data showed that:

(i) piRNA clusters were enriched of H3.3, (ii) higher is the
H3.3 density, higher is the transcription of the piRNA clus-
ters and (iii) the depletion of the H3.3B in meiotic cells led to
down-regulation of a large part of the piRNA clusters. We
concluded that H3.3B, probably through specific piRINA
cluster chromatin organization, assists the efficient expres-
sion of the piRNA clusters.

H3.3B is involved in the control of expression of specific LTR
retrotransposons

The repression of the transposable element expression is
crucial for spermatogenesis. With this in mind, we first an-
alyzed genome-wide how H3.3B affects the transcription
patterns of repetitive elements at the meiotic/post-meiotic
transition. Of note, a massive down-regulation of repeti-
tive elements expression is observed in post-meiotic cells
compared to meiotic cells (Supplementary Figure S4a—f).
Whereas the absence of H3.3B did not affect the general pat-
tern of transposable element expression at the meiotic/post-
meiotic transition (Supplementary Figure S4a—f), we found
a specific and significant up-regulation of the RLTR10B
and RLTR10B2 retrotranspons in both meiotic and post-
meiotic cells (Supplementary Figure S4d—f). ChIP-seq anal-
ysis showed that these two retroelement families are en-
riched in H3.3 (Supplementary Figure SSupplementary
Figure S4g). Taken as a whole these results suggest that
H3.3Bisimplicated in the repression of both RLTR10B and
RLTR10B2 retrotransposons.

DISCUSSION

In this work we have carried out an in-depth study on
the role of the histone variant H3.3 in spermatogenesis.
The use of transgenic H3f3a and H3f3b conditional knock-
out/knock-in (¢cKO/KI) mouse lines combined with a large
number of genome-wide approaches has allowed to demon-
strate that H3.3B, but not H3.3A, is a key factor in the sper-
matogenic process.

The H3f3h null mice exhibited very severe infertility,
while the H3/3a null mice did not show any fertility prob-
lem and behaved as the WT mice. The seminiferous tubules
of the H3f3b null males contained smaller number of sper-
matozoa. The morphology of their spermatozoa was highly
altered and their sperm concentration in the epididymis was
strongly decreased. Notably, the meiotic/post-meiotic cells
ratio was largely perturbed and the production of post-
meiotic cells was heavily reduced in H3f3b null males.

Meiotic sex-chromosome inactivation (MSCI) correlates
with the presence of the phosphorylated form of the his-
tone variant H2A.X (yH2AX) in sex chromosome chro-
matin (Figure 3A) (29). H2AX is phosphorylated by the
kinase ATR, which recruitment depends on BRCA1 (46).
After MSCI induction, both removal of conventional H3
and accumulation of H3.3 in the sex body were observed
(55). This led to the hypothesis that both yH2AX and H3.3
might be involved in sex body formation, sex chromosome
condensation and their silencing (29,55). It is worthwhile
to note, however, that these data have correlative charac-
ter only and no formal demonstration that both H3.3 and
vyH2AX are required for MSCI was reported to date. For
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Figure 6. H3.3 regulates the expression of piRNA in meiotic cells. (A) Upper

part. Double immunoaffinity purification of the HA-FLAG-tagged H3.3

mononucleosomes, followed by massive sequencing of ‘immunopurified’ nucleosomal DNA (ChIP-seq) were carried out to determine the genome-wide
localization of H3.3. Example of strong H3.3 enrichment on piRNA cluster located on chromosome 7 in both meiotic and post-meiotic cells; lower part,
expression profiles (RNA-seq) of the indicated piRNA cluster (indicated in red) from chromosome 7 in H3/356"7T and H3/3h%XC meiotic and post-meiotic
cells. In both cases two biologically independent experiments were presented. (B) The genome-wide expression level of piRNA clusters positively correlates
with the amount of associated H3.3 in both meiotic and post-meiotic cells. (C) The meiotic/post-meiotic transition is associated with a ~10-fold decrease
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Schematics depicting the dual role of H3.3 in spermatogenesis.

example, vy H2AX might only mark the induction of MSCI
and not to be directly involved in the process of sex chromo-
some condensation. Indeed, Xenopus sperm decompaction
(a process opposite of chromosome condensation) in Xeno-
pus egg extracts correlates with the recruitment of yH2AX
and yH2AX is present in both actively dividing, unper-
turbed embryos in the absence and presence of DNA dam-
age (56,57). The claims on the involvement of H3.3 in the X-
chromosome inactivation could be similarly criticized, since
there are no reported data on the casual relationship be-
tween the accumulation of H3.3 on the sex body and the
repression of the transcription of the sex chromosomes in
meiosis.

Herein, we used a battery of genome wide methods to
analyze in depth the role of H3.3 in spermatogenesis. Tran-
scriptome studies revealed very limited clustering of the

affected genes by the absence of H3.3B in both meiotic
and post-meiotic cells, suggesting a minor implication of
H3.3B in the control of specific genes at the genome-wide
scale. Our immunofluorescence and ChIP-seq experiments
showed a very strong (exceeding four-fold in meiotic cells)
enrichment of the endogenous H3.3 on the whole sex body,
a result in agreement with the past report where transgenic
mouse models, expressing exogenous H3.3, were used (55).
We demonstrated that H3.3 is localized uniformly along the
sex chromosomes, in contrast to the autosomes, where sites
of H3.3 enrichment were observed, in particular at active
promoters and enhancers. More importantly, Manhattan
plot analysis revealed that the absence of H3.3B is associ-
ated with selective up-regulation of the expression of the
whole sex chromosomes. This study therefore demonstrates
unequivocally for the first time specific transcriptional re-
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pression induced by H3.3 in the sex chromosomes during
spermatogenesis. Since both sex chromosomes are, com-
pared to the autosomes, less accessible to micrococcal nucle-
ases, this could reflect an H3.3-mediated higher compaction
of both X and Y chromosomes associated with the uniform
distribution pattern of H3.3 along their length. Xist, a long
non-coding RNA, is coating the X-chromosome along its
entire length and is a major effector in its inactivation dur-
ing mammalian development (58). Our data show that H3.3
is playing similar to Xist role, but during spermatogenesis.
Therefore, nature has chosen two fundamental different ef-
fectors to inactivate the X chromosome: a long RNA (Xist)
and the histone variant H3.3 during mammalian embryo-
genesis and spermatogenesis, respectively. Of note, alter-
ations of sex chromosomes expression were correlated with
male infertility and sperm head anomalies (50,59) which
is in full agreement with our data showing male infertility
and strongly altered morphology of the spermatozoa of the
H3f3b null mice.

We have also analyzed the expression of the repeti-
tive elements during spermatogenesis. The meiotic/post-
meiotic transition was associated with massive repression
of the repetitive elements. H3.3 was found enriched only
on two families of repetitive elements, the RLTR10B and
RLTR10B2 retrotransposons, that are likely implicated in
infertility (25,60). Depletion of H3.3B led to up-regulation
of both retrotransposons in both meiotic and post-meiotic
cells. This suggested that H3.3B, as in the case of sex chro-
mosomes, is playing a repressive role in the regulation of
expression of RLTR10B and RLTR10B2 retrotransposons.

Our ChIP-seq data clearly demonstrated that the piRNA
clusters are highly enriched of H3.3. The H3.3 enrichment
followed the expression level of the clusters. Depletion of
H3.3B led, in contrast to the case of sex chromosomes
and RLTR10B and RLTR10B2 retrotransposons, to large
diminution of the expression of piRNA, suggesting that
the presence of H3.3B assisted piRNA expression. The ob-
served phenotype of infertility of H373b%° male is therefore
due to ‘convergent’ defects: upregulation of genes located
in sex chromosome, upregulation of RLTR10B-RLTR 10B2
retrotransposons and down regulation of piRNA pathway.
It is worth noting that any of these defects, when occurs
alone, leads to infertility (50,59,60).

In summary, our data show a specific implication of
H3.3B in spermatogenesis. Since both H3.3A and H3.3B
have identical amino-acid sequence, we speculated that this
implication of H3.3B reflects the higher amount of this pro-
tein compared to H3.3A during spermatogenesis. Indeed,
H3.3B represents the majority of the total H3.3 at the RNA
and protein level as evidenced by immunofluorescence, im-
munohistochemistry, RNA-seq and western blotting anal-
yses (Supplementary Figure S5a—d). In addition, depletion
of H3.3B, did not affect the expression level of H3.3A (Sup-
plementary Figure S5c, d), further supporting our hypoth-
esis.

In addition, our data reveal that H3.3B could play either
a repressive role or could assist expression (Figure 6E) in
the same cell types. The repressive role of H3.3B is exempli-
fied in the case of the sex chromosomes and the RLTR10B
and RLTR10B2 retrotransposon families. However, H3.3B
assists the expression of the piRINA at genome-wide level.

This very interesting phenomenon illustrates the ‘Janus’
(double face) role of H3.3. This suggests that H3.3B might
have intrinsic ability to affect in a distinct way chromatin
structure depending on its distribution pattern, abundance,
post-translational modifications and assembly of specific
local nucleosome organization (Figure 6E). Alternatively,
H3.3B could be viewed simply as a ‘replacement’ histone,
that the spermatogenic cell uses to replace the conventional
H3 at specific already distinctly organized chromatin struc-
tures. This role could be fulfilled since H3.3, in contrast to
H3, is expressed at any phase at the cell cycle and the cell
could efficiently use such ‘replacement piece’ at any time. It
is important to note that the function of H3.3 is indepen-
dent of DNA methylation. No change in DNA methylation
or hydroxymethylation profiles could be detected by DIP-
seq at neither misregulated genes (Supplementary Figure
S6), DNA repeats, piRNA clusters nor sex chromosomes
(Supplementary Figure S7). Additional properties of H3.3
relate to the proportion of PTMs associated with active or
repressive chromatin. Indeed, H3.3K4me3 mark is associ-
ated with transcription activation while H3.3K9me3 is as-
sociated with repression by the co-repressor complex KAP1
(61). Furthermore, the requirement of H3.3 histone post-
translational modifications during gametogenesis warrant
further investigations.
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