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ABSTRACT

Spermatogenesis is precisely controlled by sophis-
ticated gene expression programs and is driven by
epigenetic reprogramming, including histone mod-
ification alterations and histone-to-protamine tran-
sition. Nuclear receptor binding SET domain pro-
tein 2 (Nsd2) is the predominant histone methyl-
transferase catalyzing H3K36me2 and its role in
male germ cell development remains elusive. Here,
we report that NSD2 protein is abundant in sper-
matogenic cells. Conditional loss of Nsd2 in post-
natal germ cells impaired fertility owing to apop-
tosis of spermatocytes and aberrant spermiogen-
esis. Nsd2 deficiency results in dysregulation of
thousands of genes and remarkable reduction of
both H3K36me2 and H3K36me3 in spermatogenic
cells, with H3K36me2 occupancy correlating posi-
tively with expression of germline genes. Nsd2 de-
ficiency leads to H4K16ac elevation in spermato-
genic cells, probably through interaction between
NSD2 and PSMAS8, which regulates acetylated his-
tone degradation. We further reveal that Nsd2 de-
ficiency impairs EP300-induced H4K5/8ac, recog-
nized by BRDT to mediate the eviction of histones.
Accordingly, histones are largely retained in Nsd2-
deficient spermatozoa. In addition, Nsd2 deficiency
enhances expression of protamine genes, leading to
increased protamine proteins in Nsd2-deficient sper-
matozoa. Our findings thus reveal a previously unap-
preciated role of the Nsd2-dependent chromatin re-
modeling during spermatogenesis and provide clues
to the molecular mechanisms in epigenetic abnor-
malities impacting male reproductive health.

INTRODUCTION

Methylation of lysine 36 in histone H3 is the widespread
modification at chromatin and is well known for its involve-
ment in transcription (1,2). In mammalian cells, mono-,
di- and trimethylation of H3K36 (H3K36me, H3K36me2
and H3K36me3, respectively) are catalyzed by distinct his-
tone methyltransferases (HMTases). Nuclear SET domain
(NSD)-containing methyltransferases, including NSDI,
NSD2 and NSD3, induce H3K36me and H3K36me2,
whereas SET domain-containing 2 (SETD?2) is the ma-
jor enzyme for catalyzing H3K36me3 (3). Setd? is re-
quired for expression of acrosin-binding protein 1 and pro-
tamines and is essential for spermiogenesis in mice (4).
Nsdl plays a critical role in de novo DNA methylation in
prospermatogonia and counteracts Polycomb-associated si-
lencing (5). Nsd2, also known as Wolf-Hirschhorn syn-
drome candidate 1 (Whscl), is responsible for deposition
and spread of H3K36me2 through recognizing and cat-
alyzing H3K36me2. In humans, heterozygous deletions of
Nsd2 are implicated in the developmental disorder Wolf—
Hirschhorn syndrome, characterized by cognitive and de-
velopmental defects (6). However, the functions of Nsd2
and its associated H3K36me2 during spermatogenesis re-
main elusive.

Acetylation of lysine 16 in histone H4 (H4K16ac) is an-
other important histone modification that is essential for fly
development (7). In Drosophila, reduction of both di- and
trimethylation of H3K36 led to decreased acetylation of
H4K 16, which directly influenced the packaging of higher
order chromatin (8). However, this process is currently un-
derstudied and still unclear in mammals, mainly due to the
intricacy of the process itself and insufficiency of in vitro
experimental systems for studying it. Chromatin remodel-
ers, like HMTases, are believed to be essential for facilitat-
ing dynamic changes in chromatin compaction, but their
roles in spermatogenesis have not been clearly elucidated.
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In this study, we show that Nsd?2 orchestrates H4K 16ac and
H3K36me?2 in spermatogenesis.

Spermatogenesis is a highly organized process that trans-
forms diploid spermatogonial stem cells into haploid sper-
matozoa within seminiferous tubules of testis (9). It can
be divided into three major phases: mitosis, meiosis and
spermiogenesis. Spermatogonial stem cells first multiply
by a series of mitotic divisions and differentiate into pri-
mary spermatocytes, which undergo one round of replica-
tion followed by meiotic homologous recombination and
two rounds of chromosome segregation, resulting in the
formation of haploid round spermatids (RS) (10,11). RS
then mature into highly differentiated spermatozoa through
morphological and molecular changes, including chromatin
condensation, acrosome formation, flagellum development
and cytoplasm elimination (12). Mouse seminiferous ep-
ithelial cycle can be subdivided into stages (stages -XII),
each of which represents a distinct repertoire of cell types
(13). Mouse spermiogenesis is further divided into 16 steps
according to morphological characteristics of acrosome
and nucleus (14).

In this study, we demonstrate that Nsd? is highly ex-
pressed in the pachytene spermatocytes (PS) and RS and
plays important roles during sperm development. Defi-
ciency of Nsd2 in mouse spermatogenic cells leads to sperm
chromatin compaction defects and damaged male fertility.
We reveal that Nsd2 both mediates a cascade of molecular
events for histone removal and modulates the homeostasis
of protamine, identifying Nsd?2 as a critical regulator of the
chromatin remodeling process during spermatogenesis.

MATERIALS AND METHODS
Ethics statement

All the animal procedures were approved by the Institu-
tional Animal Care and Use Committee of Tongji Medical
College, Huazhong University of Science and Technology,
and the mice were housed in the specific pathogen-free facil-
ity of Huazhong University of Science and Technology. All
experiments with mice were conducted ethically according
to the Guide for the Care and Use of Laboratory Animals.

Animals

Floxed Nsd2 mice (Nsd2/1o¥//°x) were generated by targeting
mouse embryonic stem cells (ESCs) and blastocyst injection
at Shanghai Research Center for Model Organisms. In brief,
ESCs were targeted by carrying two loxP sites flanked in ex-
ons 14 and 16, and a neomycin selection cassette flanked by
FRT sites in introns 15 and 16 of Nsd?2 gene. The Nsd2*/fox
mice were obtained by chimera formation and germline
transmission. Mice were then crossed with FLP transgenic
mice to remove the neomycin cassette and maintained on a
C57BL/6J background. Stra8-Cre in the C57BL/6J back-
ground was purchased from the Jackson Laboratory. Stra8-
Cre males were first crossed with Nsd2/o¥//ox females to
generate the Stra8-Cre; Nsd2*//°* males, and then the Stra8-
Cre;Nsd2*ox male mice were bred with Nsd2/lox/flox fe.
male mice to obtain the Stra8-Cre;Nsd2/o*//iox (designated
as Nsd2 cKO) males.
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Antibodies

Antibodies used for western blot (WB), immunofluores-
cence (IF) and chromatin immunoprecipitation (ChIP)
were as follows: anti-H3K36me3 (Solarbio no. K003337P,
1:400 for IF), anti-H3K36me2 (Solarbio no. K003336P,
1:400 for IF), anti-H3 (Solarbio no. K107283P, 1:800 for
WB), anti-y-H2A.X (Solarbio no. K006207P, 1:200 for IF,
1:1000 for WB), anti-mCherry (Solarbio no. K200015M,
1:1000 for WB), anti-H4K 16ac (Abcam no. ab109463, 1:200
for IF), anti-NSD2 (Abcam no. ab-75359, 1:1000 for WB,
1:200 for IF), anti-PSMAS (Proteintech no. 4022-1-AP,
1:1000 for WB), anti-GAPDH (Proteintech no. 60004-1-
Ig, 1:1000 for WB), anti-PRM2 (Briar Patch Biosciences,
Hup2B, 1:200 for IF, 1:800 for WB), anti-WT1 (Abcam
no. ab89901, 1:200 for IF), anti-H4K5ac (ABclonal no.
A19525, 1:1000 for WB, 1:200 for IF), anti-H4K8ac (AB-
clonal no. A7258, 1:1000 for WB, 1:200 for IF), anti-EP300
(Abcam no. ab-10485, 1:1000 for WB), anti-H4 (ABclonal
no. A1131, 1:1000 for WB) and anti-a-Tubulin (Proteintech
no. 66031-1-Ig, 1:1000 for WB).

Histological analysis

Mouse testes and epididymis were collected and fixed in
Bouin’s solution (Sigma, HT10132) at 4°C overnight and
then washed with 75% alcohol five times, 30 min each time.
Samples were then embedded in paraffin; 5 pwm sections
were cut and stained with periodic acid—Schiff (PAS) after
being dewaxed and rehydrated.

Electron microscopy

For transmission electron microscopy, mature sperm were
fixed in 4% paraformaldehyde containing 0.05% glutaralde-
hyde in 0.1 M PBS, and then post-fixed in 1% osmium
tetroxide. Dehydration was carried out in ethanol and the
samples were embedded in Epon 812. Ultrathin sections
were counterstained with uranyl acetate and lead citrate,
and examined with a transmission electron microscope (Hi-
tachi HT7700, Japan). For scanning electron microscopy,
the samples were fixed in 2.5% glutaraldehyde solution in
0.1 M PBS, collected on poly-L-lysine-coated glass cover
slips, post-fixed in osmium tetroxide, dehydrated in a graded
ethanol series, subjected to critical point drying and then
coated with gold/palladium. Samples were then examined
with a scanning electron microscope (AZteclive Ultim Max
100, UK).

Immunofluorescence

Testes were fixed in 4% PFA in PBS overnight at 4°C and
then were sequentially soaked in 5%, 10%, 12.5%, 15% and
20% sucrose in PBS and embedded in Tissue-Tek O.C.T.
compound (Sakura Finetek, 4583) on dry ice. Embed-
ded samples were stored at —80°C. Five-micrometer-thick
cryosections were cut and washed with PBS three times. To
perform antigen retrieval, cryo-sections were microwaved
in 0.01 M sodium citrate buffer (pH 6.0) and then cooled
down to room temperature. After washing with PBS three
times, the sections were blocked in blocking solution (con-
taining 3% normal goat serum and 3% fetal bovine serum
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in 1% bovine serum albumin) for 1 h. Later, tissue sections
were incubated with primary antibodies in blocking solu-
tion overnight at 4°C. Slides were then incubated with sec-
ondary antibody for 1 h at room temperature after washing
with PBS and stained with DAPI. Laser confocal scanning
images were captured using a FluoView 1000 microscope
(Olympus, Japan) with a digital camera (MSX2, Micro-shot
Technology Limited, China).

TUNEL staining

Testes were fixed in 4% PFA, embedded in Tissue-Tek
O.C.T. compound and sectioned (5 pm). TUNEL staining
was performed using the TUNEL ApoGreen Detection Kit
(YEASEN, 40307ES20). Images were obtained with a Flu-
oView 1000 microscope (Olympus, Japan).

Western blot

Testis tissues were collected and proteins were extracted
by using RIPA buffer (Beyotime, P0013J). In total, 40 g
of protein lysates were separated on a 10% SDS-PAGE
gel, proteins were transferred to PVDF membranes (Bio-
Rad) and the membranes were blocked in 5% non-fat milk
(blocking solution) for 1 h. Primary antibodies were incu-
bated overnight at 4°C after blocking. The membranes were
washed with TBST three times and then incubated with a
secondary antibody for 1 h before using luminol/enhancer
solution and peroxide solution (Clarity™ Western ECL Sub-
strate, Bio-Rad).

Immunoprecipitation

Fresh mouse adult testes from indicated genotypes were dis-
sected and lysed in immunoprecipitation (IP) buffer (Bey-
otime, P0013J), clarified by centrifugation at 12 000 x g and
then precleared with protein A beads (Bio-Rad, 161-4013).
The lysate was incubated with primary antibodies overnight
at 4°C on a rotator and conjugated with protein A beads.
The beads were washed with IP buffer and then boiled in
2x SDS loading buffer for WB analysis.

Pulldown assay

Nsd2 cDNA fragments were cloned into the pmCherry-N1
vector encoding mCherry tag. HEK293T cells (obtained
from Stem Cell Bank of Chinese Academy of Sciences, cat#
GNHu43) were transfected with indicated plasmids using
Lipofectamine 2000 (Life Technologies). After 48 h, IP was
performed. Twenty-five microliters of mCherry-Trap bead
50% slurry (AlpaLife, ktsm1331) was used and all wash
steps were performed with washing buffer (10 mM Tris—
HCI, pH 7.5, 150 mM NaCl, 0.5 mM EDTA). mCherry-
Trap beads were washed with dilution buffer prior to ad-
dition to cell lysate. Beads were incubated with cell lysate
at 4°C for 2 h following another wash step. To elute the
proteins off the beads, 40 wl sample buffer (120 mM Tris—
HCI, pH 6.8, 20% glycerol, 4% SDS, 0.04% bromophe-
nol blue, 10% B-mercaptoethanol) was added and samples
were boiled at 95°C for 5 min. WB was used for analysis.
mCherry-tagged proteins were detected by WB using anti-
mCherry antibody.

Isolation of PS and RS

Spermatogenic cells were isolated from the whole mouse
testis using rigorous double enzymatic digestion with frac-
tion enrichment on a discontinuous BSA density gradient
as described previously (15). In brief, testes were collected
from 8-week-old mice. Leydig cells were separated from
collagenase-treated decapsulated testes by gravity sedimen-
tation through a BSA cushion. The dispersed seminifer-
ous tubules were then digested with trypsin and DNase |
to single-cell suspensions. Next, Sertoli cells were separated
from germ cells by filtration through a 40-mm cell strainer
and by adhesion to lectin-coated culture plates. Different
populations of germ cells were separated by using a man-
ually prepared 0.5-5% discontinuous BSA density gradient
for velocity sedimentation sediment. After sedimentation,
enriched fractions of the three germ cell types (PS, RS) were
manually collected.

RNA isolation and quantitative RT-PCR

Total RNAs were extracted from purified germ cell frac-
tions using TRIzol reagent (Invitrogen) following the manu-
facturer’s procedure. The purity and concentration of RNA
samples were determined by using a NanoDrop ND-2000
spectrophotometer (Thermo Scientific). Reverse transcrip-
tional reactions contained 500 ng of purified total RNA
using a PrimeScript RT reagent kit with gDNA Eraser
(TaKaRa) to remove the DNA contamination. RT-qPCR
was performed with SYBR green master mix (TaKaRa) on
the ABI Step One System (Applied Biosystems) according
to the manufacturer’s instructions. The primers are listed in
Supplementary Table S1. The relative gene expression was
quantified using the comparative cycle threshold method,
with the Gapdh expression used for normalization.

RNA-seq analysis

Total RNA was isolated from the isolated spermatogenic
cells (two biological repeats for control and Nsd2 cKO, re-
spectively) using TRIzol reagents (Invitrogen). The RNA
concentration was verified using a NanoDrop 2000 spec-
trophotometer (Thermo Fisher Scientific). One microgram
of total RNA was used from each sample to prepare the
mRNA libraries using TruSeq Stranded mRNA Library
Preparation Kit Set A (cat. no. RS-122-2101, Illumina)
according to the manufacturer’s instructions. All libraries
were sequenced using the Illumina HiSeq 4000 platform.
The FASTX-Toolkit was used to remove adaptor sequences
and low-quality reads from the sequencing data. To identify
all the transcripts, we used Tophat2 and Cufflinks to assem-
ble the sequencing reads based on the UCSC mm10 mouse
genome. The differential expression analysis was performed
by Cuffdiff. The differentially expressed genes were set with
the threshold of FDR < 0.05 and fold change >2.

Chromatin immunoprecipitation

ChIP was performed using SimpleChIP Enzymatic Chro-
matin [P Kit (Cell Signaling) with the indicated antibodies
following the manufacturer’s procedure.
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Statistical analysis

All data are presented as mean £ SD, unless otherwise
noted in the figure legends. Statistical differences between
datasets were assessed by one-way ANOVA or Student’s ¢-
test using the GraphPad software. P-values are denoted in
figures by “P < 0.05, P < 0.01 and " P < 0.001.

RESULTS

Nsd? is robustly expressed in multiple stages of mouse sper-
matogenic cells

To explore the biological function of Nsd2 in mouse sper-
matogenesis, we first characterized expression pattern of
Nsd? in mouse spermatogenic cells. Reported RNA-seq re-
sult shows that Nsd2 transcript is enriched in all stages
of spermatogenic cells, especially spermatocytes and sper-
matids (Figure 1A). Analysis of development-specific ex-
pression of NSD2 protein by WB indicated that NSD2
is continually expressed from postnatal day 0 (P0O) testes
to adult testes (Figure 1B). NSD2 protein was highly ex-
pressed in PO and P8 (enriched for spermatogonia), with
gradually decreased expression by P14 when meiosis I ap-
peared (16). In adult mouse testes, the immunostaining sig-
nal of NSD2 was detected in the nuclei of PS of stages V-
X and diplotene spermatocytes of stage XI, and RS (steps
1-8), with no NSD2 signal observed in elongated sper-
matids (steps 9-16) (Figure 1C). Moreover, Wilms’ tumor
1 (WT1) protein marks Sertoli cells and IF results revealed
that NSD2 was also observed in WT1-positive cells (Fig-
ure 1D). Collectively, these data indicate that NSD2 is a
nuclear protein that is expressed beginning in spermato-
gonia, early and late spermatocytes, and RS, but becomes
downregulated at later stages of elongated spermatids
(Figure 1E).

Nsd?2 deficiency led to defective spermatogenesis in mouse

To elucidate how Nsd2 regulates spermatogenesis, we gen-
erated germline-specific knockout mice by using Stra8-Cre
transgenic mice in which Cre [beginning at postnatal day 3
in differentiating spermatogonia (17)] to delete exons 14—
16 of Nsd2 gene (Stra8-Cre; Nsd2/*/7oX herein called Nsd2
cKO) (Supplementary Figure SIA and B). While Nsd2 cKO
male mice were viable and appeared to be grossly normal,
they displayed impaired fertility (Figure 2A). Six-month
continuous breeding assessment showed that pup accumu-
lation from Nsd2 cKO males (~2 pubs/female) was signifi-
cantly lower than that of WT controls (~7 pubs/female).
Consistent with the physiological defects, testis of Nsd2
cKO mice was significantly smaller than their controls (Fig-
ure 2B and C). Immunostaining assay verified that nuclear
signal of NSD2 was absent in most spermatogenic cells
in Nsd2 cKO mice (Figure 2D). Consistently, total protein
levels of NSD2 in ¢KO adult testes were significantly de-
creased compared with controls by WB (Figure 2E), indi-
cating that Nsd2 was inactivated specifically in testes with
high efficiency (Supplementary Figure S1C). Further histo-
logical analyses showed that Nsd2 cKO mice had abnormal
seminiferous tubules that were severely atrophic and con-
tained fewer germ cells and vacuoles, and less spermatozoa
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in epididymis (Figure 2F and Supplementary Figure S1D).
Moreover, TUNEL staining revealed increased numbers of
apoptotic cells in seminiferous tubules of Nsd2 cKO testes
(Figure 2G and H).

Nsd?2 deficiency caused gene expression changes in PS and
RS

To investigate molecular events underlying sperm develop-
mental arrest in Nsd2-deficient males, we purified PS and
RS from adult WT and Nsd2 cKO males (Supplementary
Figure S2A) and performed RNA-seq (Figure 3A). Com-
parison of mRNA expression profiles revealed that 3528
and 640 genes were significantly up- and downregulated, re-
spectively, in Nsd2 cKO versus WT PS. In Nsd2 cKO RS,
expression of a larger number of genes was significantly dif-
ferent from control, including 4483 upregulated and 4017
downregulated genes. GO analysis of downregulated genes
in Nsd2 cKO PS showed that these genes are mainly in-
volved in sperm structure and chromosome condensation
(Figure 3B). In Nsd2 cKO RS, GO analysis of downregu-
lated genes was related to mRNA processing, histone mod-
ification and chromatin remodeling (Figure 3B). It is of note
that the expression of many critical regulators for the mei-
otic cell cycle process (such as Hsfl, Brdt, Atrx, Cntdl,
Bag6 and Ddx4), spermatic nucleus differentiation (such
as Parpll, Hmgb2, Sycpl, Sun5, Kdm3a and Tssk6) and
acrosome assembly (such as Gopc, Ggnbp2, Sox30, Nectin2,
Nectin3 and Acrbp) was significantly impaired upon Nsd?2
loss (Figure 3C). Therefore, Nsd2 is critical for expression
of haploid RS-specific genes involved in spermiogenesis. In
addition, we found that the most upregulated genes in Nsd?2
cKO PS were mainly involved in regulation of protein fold-
ing, regulation of mitotic cell cycle, positive regulation of
deacetylase activity, etc. (Supplementary Figure S2B). In
Nsd2 cKO RS, the top enrichment for the upregulated genes
was involved in regulation of mitochondrial electron trans-
port, rRNA 3’-end processing, reciprocal meiotic recombi-
nation, etc. (Supplementary Figure S2B).

Nsd? deficiency caused germline gene suppression by altering
H3K36me2 in PS and RS

Notably, in Nsd2 cKO mouse testis, H3K36me?2 signals were
remarkably decreased in RS (Figure 4A and Supplemen-
tary Figure S3A). WB further confirmed decreased level of
H3K36me?2 in the mutant testis by analyzing the ratio of
H3K36me?2 to total H3 (Supplementary Figure S4A and
B). Interestingly, we also found that the level of H3K36me3
significantly dropped in the mutants, which were more se-
vere (Figure 4B and Supplementary Figure S3B). These
results indicate that Nsd2 loss causes changes of both
H3K36me2 and H3K36me3, consistent with another study
that H3K36me3 is lost in ESCs derived from Nsd2-defective
mice (18). To better gain mechanistic insights into tran-
scriptional changes of male germline by Nsd2 loss, we set
out to determine genome-wide distribution of H3K36me2
by ChIP-seq in PS and RS. In both PS and RS cells, we
found that H3K36me?2 is mainly enriched in intergenic re-
gions (Figure 4C and Supplementary Figure S3C), in agree-
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Figure 1. Nsd?2 displays a dynamic expression during mouse spermatogenesis. (A) RNA-seq analysis of Nsd2 in mouse testicular cell types (GSE43717).
Sg, spermatogonia; Sc, spermatocytes; Sd, spermatids; Sz, spermatozoa; Se, Sertoli cells. (B) WB analysis of NSD2 protein in lysates from mouse testis
tissue collected at different time points during postnatal development. (C) Immunostaining of testis sections from 8-week-old WT male mice. DNA was
counterstained with DAPI. Sg, spermatogonia; PI, pre-leptotene; Lep, leptotene; Zyg, zygotene; Ps, pachytene spermatocytes; Dip, diplotene; Rs, round
spermatids. Scale bars, 50 pm. (D) Co-IF staining for NSD2 and WT1 on 8-week-old WT testis sections. Nuclei were stained with DAPI. Scale bar, 50

pm. (E) Graphic representation of NSD2 protein level during spermatogenesis.

ment with the canonical understanding of this histone mark
in the somatic cells (19). In Nsd2-defective PS and RS cells,
a lower level of H3K36me2 was measured throughout the
intergenic regions (Figure 4C). Consistent with our hy-
pothesis of Nsd2 being the major H3K36me2 methyltrans-
ferase in spermatogenesis, we found that germline genes
(such as Spagl7, Cdhl8 and Inpp4b) in the mutant cells
showed a drastic loss of H3K36me2 (Figure 4D). No-
tably, a previous study showed that knockout of Spagi7
led to abnormal acrosome development and morphologi-

cal defects in the head (20), which is similar to that seen
in Nsd2 mutants. Further analyses showed that the down-
regulated genes are generally marked with higher levels
of H3K36me2 than the upregulated genes in PS and RS
(Figure 4E), suggesting that the downregulated expression
is likely the direct effect of Nsd2 loss. We also noticed
that the downregulated genes were expressed at higher lev-
els than the upregulated genes in PS or RS (Figure 4E),
indicating positive roles of H3K36me2 in transcriptional
activation.
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Figure 2. Conditional inactivation of Nsd2 in postnatal male germ cells results in defective spermatogenesis and significantly reduced male fertility in mice.
(A) Continuous breeding assessment shows decreased cumulative pubs per litter. Data are presented as mean + SD (n = 3 for each genotype). (B) Gross
morphology of the testis from control and Nsd2 cKO mice at 6, 9 and 12 weeks, respectively. (C) Comparison of testis weight from controls and Nsd?2
cKO mice at 6, 9 and 12 weeks, respectively. Data are presented as mean £+ SD (n = 3 for each genotype). (D) Representative IF images showing NSD2
was undetectable in adult Nsd2 cKO spermatogenic cells. (E) WB analysis of NSD2 protein in lysates from mouse testis tissue proved deficiency of NSD2
protein. (F) PAS staining showing the histology of testis sections from 6-week-old control and Nsd2 cKO mice (scale bar, 50 wm). Large vacuoles were seen
in the seminiferous tubules of the Nsd2 cKO testes. (G) TUNEL staining of representative testicular sections from control Nsd2 cKO mice (scale bar, 50
pm). Apoptotic cells were labeled by TUNEL staining. (H) Comparison of TUNEL-positive seminiferous tubules from control and Nsd2 cKO mice. Data
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are presented as mean + SD (1 = 3 for each genotype). ~* P < 0.01;

Nsd? deficiency resulted in increased H4K16ac through im-
pacting PSMAS protein level

Then, we examined the morphology of spermatogenic cells
in Nsd2 cKO testis by co-staining with y-H2AX. In mouse
spermatogenesis, y-H2AX is indicative of DNA double-
strand breaks, which was detectable in leptotene, and zy-
gotene spermatocytes, as well as elongating spermatid steps
(21). Surprisingly, we found that Nsd? deficiency in sper-
matogenic cells led to elevated level of H4K 16ac implicated
in chromatin decondensation and increased nuclear vol-
ume of spermatogenic cells (Figure SA and B). H4K16ac

P < 0.001.

is prevalent in elongating spermatids in WT mice, whereas
higher levels of H4K 16ac were detected in all stages of sper-
matocytes, and round and elongating spermatids in Nsd2
¢KO mice (Figure 5B).

To elucidate the molecular mechanism how Nsd2? reg-
ulates H4K16ac, we sought to determine other regula-
tors with which NSD2 interacts. Interestingly, we identified
PSMAS in NSD2-immunoprecipitated protein complexes
in mouse testis lysate (Supplementary Table S2). Since
PSMAS, a testis-specific proteasome, is involved in acety-
lated histone degradation (22) and is also essential for sper-
matogenesis (23), we thus propose that NSD2 may cooper-
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analysis.

ate with PSMAS to recognize H4K 16ac for histone clean-
ing in male germline. To confirm the association between
NSD2 and PSMAS, we ectopically expressed tagged NSD2
in HEK293T cells, in which PSMAS8 was detected in tagged
NSD2 immunoprecipitates (Figure SC). We then performed
reciprocal IP assays in testes using antibodies specific for
NSD2 and PSMAS8. NSD2 was clearly detected in anti-

PSMAS antibody immunoprecipitants, and vice versa (Fig-
ure 5D). These results confirmed that NSD2 and PSMAS
are bona fide interacting partners in the testes. In addition,
we found that protein level but not mRNA level of PSMAS8
was dramatically decreased in Nsd2 cKO testes (Figure SE
and F). This indicates that NSD2-PSMAS interaction en-
sures stability of PSMAS, which is unstable upon lack of
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NSD2 in testes, thus leading to increased levels of acety-
lated histones.

Nsd?2 deficiency disturbed H4K5 and H4K8 acetylation dur-
ing spermatogenesis

Previous studies reported that BRDT’s first bromodomain
specifically recognized histone H4 bearing the simultane-
ous acetylation of K5 and K8 and mediated the eviction
of histones (24,25). Defective histone retention may occur
in Nsd2 cKO testis because Brdt expression was impaired in
our RNA-seq data (Figure 3C). As expected, a lower pro-
tein level of BRDT and a higher protein level of H4 were
observed in Nsd2 cKO testes compared with controls (Fig-
ure 6A). Moreover, we also found that the protein level of
EP300 was significantly decreased in Nsd2 cKO testes (Fig-
ure 6A), and nuclear protein in testis (NUT) uses EP300
and/or CREB-binding protein to enhance acetylation of
H4 at both K5 and K8 (26). We therefore performed WB
analysis on testis extracts and identified decreased levels of
H4K5ac and H4K8ac in the absence of NSD2 (Figure 6B).
This result was in accordance with our observation by IF
(Figure 6C). Specifically, in elongating spermatids of WT
testis, H4K5ac and H4K8ac were widely distributed, but
their levels were significantly reduced in Nsd2 cKO testes. To
determine the basis for drastically reduced fertility in Nsd2
cKO mice, sperm were obtained from cauda epididymis
and analyzed by electron microscopy. Scanning electron mi-
croscopy demonstrated that the sperm from Nsd2 cKO mice
displayed abnormal head morphology (Figure 6D), lacking
a typical hook-shaped appearance, a feature often related
to nuclear shaping defects. To further characterize the inner
structure of the abnormal sperm, we also carried out trans-
mission electron microscope analysis (Figure 6D). As ex-
pected, deformed nuclei were observed in Nsd2 cKO sperm.
We also found that Nsd2 cKO sperm showed detached acro-
some and expanded perinuclear space, indicating that Nsd?2
is crucial for structural organization of the male germ cell
genome.

Nsd? deficiency disrupted histone-to-protamine replacement

Chromatin reorganization during spermiogenesis begins
concurrently with acrosome formation. In Nsd2 cKO mice,
discernible changes were observed in the sperm, exhibiting
abnormal shaping of the sperm head and acrosome defects
via PNA staining (Figure 7A and B). These sperm mor-
phological abnormalities seen in Nsd2 cKO mice were sim-
ilar to those in Spag!7 knockout mice. Nsd2 cKO mice had
significantly lower sperm counts, and the sperm that were
produced had compromised motility and a higher propor-
tion of morphological abnormalities (Figure 7C). We also
evaluated blastocyst rate of mutant sperm-fertilized WT
oocytes collected from superovulated WT females. Com-
pared with WT sperm, the rate of blastocyst formation
was significantly decreased when Nsd2 cKO sperm were
used (Supplementary Figure S4C and D). It is well known
that, during late stages of sperm differentiation, the ma-
jority of the core histones are acetylated, degraded and re-
placed by transition nuclear proteins and protamines, sub-
sequently forming highly condensed chromatin in elongated
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spermatids (27). Consistent with the spermatid develop-
mental defects of the Nsd2 cKO mice, we identified signif-
icant upregulation of Tnps and Prms (Figure 7D), which
was also confirmed by RT-qPCR (Figure 7E). Additionally,
expressions of many critical regulators for spermiogenesis,
such as Acrbpl, Pickl, Odfl and Speml, were also signifi-
cantly impaired upon Nsd2 loss (Figure 7E). Several histone
variant genes, such as Hifnt (H1-7), H2afbl (H2A.L.2) and
H3f3a (H3.3), were also downregulated (Figure 7E). Mal-
formation of the acrosome caused by Nsd?2 loss was proba-
bly due to misregulation of above genes. Furthermore, IF
staining showed increased level of protamine proteins in
Nsd2 cKO sperm (Figure 7F). Consistent with the IF ob-
servation in sperm, WB of lysates from sperm also revealed
elevated protamine level and enhanced retention of his-
tone in Nsd2 cKO sperm (Figure 7G). Collectively, histone
retention in sperm can be interpreted by reduced BRDT
and EP300 expression and dampened histone degradation
due to decreased PSMAS level, while increased protamine
level for competition may compromise deleterious impact
of histone retention. These findings indicate that the transi-
tion from histone-to-protamine replacement was abnormal
upon Nsd?2 loss, thereby contributing to defective spermio-
genesis.

NSD2 expression in spermatozoa from patients with oligoas-
thenoteratozoospermia

We also analyzed spermatozoa RNA profiles from pa-
tients with oligoasthenoteratozoospermia (OAT) (28) who
presented with severe and consistent teratozoospermia,
and <3% spermatozoa displayed the ideal form. Accord-
ing to Kruger’s guideline, spermatozoa with 4% percent
ideal form already exhibited very poor prognosis of fertility
(29,30). The patients included in our analysis had no other
severe pathologies to exclude confounding conditions, and
their sperm motility and concentration were normal. We
found that NSD2 expression was significantly lower than
that of normal subjects (Figure 8A). Therefore, NSD2 is a
promising molecular maker to distinguish OAT from nor-
mal populations (Figure 8B).

Taken together, our results indicate that Nsd2 is essen-
tial for normal spermatogenesis in mice, and that deletion
of Nsd2 postnatally resulted in germ cell decrease, abnor-
mal histone-to-protamine transition and sperm deficiency
(Figure 9).

DISCUSSION

NSD2-mediated H3K36me?2 is a transcriptionally coupled
histone methylation mark, enriched in intergenic regions
undergoing active transcription in somatic cells (31). Our
results showed that H3K36me?2 patterns in PS and RS are
also enriched in intergenic regions. Nsd2 loss leads to ex-
pression changes of hundreds to thousands of genes in
PS and RS cells. Further analyses found that the down-
regulated genes are generally marked by higher levels of
H3K36me2 in the WT germ cells and are expressed at
higher levels. These observations not only show that the
downregulated expression is likely the direct effect of Nsd2
loss but also indicate that Nsd2 and H3K36me?2 are required
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for transcriptional activities of more highly expressed genes,
which may play important roles in spermatogenesis. In-
deed, we observed significant impaired expression of criti-
cal sperm regulators, including Spag!7, Inpp4b, Cdhl8 and
spermiogenesis genes, which normally undergo transcrip-
tional silencing at these stages. For example, loss of Spagi7
resulted in abnormal acrosome similar to that observed in
Nsd2 mutants. The high level of both Nsd2 and H3K36me2
was observed in PS and RS cells in the adult mouse testes.
In addition, we found that the H3K36me3 level was largely
decreased in PS and RS of the Nsd2 cKO mice when com-
pared with the H3K36m?2 level. Therefore, relationship be-
tween Nsd2 and H3K36me3 may need further investigation.

NSD?2 is a key methyltransferase of histone H3K36me2,
a mark associated with active transcription. In Drosophila,
H3K36 methylation has crosstalk with H4K16ac (8). Our
results show that Nsd2 deficiency leads to significant in-

crease in H4K16ac and subsequent defects in histone-
to-protamine replacement, supporting the notion that
H4K16ac is indeed critical during spermiogenesis. Remark-
ably, our study identifies that testis-specific proteasome sub-
unit PSMAS interacts with NSD2 and PSMAS expression
is decreased in Nsd2 cKO mice, providing a new promis-
ing target for future study on the protein—protein interac-
tion network. PSMAS stimulated the degradation of the
acetylated core histones, instead of nonacetylated histones
in vitro (22). In mice, the loss of Psma8 led to the accumula-
tion of H4K 16ac in RS (23). These results suggest that Nsd?2
is involved in the histone acetylation regulation. In addi-
tion, a previous study demonstrated that Psmas is expressed
specifically in spermatocytes from the pachytene stage and
is required for the assembly/stabilization of proteasomes in
testes. Psma8-deficient spermatocytes showed delayed onset
of metaphase phase and were arrested at metaphase phase,
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while the processes of meiotic recombination and synap-
sis were less affected by Psmad8 deletion (32). Therefore, we
propose that the reduction of Psma8 mediated reduced RS
counts in Nsd2 cKO mice.

NSD2 is a multidomain protein containing one cat-
alytic SET (suppressor of variegation, enhancer of zeste
and trithorax) domain, two PWWP (proline-tryptophan—
tryptophan—proline motif) domains, one HMG (high-
mobility group) box, five PHD (plant-homeodomain) zinc
finger motifs and one Cys—His-rich CSHCH domain, which
may enable its diverse functions during spermiogenesis (33).
The PWWP, HMG and PHD domains have been shown to
mediate chromatin interaction and recognition of histone
marks (19). The SET domain confers catalytic function on

this enzyme for H3K36me?2 (34). The interaction between
PWWP domain and H3K36me?2 plays a key role in stabi-
lizing NSD2 at chromatin (35). The HMG domain inter-
acts with the DNA-binding domain of androgen receptor
(36). It is known that the PHD of Chd5 plays important
roles in regulating gene expression in spermatids (37). Chd5
deficiency results in elevated levels of both transition pro-
teins and protamines, which is similar to that seen in Nsd2
mutants. We observed that the inactivation of NSD2 im-
paired male fertility with spermatogenesis abnormalities at
the histone removal stage. Our results demonstrated that
disturbed histone retention in spermatozoa can be inter-
preted by the downregulation of EP300 and BRDT. Here,
we showed that expression of NSD2 exists in post-meiotic
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spermatogenic cells, where its presence can couple histone
H4 acetylation, BRDT binding or the exchange of histone
variants, to control protamine invasion of nucleosomes and
histone replacement. The multiple functional domains of
NSD2 may work independently or in concert, enabling the
diverse functions of NSD2 observed during spermatogene-
sis.

Although the enzymology and molecular function of
NSD2 have been documented, the biological consequences
of NSD2 inactivation in testis development at the organ-
ism level have not been explored. Here, we show that
NSD2 is the key H3K36me2 methyltransferase in PS and
RS and is essential for normal spermatogenesis. Loss of
Nsd?2 led to significant decrease of both H3K36me2 and
H3K36me3 in PS and RS cells. Furthermore, we find that
Nsd2-dependent H3K36me?2 plays a critical role in regulat-
ing germline gene expression in these germ cells. In contrast,
Nsd? deficiency stimulates H4K 16ac in spermatocytes and
spermatids. There was significant increase in expression of
histones in mature sperm of Nsd2 cKO mice, suggesting a
defect in histone-to-protamine transition. It was reported
that NSD2 associated with HIR A, the H3.3-specific histone
chaperone, and facilitated prolonged H3.3 deposition (38).
We also identified H3.3 in NSD2-immunoprecipitated pro-
tein complexes from our mass spectrometry data. There-
fore, NSD2 may interact with H3.3 to regulate chromatin
packaging during spermatogenesis. Notably, H3/3a knock-
out mice had subfertility that was related to head defects of
azoospermia (39), exhibiting similar phenotype with Nsd?2
cKO sperm. Correspondingly, we revealed that Nsd2 modu-
lates the homeostasis of transition proteins and protamines
by increasing expression of Tnpl, Tnp2, Prml and Prm2
transcriptionally. These findings unravel pleiotropic func-
tions of Nsd2 and highlight its multifaceted role in orches-
trating the histone modification and histone-to-protamine
remodeling that occurs during male germ cell development.

Using the germ cell-specific Nsd2 knockout mouse
model, we found that targeted Nsd2 knockout in germ cells
causes largely aberrant sperm with acrosomal malforma-
tion and dampens fertility. Our findings reveal a previously
unappreciated role of the Nsd2-dependent H3K36me2 and
H4K16ac modification in spermatogenesis and provide
clues to the molecular mechanisms in epigenetic disorders
underlying male infertility.
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