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Abstract 

T he o v arian reserv e defines female reproductiv e lifespan, which in humans spans decades due to the maintenance of meiotic arrest in non- 
growing oocytes (NGOs) residing in primordial f ollicles. Unkno wn is ho w the chromatin state of NGOs is established to enable long-term main- 
tenance of the o v arian reserv e. Here, w e sho w that a chromatin remodeler, CHD4, a member of the Nucleosome Remodeling and Deacetylase 
(NuRD) complex, establishes chromatin states required for formation and maintenance of the ovarian reserve. Conditional loss of CHD4 in peri- 
natal mouse oocytes results in acute death of NGOs and depletion of the o v arian reserv e. CHD4 establishes closed chromatin at regulatory 
elements of pro-apoptotic genes to pre v ent cell death and at specific genes required for meiotic prophase I to facilitate the transition from 

meiotic prophase I oocytes to meiotically-arrested NGOs. In male germ cells, CHD4 establishes closed chromatin at the regulatory elements 
of pro-apoptotic genes, allowing germ cell survival. These results demonstrate a role for CHD4 in defining a chromatin state that ensures germ 

cell survival, thereby enabling the long-term maintenance of both female and male germ cells. 
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erm cell maintenance and survival are fundamental for the
ontinuous supply of gametes for reproduction. In adult mam-
als, while the male germline is maintained by self-renewal of

permatogonial stem cells, the female germline is not main-
ained by a stem cell-based mechanism but is maintained
ithin a pool of meiotically-arrested oocytes, called the ovar-

an reserve. These small non-growing oocytes (NGOs) resid-
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NGOs are the only source of fertilizable eggs throughout a
female’s reproductive life span. Because the number of NGOs
is finite, their premature depletion leads to infertility associ-
ated with early menopause, such as premature ovarian insuf-
ficiency ( 2 ). However, the mechanisms underlying formation
and maintenance of the ovarian reserve remain largely elusive.
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In the female germline of mouse embryos, primordial germ
cells initiate MPI after induction of genes specifically ex-
pressed in MPI (MPI genes) ( 3 ). After completing chromosome
synapsis and recombination, oocytes reach the dictyate stage
around birth, gradually decreasing in number before forma-
tion of the ovarian reserve ( 4–6 ). During ovarian reserve for-
mation, MPI genes are suppressed, and there is a transition in
genome-wide transcription to become NGOs, which is termed
the perinatal oocyte transition (PO T) ( 7 , 8 ). PO T is regulated
by an epigenetic regulator, Polycomb Repressive Complex 1
(PRC1), to suppress MPI genes when oocytes exit MPI ( 7 ).
Concomitantly, an oocyte-specific transcription factor FIGLA
and several signaling pathways, such as Notch, TGF- β, JNK
and hypoxia signaling that regulate gene expression are re-
quired for primordial follicle formation ( 9–13 ). These stud-
ies raise the possibility that the chromatin state in NGOs is
uniquely established to instruct the gene expression program
for ovarian reserve formation. 

To identify a chromatin-based mechanism underlying the
process of the ovarian reserve formation and maintenance,
we sought to identify a mechanism that generates a unique
chromatin state in NGOs. To this end, we examined the
role of adenosine triphosphate (ATP)-dependent chromatin
remodelers, which use the energy from ATP hydrolysis to
reorganize chromatin and regulate gene expression ( 14 ,15 ).
There are four major subfamilies of chromatin remodel-
ing complexes, including SWI / SNF (switch / sucrose non-
fermentable), ISWI (imitation SWI), NuRD (nucleosome re-
modeling and deacetylase) / CHD (chromodomain helicase
DNA-binding) / mi-2, and INO80 / SWR (SWI2 / SNF2 related)
families ( 14 ,15 ). Among the adenosine triphosphatase (AT-
Pase) subunits in these four major chromatin remodeler sub-
families, we focused our attention on CHD4 (also known
as Mi-2 β) based on its gene expression at POT and because
CHD4 is associated with lineage commitment and differenti-
ation processes ( 16–19 ). CHD4 is a core subunit of both the
NuRD complex and the ChAHP (CHD4, ADNP, HP1) and
ChAHP2 (CHD4, ADNP2, HP1) complexes and functions not
only as a transcriptional repressor but also modulates chro-
matin structure at the sites of active transcription to fine-tune
gene expression ( 20–23 ). In the male germline, CHD4 regu-
lates maintenance and survival of undifferentiated spermato-
gonia ( 24–26 ). However, the molecular mechanisms underly-
ing this process remain unknown. 

Here we show that CHD4 has an essential function in for-
mation and maintenance of the ovarian reserve and deter-
mine molecular mechanisms common to both female and male
germ cells. In the female germline, CHD4 establishes closed
chromatin at regulatory elements of pro-apoptotic genes to
prevent cell death and at MPI genes to facilitate the transi-
tion from MPI to NGO. Further, in the male germline, CHD4
establishes closed chromatin at the regulatory elements of
pro-apoptotic genes, allowing male germ cell survival. Thus,
CHD4 defines the chromatin state for maintenance of both
female and male germ cells. 

Materials and methods 

Animals 

Generation of conditionally deficient Chd4 DcKO mice, Chd4
f / - ; Ddx4 -Cre Tg / + , were generated from Chd4 

f / f female
crossed with Chd4 

f / + ; Ddx4 -Cre Tg / + males and Chd4 Dc-
trl mice used in experiments were Chd4 

f / + ; Ddx4 -Cre Tg / + lit- 
termate. Generation of conditionally deficient Chd4 GcKO 

mice, Chd4 

f / f ; Gdf9 -iCre Tg / + , were generated from Chd4 

f / f female crossed with Chd4 

f / f ; Gdf9 -iCre Tg / + males and 

Chd4 Gctrl mice used in experiments were Chd4 

f / f litter- 
mate. Generation of Chd4 floxed alleles ( Chd4 

f / f ) were re- 
ported previously ( 27 ). Mice were maintained on a mixed ge- 
netic background of C57BL / 6 and DBA2. Ddx4 -Cre trans- 
genic mice were purchased from the Jackson Laboratory ( 28 ).
For A T AC-seq and Cleavage Under T argets and T agmenta- 
tion (CUT&Tag), Chd4 

f / f ; Stella -GFP 

Tg / + mice were gener- 
ated from Chd4 

f / f mice crossed with Stella -GFP 

Tg / + mice.
Stella -GFP transgenic mice were obtained from Dr M. Azim 

Surani ( 29 ). For each experiment, a minimum of three mice 
was analyzed. Mice were maintained on a 12:12 light: dark 

cycle in a temperature- and humidity-controlled vivarium (22 

± 2 

◦C; 40–50% humidity) with free access to food and wa- 
ter in the pathogen-free animal care facility. Mice were used 

according to the guidelines of the Institutional Animal Care 
and Use Committee (IACUC: protocol no. IACUC 21931 and 

23545) at the University of California, Davis. 

Oocyte collection 

P1, P5 or P10 female pups were collected, and ovaries were 
harvested by carefully removing oviducts and ovarian bursa 
in phosphate-buffered saline (PBS). Ovaries were digested in 

200 μl TrypLE™ Express Enzyme (1 ×) (Gibco, 12604013) 
supplemented with 0.3 mg / ml Collagenase Type 1 (Worthing- 
ton, CLS-1) and 10 mg / ml DNase I (Sigma, D5025) and incu- 
bated at 37 

◦C for 25 min with gentle agitation. After incuba- 
tion, the ovaries were dissociated by gentle pipetting using the 
Fisherbrand 

TM Premium Plus MultiFlex Gel-Loading Tips un- 
til no tissue pieces were visible. Two milliliters of Dulbecco’s 
modified Eagle’s medium (DMEM) / F-12 medium (Gibco,
11330107) supplemented with 10% fetal bovine serum (FBS) 
(HyClone, SH30396.03) were then added to the suspension 

to stop enzyme reaction. Cell suspension was seeded onto a 
60 mm tissue culture dish (Falcon, 353002). The cells were al- 
lowed to settle down for 15 min at 37 

◦C; 5% CO 2 in the incu- 
bator before being transferred under the microscope (Nikon,
SMZ1270). For RNA-seq, based on morphology and diame- 
ter, NGOs and GOs were manually picked up, washed in M2 

medium (Sigma, M7167) and transferred into the downstream 

buffer with a mouth pipette. For A T AC-seq and CUT&Tag,
P1 NGOs expressing a Stella -GFP transgene were collected by 
fluorescence-activated cell sorting (FACS) (SONY SH800S). 

Histology and immunostaining 

For the preparation of paraffin blocks, ovaries and testis 
were fixed with 4% paraformaldehyde overnight at 4 

◦C.
Ovaries and testis were dehydrated and embedded in paraf- 
fin. For histological analysis, 5 μm-thick paraffin sections 
were deparaffinized and stained with hematoxylin (Sigma,
MHS16) and eosin (Sigma, 318906). For immunostaining, 5 

μm-thick paraffin sections were deparaffinized and autoclaved 

in target retrieval solution (DAKO) for 10 min at 121 

◦C.
Sections were blocked with Blocking One Histo (Nacalai) 
for 30 min at room temperature and then incubated with 

primary antibodies as outlined below: mouse anti-CHD4 

(1:500, Abcam, ab70469), rabbit anti-DDX4 (1:500, Abcam,
ab13840), goat anti-CD117 / c-kit (1:200, R&D, AF1356),
rabbit anti-Cleaved Caspase-3 (1:200, Cell Signaling Tech- 
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ology, #9661), rabbit anti-FOXO3 (1:200, Cell Signaling
echnology, #2497), rabbit anti-PUMA / BBC3 (1:500, Ab-
am, ab9643), rabbit anti-HORMAD1 (1:400, C-terminal an-
ibody: gift from Atilla Toth) overnight at 4 

◦C. Sections were
ashed with PBST (PBS containing 0.1% Tween 20) three

imes at room temperature for 5 min and then incubated with
he corresponding secondary (Invitrogen) at 1:500 dilution
or 1 h at room temperature. Finally, sections were coun-
erstained with 4 

′ ,6-diamidino-2-phenylindole (DAPI) and
ounted using 20 μl undiluted ProLong Gold Antifade
ountant (ThermoFisher Scientific, P36930). Images were

btained by an all-in-one fluorescence microscope (BZ-X810,
EYENCE) equipped with an optical sectioning module (BZ-
4XF, KEYENCE). 

uantification of ovarian follicles 

or counting the number of follicles, paraffin-embedded
varies were serially sectioned at 5 μm thickness, and all sec-
ions were mounted on slides. Five micrometer-thick paraffin
erially sections were deparaffinized and stained with hema-
oxylin and eosin. Ovarian follicles at different developmental
tages, including primordial (type 1 and type 2) as NGOs, and
rimary (type 3) and pre-antral (type 4 and type 5) as GOs,
ere counted in every fifth section of the collected sections

rom one ovary, based on the standard established method
 30 ). In each section, only those follicles in which the nucleus
f the oocyte was clearly visible were counted, and the cumu-
ative follicle counts were multiplied by a correction factor of
 to represent the estimated number of follicles in an ovary. 

eiotic chromosome spreads and 

mmunofluorescence 

hromosome spreads of oocytes from neonatal ovaries were
repared as described ( 7 ). Briefly, ovaries were digested in 200
l TrypLE™ Express Enzyme (1 ×) supplemented with 0.3
g / ml Collagenase Type 1 and 10 mg / ml DNase I and in-

ubated at 37 

◦C for 25 min with gentle agitation. After incu-
ation, the ovaries were dissociated by gentle pipetting using
he Fisherbrand 

TM Premium Plus MultiFlex Gel-Loading Tips
ntil no visible tissue pieces. Two milliliters of DMEM / F-12
edium supplemented with 10% FBS was added to the sus-
ension to stop enzyme reaction. Cell suspension was incu-
ated in hypotonic extraction buffer [HEB: 30 mM Tris base,
7 mM trisodium citrate, 5 mM ethylenediaminetetraacetic
cid, 50 mM sucrose, 5 mM dithiothreitol, 1 × cOmplete
rotease Inhibitor Cocktail (Sigma, 11836145001), 1 × phos-
hatase inhibitor cocktail 2 (Sigma, P5726-5ML), pH 8.2]
n ice for 10 min. Thirty microliters of the suspension was
pplied to positively charged slides (Probe On Plus: Thermo
isher Scientific, 22-230-900); before application of the sus-
ension, the slides had been incubated in chilled fixation so-
ution (2% paraformaldehyde, 0.1% Triton X-100, 0.02%
odium monododecyl sulfate, adjusted to pH 9.2 with sodium
orate buffer). The slides were placed in humidified cham-
ers overnight at room temperature. Then, the slides were
ashed twice in 0.4% Photo-Flo 200 (Kodak, 146-4510), 2
in per wash. Slides were dried completely at room tempera-

ure before staining or storage in slide boxes at −80 

◦C. 

low cytometry and cell sorting 

low cytometric experiments and cell sorting were per-
ormed using SH800S (SONY), with antibody-stained testic-
ular single-cell suspensions prepared as described previously.
Data were analyzed using SH800S software (SONY) and FCS
Express 7 (De Novo Software). 

For A T AC-seq and CUT&Tag, P1 oocytes were identified
and collected using expression of the Stella -GFP transgene. To
prepare single cells suspension for cell sorting, ovaries were
digested in 200 μl TrypLE™ Express Enzyme (1 ×) supple-
mented with 0.3 mg / ml Collagenase Type 1 and 10 mg / ml
DNase I and incubated at 37 

◦C for 25 min with gentle agi-
tation. After incubation, the ovaries were dissociated by gen-
tle pipetting using the Fisherbrand 

TM Premium Plus MultiFlex
Gel-Loading Tips until no visible tissue pieces. Two milliliters
of DMEM / F-12 medium supplemented with 10% FBS was
added to the suspension to stop enzyme reaction. Cells were
suspended in FACS buffer (PBS containing 2% FBS) and fil-
tered into a 5 ml FACS tube through a 35 μm nylon mesh cap
(Falcon, 352235). GFP 

+ oocytes were collected after remov-
ing small and large debris in FSC-A versus SSC-A gating and
doublets in FSC-W versus FSC-H gating. 

Collection of male germ cells was carried out as described
in reference ( 31 ) with minor modifications. Briefly, to prepare
single cells suspension for cell sorting, detangled seminiferous
tubules from P3 mouse testes were incubated in 1 × Krebs–
Ringer Bicarbonate Buffer (Sigma, K4002) supplemented with
1.5 mg / ml Collagenase Type 1 and 0.04 mg / ml DNase I at
37 

◦C for 15 min with gentle agitation and dissociated using
vigorous pipetting, and then add 0.75 mg / ml hyaluronidase
(Sigma, H3506) and incubate at 37 

◦C for 10 min with gen-
tle agitation and dissociated using vigorous pipetting. Ten
milliliters of DMEM / F-12 medium supplemented with 10%
FBS was added to the suspension to stop enzyme reaction.
The cell suspension was washed with 10 ml FACS buffer
three times by centrifugation at 300 × g for 5 min and fil-
tered through a 70 μm nylon cell strainer (Falcon, 352350).
The cell suspension was stained with cocktails of antibod-
ies diluted with FACS buffer listed as follows: phycoerythrin
(PE)-conjugated anti-mouse / human CD324 (E-Cadherin) an-
tibody (1:500, Biolegend, 147303) and fluorescein isothio-
cyanate (FITC)-conjugated anti-mouse CD9 antibody (1:500,
Biolegend, 124808). After 50-min incubation on ice, cells were
washed with 10 ml FACS buffer three times by centrifuga-
tion at 300 × g for 5 min and filtered into a 5 ml FACS tube
through a 35 μm nylon mesh cap. 7-AAD Viability Stain (In-
vitrogen, 00-6993-50) and 0.01 mg / ml DNase I was added to
cell suspension for the exclusion of dead cells. Samples were
kept on ice until sorting. Cells were analyzed after removing
small and large debris in FSC-A versus SSC-A gating, doublets
in FSC-W versus FSC-H gating, and 7AAD 

+ dead cells. Then,
the desired cell population was collected in gates and deter-
mined based on antibody staining. 

RNA-seq library generation and sequencing 

RNA-seq libraries of oocytes from P1, P5 and P10 ovaries
were prepared as described ( 7 ); briefly, 500 NGOs and 100
GOs isolated from ovaries were pooled as one replicate, and
two independent biological replicates were used for RNA-
seq library generation. Total RNA was extracted using the
RNeasy Plus Micro Kit (QIAGEN, Cat # 74034) according to
the manufacturer’s instructions. Library preparation was per-
formed with NEBNext ® Single Cell / Low Input RNA Library
Prep Kit for Illumina ® (NEB, E6420S) according to the man-
ufacturer’s instruction. Prepared RNA-seq libraries were se-
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quenced on the HiSeq X system (Illumina) with paired-ended
150-bp reads. 

A T AC-seq library generation and sequencing 

A T AC-seq libraries of germ cells were prepared as described
( 32 ); briefly, 10,000 FACS-sorted cells were isolated from P1
ovaries or P3 testis and pooled as one replicate, and two inde-
pendent biological replicates were used for A T AC-seq library
generation. Samples were lysed in 50 μl of lysis buffer [10 mM
Tris–HCl (pH 7.4), 10 mM NaCl, 3 mM MgCl 2 and 0.1% NP-
40, 0.1% Tween-20, and 0.01% Digitonin] on ice for 10 min.
Immediately after lysis, the samples were spun at 500 × g for
10 min at 4 

◦C and the supernatant removed. The sedimented
nuclei were then incubated in 10 μl of transposition mix {0.5
μl homemade Tn5 transposase ( ∼1 μg / μl), 5 μl 2 × tagment
DNA buffer [10 mM Tris–HCl (pH 7.6), 10 mM MgCl 2 and
20% dimethyl formamide], 3.3 μl PBS, 0.1 μl 1% digitonin,
0.1 μl 10% Tween-20 and 1 μl water} at 37 

◦C for 30 min
in a thermomixer with shaking at 500 rpm. After tagmenta-
tion, the transposed DNA was purified with a MinElute kit
(Qiagen). Polymerase chain reaction (PCR) was performed to
amplify the library using the following conditions: 72 

◦C for 3
min; 98 

◦C for 30 s; thermocycling at 98 

◦C for 10 s, 60 

◦C for
30 s and 72 

◦C for 1 min. Quantitative PCR was used to esti-
mate the number of additional cycles needed to generate prod-
ucts at 25% saturation. Seven to eight additional PCR cycles
were added to the initial set of five cycles. Amplified DNA was
purified by SPRIselect bead (Beckman Coulter). A T AC-seq li-
braries were sequenced on the HiSeq X Ten system (Illumina)
with 150-bp paired-end reads. 

CUT&Tag library generation and sequencing 

CUT&Tag libraries from P1 oocytes for CHD4 were gener-
ated as previously described ( 33 ,34 ) (a step-by-step proto-
col https:// dx.doi.org/ 10.17504/ protocols.io.bcuhiwt6 ) using
CUTANA™ pAG-Tn5 (Epicypher, 15-1017). Briefly, 10,000
FACS-sorted cells were isolated from P1 Chd4 f / f ovaries and
pooled as one replicate and two independent biological repli-
cates were used for CUT&Tag library generation. The anti-
bodies used were mouse anti-CHD4 (1:50, Abcam, ab70469)
and rabbit α-mouse antibody (1:100, Abcam, ab46540).
CUT&Tag libraries were sequenced on the NovaSeq X Plus
system (Illumina) with 150-bp paired-end reads. 

RNA-seq data processing 

Raw paired-end RNA-seq reads after trimming by
trimmomatic (version 0.39) ( 35 ) were aligned to the
mouse (GRCm38 / mm10) genome using STAR (version
STAR_2.5.4b) ( 36 ) with default arguments. All unmapped
and non-uniquely mapped reads were filtered out by sam-
tools (version 1.9) ( 37 ) before being subjected to downstream
analyses. To quantify aligned reads in RNA-seq, aligned read
counts for each gene were generated using featureCounts
(v2.0.1), which is part of the Subread package ( 38 ) based
on annotated genes (GENCODE vM25). The transcripts per
million (TPM) values of each gene were for comparative
expression analyses and computing the Pearson correlation
coefficient between biological replicates using corrplot ( 39 ). 

To detect differentially expressed genes (DEGs) between
Chd4 Dctrl and Chd4 DcK O , or Chd4 Gctrl and Chd4 GcK O ,
DESeq2 (version 1.42.1) ( 40 ) was used for differential gene
expression analyses with cutoffs ≥2-fold change and binom-
inal tests ( Padj < 0.05; P -values were adjusted for multiple 
testing using the Benjamini–Hochberg method). Padj values 
were used to determine significantly dysregulated genes. 

To perform Gene Ontology analyses, we used the online 
functional annotation clustering tool Metascape ( 41 ) ( http: 
//metascape.org ). Further analyses were performed with R 

and visualized as heatmaps using Morpheus ( https://software. 
broadinstitute.org/morpheus , Broad Institute). 

A T AC-seq and CUT&Tag data processing 

Raw paired-end A T AC-seq and CUT&Tag reads after 
trimming by Trim-galore ( https:// github.com/ FelixKrueger/ 
TrimGalore ) (version 0.6.7) were aligned to either the mouse 
(GRCm38 / mm10) genomes using bowtie2 (version 2.3.3.1) 
( 42 ) with default arguments. The aligned reads were filtered 

to remove alignments mapped to multiple locations by call- 
ing grep with the -v option before being subjected to down- 
stream analyses. PCR duplicates were removed using the 
‘MarkDuplicates’ command in Picard tools (version 2.23.8) 
( https:// broadinstitute.github.io/ picard/ , Broad Institute). To 

compare replicates, Pearson correlation coefficients were cal- 
culated and plotted by ‘multiBamSummary bins’ and ‘plot 
correlation’ functions of deepTools (version 3.3.0) ( 43 ). Bi- 
ological replicates were pooled for visualization and other 
analyses after validation of reproducibility. Peak calling for 
A T AC-seq and CUT&Tag data was performed using MACS3 

(version 3.0.0a7) ( 44 ) with default arguments. We computed 

the number of overlapping peaks between peak files using 
BEDtools ( 45 ) (version 2.28.0) function intersect. To detect 
genes adjacent to A T AC-seq and CUT&Tag peaks, we used 

the HOMER (version 4.9.1) ( 46 ) function annotatePeaks.pl.
The deeptools ( 43 ) was used to draw tag density plots and 

heatmaps for reads enrichments. To visualize A T AC-seq and 

CUT&Tag data using the Integrative Genomics Viewer (Broad 

Institute) ( 47 ), bins per million (BPM) normalized counts data 
were created from sorted BAM files using the deeptools ( 43 ).
To perform functional annotation enrichment of CHD4, we 
used GREAT tools ( 48 ). 

Statistics 

Statistical methods and P -values for each plot are listed in 

the figure legends and / or in the ‘Materials and methods’ sec- 
tion. In brief, all grouped data are represented as mean ±
standard deviation (SD). All box-and-whisker plots are repre- 
sented as center lines (median), box limits [interquartile range 
(IQR); 25th and 75th percentiles] and whiskers (maximum 

value not exceeding 1.5 × the IQR from the hinge) unless 
stated otherwise. Statistical significance for pairwise compar- 
isons was determined using two-sided Mann–Whitney U-tests 
and two-tailed unpaired t -tests. Next-generation sequencing 
data (RNA-seq, A T AC-seq and CUT&Tag) were based on two 

independent replicates. No statistical methods were used to 

predetermine sample size in these experiments. Experiments 
were not randomized, and investigators were not blinded to 

allocation during experiments and outcome assessments. 

Code availability 

Source code for all software and tools used in this study with 

documentation, examples and additional information is avail- 
able at the URLs listed below. 

trimmomatic [ http:// www.usadellab.org/ cms/ ?page= 

trimmomatic ] 

https://dx.doi.org/10.17504/protocols.io.bcuhiwt6
http://metascape.org
https://software.broadinstitute.org/morpheus
https://github.com/FelixKrueger/TrimGalore
https://broadinstitute.github.io/picard/
http://www.usadellab.org/cms/?page=trimmomatic
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STAR [ https:// github.com/ alexdobin/ STAR ] 
featureCounts [ http://subread.sourceforge.net ] 
DESeq2 [ https:// bioconductor.org/ packages/ release/ bioc/

tml/DESeq2.html ] 
corrplot [ https:// github.com/ taiyun/ corrplot ] 
ggplot2 [ https:// github.com/ tidyverse/ ggplot2 ] 
Metascape [ http://metascape.org ] 
Morpheus [ https:// software.broadinstitute.org/ morpheus/ ] 
Trim-galore [ https:// github.com/ FelixKrueger/ TrimGalore ] 
Bowtie2 [ https:// github.com/ BenLangmead/ bowtie2 ] 
Picard [ https:// broadinstitute.github.io/ picard/ ] 
deepTools [ https:// github.com/ deeptools/ deepTools ] 
MACS3 [ https:// github.com/ macs3-project/ MACS ] 
Bedtools [ https:// github.com/ arq5x/ bedtools2 ] 
HOMER [ http:// homer.ucsd.edu/ homer/ index.html ] 
GREAT [ http:// great.stanford.edu/ public/ html/ ] 

esults 

HD4 is required for ovarian reserve formation 

o identify a key ATP-dependent chromatin remodeler that
unctions in ovarian reserve formation in mice, we compared
ene expression profiles of ATPase subunits in representative
hromatin remodeler subfamilies using previously published
NA-seq data ( 13 ). Among these candidates, Chd4 is highly
xpressed from embryonic day 14 (E14.5) oocytes in MPI to
ostnatal day 4 (P4) and P6 NGOs, which corresponds to the
ime of ovarian reserve formation when genome-wide gene ex-
ression changes occur during POT ( 7 ) (Figure 1 A). Chd4 ex-
ression was slightly downregulated when NGOs in primor-
ial follicle (labeled as ‘small’ in Figure 1 A) are activated to
ecome GOs in primary follicles (labeled as ‘large’ in Figure
 A); this transition is termed the primordial to primary fol-
icle transition ( 13 ), and the first wave occurs as early as P4
Figure 1 A). Concomitant with the expression of Chd4 dur-
ng perinatal oogenesis, genes encoding other components of
he NuRD and ChAHP / ChAHP2 complex, such as Hdac1 ,
dac2 , Mta1 , Mta2 and Cbx1 were highly expressed during
erinatal oogenesis ( Supplementary Figure S1 A). Based on this
ene expression profile, we focused on CHD4 and sought to
etermine the function of CHD4 in ovarian reserve formation.
To determine the function of CHD4 in ovarian reserve for-
ation, we generated Chd4 conditional knockout mice us-

ng the Chd4 floxed allele ( 27 ) and the Ddx4 -Cre transgene,
hich is a germline-specific Cre line expressed from E15.5

 28 ) ( Chd4 

f / −; Ddx4 -Cre Tg / + ; termed Chd4 DcK O , Figure
 B). CHD4 protein localized in the nucleus of the P1 oocytes
n littermate controls ( Chd4 

f / + ; Ddx4 -Cre Tg / + ; termed Chd4
ctrl), but was absent in 98.8% of the P1 oocyte nuclei of
hd4 DcKO mice (Figure 1 C and D), confirming the efficient
epletion of CHD4 protein in Chd4 DcKO oocytes. The esti-
ated oocyte number of Chd4 DcKO neonatal mice at P1 did
ot differ from that of Chd4 Dctrl (Figure 1 E and F). How-
ver, by P5, when the ovarian reserve is established, the es-
imated oocyte number of Chd4 DcKO newborn mice was
arkedly reduced compared to Chd4 Dctrl (Figure 1 E and
). Apoptosis was likely responsible for the loss of oocytes

n Chd4 DcKO newborn mice because immunofluorescence
taining for cleaved Caspase 3, a marker of apoptosis, re-
ealed no difference in the proportion of cleaved Caspase 3-
ositive oocytes in P1, whereas the proportion of cleaved Cas-
ase 3-positive oocytes in P3 Chd4 DcKO ovaries was signif-
icantly increased compared to Chd4 Dctrl (Figure 2 A and B).
These results suggest that CHD4 is critical for ovarian reserve
formation. 

We next examined whether the ovarian reserve is properly
established in Chd4 DcKO ovaries. During the formation of
NGOs in the ovarian reserve, localization of the transcrip-
tion factor FOXO3 changes from the cytoplasm to the nucleus
( 49 ); nuclear localization of FOXO3 is a hallmark of NGOs
( 49 ). Immunofluorescence staining for FOXO3 showed that
in P1 FOXO3 was localized in the cytoplasm of most oocytes
in both Chd4 Dctrl and Chd4 DcKO (Figure 2 C and D).
However, at P3, FOXO3 was localized in the nucleus of
92.9% of oocytes in Chd4 Dctrl whereas nuclear localiza-
tion was only 7.9% of oocytes in Chd4 DcKO had FOXO3
(Figure 2 C and D). Therefore, NGOs are not properly gen-
erated in Chd4 DcKO ovaries. Nevertheless, the behavior
of meiotic chromosomes in MPI, including progression to
the dictyate stage of MPI, appeared normal in Chd4 DcKO
( Supplementary Figure S1 B). Thus, cell death is not initiated
by defects in meiotic chromosome behavior. 

CHD4 represses MPI genes and apoptosis genes in 

ovarian reserve formation 

To further examine the function of CHD4 in ovarian re-
serve formation, NGOs were isolated from P1 and P5 ovaries,
and RNA-seq analysis was performed ( Supplementary Figure 
S1 C). In P1 Chd4 DcKO NGOs, 533 genes were upregu-
lated, and 348 genes were downregulated [Figure 3 A (left)
and Supplementary Dataset S1 ]. In P5 Chd4 DcKO NGOs,
569 genes were upregulated, and 396 genes were downregu-
lated [Figure 3 A (right) and Supplementary Dataset S2 ]. To
infer possible functions of these DEGs, we performed Gene
Ontology enrichment analyses. The genes downregulated in
P1 and P5 Chd4 DcKO oocytes were enriched with genes in-
volved in ‘oogenesis’ and ‘female gamete generation’. On the
other hand, the genes upregulated in P5 Chd4 DcKO oocytes
were enriched with genes involved in MPI, such as ‘homolo-
gous chromosome pairing at meiosis’ (Figure 3 B), suggesting
that CHD4 represses MPI genes. During ovarian reserve for-
mation, MPI genes are repressed as oocytes exit from MPI and
the fetal program ( 7 ). Therefore, we examined how MPI genes
are regulated in Chd4 DcKO NGOs. 

In a previous study ( 50 ), 104 genes were identified to be
MPI-specific genes in fetal oocytes ( 50 ). The expression of
these MPI genes is comparable between Chd4 DcKO and
Chd4 Dctrl NGOs at P1 (Figure 3 C). In contrast, in P5
NGOs, expression of MPI genes was significantly upregu-
lated in Chd4 DcKO relative to Chd4 Dctrl (Figure 3 C).
Among them, 23 MPI genes, such as Spo11 ( 51 ,52 ), Sycp1
( 53 ), Hormad1 ( 54–56 ), Meiob ( 57 ) and Majin ( 58 ), which
are important for MPI progression, were included in the DEGs
in P5 NGOs (Figure 3 D). Because there is a genome-wide
gene expression change in POT in normal oogenesis ( 7 ), we
next examined how DEGs at POT are regulated in the Chd4
DcKO NGOs. In P5 Chd4 DcKO NGOs, upregulated genes
at POT were downregulated, while downregulated genes at
POT were upregulated ( Supplementary Figure S1 D and E,
and Supplementary Dataset S3 ), further confirming that POT
is defective in accordance with defective ovarian reserve
formation. 

We also examined the expression of the genes in the mouse
apoptosis pathway defined in the Kyoto Encyclopedia of

https://github.com/alexdobin/STAR
http://subread.sourceforge.net
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://github.com/taiyun/corrplot
https://github.com/tidyverse/ggplot2
http://metascape.org
https://software.broadinstitute.org/morpheus/
https://github.com/FelixKrueger/TrimGalore
https://github.com/BenLangmead/bowtie2
https://broadinstitute.github.io/picard/
https://github.com/deeptools/deepTools
https://github.com/macs3-project/MACS
https://github.com/arq5x/bedtools2
http://homer.ucsd.edu/homer/index.html
http://great.stanford.edu/public/html/
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf008#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf008#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf008#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf008#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf008#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf008#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf008#supplementary-data
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Figure 1. CHD4 deficiency causes oocyte loss. ( A ) Heatmap showing RNA-seq gene expression for core subunits of ATP-dependent remodeling 
comple x es in oocytes during oogenesis. P re viously published data ( 13 ) were reanalyzed. Embryonic day ( E ) 18.5 to postnatal day (P) 3 indicate oocytes 
transitioning from MPI to NGOs. P4 and P6 small indicate NGOs residing in primordial follicles. P4 and P6-large indicate GOs in primary follicles. ( B ) 
Schematic for mouse models and experiments. ( C ) Immunostaining of DDX4 and CHD4 in ovaries of Chd4 Dctrl and Chd4 DcKO at P1. CHD4 is present 
only in somatic cells in Chd4 DcKO. Bars: 100 μm (20 μm in the bo x ed area). Arrowheads indicate oocytes with no CHD4 expression. ( D ) Quantitative 
analysis of immunost aining . Percent ages representing numbers of oocytes with CHD4 at P1. Dat a are presented as mean values ± SD. *** P < 0.0 01: 
Tw o-tailed unpaired t -tests. T hree independent biological replicates w ere analyz ed f or each genotype. ( E ) Ov arian sections of Chd4 Dctrl and Chd4 DcKO 

mice at P1 and P5. The sections were stained with hematoxylin and eosin or immunostained for DDX4. Bars: 100 μm. Three mice were analyzed for 
each genotype at each time point, and representative images are shown. ( F ) Dot plots showing the estimated numbers of oocytes per ovary from Chd4 
Dctrl and Chd4 DcKO mice at P1 and P5. At least three mice were analyzed for each genotype at each time point. Central bars represent mean values. 
*** P < 0.001: ns, not significant; two-tailed unpaired t -tests. 
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Figure 2. CHD4 is required for ovarian reserve formation. ( A ) Immunostaining of cKIT and Cleaved Caspase-3 in ovaries of Chd4 Dctrl and Chd4 DcKO at 
P1 and P3. Arrowheads indicate Cleaved Caspase-3 + apoptotic oocytes. Bars: 100 μm. Three mice were analyzed for each genotype at each time point, 
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enes and Genomes (KEGG) database ( 59 ). Both in P1 and
5 Chd4 DcKO NGOs, Casp7 , a gene important for apop-
osis ( 60 ), was significantly upregulated (Figure 3 E). In ad-
ition, the pro-apoptotic Bbc3 (also known as Puma ) and
maip1 (also known as Noxa ) genes, which are direct tar-
ets of P63 and directly induce apoptosis in oocytes ( 61–64 ),
ere derepressed in the Chd4 DcKO NGOs ( Supplementary 
igure S1 F). We further performed immunostaining and con-
rmed that BBC3 / PUMA and HORMAD1 protein expres-
ion were upregulated in Chd4 DcKO NGOs at P3 (Figure.
 A–D). Taken together, CHD4 is required for the repression
f MPI genes and apoptosis genes during ovarian reserve
ormation. 

HD4 represses chromatin accessibility to 

ownregulate genes 

ecause CHD4 represses transcription and chromatin acces-
ibility in various cell types ( 16 , 65 , 66 ), we next sought to de-
ermine how CHD4 regulates chromatin accessibility during
varian reserve formation. We used the assay for transposase-
ccessible chromatin by sequencing (A T A C-seq) ( 32 , 67 ) to as-
ess the effect of CHD4 loss on chromatin accessibility in ovar-
an reserve formation ( Supplementary Figure S2 A). A repre-
entative track view confirms that peak patterns are consis-
ent between two biological replicates ( Supplementary Figure 
2 B). An A T AC-seq analysis of P1 NGOs showed that acces-
ibility was markedly increased in Chd4 DcKO (Figure 5 A).
These increased accessibility regions are mainly introns and
intergenic regions, and a relatively minor change was observed
at promoters and transcription termination sites (Figure 5 B).
This result suggests that CHD4 regulates distal cis -regulatory
elements such as enhancers. 

Next, we examined the relationship between changes in
the distal accessible regions and changes in gene expression
following CHD4 loss. Expression of 2906 genes adjacent to
Chd4 Dctrl-specific distal accessible regions (outside the TSSs
±1 kb window) was similar between Chd4 DcKO and Chd4
Dctrl NGOs both in P1 and P5 (Figure 5 C). However, ex-
pression of 5423 genes adjacent to Chd4 DcKO-specific distal
accessible regions was globally upregulated in Chd4 DcKO
NGOs both in P1 and P5 (Figure 5 D). Therefore, CHD4 re-
presses distal accessible regions to downregulate genes. Fur-
ther, we examined chromatin accessibility at the promoters
of DEGs in Chd4 DcKO NGOs. We found that upregulated
genes in Chd4 DcKO NGOs are associated with increased ac-
cessibility at promoters both in P1 and P5, whereas downreg-
ulated genes were not associated with changes in chromatin
accessibility (Figure 5 E–H). Chromatin accessibility was in-
creased at the TSS of genes whose expression was upregulated
in Chd4 DcKO; for example, an apoptotic gene Casp7 , and an
MPI gene Stra8 , which is the transcription factor critical for
MPI gene expression ( 68 ) (Figure 5 I). Together, we conclude
that CHD4 represses chromatin accessibility both at promot-
ers and distal regulatory elements to repress genes in ovarian
reserve formation. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf008#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf008#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf008#supplementary-data
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CHD4 binds chromatin to regulate MPI and 

apoptosis genes 

Because CHD4 deficiency causes a massive increase in chro-
matin accessibility, we hypothesized that CHD4 directly binds
target sites to regulate chromatin accessibility. To test this hy-
pothesis, we performed CUT&Tag analysis ( 33 ) on CHD4
using P1 oocytes to determine where CHD4 is bound in
the genome ( Supplementary Figure S2 C). CUT&Tag anal-
ysis revealed that the majority of CHD4 peaks were en-
riched in introns and intergenic regions (Figure 6 A). In ad-
dition, most of the CHD4 peaks were located 5–500 kb
away from the TSSs (Figure 6 B), consistent with the genomic
sites of accessibility changes in Chd4 DcKO NGOs. We com-
pared the A T AC peaks with the CHD4 peaks and found
that, surprisingly, only a minor portion of them overlapped
( Supplementary Figure S2 D), and this is the case for the A T AC
distal peaks (Figure 6 C). We compared the adjacent gene ex-
pression near the CHD4 peaks and found that it was signif-
icantly increased in P5 Chd4 DcKO (Figure 6 D), suggesting
that CHD4 binds to repress target genes. However, counter-
intuitively, the CHD4 signals were enriched at the TSSs of 
the gene that was significantly downregulated in P1 and P5 

Chd4 DcKO (Figure 6 E). These results suggest that CHD4 

not only directly regulates chromatin accessibility but may 
also regulate gene expression without changing chromatin 

accessibility. 
To further elucidate the function of CHD4 in formation of 

ovarian reserve, we focused on apoptosis-associated genes and 

MPI genes whose expression was upregulated in Chd4 DcKO 

NGOs. CHD4 was enriched in the TSSs of the respective gene 
groups compared to randomly selected regions (Figure 6 F and 

G). At the Stra8 gene locus, CHD4 binds the TSS, where chro- 
matin accessibly increased in the Chd4 DcKO NGOs (Figure 
6 H, left). Furthermore, at the Bbc3 gene locus, CHD4 bound 

not only at the TSS but also at the upstream region where 
chromatin accessibility was increased in Chd4 DcKO NGOs 
(Figure 6 H, right). Thus, for some important target genes,
CHD4 directly regulates chromatin accessibility, supporting 
a model in which CHD4 represses expression by regulating 
chromatin accessibility. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf008#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf008#supplementary-data
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CHD4 is required for the maintenance of the 

ovarian reserve and oocyte survival 

Because a critical aspect of ovarian reserve is the long main-
tenance of chromatin states during the female reproductive
life span, we next determined whether CHD4 is required
for maintenance of ovarian reserve after its establishment.
To elucidate the function of CHD4 in the maintenance of
NGOs in the ovarian reserve, we generated another line of 
CHD4 conditional knockout mice using Gdf9 -iCre, which 

is expressed NGOs from P3 ( 69 ) ( Chd4 

f / f ; Gdf9 -iCre Tg / + ; 
termed Chd4 GcKO) (Figure 7 A). CHD4 was localized in 

the nuclei of NGOs in primordial follicles and GOs in pri- 
mary follicles of P10 ovaries, and nearly complete deple- 
tion of CHD4 was observed in P10 Chd4 GcKO oocytes 
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 Supplementary Figure S3 A and B). In P10 ovaries in which
rimordial follicle formation is complete, the estimated num-
ers of NGOs and GOs in the ovaries of Chd4 GcKO mice
ere significantly reduced compared to Chd4 Gctrl mice (Fig-
re 7 B and C). These results indicate that CHD4 is essential
or the maintenance of NGOs and the survival of GOs. 

To determine the function of CHD4 in maintenance of ovar-
an reserve and survival of GOs, NGOs and GOs were iso-
ated from P10 ovaries, and RNA-seq analysis was performed
 Supplementary Figure S3 C). In the P10 Chd4 GcKO NGOs,
47 genes were upregulated, and 744 genes were downreg-
lated [Figure 7 D (left) and Supplementary Dataset S4 ]. In
he P10 Chd4 GcKO GOs, 1938 genes were upregulated,
nd 1420 genes were downregulated [Figure 7 D (right) and
upplementary Dataset S4 ]. GO enrichment analyses show
hat upregulated genes in P10 Chd4 GcKO NGOs were as-
ociated with apoptotic cell clearance ( Supplementary Figure 
3 D). In addition, upregulated genes in P10 Chd4 GcKO GOs
ere enriched with genes involved in synaptonemal complex

ssembly, which is related to MPI ( Supplementary Figure 
3 D). Female MPI-specific genes were upregulated in Chd4
cKO GOs (Figure 7 E). Similar to Chd4 DcKO, Stra8 ex-
ression was increased in both P10 NGOs and GOs in Chd4
cKO [Figure 7 F (left)]. We also examined apoptosis-related

enes and found that the expression of a pro-apoptotic gene,
id ( 70 ), a key player in apoptosis, was increased in both
GOs and GOs in Chd4 GcKO [Figure 7 F (right)]. In sum-
ary, CHD4 is essential for oocyte survival and maintenance
f ovarian reserve by repressing a group of the MPI genes and
poptosis genes. 

HD4 repressed apoptosis-related genes for male 

erm cell survival 

fter determining the function of CHD4 in the female
ermline, we finally sought to address whether CHD4 has
 common function in the female and male germline. In the
ale germline, around the time of birth, mitotically arrested
rospermatogonia resume active cell cycle and transition to
permatogonia after birth, which sustains long-term fertil-
ty of males by stem self-renewal ( 71 ). Recent studies using
ermline-specific conditional knockout of Chd4 revealed that
HD4 is required for the survival of undifferentiated sper-
atogonia ( 24 ,25 ). Consistent with these studies, our Chd4
cKO males (Figure 8 A) showed germ cell depletion that be-

ame evident at P3 testes (Figure 8 B). 
To examine the genes regulated by CHD4, we isolated un-

ifferentiated male germ cells from P3 testes using a previ-
usly established FACS method ( 72 ,73 ) and performed RNA-
eq analysis ( Supplementary Figure S4 A). In P3 Chd4 DcKO
ale germ cells, 696 genes were upregulated and 168 genes
ere downregulated (Figure 8 C and Supplementary Dataset 
5 ). GO enrichment analyses revealed that the genes up-
egulated in Chd4 DcKO male germ cells were associated
ith ‘cell morphogenesis’ and ‘regulation of secretion by cell’

 Supplementary Figure S4 B). Next, we examined whether the
xpression of MPI genes is upregulated by Chd4 deletion, as
bserved in oocytes, but found no difference in the expres-
ion of 104 female MPI genes ( Supplementary Figure S4 C).
owever, pro-apoptotic genes Bbc3 and Gadd45g were up-

egulated in Chd4 DcKO male germ cells, as was observed
n oocytes (Figure 8 D and Supplementary Figure S4 D). Thus,
HD4 represses the Bbc3 and Gadd45 genes in both males

nd females.  
To determine whether CHD4 also represses accessible chro-
matin in male germ cells, we performed A T AC-seq analysis on
P3 Chd4 DcKO male germ cells ( Supplementary Figure S4 E).
Chromatin accessibility was increased in Chd4 DcKO male
germ cells compared to P3 Chd4 Dctrl, as observed in oocytes
(Figure 8 E). In addition, P3 Chd4 DcKO male germ cell-
specific A T AC peaks were enriched in intron and intergenic
regions, and only slightly in the promoter-TSS region (Figure
8 F). As shown in the track view, chromatin accessibility of the
Bbc3 gene at the TSS was increased (Figure 8 D). These results
indicate that CHD4 suppresses expression of apoptosis genes
by repressing chromatin accessibility in P3 Chd4 DcKO male
germ cells, leading to cell survival. Taken together, we con-
clude that CHD4 defines the chromatin state to ensure germ
cell survival, enabling the long-term maintenance of female
and male germ cells. 

Discussion 

The germline must maintain genome integrity to ensure gen-
eration of the offspring. Thus, mechanisms underlying long-
term maintenance of the germline are critical at sexually di-
morphic stages of the germline: one for maintenance of the
ovarian reserve in females and another for maintenance of
spermatogonial stem cells in males. We report here that CHD4
is a critical regulator for the long-term maintenance of the
germline in both males and females. In combination with
mouse genetics and epigenomic analyses, our study reveals
that CHD4 directly binds and closes accessible chromatin at
the distal regulatory elements genome-wide. This mechanism
underlies regulation of pro-apoptotic genes in both females
and males (Figure 8 G). Notably, the female germline is main-
tained in the ovarian reserve after MPI, and CHD4 is required
to close the regulatory elements for MPI genes in females but
not in males (Figure 8 G). These results highlight the common
and distinct features of chromatin regulation in female and
male germlines. 

We find that CHD4 is required for both formation and
maintenance of ovarian reserve. Because CHD4 has a main-
tenance function after ovarian reserve formation, it is likely
that CHD4 continues to associate with chromatin in MPI-
arrested NGOs. The histone H3.3 chaperone HIRA, which
continues to replace H3.3 in NGOs is critical to maintain
the ovarian reserve ( 74 ), suggesting that the chromatin state
of NGOs is not static. Thus, a chromatin remodeler may
be required to maintain a dynamic chromatin environment
in NGOs. Furthermore, loss of the DNA damage response
(DDR) genes has been implicated in ovarian aging, suggest-
ing a possible function of DDR in the ovarian reserve main-
tenance ( 75 ). Noteworthy is that CHD4 is known to func-
tion in the context of DDR ( 76 ,77 ). To further clarify the
molecular mechanism for CHD4 in formation and mainte-
nance of the ovarian reserve, the composition of the CHD4-
containing chromatin remodeling complex needs to be deter-
mined to distinguish its function from other chromatin re-
modelers whose functions are not known in ovarian reserve
formation. 

Another critical regulator of POT is PRC1 for MPI exit
( 7 ). Notably, MPI genes repressed by CHD4 (Figure 3 D)
are also repressed by PRC1 ( 7 ), suggesting possible coordi-
nation between CHD4 and PRC1 in MPI exit. In this con-
text, CHD4 closes the accessible chromatin at POT. Consis-
tent with this observation, in embryonic stem cells, CHD4-
containing NuRD complexes deacetylate histone H3K27 and

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf008#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf008#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf008#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf008#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf008#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf008#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf008#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf008#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf008#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf008#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf008#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf008#supplementary-data
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male germ cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

recruit PRC2, which often functions with PRC1 to facili-
tate H3K27me3-mediated repression ( 78 ). On the other hand,
CHD4 was also enriched at downregulated genes in Chd4
DcKO NGOs at P1 and P5 (Figure 6 E), suggesting the pos-
sible function of CHD4 in gene activation. Indeed, CHD4 not
only represses transcription, but the CHD4-containing NuRD
complex also functions in gene activation in stem cells and
during development and is required for expression of genes
required for stem cell maintenance ( 17 , 27 , 79 ). We found that
genes involved in oogenesis, such as Gdf9 and Zp3 , were
downregulated in Chd4 DcKO NGOs. These results suggest
that CHD4 regulates the expression of key genes that define
the identity of each cell type. 

We also investigated the target sites of CHD4-mediated
chromatin remodeling. The majority of CHD4 binding sites
and the accessible chromatin sites closed by CHD4 are located
in intergenic regions and introns. To determine the most en- 
riched DNA motifs at sites closed by CHD4 in wild-type (i.e.
CHD4-mediated transcriptional repression), we performed a 
de novo motif analysis of cKO-specific A T AC peaks in both fe- 
males and males ( Supplementary Figure S4 F). In females, the 
PRDM9 motif, which is often a feature of meiotic recombi- 
nation sites, was highly enriched, consistent with the role of 
CHD4 in facilitating exit from the MPI program. The ZNF11 

motif was commonly enriched in both females and males, sug- 
gesting a common program between males and females. In- 
triguingly, the NFYB and POU3F1 motifs, detected in males,
become open in late spermatogenesis ( 80 ). Thus, it is tempt- 
ing to speculate that the regulatory elements used in late sper- 
matogenesis are remodeled by CHD4 at an early stage, which 

may represent a mechanism for epigenetic priming in the male 
germline ( 81 ). 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf008#supplementary-data
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To further characterize CHD4 binding sites, we performed
 motif analysis in the regions of CHD4 CUT&Tag peaks
or P5 oocytes ( Supplementary Figure S5 A). We detected mo-
ifs for transcription factors whose function is not known in
he germline. However, de novo motifs detected common mo-
ifs for basic helix-loop-helix family, basic leucine zipper fam-
ly and homeobox family. We further performed HOMER de
ovo motif analysis of CHD4 CUT&Tag peaks in TSSs ( ±1
b) of DEG in Chd4 Dctrl and Chd4 DcKO oocytes at P1 and
5 ( Supplementary Figure S5 B). The analysis detected de novo
otifs have P -values with the possibility of false positives, sug-

esting that there are no specific DNA sequences enriched for
ctivation and inhibition of transcription. These results sug-
est that CHD4 recognizes a wide variety of DNA sequences
epending on the protein complexes in which CDH4 exists. 
CHD4 is required to maintain stem cell identity by re-

tricting the expression of differentiation-associated genes
 17 , 82 , 83 ). The CHD4-containing ChAHP complex is a crit-
cal determinant of 3D chromatin ( 84 ), and CHD4 regulates
ell differentiation by preventing enhancer activation through
nhancer-promoter interactions ( 85 ,86 ). This mechanism may
nderlie the function of CHD4 in the germline, which has a
arked similarity to the function of CHD4 in maintaining her-
esvirus latency ( 87–89 ). In human cells, CHD4 is required for
he maintenance of Kaposi’s sarcoma-associated herpesvirus
KSHV)-mediated latent infection, in which viral genes are
oised to be transcribed in the latent chromatin ( 87 ). Dur-
ng latent infection, CHD4 binds and inhibits the enhancers
hat are derived from KSHV’s terminal repeats and prevents
xpression of viral genes ( 89 ), and the cleavage of the CHD4
rotein is linked to cell apoptosis ( 88 ). Thus, CHD4 functions
o maintain the cellular state, and this function may be critical
or maintaining the ovarian reserve and epigenetic priming in
he germline. Given the similarity to latent infection, it would
e interesting to determine whether CHD4 cleavage triggers
poptosis in oogenesis. 

Together, our study reveals a chromatin remodeling mecha-
ism underlying regulatory elements required for key develop-
ental transitions in the germline. A next key question is how

hese specific sites are determined to be regulated by CHD4.
ecause transcription factors (FIGLA, FOXO3) and several
ignaling pathways (Notch, TGF- β, JNK and hypoxia signal-
ng) are implicated in primordial follicle formation, it will
e important to understand how these mechanisms intersect
ith chromatin remodeling to establish the necessary chro-
atin states for ovarian reserve formation. Furthermore, given

he significant role of the RNA regulatory network in pri-
ordial follicle formation ( 90 ), the mechanistic relationship
etween the RNA regulatory network and chromatin-based
ellular memory emerges as an important agenda for future
nvestigation. 
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