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ABSTRACT

Functional crosstalk between histone modifications
and chromatin remodeling has emerged as a key reg-
ulatory mode of transcriptional control during cell
fate decisions, but the underlying mechanisms are
not fully understood. Here we discover an HRP2-
DPF3a-BAF epigenetic pathway that coordinates
methylated histone H3 lysine 36 (H3K36me) and ATP-
dependent chromatin remodeling to regulate chro-
matin dynamics and gene transcription during myo-
genic differentiation. Using siRNA screening tar-
geting epigenetic modifiers, we identify hepatoma-
derived growth factor-related protein 2 (HRP2) as a
key regulator of myogenesis. Knockout of HRP2 in
mice leads to impaired muscle regeneration. Mech-
anistically, through its HIV integrase binding do-
main (IBD), HRP2 associates with the BRG1/BRM-
associated factor (BAF) chromatin remodeling com-
plex by interacting directly with the BAF45c (DPF3a)
subunit. Through its Pro-Trp-Trp-Pro (PWWP) do-
main, HRP2 preferentially binds to H3K36me2. Con-
sistent with the biochemical studies, ChIP-seq anal-
yses show that HRP2 colocalizes with DPF3a across
the genome and that the recruitment of HRP2/DPF3a

to chromatin is dependent on H3K36me2. Integrative
transcriptomic and cistromic analyses, coupled with
ATAC-seq, reveal that HRP2 and DPF3a activate myo-
genic genes by increasing chromatin accessibility
through recruitment of BRG1, the ATPase subunit of
the BAF complex. Taken together, these results illu-
minate a key role for the HRP2-DPF3a-BAF complex
in the epigenetic coordination of gene transcription
during myogenic differentiation.

INTRODUCTION

Higher organisms comprise a myriad of phenotypically
and functionally distinctive cell types that contain almost
the same genomic DNA. Epigenetic mechanisms, such as
histone modifications and ATP-dependent chromatin re-
modeling, utilize identical genomic information to estab-
lish unique chromatin structures and gene expression pat-
terns that cells acquire in fate specification during develop-
ment or in response to environmental perturbations (1,2).
Crosstalk between histone modifications and chromatin re-
modeling that precisely controls chromatin dynamics dur-
ing transcription has emerged as a key regulatory mode in
cell fate decisions (3,4), and its misregulation is implicated
in neurodegenerative diseases, diabetes and many cancers
(5-7). However, the underlying mechanisms governing the
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coordination of these two aspects of epigenetic regulation
are not fully understood.

Histone modifications alter the direct contacts between
histones and DNA and thus generate docking sites for effec-
tor proteins, or readers (8). Binding of readers to histones
recruits components of the transcriptional machinery and
chromatin remodeling complexes to chromatin, regulates
gene expression and determines the functional outcome of
the corresponding histone modifications (9,10). The Pro-
Trp-Trp-Pro (PWWP) domain belongs to the Tudor do-
main ‘Royal family’ and functions as a histone methy-
lation reader (11), and is noteworthy for its affinity for
methylated histone 3 lysine 36 (H3K36me) (12). PWWP
proteins are involved in numerous nuclear processes such
as gene transcription (13-16), DNA methylation (17-19),
mRNA splicing (20), chromatin remodeling (21) and DNA
damage repair (22-24). Hepatoma-derived growth factor-
related protein 2 (HRP2) belongs to the HRP family and isa
PWWP domain-containing histone reader protein (12,25).
The function of HRP2 has previously been reported to be
linked to chromatin dynamics. HRP2 facilitates HIV-1 in-
tegration by interacting with and tethering the HIV inte-
grase to active transcription sites (26,27). Through recruit-
ment of the homologous recombination repair machinery,
HRP2 has also been shown to promote DNA repair (23).

Myogenesis, the formation of muscular tissue, occurs
during embryonic development, and is recapitulated in
adult skeletal muscle in response to injury and disease.
During myogenesis, activated muscle progenitors withdraw
from the cell cycle, express lineage-specific genes and termi-
nally differentiate to multinucleated myotubes (28-30). Epi-
genetic regulation such as histone modification and chro-
matin remodeling ensures the correct integration of devel-
opmental signals at gene regulatory regions and creates a
permissive chromatin environment for RNA Pol II bind-
ing and transcription in myogenesis (31-34). These features
make myogenesis a classical model for studying the role of
epigenetic regulation in cell fate decisions.

In this study, we find that HRP2 is indispensable for
myogenic differentiation and that its deficiency impairs
post-injury muscle regeneration in mice. HRP2 preferen-
tially binds to H3K36me2 and recruits the BRG1/BRM-
associated factor (BAF) chromatin remodeling complex, by
interacting directly with its DPF3a subunit, to myogenic
gene promoters. Thus, the HRP2-DPF3a-BAF complex co-
ordinates histone modification and chromatin remodeling
and activates muscle-specific gene expression during myo-
genic differentiation.

MATERIALS AND METHODS

Cell culture

C2C12 cells were maintained in growth medium (DMEM)
with 20% fetal bovine serum (FBS). After reaching to
90% confluence, growth medium were replaced with dif-
ferentiation medium containing 2% horse serum to induce
differentiation. HEK293T cells were cultured in DMEM
supplemented with 10% fetal bovine serum (FBS). All
cell lines were maintained at 37°C incubator containing
5% COa,.

Generation of C2C12-E3MCK-luc M21 reporter cell line

To generate the C2C12-E3MCK-luc M21 reporter cell line,
MCK promoter and enhancer were inserted into pGL4.16
[luc2CP/Hygro] vector and transfected into C2CI12 cells.
Stable integrated clone that could monitor myogenesis
though luciferase reporter activity was picked up after
hygromycin selection, referred to as C2C12-E3MCK-luc
M21.

siRINA screening

Epigenetics siRNA library targeting 220 epigenetic modi-
fiers (four siRNAs targeting the same gene) was purchased
from Dharmacon. C2C12-E3MCK-luc M21 was seeded in
a 24-well plate overnight and then transfected with siRNAs
using Lipofectamine RNAIMAX (Invitrogen) for 48 h be-
fore differentiation. The 2nd transfection was performed af-
ter 24 h of differentiation in differentiation medium. The lu-
ciferase activity was measured after 96 h of differentiation.
The luciferase raw data was calculated and ranked by rela-
tive log, fold change compared to control group. Heatmaps
were generated in R using the pheatmap package.

siRNA knockdown assay

All siRNAs were transfected twice using Lipofectamine
RNAIMAX (Invitrogen) following the manufacturer’s
recommendations. The final concentration of the siRNA
is 20nM. C2C12 myoblast cells were seeded on day 1.
Twenty-four hours later, the first transfection was per-
formed (day 2) when the cell confluence reached to 40%.
Forty-eight hours later, the myoblast cells were induced to
differentiation with 2% horse serum (day 4). The second
transfection was performed in the differentiated myotube
cells 24 h after the induction of differentiation (day 95).
The siRNA sequences used were as follows: siDPF3a-#1

(5'-CACGUACCACGGAGGACUU-3),  siDPF3a-#2
(8'-CUGACUCUGGUCAUUGUUC-3), siDPF3a-#3
(5-GUCAUUGUUCUAGUUCUGA-3),  siHRP2-#1
(5-GGUACAAGGCCAACAAGGA-3), siHRP2-#2
(5'-GUGAAGAAGCGUAGCCGAA-3), siBRG1-#1
(5-CUGAUUCCUCCGCAACCAA-3), siBRG1-#2
(5'-CUGAUGAUGAGACCGUCAA-3), siMYOD-#1
(5-GGUCUCAGGUGUAACAGGU-3), siMYOD-#2
(5'-CGAACCAGCGGCUACCCAA-3) sIMYOD-#3
(5'-GCUCUGAUGGCAUGAUGGA-3).  siNSD2-#1

(5'-GAUGUAUGUGGCAAACCUU-3'). and siNSD2-
#2 (5-GAAUUGCUUGGGUCCCAGU-3').

Immunoblotting

Tissue samples and cells were lysed with RIPA buffer
supplemented with protease inhibitor cocktail (Roche)
and phosphatase inhibitor cocktail (Roche). After adding
SDS loading buffer, samples were boiled for 10 min.
Protein samples were resolved by SDS-PAGE gels and
then transferred to nitrocellulose membranes. The mem-
branes were blocked and incubated with primary anti-
bodies. Antibodies used were TY1 (Sigma, SAB4800032),
HRP2 (Proteintech, 15134-1-AP), MHC (Developmental
Studies Hybridoma Bank, MF20), Myog (Santa Cruz,



SC-12732), GAPDH (Millipore, MAB347), FLAG-HRP
(Sigma, F7425), DPF3a (Custom made), P-DPF3a (Cus-
tom made), Pan-DPF3a (Custom made), GST (Santa Cruz,
sc-459) and MYOD (Santa Cruz, SC-304).

Immunofluorescence

Cells were fixed in 4% paraformaldehyde for 10 min and
permeabilized with 1% Triton X-100 for 5 min at room
temperature. Then cells were blocked in 5% BSA for 1
h at room temperature and incubated with primary anti-
body overnight at 4°C. Cells were washed with PBS, stained
with goat anti-mouse Alexa Fluor 488 secondary antibody
(Thermo Fisher Scientific) for 1 h at at room tempera-
ture and counter-stained with DAPI to detect nuclei. Im-
ages were captured using a fluorescence microscope (DMiS,
LEICA). MHC (Developmental Studies Hybridoma Bank,
MF20) antibody was used.

Mass spectrometry

To identification of HRP2-interacting proteins, HEK293T
cells were transfected with plasmid expressing FLAG-
tagged HRP2. Cells were resuspended in NP-40 lysis buffer
(150mM sodium chloride, 1% NP-40, 50 mM Tris PH
8.0) with protease inhibitor cocktail (Roche) and cen-
trifuged at 12 000 g for 20 min at 4°C. The supernatants
were incubated with anti-FLAG M2 affinity gel at 4°C
overnight. After washing four times with NP-40 lysis buffer,
FLAG protein complex was eluted with FLAG peptide
(Sigma). The elutes were resolved on NuPAGE 4-12% Bis—
Tris gel (Invitrogen) and stained with a silver staining kit
(Pierce). The protein bands were cut out and analysed by
liquid chromatography—-tandem mass spectrometry (LC—
MS/MS).

Co-immunoprecipitation (Co-IP)

Cells were resuspended in ice-cold NP-40 lysis buffer
(150mM sodium chloride, 1% NP-40, 50 mM Tris PH 8.0)
with protease inhibitor cocktail (Roche) and centrifuged at
12 000 g for 20 min at 4°C. For FLAG-tagged proteins,
the supernatants were incubated with anti-FLAG M2 affin-
ity gel at 4°C overnight. For other immunoprecipitations,
the supernatants were incubated with the indicated anti-
bodies overnight at 4°C. Dynabeads Protein G were added
for 4 h at 4°C. After washing four times with NP-40 lysis
buffer, SDS loading buffer was added and boiled for 10 min.
The supernatants were subjected to immunoblotting. Anti-
bodies used were TY1 (Sigma, SAB4800032), FLAG-HRP
(Sigma, F7425), BRG1 (Proteintech, 21634-1-AP), BAF155
(Proteintech, 17722-1-AP), BAF60A (Proteintech, 10998-2-
AP), DPF3 (GeneTex, GTX122249), Myc (Cell Signaling
Technology, 2278) and DPF3a (Custom made).

Protein purification and pulldown

S-tag-DPF3a, GST-HRP2 and truncated GST-HRP2 fu-
sion proteins were expressed and purified from Escherichia
coli BL21 (DE3). After induction with IPTG overnight
at 16°C, cells were resuspended in GST lysis buffer (100
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mM NaCl, 50 mM Tris—=HCI pH 8.0) supplemented with
1% Triton X-100, 1 mM dithiothreitol (DTT), protease in-
hibitor cocktail (Roche) and 0.2 mM PMSF, sonicated and
centrifuged. The supernatants were mixed with S-protein
agarose or glutathione agarose. The beads were washed with
lysis buffer. S-tag-DPF3a were eluted with elution buffer.
For pulldown assay, GST-HRP2 and truncated GST-HRP2
fusion proteins immobilized on glutathione agarose were
incubated with HEK293T cell lysis transfected with myc-
tagged DPF3a. GST-HRP2 immobilized on glutathione
agarose were incubated with S-tag-DPF3a. After washing
four times, the beads were boiled for 10 min. The super-
natants were analyzed by Coomassie blue staining and im-
munoblotting. Antibodies used were Myc (Cell Signaling
Technology, 2278) and S-protein HRP Conjugate (Milli-
pore, 69047).

CRISPR-Cas9 mediated gene knockdown of DPF3a

LentiCas9-Blast (#52962) construct was purchased from
Addgene (Watertown, MA, USA). To generate stable cells
expressing cas9, HEK293T cells were co-transfected with
lentiCas9-Blast and the packaging plasmids (PMD2G and
PSPAX?2). After transfection for 6 h, the medium contain-
ing the transfection reagent was removed and replaced with
fresh complete DMEM. The lentiviral particles were har-
vested from HEK293T cells after another 48 h. Cells were
then infected with appropriate amounts of lentiviral par-
ticles for 12 h, and then virus-containing medium was re-
moved and replaced with fresh medium for 48 h. Stably
transduced cells were selected by blasticidin. DPF3a-KD
cell line was generated by cloning gRNA targeting exon
of DPF3a into the gRNA cloning vector lentiGuide-Puro
(Addgene, #52963). sgRNAs were designed using sgRNA
Designer (Broad Institute). Stable cells expressing cas9 was
infected and selected with puromycin. The expression of
DPF3a were detected via immunoblotting. The sgRNA
sequences used were as follows: sgRNA 1F (5-GGAAC
CGAATAAGTCCTCCG-3'), sgRNA 1R (5-CGGAGGA
CTTATTCGGTTCC-3'), sgRNA 2F (5-GGCCGCAGC
ACGTACCACGG-3'), sgRNA 2R (5-CCGTGGTACGT
GCTGCGGCC-3), sgRNA 3F (5-TGACGTGTCACTT
TCTGACG-3') and sgRNA 3R (5-CGTCAGAAAGTGA
CACGTCA-3).

Rescue assay

C2CI12 stable line expressing siRNA-resistant FLAG-
tagged WT and mutated HRP2 (R527A/R528A) was
seeded in a six-well plate overnight and then transfected
with siRNAs against Hrp2 or control using Lipofectamine
RNAiIMAX (Invitrogen) for 36 h before differentiation. The
second transfection was performed after 24 h of differenti-
ation. The expression of myogenic differentiation markers
were detected by immunoblotting after 96 h of differentia-
tion.

Protein—protein ChIP assays

Cells were transfected with FLAG-tagged HRP2 or mu-
tated HRP2 (W21A). Then cells were treated with 1%
formaldehyde for 15 min. The reaction was quenched with
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125 mM glycine. Then cells were washed twice with PBS,
resuspended in 400 pl ChIP lysis buffer (50 mM Tris—HCI
pH 7.5, 140 mM NaCl, 1% Triton X-100, ] mM EDTA and
0.1% sodium deoxycholate) supplemented with protease in-
hibitor cocktail (Roche) and sonicated to DNA fragment
sizes of 500 bp to 2 kb. Samples were centrifuged at 20
000 g at 4°C for 20 min. The supernatants were incubated
with anti-FLAG M2 affinity gel at 4°C overnight. After
washing four times with ChIP washing buffer, SDS load-
ing buffer was added and boiled for at least 30 min to re-
verse the crosslinks. The supernatant were subjected to im-
munoblotting. Antibodies used were FLAG-HRP (Sigma,
F7425), Histone H3 (Abcam, ab1791), H3K36me2 (Ab-
cam, ab9049), H3K36me3 (Abcam, ab%9050), H3K4me3
(Millipore, 05-745), H3K9me3 (Millipore, 07-442) and
H3K27me3 (Abcam, ab6002).

Native ChIP assays

293T cells were transfected with FLAG-tagged HRP2 or
mutated HRP2 (W21A). 24 hours later, nuclei were pre-
pared and resuspended in 10 mM Tris—-HCI pH 7.5, con-
taining 10 mM NaCl, 3 mM MgCl,, 3 mM CaCl,, 0.1 mM
PMSF and chromatin was released by digestion with mi-
crococcal nuclease (Sigma) at 37°C for 10 min. Digestion
was optimized to produce primarily mono-nucleosomes.
Digestion was stopped by addition of 20 mM EDTA. Nu-
clear debris was removed by centrifugation and the solu-
ble chromatin was incubated with anti-FLAG M2 affinity
gel at 4°C overnight. After washing four times, SDS load-
ing buffer was added and boiled for 10 min. The super-
natant were subjected to immunoblotting. Antibodies used
were FLAG-HRP (Sigma, F7425), Histone H3 (Abcam,
ab1791), H3K36me2 (Abcam, ab%9049), H3K36me3 (Ab-
cam, ab%9050), H3K4me3 (Millipore, 05-745), H3K9me3
(Millipore, 07-442) and H3K27me3 (Abcam, ab6002).

RNA extraction and qRT-PCR

Total RNAs were extracted from TA tissues or cells us-
ing TRIzol (Invitrogen). 2 g of total RNA was reverse-
transcribed into cDNA by the cDNA Synthesis Kit
(Roche). Primers used for amplification were listed in Sup-
plementary Table S1.

Peptide pulldown assays

Biotinylated peptides were purchased from ChinaPeptides.
Briefly, 1 g, 5 g or 10 pg of peptides were incubated with
GST-HRP2 (IBD) fusion proteins overnight at 4°C. Strep-
tavidin agarose beads (Millipore) were added for 6 h at 4°C.
After washing four times with GST lysis buffer, SDS load-
ing buffer was added and boiled for 10 min. The super-
natant were subjected to immunoblotting. The sequences
of biotinylated peptides used were as follows: Biotin-
IBM (Biotin-LFGSTSESDTSTFHGFDEDD) and Biotin-
p-IBM [Biotin-LFGSTSESDT(p-S)TFHGFDEDD].

RNA-seq

Total RNAs from cells were isolated using TRIzol (Invit-
rogen) following the procedures described previously (35).

Libraries were constructed and sequenced on the BGISEQ-
500 platform (BGI Group, Shenzhen, P.R. China).

RNA-seq data analysis

The raw sequencing reads were checked using FastQC (ver-
sion 0.11.8). Cutadapt (v2.0) was used for adapter trim-
ming and low-quality filtering to get the clean data. The
genome sequence and gene annotation of Mus musculus
(mm10, GRCm38) from GENCODE (Release M17) were
used. The gene expression was quantified by Salmon (ver-
sion 0.8.0). Based on the quantification, differential ex-
pressed genes (DEGs) between sample groups were gen-
erated by DESeq2 (R version 3.3.2). DEGs were fil-
tered using the cutoff with fold change >1.5 and adjust
P-value <0.05.

ChIP-seq and ChIP-qPCR

ChIP experiments were performed following the proce-
dures described previously (36). For TY 1, Hrp2 and Dpf3a
ChIP, cells were double crosslinked by incubation with
DMA (Sangon Biotech, Shanghai, China) for 1 h fol-
lowed by treatment with 1% formaldehyde for 10 min at
room temperature. For H3K36me2 and Brgl ChIP, cells
were crosslinked with 1% formaldehyde. The crosslink
was quenched by adding 125 mM glycine at RT for 5
min. Cells were washed three times with PBS and lysed
using ChIP lysis buffer supplemented with protease in-
hibitor cocktail (Roche). The chromatin were then soni-
cated to DNA fragment sizes of 300-500 bp with Biorup-
tor Sonicator. Immunoprecipitation was performed with
TY1 (Sigma, SAB4800032), Hrp2 (Proteintech, 15134-1-
AP), Dpf3a (Custom made), H3K36me2 (Abcam, ab9049)
and Brgl (Santa Cruz, sc-17796 X). Input was used as con-
trol for ChIP-seq. After elution and reversal cross-linking,
samples were treated with RNase A at 37°C for 30 min. For
ChIP-seq, libraries were constructed and sequenced on Il1-
lumina HiSeq X ten. For ChIP-gPCR, 1 pl purified DNA
was used per qPCR reaction. Primers for ChIP-qPCR were
listed in Supplementary Table S2.

ChIP-seq data analysis

FastQC (version 0.11.8) and cutadapt (v2.0) were applied
to raw sequencing reads from ChIP and input libraries
for quality control and pre-processing to get the clean
reads, respectively. The reads were mapped to M. mus-
culus genome (mm10) by Bowtie2 (version 2.2.6). The
duplicated reads were removed using SAMtools (version
1.9). Then the peak finding algorithm from MACS2 (ver-
sion 2.1.1) was used to detect regions with significant
enrichment of ChIP signals. The ENCODE Processing
Pipeline for transcription factor and histone modifica-
tion ChIP-seq was refered to set the parameters of reads
mapping and peak calling. To associate the peaks with
nearby genes and genomic regions, annotatePeaks.pl from
HOMER (v4.10) was used. The deepTools suite (ver-
sion 3.2.0) was used to produce the binding profiles and
heatmaps.



ATAC-seq

100 000 cells were lysed in lysis buffer (10mM Tirs-HCI,
PH 7.4, 10mM NaCl, 3mM MgCl,, 0.1% (v/v) IGPAL
CA-630) for 10min on ice before centrifuged at 500g for
Smin. The nuclei were added with 50 .l transposition reac-
tion buffer (5 pl TruePrep Tagment Enzyme, 10 pl TruePrep
Tagment Buffer L and 35 pwl ddH,0O from Vazyme TD501-
01) and followed with incubation at 37°C for 30 min. After
tagmentation, VAHTS DNA Clean Beads were used to stop
the reaction and DNA was purified for final library con-
struction (TruePrepTM DNA Library Prep Kit V2 for Illu-
mina) before paired-end high-throughput sequencing using
HiSeq XTen.

ATAC-seq data analysis

Similar to the ChIP-seq data analysis, clean reads from
ATAC-seq were processed according to ENCODE Pro-
cessing Pipeline for ATAC-seq Data. Generally, ATAC-seq
reads were mapped to M. musculus genome (mml0) by
Bowtie2 (version 2.2.6), The deepTools suite (version 3.2.0)
was used to produce the binding profiles and heatmaps.

Generation of Hrp2 knockout mice

Hrp2 knockout mice were generated by Shanghai Model
Organisms Center, Inc. through CRISPR/Cas9-mediated
non-homologous end joining (NHEJ).

CTX injury and histological analysis

Nine-week-old male WT and Hrp2-KO mice were anaes-
thetized and injected intramuscularly into tibialis anterior
(TA) muscles using 50 pl of 20 wM CTX in saline to in-
duce muscle regeneration. Mice were sacrificed at 3, 5, 7
and 14 days post-injection by cervical dislocation. TA mus-
cles were harvested, immediately frozen in liquid nitrogen
and stored at —80°C. TA muscles were embedded in 100%
optimal cutting temperature (O.C.T.). 8-pm sections from
TA muscle were stained with hematoxylin and eosin. The
CSA of myofibers (n > 1000) in TA muscles and number of
nuclei within regenerating fibers (n > 300) were determined
using the Image J program from four animals (for CTX day
7). The distributions of fiber sizes were analysed (n > 1000)
from four animals (for CTX day 7).

Study approval

Mice were maintained under a 12 h light/12 h dark cycle
and fed with fresh water and rodent diet. Animal studies
were approved by the Ethical Committee of Tianjin Medical
University (permit number: SYXK 2009-0001).

Statistical analysis

Significance was calculated using the two-tailed unpaired t-
test to compare two groups of independent samples using
GraphPad Prism Software. P < 0.05 was considered statis-
tically significant. Results were presented as means £ SD
for at least three independent experiments.
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RESULTS

siRNA screening identifies HRP2 as a key epigenetic regula-
tor of myogenesis

To systematically identify epigenetic factors that regulate
myogenesis, we first developed a high-throughput screen-
ing assay in the C2C12 myoblast cell line (Figure 1A). We
generated an engineered C2C12 cell line carrying a muscle
creatine kinase (MCK) enhancer-driven luciferase reporter
gene (37), hereafter referred to as C2C12-E3MCK-luc M21
(Supplementary Figure S1A). MCK expression is induced
upon C2CI12 differentiation (Supplementary Figures S1B
and D); therefore, myogenesis can be monitored by the ex-
pression of the MCK-luc reporter gene. To validate this sys-
tem, we first tested the role of MYOD, a key transcription
factor for myogenesis (38,39). As expected, MYOD knock-
down resulted in decreased expression of myogenic markers,
such as myogenin and MHC (Supplementary Figures S1C
and E). Notably, MYOD knockdown also caused a reduc-
tion in reporter activity (Supplementary Figure S1C), sup-
porting the effectiveness of this reporter system for evalu-
ating myogenesis. Next, we conducted siRINA screening in
the engineered C2C12-E3MCK-luc M21 cells using a cus-
tomized siRNA library that targets 220 epigenetic mod-
ifiers, including histone modification writers, erasers and
readers. Consistent with previous reports (40), we found
that depletion of the Kdmda gene strongly reduced the
MCK-luc reporter activity, thereby further validating our
screening approach (Figure 1B).

HRP2, an H3K36me reader protein, was among the top
hits in the screen. Several H3K36 methyltransferases, in-
cluding SET domain containing 2 (Setd2) (41), Setd3 (42),
nuclear receptor binding SET domain protein 2 (NSD2)
(43) and absent, small or homeotic 1-like (Ash1L) (44), have
previously been shown as essential regulators of myogene-
sis, although how the alteration of H3K36me impairs mus-
cle differentiation remains unclear. Thus, we chose HRP2
for further investigation. Using another two siRNAs, we
found that knockdown of HRP2 greatly reduced the activ-
ity of MCK-luc reporter and muscle differentiation marker
genes (Figure 1C-E), confirming an essential role for HRP2
in myogenesis.

HRP2 interacts with the BAF chromatin remodeling complex

HRP2 does not possess any enzymatic domain; therefore,
it may exert its function by interacting with other tran-
scriptional machineries. To test this hypothesis, we car-
ried out a proteomics analysis to identify HRP2 binding
proteins. We performed HRP2 immunoprecipitation (IP)
using FLAG antibody with extracts from FLAG-HRP2-
expressing cells. Mass spectrometry analysis identified a
set of BAF chromatin remodeling complex subunits as en-
riched proteins in HRP2-IP (Figure 2A), including BRG1,
BAF155, BAF60A, ARIDIA and DPF3 (45,46). The as-
sociations between HRP2 and BAF subunits were further
confirmed by FLAG-HRP2 IP followed by immunoblot-
ting analysis using antibodies recognizing individual sub-
units (Figure 2B). Together, these results demonstrate that
HRP?2 associates with the BAF complex.
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Figure 1. Identification of HRP2 as a key epigenetic regulator in myogenesis. (A) Schematic of screening procedure using an siRNA library targeting
220 epigenetic regulators in C2C12-E3MCK-luc M21 cells. (B) Heatmap showing changes in luciferase activity of C2C12-E3MCK-luc M21 myotubes
transfected with an epigenetic siRNA library (left). Heatmap of the 12 epigenetic candidates yielding lowest luciferase activity in C2C12-E3MCK-luc M21
myotubes upon their knockdown (right). This experiment was performed in 3 replicates. (C) Luciferase activity quantification of C2C12-E3MCK-luc M21
myoblasts (Day 0) and myotubes (Day 4) transfected with scramble (siControl) and two different Hrp2 siRNAs. Data represent as means = SD of three
replicates. ** P < 0.01. (D) Western blotting analysis of MYOG, MHC and GAPDH in C2C12 myoblasts and myotubes transfected with scramble and

two different HRP2 siRNAs. (E) Immunofluorescence analysis of MHC and DAPI in C2C12 myoblasts and myotubes transfected with scramble and two
different HRP2 siRNAs. Scale bars, 25 pm. DAPI, 4/,6-diamidino-2-phenylindole.

HRP2 associates with the BAF complex through direct inter-
action with DPF3a

To gain more molecular insights into the association be-
tween HRP2 and the BAF complex, we next sought to iden-
tify the specific BAF complex subunit(s) that mediate the
interaction. HRP2 protein contains two known functional
domains: a PWWP domain and an HIV integrase bind-
ing domain (IBD). The IBD domain is mainly responsible
for the interactions of HRP2 with its binding partners, in-
cluding interacts-with-Spt6 (IWS1), JPO2 (also known as
CDCA7L, RAM2 and R1), CDC7-activator of S-phase ki-
nase complex (ASK) and pogo transposable element with
zinc finger domain (PogZ) (47). Alignment of the amino
acid sequences of these known HRP2-interacting proteins
revealed a consensus motif (S/EXFXGF) termed the IBD
binding motif (IBM) (47,48). Interestingly, we found that
DPF3a, but not other BAF subunits, possesses an IBM in
its C-terminus region (Figure 2C), suggesting that DPF3a is

the subunit which mediates the association between HRP2
and the BAF complex.

DPF3, also called BAF45C, consists of two distinct iso-
forms (49). DPF3b contains tandem plant homeodomain
(PHD) fingers that can bind to acetylated and methylated
histone lysine residues (50,51). In contrast, DPF3a pos-
sesses a half PHD finger and a distinct C-terminus of un-
known function. As shown in Figure 2D, HRP2 interacted
with isoform DPF3a, but not DPF3b. To examine whether
HRP2 directly binds to DPF3a, we performed a GST pull-
down assay with purified full-length and truncated HRP2.
As shown in Figure 2E and F, HRP2 directly interacts with
DPF3a and deletion of the IBD abolished this interaction.
We further identified the critical residues that mediate this
interaction. As illustrated in Figure 3A and B, mutations
in either the IBD (R527D/R528D or R527A/R528A) of
HRP2 or the IBM (F325A or F328A or F325A /F328A) of
DPF3a effectively abolished the interaction between these
two proteins. Collectively, these results demonstrate that
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Figure 2. HRP2 directly interacts with DPF3a. (A) 293T cells were transfected with FLAG-HRP2 and whole cell lysates were subjected to co-IP. Isolated
HRP2 binding proteins were visualized by silver staining. (B) Co-IP analysis of the interactions between FLAG-HRP2 and BAF complex subunits in 293T
cells. (C) Alignment of DPF3a with other IBD binding protein sequences shows that DPF3a possesses a typical IBD binding motif (IBM). (D) Schematic
representation of the DPF3 isoforms. DPF3a contains a half PHD finger and a specific C-terminus, whereas DPF3b contains a double PHD finger. Blue:
2/3 domain; teal: C2H2-Kriippel-like zinc finger; purple: first plant homeodomain; orange: second plant homeodomain; red: DPF3a-specific C-terminus
(upper). Co-IP analysis of the interaction between FLAG-HRP2 and myc-DPF3a or myc-DPF3b in 293T cells (lower). (E) HRP2 IBD domain is essential
for DPF3a binding. Schematic representation of HRP2. Amino acid positions are depicted (upper). GST pull-down assays examining the interactions
between GST-HRP2 (WT and its truncated mutants as indicated) and myc-DPF3a shows that the IBD domain of HRP2 is indispensable for DPF3a
binding (lower). (F) S-tag-tagged DPF3a was purified in bacteria and subjected to GST pull-down assay together with GST-HRP2. The result shows that
HRP2 interacts with DPF3a directly in vitro.
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Figure 3. HRP2 associates with the BAF complex by interacting with DPF3a. (A) Co-IP analysis of the interactions between FLAG-HRP2 (WT or
mutants) and myc-DPF3a in 293T cells. (B) Co-IP analysis of the interactions between FLAG-HRP2 and myc-DPF3a (WT or mutants) in 293T cells.
(C) Co-IP analysis of the interactions between FLAG-HRP2 (WT or mutants) and BAF complex subunits in 293T cells. “** indicates nonspecific bands.
(D) Co-IP analysis of the interactions between myc-DPF3a (WT or mutants) and BAF complex subunits in 293T cells. (E) 293T cells were transfected
with three sgRNAs targeting DPF3a, and stable cells were obtained by puromycin selection. Co-IP assay examining the interactions of FLAG-HRP2 and
BRGI. “*” indicates nonspecific bands. (F) Co-IP analysis of the interactions between HRP2 and BAF complex subunits in C2C12 myotubes. “*’ indicates
nonspecific bands. (G) Co-IP analysis of the interactions between FLAG-HRP2 (WT or mutants) and BAF complex subunits in C2C12 myotubes. “*’
indicates nonspecific bands. (H) C2C12 cells were transfected with empty vector, FLAG-HRP2 and FLAG-HRP2 mutant, and stable cells were obtained
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to differentiation. Western blot analysis of MHC, MYOG, FLAG, HRP2 and GAPDH in myoblasts and myotubes shows that overexpression of WT,
but not the mutant, HRP2 rescued the myogenic defects of HRP2-depleted cells. (I) C2C12 cells were transfected with empty vector, FLAG-HRP2 and
FLAG-HRP2 mutant, and stable cells were obtained by puromycin selection. These stable cells were transfected with scramble (siControl) and two different
HRP2 siRNAs as indicated and then subjected to differentiation. Phase contrast microscopy images show that WT, but not the mutant, HRP2 rescued the
myogenic defects of HRP2-depleted cells. Scale bars, 100 pm.



HRP2 directly interacts with DPF3a through the IBD-IBM
binding interface.

To investigate whether DPF3a could bridge HRP2 to the
BAF complex, we performed a co-IP assay with wild type
(WT) and IBD-mutant HRP2. As shown in Figure 3C, WT
HRP2 co-immunoprecipitated with DPF3a and BAF core
components, whereas the IBD mutants that did not interact
with DPF3a failed to immunoprecipitate with other BAF
subunits. These results suggest that the HRP2-BAF inter-
action depends on DPF3a. In contrast, DPF3a IBM mu-
tants, which lost the interaction with HRP2, retained the
ability to interact with other BAF components (Figure 3D),
suggesting that HRP2 is not required for the association be-
tween DPF3a and other BAF complex subunits. To confirm
this, DPF3a was depleted by CRISPR-mediated gene edit-
ing. As shown in Figure 3E, in the absence of DPF3a, HRP2
failed to interact with the core BAF component BRG1. To
investigate the association of HRP2 with the BAF complex
in muscle cells, we performed immunoprecipitation analy-
sis using anti-HRP2 antibody to enrich endogenous HRP2.
As shown in Figure 3F, endogenous HRP2 effectively co-
immunoprecipitates with DPF3a and BRG] in differenti-
ated C2C12 cells. Furthermore, the R527A /R528A mutant
of HRP?2 failed to interact with the BAF complex, in con-
trast to WT HRP2 (Figure 3G). These data indicate that
HRP2 interacts with the BAF complex in muscle cells. Al-
together, these results demonstrate that DPF3a works as a
hub linking HRP2 and the BAF complex.

To explore the functional importance of the interaction
between HRP2 and DPF3a in myogenesis, we transfected
siRNA-resistant WT and mutated HRP2 (R527A/R528A)
expression constructs into endogenous HRP2-depleted my-
otube cells. As shown in Figure 3H and I, overexpression of
WT, but not the mutant, HRP2 rescued the myogenic de-
fects of HRP2-depleted cells. These data indicate that the
regulation of myogenesis by HRP2 depends on its associa-
tion with DPF3a.

DPF3a is up-regulated during myogenesis and is essential for
muscle differentiation

Previous studies have shown that morpholino-mediated
knockdown of dpf3 in zebrafish led to severely reduced car-
diac contractility, incomplete cardiac looping and defec-
tive organization of cardiac and skeletal muscle fibers (50).
Consistent with the predicted role of DPF3a in myogene-
sis, we detected an increase of DPF3a mRNA during myo-
genic differentiation (Figure 4A). To confirm this increase
of DPF3a expression, we generated an antibody specifi-
cally recognizing DPF3a (Supplementary Figure S2A). As
shown in Figure 4B, the abundance of DPF3a protein also
increased upon myoblast differentiation. Moreover, deple-
tion of DPF3a dramatically diminished myotube forma-
tion following differentiation (Figure 4C and D). These re-
sults, together with previous reports, support a key role for
DPF3a in myogenesis.

Phosphorylation of DPF3a enhances its interaction with
HRP2

Unlike other IBM-containing proteins, DPF3a and ASK
possess a serine (S) instead of a glutamic acid (E) as the
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first amino acid of the canonical IBM (Figure 2C). Glu-
tamic acid is a negatively charged amino acid that can mimic
serine phosphorylation. Since phosphorylation is impor-
tant for protein interaction, we speculated that phospho-
rylation of DPF3a at serine 323 (S323) might affect its in-
teraction with HRP2. Cross-species amino acid sequence
alignment of the DPF3a C-terminus shows that DPF3a
S323 is evolutionarily conserved (Supplementary Figure
S2B). Pulldown assays showed that S323-phosphorylated
peptide exhibited higher affinity for recombinant GST-IBD
compared to unphosphorylated peptide (Figure 4E and
Supplementary Figure S2C). As shown in Figure 4F, the
amounts of HRP2 coprecipitated with phospho-mimetic
DPF3a mutants (S323D or S323E) markedly increased,
while the S323A phospho-dead DPF3a mutant (S323A)
failed to bind to HRP2. To further analyze DPF3a phos-
phorylation in vivo, we generated a phospho-specific DPF3a
antibody (anti-p-DPF3a) against the epitope containing the
phospho-S323 residue. As shown in Supplementary Figure
S2D, anti-p-DPF3a antibody recognized the phosphory-
lated peptide with markedly higher selectivity over the un-
phosphorylated peptide. The p-DPF3a antibody failed to
recognize the phospho-dead S323A mutant, further validat-
ing the specificity of this antibody (Supplementary Figure
S2E). Importantly, both total and phosphorylated DPF3a
abundance increased upon myoblast differentiation (Figure
4@G). Collectively, these results demonstrate that phospho-
rylation of DPF3a enhances the association between HRP2
and DPF3a.

Characterization of HRP2 genome-wide distribution during
myogenesis

Methylation of H3K36 has long been implicated in tran-
scriptional regulation (52,53). Since HRP2 is an H3K36me
reader protein and is required for myogenesis, we sought
to explore the regulatory mechanisms of HRP2 in gene
expression during myogenic differentiation. To do this,
we first mapped the genome-wide distribution of HRP2
by chromatin immunoprecipitation sequencing (ChIP-seq)
in undifferentiated C2C12 myoblasts (MB) and differen-
tiated myotubes (MT). As shown in Figure 5A, 25% of
total HRP2 peaks in MB and 27% in MT were detected
within gene promoter regions, indicating an enrichment
of HRP2 at promoter regions in both MB and MT. To
validate the genome-wide distribution of HRP2 in muscle
cells, we generated cells stably expressing an HRP2 con-
struct with a TY1 tag at its N-terminus. Western blotting
analysis showed that the expression of exogenous TY1-
HRP2 was comparable to that of endogenous HRP2 (Sup-
plementary Figure S3A). We then performed ChIP-seq us-
ing TY 1 antibody in myoblasts and myotubes, and bioinfor-
matics analysis revealed a high correlation between HRP2
and TY1-HRP2 ChIP-seq datasets (Supplementary Figure
S3B). Based on the ratio of HRP2 enrichment on these
genes in MB versus MT, we categorized HRP2 target genes
into three subgroups: HRP2-enriched genes in MB, com-
mon genes in MB and MT, and HRP2-enriched genes in
MT (Figure SB-E). Gene ontology analysis was performed
with HRP2-enriched genes in MB and in MT, and revealed
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Figure 4. DPF3a is critical for C2C12 differentiation, and elevation of DPF3a expression and phosphorylation in myotubes enhances its binding to HRP2.
(A) RT—qPCR analysis for Dpf3a (left) and Myog (right) transcripts of myoblasts and myotubes at various differentiation stages as indicated. Data represent
as means + SD of three replicates. ¥* P < 0.01 and *** P < 0.001. (B) Western blotting analysis of DPF3a, MYOG, MHC and GAPDH in myoblasts and
myotubes at various differentiation stages as indicated. (C) Western blotting analysis of MYOG, MHC, DPF3a and GAPDH in myoblasts and myotubes
transfected with scramble and three DPF3a-specific siRNAs as indicated. (D) Immunofluorescence analysis of MHC and DAPI in myotubes transfected
with scramble and three different DPF3a siRNAs. Scale bars, 25 pm. DAPI, 4',6-diamidino-2-phenylindole. (E) Biotin-labeled DPF3a or p-DPF3a peptide
was incubated with GST-IBD. Peptide pull-down assay shows that phosphorylation of DPF3a enhanced its affinity for HRP2. (F) Co-IP assay examining
the interaction of FLAG-HRP2 and indicated myc-DPF3a (WT or mutants). (G) Western blotting analysis of DPF3a, p-DPF3a, MHC, MYOG and
GAPDH in myoblasts and myotubes showing that phosphorylation of DPF3a increased upon cell differentiation.

that these two categories of genes were enriched for cell
proliferation and muscle cell differentiation, respectively
(Figure 5F). We performed RNA-seq analysis and identi-
fied genes that were differentially expressed during myo-
genic differentiation. Gene set enrichment analysis (GSEA)
showed that HRP2-enriched genes in MB and HRP2-
enriched genes in MT were enriched for down-regulated
genes and up-regulated genes upon differentiation, respec-
tively (Figure 5G). Taken together, these findings demon-
strate a redistribution of HRP2 on the genome during
myogenesis.

HRP2 genome recruitment depends on the H3K36me2 mark

HRP2 has been reported to interact with various methy-
lated histone peptides in vitro (12), and we therefore sought
to examine its binding preference in vivo. A protein-protein
ChIP assay showed that WT HRP2 strongly associated
with chromatin containing H3K36me2, while its binding to
H3K36me3 and other histone methylation marks was much
weaker. Mutation of a conserved aromatic residue (W21A)
in the hydrophobic cavity of HRP2 PWWP (11,12) abol-
ished these bindings (Supplementary Figure S3D). Sim-
ilar results were obtained from native ChIP assay with
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Figure 5. Characterization of HRP2 distribution in myoblasts and myotubes. (A) Genome-wide distribution of HRP2 in C2C12 myoblasts and myotubes.
(B) HRP2 binding genes were categorized into three subgroups: HRP2-enriched genes in MB, common genes in MB and MT, and HRP2-enriched genes
in MT. Venn diagram showing the number of genes in these three groups. (C) Heatmaps showing the distribution of HRP2 binding in the three groups of
genes indicated in (B) for the region —5 kb from the TSS to +5 kb from the TTS. Genes on the heatmaps are ordered according to decreasing total level of
HRP2. (D) Average genome-wide HRP2 occupancies are shown for the three groups of genes indicated in (B). Sequences 5 kb upstream of the TSS and 5
kb downstream of the TTS are also included. (E) Representative ChIP-seq tracks of HRP2-enriched genes in MB and MT. (F) Gene ontology enrichment
analysis of two groups of genes: HRP2-enriched genes in MB and HRP2-enriched genes in MT, as indicated in (B). (G) GSEA analysis combining the gene
sets indicated in (F) with RNA sequencing profiles upon myoblast differentiation. HRP2-enriched genes in MB were enriched for down-regulated genes
upon myoblast differentiation (upper). HRP2-enriched genes in MT were enriched for up-regulated genes upon myoblast differentiation (lower).
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Figure 6. HRP2 genome recruitment depends on the H3K36me2 mark. (A) 293T cells expressing FLAG-tagged HRP2 (WT or W21A mutant) were
subjected to native ChIP assay. Nucleosomes pulled down with anti-FLAG antibody were analyzed by western blotting using antibodies against various



mono-nucleosomes (Figure 6A and Supplementary Fig-
ure S3C). These data indicate that HRP2 preferentially
binds to chromatin regions marked by H3K36me2. To fur-
ther investigate whether genome recruitment of HRP2 de-
pends on the H3K36me2 mark, we performed H3K36me2
ChIP-seq in MT and observed that almost 80% of HRP2
occupied genes that overlapped with H3K36me2-enriched
genes (Figure 6B). Bioinformatics analysis showed that
the normalized tag density of HRP2 ChIP-seq was higher
in HRP2/H3K36me2-co-bound genes than in HRP2-
unique genes (Figure 6C). Furthermore, we categorized
HRP2/H3K36me2-co-bound genes into four groups ac-
cording to H3K36me2 normalized tag density around TSS.
As shown in Figure 6D, genes with higher H3K36me2
enrichment also exhibited higher enrichment of HRP2 at
the TSS (Figure 6D), indicating that HRP2 genome occu-
pancy correlates with the H3K36me2 mark. Notably, we
observed a shift ~1.5 kb between the maxima of HRP2
and H3K36me?2 signals (Supplementary Figure S3E). To
test if the recruitment of HRP2 to chromatin depends on
H3K36me2, we performed ChIP-sequencing with TY1 an-
tibody in C2C12 cells stably expressing TY I-HRP2 and the
TY1-HRP2 (W21A) mutation. Metagene analysis and rep-
resentative gene tracks showed that the TSS enrichment of
the W21A mutant decreased substantially relative to that
of WT HRP2 (Figure 6E and F), which indicates that the
loss of H3K36me2 binding abolishes the recruitment of
HRP2 to target gene TSS. Zhuang et al. reported that the
H3K36me2 methyltransferase NSD2 is important for mus-
cle development in mice (43). ChIP-qPCR analysis of sev-
eral HRP2-H3K36me2-co-bound genes revealed that de-
pletion of NSD2 specifically decreased H3K36me?2 signals
around TSS, together with a marked reduction of HRP2
binding at the TSS (Figure 6G and Supplementary Fig-
ure S3F). Taken together, these findings demonstrate that
HRP2 genome recruitment depends on the H3K36me?2 hi-
stone mark.

HRP2 colocalizes with DPF3a at gene promoters.

Since HRP2 directly interacts with DPF3a, we next tested
whether HRP2 acted in concert with DPF3a to regulate
gene expression. As shown in Figure 4B, the expression
of DPF3a was low in MB but markedly increased in MT.
Thus, we performed ChIP-seq with a focus on examin-
ing the genome-wide site occupancy by DPF3a in MT. As
shown in Figure 7A, nearly 30% of total DPF3a peaks in
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MT occurred within gene promoters. Importantly, >60%
of DPF3a-bound genes overlapped with HRP2-occupied
genes (Figure 7B). Furthermore, the distribution of DPF3a-
bound peaks resembled the genomic distribution of HRP2
(Supplementary Figure S4D). Metagene analysis revealed
that higher DPF3a occupancy occurred in HRP2-DPF3a-
co-bound genes than in DPF3a-unique genes (Figure 7C),
indicating that DPF3a genome recruitment correlates with
that of HRP2. Further bioinformatics analysis showed that
HRP2/DPF3a-co-bound genes exhibit longer gene length,
higher expression level and enrichment for muscle-related
genes (Supplementary Figure S4A—C), which is consistent
with the roles of HRP2 and DPF3a in muscle cell differen-
tiation.

To further investigate whether DPF3a binding to chro-
matin depends on HRP2, we performed ChIP-seq in con-
trol and HRP2-depleted C2C12 cells. Metagene analysis
and representative gene tracks showed that the loss of
HRP2 effectively reduced the promoter binding of HRP2
on HRP2/DPF3a-co-bound genes, together with a marked
reduction of DPF3a enrichment around the TSS (Fig-
ure 7D-F). Consistent with this, ChIP-qPCR on several
HRP2-DPF3a-co-bound genes revealed that depletion of
HRP2 binding concurrently reduced the DPF3a occupancy
around the TSS (Supplementary Figure S4E). Collectively,
these findings demonstrate that HRP2 is required for the
recruitment of DPF3a to target gene TSS.

Identification of common target genes of HRP2 and DPF3a
during myogenic differentiation

Since HRP2 colocalizes with DPF3a, and both are re-
quired for myogenesis, we proceeded to identify their co-
regulated genes that are responsible for myogenic differ-
entiation. First, we performed RNA-seq analyses in MB
and MT with depletion of HRP2 or DPF3a. We observed
2736 genes up-regulated upon MB differentiation, while
1305 genes and 1052 genes were down-regulated by HRP2
and DPF3a knockdown, respectively (Figure 8A and B).
Combining these three RNA-seq datasets, we identified 477
genes regulated by HRP2 and DPF3a (Figure 8C). Fur-
thermore, among these 477 genes, more than half (247/477)
overlapped with HRP2/DPF3A-co-bound genes (Figure
8D). Importantly, ~50% of these 247 genes (122) belonged
to categories of myogenesis (Figure 8E). These data suggest
that HRP2 and DPF3a modulate muscle differentiation by
regulating myogenic gene expression.

histone marks. (B) Venn diagram showing the number of overlaps between genes bound by HRP2 and H3K36me2 in C2C12 myotubes. (C) Heatmaps
showing the distribution of HRP2 and H3K36me2 on HRP2-H3K36me2-co-bound genes and HRP2-unique genes for the region —5 kb from the TSS to
+5 kb from the TTS. Genes on the heatmaps are ordered according to decreasing total level of HRP2. (left). Average genome-wide H3K36me2 and HRP2
occupancies are shown for HRP2-H3K36me2-co-bound genes and HRP2-unique genes. Sequences 5 kb upstream and 5 kb downstream of the TTS are also
included (right). (D) HRP2-H3K36me2-co-bound genes are categorized into four groups according to H3K36me2-normalized tag density around TSS.
Average genome-wide H3K36me2 and HRP2 occupancies are shown for these four gene sets. Sequences 5 kb upstream of the TSS and 5 kb downstream of
the TTS are also included. (E) Heatmaps showing the distribution of TY1-HRP2 and TY1-HRP2-W21A binding on HRP2-H3K36me2-co-bound genes
and HRP2-unique genes for the region -5 kb from the TSS to +5 kb from the TTS. Genes on the heatmaps are ordered according to decreasing total
level of TY1-HRP2 (left). Average genome-wide TY1-HRP2 and TY1-HRP2-W21A occupancies are shown for HRP2-H3K36me2-co-bound genes and
HRP2-unique genes. Sequences 5 kb upstream of the TSS and 5 kb downstream of the TTS are also included (right). (F) Gene tracks showing representative
ChIP-Seq profiles for the indicated proteins and histone marks at the Usp38, Aktip and Sic12a2 gene loci in myotubes. (G) ChIP-qPCR of H3K36me?2 and
HRP2 at Usp38, Aktip and Sici2a2 gene loci in MT C2C12 cells transfected with siRNA as indicated. PCR primers were designed according to ChIP-seq
peaks of corresponding proteins on these gene loci. Schematic representation of PCR primer design is provided. Enrichment values (Y axis) are expressed
as fold change normalized to input chromatin. Data are represented as means = SD of three replicates. ** P < 0.01 and *** P < 0.001.
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Figure 7. Genome-wide colocalization of DPF3a and HRP2 in myotubes. (A) Genome-wide distribution of DPF3a binding in C2C12 myotubes. (B)
Venn diagram showing the number of overlaps between genes bound by HRP2 and DPF3a in C2C12 myotubes. (C) Heatmaps showing the distribution
of DPF3a and HRP2 on HRP2-DPF3a-co-bound genes and DPF3a-unique genes for the region -5 kb from the TSS to +5 kb from the TTS. Genes on
the heatmaps are ordered according to decreasing total level of DPF3a (left). Average genome-wide DPF3a and HRP2 occupancies are shown for HRP2-
DPF3a-co-bound genes and DPF3a-unique genes. Sequences 5 kb upstream of the TSS and 5 kb downstream of the TTS are also included (right). (D)
Heatmaps showing the distribution of HRP2 on HRP2-DPF3a-co-bound genes and DPF3a-unique genes in WT and HRP2 knockdown cells for the
region from -5 kb to +5 kb from the TTS. Genes on the heatmaps are ordered according to decreasing total level of HRP2 (left). Average genome-wide
HRP2 occupancies are shown for HRP2-DPF3a-co-bound genes and DPF3a-unique genes in WT and HRP2 knockdown cells. Sequences 5 kb upstream
of the TSS and 5 kb downstream of the TTS are also included (right). (E) Heatmaps showing the distribution of DPF3a on HRP2-DPF3a-co-bound genes
and DPF3a-unique genes in WT and HRP2 knockdown cells for the region —5 kb from the TSS to +5 kb from the TTS. Genes on the heatmaps are
ordered according to decreasing total level of DPF3a (left). Average genome-wide DPF3a occupancies are shown for HRP2-DPF3a-co-bound genes and
DPF3a-unique genes in WT and HRP2 knockdown cells. Sequences 5 kb upstream of the TSS and 5 kb downstream of the TTS are also included (right).
(F) Gene tracks showing representative ChIP-Seq profiles for the indicated proteins in various cells as indicated at the Aktip, Slc12a2 and Scrib gene loci.
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Figure 8. HRP2 and DPF3a regulate chromatin accessibility of myogenic gene loci through recruitment of the BAF complex. (A) Volcano plots of dif-
ferentially expressed genes in three groups: MB versus MT (left), siControl vs. siHRP2 (middle) in myotubes and siControl versus siDPF3a in myotubes
(right). (B) Representative heatmaps of genes up-regulated in myotubes (compared to myoblasts) and down-regulated upon DPF3a or HRP2 knockdown
in myotubes. (C) Venn diagram showing the number of overlaps between the three genes sets indicated in (A). (D) Venn diagram showing the number
of overlaps between HRP2-DPF3a-co-bound genes and common genes of three RNA-seq datasets indicated in (A). (E) Representative heatmap of 247
overlapped genes indicated in (D). Of these, 122 can be sub-categorized into muscle-related genes. (F) Representative heatmaps of 122 muscle-related genes
down-regulated upon BRG1 knockdown in myotubes. (G) ChIP-qPCR of BRG1 at Aktip, Jphl and Scrib gene loci in MT C2C12 cells transfected with
siRNA as indicated. PCR primers were designed at ‘B’ region as indicated in Figure 6G. Enrichment values (Y axis) are expressed as fold change normal-
ized to input chromatin. Data are represented as means £ SD of three replicates. ** P < 0.01 and *** P < 0.001. (H) Average genome-wide ATAC signals
are shown for HRP2-DPF3a-co-bound genes and 247 overlapped genes in myotubes, with transfection as indicated. Sequences 5 kb upstream of the TSS
and 5 kb downstream of the TTS are also included. (I) Gene tracks showing representative ATAC-seq profiles in cells, with transfection as indicated, at

the Aktip and Jphl gene loci.
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HRP2 and DPF3a recruit BRG1 and increase chromatin ac-
cessibility at myogenic genes

Since HRP2 associates with the BAF complex through di-
rect interaction with DPF3a, we next tested whether BRG1,
the enzymatic subunit of BAF, also regulates HRP2-DPF3a
target genes. As shown in Figure 8F, the expression of
the 122 myogenic genes commonly regulated by HRP2-
DPF3a also markedly decreased upon BRG1 knockdown.
Consistent with this observation, BRG1 knockdown abol-
ished myotube formation following differentiation (Supple-
mentary Figure S5A). Furthermore, as analyzed by ChIP-
gPCR, the binding of BRGI1 to myogenic genes was de-
creased upon HRP2, DPF3a and NSD2 knockdown (Fig-
ure 8G and Supplementary Figure S5B). To examine chro-
matin accessibility, ATAC-sequencing (ATAC-seq) was per-
formed in MT with HRP2 and DPF3a knockdown. Meta-
gene analysis and representative gene tracks showed that
chromatin accessibility decreased upon HRP2 and DPF3a
knockdown at HRP2-DPF3a-co-bound genes as well as at
the 247 co-regulated muscle genes (Figure 8H, I and Sup-
plementary Figure S5C). Taken together, these data indi-
cate that HRP2 and DPF3a regulate myogenic genes by re-
cruiting the BAF complex and remodeling the correspond-
ing chromatin loci.

HRP2 is essential for muscle regeneration in mice

To further investigate the functions of HRP2 in vivo, we gen-
erated Hrp2 knockout (KO) mice (Figure 9A and B). Con-
sistent with a previous report (54), no apparent develop-
mental defects were observed in Hrp2 KO mice. To examine
the roles of HRP2 in muscle regeneration, the tibialis ante-
rior (TA) muscles from both WT and Hrp2 KO were degen-
erated by cardiotoxin (CTX) treatment. As shown in Sup-
plementary Figure S6A, on Day 5 after CTX injury both
WT and Hrp2 KO muscles contained fibers with central-
ized nuclei, indicating the occurrence of muscle regenera-
tion at the point of maximal injury. A compact assembly of
centrally nucleated regenerating fibers was observed at the
point of maximal injury in the WT muscles on Day 7 after
injury; however, the regenerating fibers in the Hrp2 KO mus-
cles at Day 7 appeared more sparsely organized, and quan-
tification of regenerating fibers revealed that muscle regen-
eration is more severely impaired in Hrp2 KO muscles than
in WT muscles (Figure 9C-F). Furthermore, we observed
that the expression of HRP2, MYOD, MYOG and eMyHC,
and of six representative HRP2 and DPF3a common tar-
get genes (Supplementary Figure S6B), was substantially
decreased in Hrp2 KO mice, indicating delayed muscle re-
generation (Figure 9G and H). Taken together, these results
revealed that Hrp2 depletion in mice led to impaired muscle
regeneration, further emphasizing the importance of HRP2
in myogenesis.

DISCUSSION

Chromatin dynamics plays a crucial role in the regulation
of gene transcription by providing the transcriptional ma-
chinery with dynamic access to genomic DNA. Histone
post-translational modifications and ATP-dependent chro-
matin remodeling represent two primary mechanisms that

typically work in concert to control chromatin dynamics
and function. Targeting a chromatin remodeling complex
to a particular genomic region through site-specific his-
tone modifications represents a key regulatory mode for
this functional crosstalk (3,4). Several components of the
BAF chromatin remodeling complex possess unique motifs
that mediate their binding to various histone marks. For in-
stance, the bromodomain of BRG1/BRM recognizes his-
tone lysine acetylation, thus helping the recruitment and re-
tention of the BAF complex onto chromatin templates (55—
57). The DPF3b isoform of BAF45C contains two PHD fin-
gers that are responsible for recruiting the BAF complex to
H3K14ac-marked nucleosomes (50,51). It has recently been
shown that DPF3b also interacts with monomethylated his-
tone H3K4 and thereby enhances BAF complex binding to
enhancers (58). However, experimental evidence of the in-
terplay between the BAF complex and other histone mod-
ifications is lacking. Both isoforms of DPF3 can associate
with the BAF complex. Unlike DPF3b, the DPF3a isoform
contains a single truncated PHD finger, which does not bind
to histone, raising the question of whether and how DPF3a
recruits the BAF complex to specific gene loci. In this study,
we find that the PWWP domain of HRP2 preferentially
binds to H3K36me2. HRP2 directly interacts with DPF3a
and recruits the BAF complex to genomic regions depend-
ing on the binding of HRP2 to H3K36me2. These find-
ings therefore indicate that HRP2-DPF3a acts as a ‘bridg-
ing’ adaptor to connect H3K36me2 and the BAF complex,
and establish H3K36me? as a histone mark that coordinates
with remodeling enzymes to regulate chromatin dynamics
and gene expression.

Methylation of H3K36 plays important roles at mul-
tiple stages of transcriptional regulation. Its ultimate ef-
fect on transcription depends on the degree of methy-
lation, the location of this specific modification and the
binding of reader proteins (52,53). ChIP-seq analyses re-
veal that H3K36me3 often appears within the gene bod-
ies of actively transcribed genes, while H3K36me2 displays
a marked enrichment at promoter or intergenic regions
(13,14,18,59,60). The gene body distribution of H3K36me3
is widely considered a hallmark of gene activation; however,
the functions and mechanisms of H3K36me?2 in transcrip-
tion are not well defined. Zhu ez al. showed that LEDGF,
a PWWP domain-containing protein, recognizes AshlL-
catalyzed H3K36me2 and recruits mixed-lineage leukemia
(MLL) protein to activate leukemia target genes (13). Our
biochemical analyses show that HRP2 preferentially binds
to H3K36me2 mark. Further ChIP analyses indicate that (i)
HRP2 genome occupancy correlates with the H3K36me2
mark; (i) W21 A mutation of HRP2, which abolishes HRP2
binding to H3K36me2, reduces the recruitment of HRP2 to
target genes and (iii) depletion of NSD?2 leads to decreased
H3K36me?2 signals and a marked reduction of HRP2 bind-
ing to chromatin. Collectively, these findings demonstrate
that HRP2 genome recruitment depends on the H3K36me2
histone mark. Consistent with our work, LeRoy et al. re-
cently reported that HRP2 binds to H3K36me2/3 and facil-
itates RNA Pol II transcription elongation by relieving the
nucleosome-induced barrier (14). Together, these findings
illustrate an epigenetic mechanism by which H3K36me2
contributes to transcriptional activation.
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Importantly, we observed that the maxima of H3K36me2
and HRP2 binding signals do not coincide perfectly. A
multi-step mechanism may be responsible for this loca-
tion shift. The HRP2/DPF3a/BAF complex is initially re-
cruited to target genes by direct binding of HRP2 to the
H3K36me2 mark upstream/downstream of the TSS region.
The BAF complex interacts with other proteins, such as
MYOD (61,62), which are located at the TSS and may facil-
itate the relocation and stabilization of the BAF complex at
the TSS. HRP2 is then dragged along with the BAF com-
plex to the TSS and thus dissociates from the H3K36me2
mark. Future investigations are needed to prove the above
multi-step mechanism (or some other mechanisms) under-
lying this location shift.

A prominent function of epigenetic regulation is to con-
trol cell fate and differentiation. Several lines of evidence
indicate that H3K36 methylation is required for myogenic
differentiation. Yi et al. reported that Setd2 is essential for
the proliferation and differentiation of myoblasts (41). It
has been shown that NSD2 is important for muscle devel-
opment in mice (43). Likewise, AshlL has been shown to
activate myogenic genes and promote myoblast fusion (44).
We find that the chromatin binding of HRP2 undergoes a
switch from cell proliferation to cell differentiation genes
during myogenic differentiation. HRP2 colocalizes and co-
operates with DPF3a to regulate the myogenic gene ex-
pression program and MB differentiation. Loss of function
studies in mice underscore a key role for HRP2 in injury-
induced muscle regeneration, further supporting its func-
tion in muscle cell fate specification. The PWWP domain
of HRP2 displays low-affinity binding to methylated his-
tone peptides in vitro (12,23). In contrast, cistromic anal-
ysis in our study and others reveals that HRP2 binds to
H3K36me2 at specific genomic regions (14). The underlying
mechanism for precise and selective binding of HRP2 to dis-
tinct target genes in MB and MT is currently unknown. One
possibility is that HRP2 acts in concert with associated pro-
teins to enhance the binding affinity and specificity of HRP2
for chromatin. During myogenic differentiation, both the
abundance and phosphorylation level of DPF3a increase,
which leads to a marked increase in the association between
HRP2 and DPF3a. The enhanced interaction between these
two proteins further promotes recruitment of the BAF com-
plex. Several components of the BAF complex contain hi-
stone modification reader domains. Thus, combinations of
multiple effectors may work synergistically to increase the
binding affinity and specificity of the HRP2-DPF3a-BAF
complex assemblage at target loci. Through its IBD do-
main, HRP2 interacts with various IBM-containing pro-
teins. Therefore, HRP2 may associate with other factors to
drive cell proliferation gene expression in MB. The switch
of binding partners during myogenesis represents a plausi-
ble explanation for the observed specific HRP2 distribution
and function.

Protein phosphorylation functions as a key regulatory
mode for signal transduction and cellular responses to ex-
ternal cues (63). In response to hypertrophic stimuli, DPF3a
is phosphorylated by casein kinase 2 at S348, which is crit-
ical for the activation of cardiac fetal genes through the
recruitment of BRG1 (64). Here we show that DPF3a is
also phosphorylated at S323 upon myogenic differentia-

tion, which enhances its association with HRP2 and facili-
tates recruitment of the BAF complex to target genes. Thus,
DPF3a phosphorylation at different sites may generate sen-
sors that mediate cellular responses to various environmen-
tal changes, which eventually leads to the modulation of
chromatin dynamics and the specification of cell fate. The
kinase responsible for S323 phosphorylation of DPF3a is
currently unknown, however, and further investigation is
therefore needed to identify this kinase and define its role
in epigenetic regulation and muscle cell fate specification.
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