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Abstract
The development of skeletal muscle requires progression of a highly ordered cascade of events comprising myogenic lineage
commitment, myoblast proliferation, and terminal differentiation. The process of myogenesis is controlled by several
myogenic transcription factors that act as terminal effectors of signaling cascades and produce appropriate developmental
stage-specific transcripts. PHD finger protein 20 (PHF20) is a multidomain protein and subunit of a lysine acetyltransferase
complex that acetylates histone H4 and p53, but its function is unclear. Notably, it has been reported that PHF20 knockout
mice die shortly after birth and display a wide variety of phenotypes within the skeletal and hematopoietic systems.
Therefore, the putative role of PHF20 in myogenic differentiation was further investigated. In the present study, we found
that protein and mRNA expression levels of PHF20 were decreased during myogenic differentiation in C2C12 cells. At the
same time, Yin Yang 1 (YY1) was also decreased during myogenic differentiation. PHF20 overexpression increased YY1
expression during myogenic differentiation, together with a delay in MyoD expression. PHF20 expression enhanced the
transcriptional activity of YY1 while shRNA-mediated depletion of PHF20 resulted in the reduction of YY1 promoter
activity in C2C12 cells. In addition, PHF20 directly bounds to the YY1 promoter in C2C12 cells. In a similar manner, YY1
expression was elevated while myosin heavy chain expression was decreased in PHF20 transgenic (TG) mice. Histological
analysis revealed abnormalities in the shape and length of muscles in PHF20-TG mice. Furthermore, PHF20-TG muscles
slowly regenerated after cardiotoxin injection, indicating that PHF20 affected muscle differentiation and regeneration after
injury in vivo. Taken together, these results suggested that PHF20 plays an important role in myogenic differentiation by
regulating YY1.

Introduction

PHD finger protein 20 (PHF20) is a multidomain protein
and subunit of a lysine acetyltransferase complex that
acetylates histone H4 [1]. PHF20 has been shown to be a
transcription factor, and was initially identified in glioma
patients [2]. PHF20 knockout (KO) mice die shortly after
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birth and display a wide variety of phenotypes within the
skeletal and hematopoietic systems [3]. However, the
detailed mechanism of these phenotypes in PHF20-KO
mice has not been reported.

Skeletal muscle mass represents 40–50% of the human
body weight, making it the largest tissue mass in the body [4].
The development of skeletal muscle requires progression of a
highly ordered cascade of events comprising myogenic line-
age commitment, myoblast proliferation, and terminal differ-
entiation [5]. The process of myogenesis is controlled by
several myogenic transcription factors that act as terminal
effectors of signaling cascades, and produces appropriate
developmental stage-specific transcripts [6]. The differentia-
tion stage is controlled by a complex network of muscle-
specific transcription factors (TFs) including the myogenic
differentiation marker (MyoD) family, the myocyte enhancer
factor-2 (MEF2) family (MEF2A-D), and other general TFs
[7]. Yin Yang 1 (YY1) binds DNA through four C-terminal
zinc finger domains and can function as an activator or
repressor of gene expression [8]. In skeletal muscle, the
treatment of rapamycin, inhibitor of mammalian target of
rapamycin (mTOR), decreased the gene expression of the
mitochondrial transcriptional regulators, including peroxi-
some proliferator-activated receptor γ coactivator 1α (PGC-
1α), estrogen-related receptor α, and nuclear respiratory fac-
tors, resulting in a decrease in mitochondrial gene expression
and oxygen consumption [9]. mTOR phosphorylation levels
and its downstream targets, YY1 and PGC-1α, are increased
by fibroblast growth factor 21 (FGF21) treatment in C2C12

myoblasts. Activation of the mTOR-YY1-PGC-1α pathway
by FGF21 in myoblasts regulates energy homeostasis as
shown by significant increases in intracellular ATP synthesis,
oxygen consumption rate, activity of citrate synthase, glyco-
lysis, mitochondrial DNA copy number, and induction of the
expression of key energy metabolic genes [7, 10]. In the
present study, the functional roles of PHF20 in skeletal
muscle differentiation and developing skeletal muscle in vivo
were determined. Notably, PHF20 prevented myogenic dif-
ferentiation of C2C12 cells and inhibited the formation of
myotubes from myoblasts, while its knockdown accelerated
myogenic differentiation. PHF20-mediated enhancement of
YY1 transcription was also observed in C2C12 cells using
luciferase-driven promoter assays and chromatin immuno-
precipitation (ChIP). Furthermore, PHF20 overexpression
resulted in round-shaped muscle fibers and a decreased
number of fibers in PHF20 transgenic (TG) mice, when
compared with wild-type (WT) control mice. In addition,
reduced expression of myosin heavy chain (MHC) was
observed in muscle of PHF20-TG mice. Interestingly, over-
expression of PHF20 inhibits muscle differentiation as well as
regeneration after injury in vitro and in vivo. Taken together,
these results suggested a mechanism involving PHF20-
mediated YY1 regulation, which could explain how muscle

function is affected in PHF20-TG mice, and may provide
novel therapeutic targets for the treatment of muscle degen-
erative diseases.

Materials and methods

Antibodies and reagents

Anti-PHF20 antibody was purchased from Cell Signaling
Technology (Beverly, MA). Anti-β-actin antibody was
obtained from Sigma-Aldrich (St. Louis, USA). Anti-YY1,
anti-MyoD, and anti-MHC antibodies were from Santa Cruz
Biotechnology (Santa Cruz, CA). Anti-myosin (MF20)
antibodies were from DSHB, University of Iowa. HRP-
conjugated anti-mouse, anti-rabbit, and anti-goat IgG anti-
bodies were obtained from Koma biotech (Seoul, Korea).
pYY-luciferase was purchased from Panomics (California,
USA). Luciferase assay system kit was purchased from
Promega (Madison, USA). Tet-on advanced inducible gene
expression system kit was obtained from Clontech (Takara
Bio Company, USA).

Cell culture

C2C12 cells were maintained in DMEM (WELGENE,
Gyeongsan, Korea) supplemented with 10% fetal bovine
serum (HyClone, Logan, USA) and 1% Anti-anti (Gibco,
Detroit, USA) at 37 °C in 5% CO2. Differentiation was
initiated 24 h after seeding by changing to differentiation
medium (DM) consisting of DMEM supplemented with 2%
horse serum and 1% Anti-anti (Gibco, Detroit, USA). The
medium was changed for every 2 days.

Establishment of C2C12/Tet-On-inducible PHF20 cells

C2C12 cells were treated with lentivirus-TET3G and selec-
ted with G418 (1.2 mg/ml) to generate C2C12-TET3G
myoblast cells. Next, C2C12-TET3G cells were transiently
transfected with pLVX-TRE3G-PHF20 and selected with
puromycin (3 μg/ml) for Tet-On inducible PHF20 cells. The
expression of PHF20 was confirmed in the media with
doxycycline (Doxy).

Immunoblot analysis

Western blotting was performed as previously described
[11, 12]. After the completion of experimental conditions,
cells were placed on ice and extracted with lysis buffer
containing 50 mM Tris-HCl, pH7.5, 1% v/v Nonidet P-40,
120 mM NaCl, 25 mM sodium fluoride, 40 mM β-glycerol
phosphate, 0.1 mM sodium orthovanadate, 1 mM phe-
nylmethylsulfonyl fluoride, 1 mM benzamidine, and 2 μM

3322 H. Lee et al.



microcystin-LR. Lysates were centrifuged for 30 min at
13,000 rpm. The cell extracts were resolved by 10.0–7.5%
SDS-PAGE, and transferred to Immobilon-P membranes
(Millipore). The filters were blocked for 1 h in 1× tri-
buffered saline buffer (140 mM NaCl, 2.7 mM KCl, and
250 mM Tris-HCl, pH7.4), containing 5% skimmed milk
and 0.2% Tween-20, followed by an overnight incubation
with each protein’s primary antibodies diluted 1000 folds at
4 °C. The secondary antibody was horseradish peroxidase-
conjugated anti-mouse IgG or anti-rabbit IgG (Koma bio-
tech, Seoul, Korea), diluted 2000-fold in the blocking buf-
fer. The detection of protein expression was visualized by
enhanced chemiluminescence, according to the manu-
facturer’s instructions.

Real-time quantitative reverse transcription-
polymerase chain reaction (qRT-PCR)

C2C12/Tet-On inducible PHF20 cells were plated in 6-well
plate. After 24 h, doxycycline was treated to induce the
PHF20 expression. The following day, total RNA was
extracted. The cDNA was synthesized from total RNA. The
qRT-PCR measurement of individual cDNAs was per-
formed using SYBR green dye to measure duplex DNA
formation with the StepOne Plus real-time PCR system
(Invitrogen, Carlsbad, CA). qRT-PCR analysis conducted
by isolating RNA using Total RNA was isolated using the
QuickGene RNA kit (Fujifilm’s Life Science System,
Tokyo, Japan). Complementary DNA was produced with
the SuPrimeScript RT Premix (GeNet Bio, Cheonan,
Korea). The reactions were up in triplicate with the Prime
Q-Mastermix (GeNet Bio, Cheonan, Korea) and run on
CFX96T Real-time System (Bio-Rad, Hercules, CA, USA).
The sequences of the primers that were used for the qPCR
were as follows; mouse GAPDH, forward (5′-TCCAG
TATGACTCCACTC-3′), reverse (5′-ATTTCT CGTGGTT
CACAC-3′); mouse PHF20, forward (5′-CATTGACTAC
GAAGAAGGGAG-3′), reverse (5′-CTTCTCTAAAGGG
CGCAGATA-3′); mouse YY1, forward (5′-CAGAAGC
AGGTGCAGATC AGACCCT-3′), reverse (5′-GCACCAC
CACCCACGGAATCG-3′); mouse MyoD, forward (5′-TA
CAGTGGCGACTCAGATGC-3′) and reverse (5′-GAGA
TGCGC TCCACTATGCT-3′).

Detection of MHC by immunofluorescence

C2C12/Tet-On-inducible PHF20 cells were plated at a den-
sity of 1 × 105 cells/well in 12-well plates containing sterile
coverslips and grown at 37 °C. Cells were treated with
doxycycline or not for 24 h. After 24 h cells were differ-
entiated by changing the DM until 1 and 3 days. And
premyocytes were not changed DM. Next the cells were
washed twice with PBS prewarmed to 37 °C and fixed to

the coverslips by incubating in 4% paraformaldehyde for
15 min. Cells were then washed twice with PBS. Before
blocking, cells were incubated PBS with Triton x-100 for
15 min. The coverslips were blocked in 1% BSA for 1 h at
room temperature with shaking. Anti-myosin (MF20) anti-
body was added (1:200) in 1% BSA and incubated for
overnight with shaking at 4 °C. Coverslips were then
washed three times each with PBS. FITC secondary anti-
body (1:1000) in 5% skim milk was then added and incu-
bated for 6 h with shaking at room temperature in the dark.
Coverslips were washed three times with PBS and mounted
onto slides using mounting medium with DAPI VECTA-
SHIELD (St. Louis, USA). For immunofluorescence ana-
lysis of muscle tissues, paraffin sections were deparaffinized
with xylene and rehydrated in a graded series of ethanol.
The slide was submerged in peroxidase quenching solution
for 10 min. After washed twice with PBS for 5 min, it was
added with 2 drops of blocking solution and incubated for
30 min. Following washed twice with PBS, the primary
antibody (anti-MHC) was applied at 4 °C for overnight.
FITC secondary antibody (1:1000) in blocking solution
were then added and incubated for 1 h at room temperature
in the dark. Coverslips were washed three times with PBS
and mounted onto slides using mounting medium with
DAPI VECTASHIELD.

Luciferase reporter gene assay

C2C12/Tet-On-inducible PHF20 cells (3 × 105 cells/ml) were
transfected with 1 μg of plasmids containing YY1-luciferase
in 6-well plate according to the manufacturer’s protocol.
The cells were used for experiments 24 h. Cells were lysed
in reporter lysis buffer containing 25 mM Tris-phosphate,
2 mM DTT, 2 mM trans-1,2-cyclohexane diamine-N,N,N′,
N′-tetraacetic acid, 10% (v/v) glycerol, and 1% (v/v) Triton
x-100. Luciferase activity was determined in a luminometer
(Duo Lumat LB 9507) by incubating 20 μg of cell lysate
with luciferase assay substrate (Promega) and measuring
light emission for 10 s.

Chromatin-immunoprecipitation assays

ChIP assays were performed following the manufacturer’s
protocol (Upstate Biotechnology, Lake Placid, NY, USA).
C2C12 cells were differentiated for 3 days and treated with
formaldehyde for 7.5 min, were washed two times with PBS
containing protease inhibitor, and harvested using SDS-
lysis buffer (50 mM Tris-HCl pH 8.0, 1% SDS, 10 mM
EDTA, 1 mM PMSF, 1 μg/ml aprotinin, 2 μg/ml pepstatin)
for 10 min on ice. The lysate was incubated with primary
antibody or control IgG for overnight at 4 °C. And then,
mixed samples were incubated with 30 μl of Protein A
beads containing 500 μg/ml BSA, 200 μg/ml salmon sperm
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DNA for 3 h at 4 °C. DNA samples were purified using a
QIA quick PCR purification kit (Qiagen, Hilden, Germany)
and quantified by qRT-PCR and the data are expressed as a
percentage of input. The promoter-specific primers used
were, for mouse YY1 #1 (−870 ~−760): 5′-
CCTTCACCCCAGCTCG TT-3′ (forward), 5′-
GCGGTGCAACAGTGACAA-3′ (reverse), #2 (−759 ~
−631): 5′-GGCACTTTTG TCACTGTTGCAC-3′ (for-
ward), 5′-AACCAGGGTCCTCCCGATT-3′, #3 (−630 ~
−564): 5′-ATCGG GAGGACCCTGGTT-3′ (forward), 5′-
CGATTCCCCACTCGCTGT-3′ (reverse), #4 (−563 ~
−450): 5′-ACAGCGAGTGGGGAATCG-3′ (forward), 5′-
CGCCTCCTTCCACACAAA-3′ (reverse), #5 (−449 ~
−317): 5′-ACAGCGAGTGGGGAATC-3′ (forward), 5′-
CGCCTCCTTCCACACAAA-3′ (reverse), #6 (−316 ~
−201): 5′-TGAGGAGTTGGTATTTGTGTGGAA-3′ (for-
ward), 5′-GCTGCCTGTCC TGCTTCC-3′ (reverse), #7
(−200 ~−55): 5′-CGCTGCCTTCC TCCCTCT-3′ (for-
ward), 5′-CGTCCG TGGCGATGTAGA-3′ (reverse), #8
(−54 ~ 34): 5′-TC GGGCGACACCCTCT-3′ (forward), 5′-
ATGG TCTCCACCGGGATG-3′ (reverse) and #9 (33 ~
144): 5′-GACCATCCCGGTGGAGAC-3′ (forward), 5′-
GGTGGTGGTGGTGGTGGT-3′ (reverse).

PHF20-TG model mice

The cDNA encoding human PHF20 was subcloned down-
stream of CMV promoter in pcDNA3 vector to generate TG
mice. Positive founds were identified by southern blotting
and bread to WT C57BL/6 mice for four generations.
PHF20-TG and WT were maintained in a controlled
environment (12 h light/12 h dark cycle; humidity 50–60%;
ambient temperature 22 °C). All mouse experiments were
performed in the animal facility according to institutional
guidelines. The experimental protocols were approved by
the institutional review board of Chungnam National Uni-
versity (CNU-00890).

Muscle regeneration assay

Cardiotoxin (CTX, Sigma-Aldrich, USA) injury and muscle
regeneration assay followed as described by Glynnis et al.
[13]. Briefly, 30 μL of CTX (10 μM) was injected into the
tibialis anterior (TA) muscles of 3-month-old WT and
PHF20-TG mice. TA muscles harvested at 0, 5, and 10 days
post injection were fixed in 4% paraformaldehyde.

Isolation and culture of mouse primary myoblasts

TA muscles were carefully isolated from 3-month-old mice
and digested with collagenase I (Sigma-Aldrich, USA). The
muscles were dissected and incubated in dissociation buffer
containing 0.2% collagenase I in serum-free DEME at

37 °C for 60 min. The digested muscle was placed in a 6-cm
Petri dish precoated with horse serum, and myoblasts were
isolated and transferred onto matrigel (Coning, USA)-
coated culture dishes. Myoblasts from WT or PHF20-TG
mouse donors were cultured for the same number of pas-
sages and used in all experiments. To induce differentiation
of primary myoblasts, cells were grown to 90% confluence
in growth medium and incubated in DM for 7 days.

Satellite cell isolation and culture

Skeletal muscle forms the hindlimbs of 3-month-old WT,
and PHF20-TG mice were isolated and carefully discard
pieces of fat. The tissue was digested with PBS containing
500 U/ml collagenase type II (Sigma-Aldrich, USA), 1.5 U/
ml collagenase D (Sigma-Aldrich, USA), 2.5 U/ml dispase
II (Roche, USA), and 2.5 mM CaCl2 for 60 min in 37 °C
water bath. The Satellite cells were cultured in DMEM with
20% fetal bovine serum, 10 ng/ml basic fibroblast growth
factor, and 1% Anti-anti on 10% matrigel-coated cell cul-
ture plates at 37 °C in a 5% CO2. To induce differentiation,
cells at 70% confluency were changed to DM (5% horse
serum and 1% Anti-anti) for 3 or 10 days.

Histological analysis and immunohistochemistry

Muscles were collected and fixed in 4% paraformaldehyde
overnight at 4 °C. Fixed samples were embedded in paraffin
and 5 μm sections were cut and mounted on slides to gen-
erate a series of six slides with comparable adjacent sec-
tions. For general morphological analysis, one slide of each
series was hematoxylin and eosin (H&E)-stained as pre-
viously described [8]. For immunohistological analysis,
paraffin sections were deparaffinized with xylene and
rehydrated in a graded series of ethanol. The slide was
submerged in peroxidase quenching solution for 10 min.
After washed twice with PBS for 5 min, it was added with
two drops of Reagent A for blocking and incubated for
30 min. Following washed twice with PBS, the primary
antibody (anti-MHC) was applied at 4 °C for overnight.
Then, biotinylated secondary antibody, Reagent B, was
added after rinsed with PBS. It was incubated at room
temperature for 1 h. It was rinsed with PBS and dropped
with enzyme-conjugated Reagent C. After washed with
PBS, DAB chromogen, mixture of Reagent D1, D2, and
D3, was dropped and observed signals with florescence
microscope. Then, it was stopped with distilled water and
took pictures with florescence microscope.

Statistical analysis

GraphPad instat software (GraphPad Prism) was used
for statistical analyses. Data are expressed as the mean
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and standard error of the mean (SEM) from at least
three separate experiments. The differences between
multiple groups were analyzed by ANOVA with the
Tukey’s post-test. Comparisons of data pairs were ana-
lyzed using a Student’s t test and p < 0.05 is considered
statistically significant. Quantitative analyses of the
results were performed by using Image J software
(version 1.47)

Results

Reduction of PHF20 expression in myogenic
differentiation together with YY1 expression

It has been reported that PHF20-KO mice display various
phenotypes, including defects in skeletal and hematopoietic
systems [3]. In the present study, the possible involvement

Fig. 1 Changes in PHD finger protein 20 (PHF20) and Yin Yang 1
(YY1) expression during myogenic differentiation in C2C12 cells.
a C2C12 cells were seeded and after 24 h, myogenic differentiation was
initiated by changing to differentiation medium containing 2% horse
serum. During myogenic differentiation, cells were harvested each day
(Pre, premyocyte; D1–D5, differentiated day 1–5). Changes in mRNA
levels of PHF20 were analyzed using quantitative real-time PCR.
b Changes in protein levels were analyzed by western blotting with the
corresponding antibodies [PHF20, myogenic differentiation marker
(MyoD), and β-actin]. The results are representative of three inde-
pendent experiments. c Relative density was obtained by densitometry

of the corresponding immunoblot data. Relative and statistical differ-
ences in PHF20 and MyoD expression were determined by normal-
izing values for actin in each lane, with a set value for premyocytes as
1. d Changes in mRNA levels of YY1 were analyzed using quanti-
tative real-time PCR. e Changes in protein levels were analyzed by
western blotting with the corresponding antibodies (YY1, MyoD, and
β-actin). Results are representative of three independent experiments.
f Relative and statistical differences of YY1 were plotted during
myogenic differentiation. All data are expressed as the mean ± SEM of
three independent experiments (**p < 0.01), using one-way ANOVA
with Tukey’s correction for multiple comparisons.
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of PHF20 in myogenic differentiation was investigated. As
a first attempt in evaluating the changes of PHF20 in
myogenic differentiation, the mRNA and protein levels of

PHF20 were monitored by RT-qPCR and western blot
analyses. Notably, the levels of PHF20 (mRNA, Fig. 1a;
protein, Fig. 1b, c) were gradually decreased during
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myogenic differentiation, when induced by DM containing
2% horse serum, while protein levels of MyoD were gra-
dually increased (Fig. 1b, c) in C2C12 cells, suggesting that
PHF20 might be involved in myogenic differentiation.
PHF20 has been shown to be a transcription factor [3, 8].
Based on the screening results of transcription factor pro-
filing [14], YY1 was one of the upregulated transcription
factors in cells overexpressing PHF20. The changes in YY1
mRNA and protein expression were therefore also mon-
itored, because YY1 has been shown to be involved in
myogenic differentiation [15, 16]. As expected, expression
levels of YY1 mRNA and protein were significantly
reduced every day during myogenic differentiation
(Fig. 1d–f), indicating that expression of PHF20 and YY1
were negatively correlated during myogenic differentiation.

Ectopic expression of PHF20 results in the inhibition
of myogenic differentiation in C2C12 cells

To further evaluate the effects of PHF20 on myogenic
differentiation, C2C12/Tet-On-inducible PHF20 cells were
prepared. Figure 2a shows that PHF20 and YY1 expression
levels were decreased in control cells (Fig. 2a, left panel)
during myogenic differentiation, whereas doxycycline-
induced PHF20 expression led to consistent YY1 expres-
sion and a delay of MyoD expression in C2C12 cells

(Fig. 2a, right panel). Similar results were also observed for
expression levels of YY1 and MyoD mRNA (Fig. 2b)
during myogenic differentiation (premyoblast and differ-
entiation day 5). To investigate the effects of PHF20 on
myogenic terminal differentiation (myotube formation),
expression of MHC was monitored using MF20 antibody.
Control C2C12 cells differentiated to myotubes (judged by
the morphology of multinucleated myotubes) when they
were shifted to DM for 3 days (Fig. 2c, top panel) while
doxycycline-induced PHF20 expression resulted in sig-
nificant inhibition of myotube formation during myogenic
differentiation (Fig. 2c, bottom panel). In addition, shRNA-
mediated knockdown of PHF20 clearly induced the reduc-
tion of YY1 expression and the elevation of MyoD
expression in premyocytes (Fig. 2d). These effects were
more pronounced at differentiation day 1 (Fig. 2e). Taken
together, these results suggested that PHF20 played a role in
myogenic differentiation.

Transcriptional activity of YY1 is regulated by PHF20
via direct DNA-binding

Based on the concomitant changes of PHF20 and YY1
expression levels during myogenic differentiation (Figs. 1
and 2), the possible PHF20-mediated regulation of
YY1 transcription was further evaluated using a YY1 pro-
moter assay in C2C12 cells. As expected, doxycycline-
induced PHF20 expression promoted an increase in YY1
promoter activity in a dose-dependent manner (Fig. 3a).
Furthermore, shRNA-mediated reduction of PHF20
expression also blocked YY1 promoter activity (Fig. 3b) in
undifferentiated C2C12 cells, suggesting that PHF20 posi-
tively regulated YY1 expression of transcript levels in
premyoblasts. To further evaluate the effects of PHF20 on
YY1 transcription under physiological conditions, the YY1
promoter assay was conducted using C2C12 cells during
myogenic differentiation. As expected, YY1 promoter
activity gradually decreased along with a reduction in
PHF20 and YY1 expression, while MyoD expression
increased (Fig. 3c). However, doxycycline-induced PHF20
expression led to consistent YY1 promoter activity during
myogenic differentiation, while MyoD expression was
hardly detected (Fig. 3d), indicating that the degree of
PHF20 expression was important in the regulation of
myogenic differentiation via YY1. To determine whether
PHF20 can directly bind to the YY1 promoter, ChIP assays
were employed. As shown in Fig. 3e, PHF20 was sig-
nificantly bound to the YY1 promoter regions (−316/−201
bp [#6] and −200/−55 bp [#7]). However, the binding of
PHF20 to YY1 promoter regions was markedly decreased
during muscle differentiation in C2C12 cells. The previous
study showed that PHF20 is a core component of the male
absent on the first/nonspecific lethal lysine acetyltransferase

Fig. 2 Effect of PHF20 on myogenic differentiation in C2C12 cells.
a Immunoblots were prepared from C2C12 myoblasts (Pre) and dif-
ferentiated myotubes (D1, D3, and D5), either untreated (−Doxy) or
treated (+Doxy), with doxycycline for 24 h, and cell lysates were
prepared from these cells. Expression levels of PHF20, YY1, and
MyoD were determined using western blot analysis with correspond-
ing antibodies. Results are representative of three independent
experiments. b Total RNA from C2C12 myoblasts (Pre) and differ-
entiated myotubes (D5), either untreated (−Doxy) or treated (+Doxy),
with doxycycline was analyzed by real-time qPCR of PHF20, YY1,
and MyoD. Results are expressed as the mean ± SEM of three inde-
pendent experiments (*p < 0.05; **p < 0.01, pre –Doxy versus
pre +Doxy samples; ##p < 0.01, D5 –Doxy versus D5 +Doxy sam-
ples), using one-way ANOVA with Tukey’s correction for multiple
comparisons. c C2C12 myoblasts (Pre) and differentiated myotubes (D1
and D3), either untreated (-Doxy) or treated (+Doxy), with doxycy-
cline were prepared. Cells were further processed by immuno-
fluorescence using anti-MF20 antibody (green). Nuclei were
counterstained with 4′,6-diamidino-2-phenylindole (DAPI; blue). The
sample was analyzed by confocal microscopy. Scale bars, 50 μm.
d Stable C2C12 myoblast cells (Pre) were constructed using a lentivirus
expressing shRNA for scrambled sequences (shRNA) or
PHF20 sequence (shPHF20). After 24 h, cell lysates were analyzed by
immunoblotting with the corresponding antibodies. Results are
representative of three independent experiments. Data are expressed as
the mean ± SEM (*p < 0.05; **p < 0.01), using Student’s t test for
paired samples. e C2C12 cells were differentiated (D1) with induced
medium and infected with lentivirus shRNA (shRNA) and lentivirus
PHF20 (shPHF20) during day 1. After 24 h, cell lysates were analyzed.
Results are representative of three independent experiments. Data are
expressed as the mean ± SEM (*p < 0.05; **p < 0.01), using Student’s
t test for paired samples.
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complex responsible for histone H4 acetylation [17].
Therefore, the changes of histone H4 acetylation status at the
YY1 promoter were monitored. ChIP assay revealed that the

levels of H4 acetylation were substantially reduced on YY1
promoter regions (−563/−450 bp [#4], −449/−317 bp [#5],
and −316/−201 bp [#6]) during muscle differentiation
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(Supplementary Fig. S1). Collectively, reducing occupancy
of PHF20 correlated with the decreasing levels of H4 acet-
ylation on the YY1 promoter during muscle differentiation.
Taken together, these findings provide further evidence that
PHF20 binds directly to the YY1 promoter as a transcription
factor to regulate muscle differentiation via modulating YY1
transcription.

PHF20 inhibits MyoD expression via YY1

It has been reported that YY1 inhibits skeletal muscle dif-
ferentiation [7, 9, 10, 18]. Based on previous findings that
PHF20 directly regulates YY1 (Fig. 3e), the effects of
PHF20-mediated YY1 function on downstream targets
during myogenic differentiation were monitored. Over-
expression of PHF20 led to induction of YY1 expression in
premyocytes as well as differentiation on day 3, together
with the reduction of MyoD expression (Fig. 4a, the first
two lanes for each condition). As previously shown in
Fig. 2a, b, this reduction in MyoD levels was recovered by
shRNA-mediated depletion of YY1 (Fig. 4a, the last two

lanes for each condition). To further evaluate PHF20/YY1-
mediated myogenic differentiation during physiological
events, the formation of multinucleated myotubes was
examined using immunofluorescence with anti-MHC anti-
body. Figure 4b, c shows that when shRNA induced a
reduction in YY1 expression, polynuclear myotube forma-
tion was further accelerated, while differentiation was
inhibited when doxycycline-induced PHF20 expression,
indicating that PHF20 indirectly affects MyoD expression
through YY1 transcription.

Defects of muscle morphology in PHF20-TG mice

Because a noticeable phenotype of PHF20-KO mice was
reduction of fat storage and weight [3], PHF20-TG mice
were prepared from C57BL/6 mice to evaluate these phe-
notypes in vivo. The characterization of PHF20-TG mice
showed that PHF20 expression was significantly increased
in skeletal muscle, together with YY1 expression (Fig. 5a,
b). However, expression of MHC, a major marker of muscle
differentiation, was reduced in PHF20-TG mice (Fig. 5a, b).
In order to further evaluate the PHF20 roles in myogenic
differentiation in vivo, primary skeletal muscle cells were
isolated from WT and PHF20-TG mice. As shown in
Fig. 5c, primary cells from WT mice showed that PHF20
expression was reduced after 7 days of differentiation with
concomitant changes in YY1 expression. On the contrast,
primary cells from PHF20-TG mice displayed high
expression of PHF20 and YY1 and low expression of
MyoD following 7 days differentiation. In addition, myo-
tube formation was also inhibited in primary cells from
PHF20-TG mice after 7 days differentiation (Fig. 5d),
confirming that PHF20-mediated suppression of myogenic
differentiation was occurred in PHF20-TG mice. Figure 5e
shows that gross dissection indicated that muscle color was
paler in PHF20-TG mice than in control mice, suggesting
that PHF20-TG mice have more fat accumulation than WT
mice in muscle. It was assumed that white adipose tissue
accumulated where muscles were less developed, making
the muscle appear pale. This process was further confirmed
by the increase in body weight in PHF20-TG mice, when
compared with control mice (Fig. 5f). H&E staining of
muscle tissue revealed that lower numbers of muscle fibers
were detected in PHF20-TG mice (Fig. 5g). In addition, the
fiber shape of PHF20-TG was mostly round, and large
empty spaces between fibers were observed (Fig. 5g, bot-
tom panel). Longitudinal sections of muscle showed that the
integrity of muscles in PHF20-TG mice was less compacted
than that in WT control mice (Fig. 5h). A specific length
and direction of muscle fibers were found in WT mice,
whereas PHF20-TG mice displayed short muscle fiber
length and few nuclei. Furthermore, the decrease in MHC
expression in the muscles of PHF20-TG mice was

Fig. 3 PHF20 directly binds to the promoter of YY1. a C2C12

myoblasts were transiently transfected with the YY1-lucreporter gene
in growth medium and treated dose-dependently with doxycycline
(Doxy). After 24 h, C2C12 myoblasts were analyzed for luciferase
activity (bottom panel). Before analysis of luciferase activity, C2C12

myoblasts were confirmed to express PHF20 protein using western
blots (top panel). Results are expressed as the mean ± SEM of three
independent experiments (*p < 0.05; **p < 0.01), using one-way
ANOVA with Tukey’s correction for multiple comparisons. b C2C12

myoblasts were infected with lenti-shRNA (shRNA) or lenti-shPHF20
(shPHF20) and transfected with the YY1-lucreporter gene in growth
medium. After 24 h, luciferase activity was determined in C2C12

myoblasts (bottom panel). Before determination of luciferase activity,
C2C12 myoblasts were confirmed to express PHF20 protein using
western blots (top panel). Results are representative of three inde-
pendent experiments. Data are expressed as the mean ± SEM (*p <
0.05), using Student’s t test for paired samples. c C2C12 cells were
differentiated with induction medium. At different time points, C2C12

cells were transfected with the YY1-lucreporter gene without dox-
ycycline. C2C12 cells were then analyzed for luciferase activity (top
panel). Before analysis of luciferase activity, expression of proteins
(PHF20, YY1, and MyoD) were analyzed (bottom panel). Results are
expressed as the mean ± SEM of three independent experiments (*p <
0.05), using one-way ANOVA with Tukey’s correction for multiple
comparisons. d C2C12 cells were differentiated with induction medium.
At different time points, C2C12 cells were transfected with the YY1-
lucreporter gene with doxycycline (100 ng/mL). C2C12 cells were then
analyzed for luciferase activity (top panel). Before analysis of luci-
ferase activity, expression of proteins (PHF20, YY1, and MyoD) were
analyzed (bottom panel). Results are representative of three indepen-
dent experiments. Data are expressed as the mean ± SEM, using one-
way ANOVA with Tukey’s correction for multiple comparisons.
e Chromatin immunoprecipitation (ChIP) analysis of selected regions
covering the YY1 promoter in undifferentiated (Pre) and differentiated
(D1 and D3) C2C12 cells. An IgG was used as a control in the ChIP
assays in C2C12 cells. Error bars represent standard deviation (n= 3)
(**p < 0.01; *p < 0.05 versus the control samples, Student’s t test).
Results are representative of three independent experiments.
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confirmed using immunohistochemistry (Fig. 5i, j). Another
interesting observation was that there was little adipose
tissue between the muscles of WT mice, whereas adipose

tissues were found between the muscles of PHF20-TG
mice, detected by perilipin staining (Fig. 5k). Thus, PHF20-
TG mice did not have the same shapes and lengths of
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muscle fibers, meaning that muscles did not develop nor-
mally in these mice. Taken together, the results showed that
PHF20 had a negative effect on muscle differentiation, both
in vitro and in vivo.

Regeneration of CTX-induced muscle damage is
delayed in PHF20-TG mice

To further investigate the negative roles of PHF20 in
myogenic differentiation, an experiment for muscle regen-
eration after injury was performed in PHF20-TG mice.
When cardiotoxin (CTX) is injected into the mouse TA
muscle, the cells are damaged and destroyed, and over time,
regeneration occurs and the muscles are restored. Based on
this phenomenon, CTX was used in muscle regeneration
research [13]. To investigate the degree of muscle regen-
eration in PHF20-TG mice, CTX was injected into TA
muscle and TA muscle was isolated at 0, 5, and 10 days to
check the degree of muscle regeneration through H&E
staining and immunofluorescence, respectively. Interest-
ingly, the regenerative capability of TA muscle was dra-
matically reduced in PHF20-TG mice compared with that in
WT mice (Fig. 6a, b). As shown by reduction in the size of
myofibers in PHF20-TG mice compared with WT after 5
and 10 days of injury, PHF20 inhibits skeletal muscle
regeneration in vivo. Next, the ability of PHF20 to regulate
the myogenic differentiation of muscle satellite cell was
further evaluated. Satellite cells were isolated from the
skeletal muscle of WT and PHF20-TG mice. After 3 days in
DM, PHF20-TG satellite cells showed delay in myotube
formation, as indicated by a lower differentiation index
(MF20 staining) compared with WT satellite cells (Fig. 6c).
In addition, to compare the expression level of PHF20 and
its downstream YY1 in satellite cells after injury-induced
regeneration, noninjury satellite cells and regenerated
satellite cells were isolated from WT and PHF20-TG mice.

After regeneration, PHF20 and YY1 protein levels were
reduced in WT satellite cells than noninjury satellite cells,
and MyoD expression was increased. On the other hand,
PHF20-TG satellite cells had higher expression levels of
PHF20 and YY1 than noninjury cells. Interestingly, in the
satellite cells of PHF20-TG in which regeneration occurred,
the level of MyoD was significantly reduced (Fig. 6d, left
panel, last lane). These results provide the clear evidence
that muscle regeneration after injury was delayed in PHF20-
TG mice.

Discussion

PHF20 has been previously described as a unique candidate
for cancer-specific immunotherapy [19, 20]. PHF20 has
also been shown to be essential for the normal development
of embryos [3]. PHF20 performs two functions: (1) PHF20
controls signal transduction events for transcription factors
[14], and (2) PHF20 acts as a transcription factor that reg-
ulates protein expression levels [2, 21–23]. Although
PHF20 has been extensively studied, its role and function in
metabolism have not yet been reported.

Recent studies have shown that TNFα/NF-κB signaling
regulates myogenic differentiation by modulating MyoD
stability, which plays a negative role in myogenesis [24]. In
this regard, our results showed that PHF20 expression was
positively correlated with YY1 expression in myogenic
differentiation (Fig. 1a–c). Consistent with the previous
YY1 studies [16, 24], which reported that YY1 negatively
affected myogenic terminal differentiation, YY1 expression
was decreased during myogenic differentiation (Fig. 1d–f).
The positive correlation between PHF20 and YY1 expres-
sion indicated that PHF20, together with YY1, may play
major negative roles in myogenesis. Interestingly, the pro-
tein form of PHF20 was barely detected at differentiation
days 2 and 3 (Fig. 1b), suggesting that PHF20 may be
involved in an early stage of myogenic differentiation.
Overexpression of PHF20 further revealed that forced
expression of PHF20, mediated by doxycycline, resulted in
stable expression of YY1 and a concomitant delay of MyoD
expression during myogenic differentiation (Fig. 2a).
Similar changes of mRNA expression were also observed
(Fig. 2b). In addition, the events of terminal differentiation
(e.g., myotube formation) were also delayed, which was
monitored by MHC immunostaining (Fig. 2c). These results
were further confirmed in C2C12 cells with PHF20 deple-
tion, by shRNA-knockdown (Fig. 2d, e), clearly demon-
strating that PHF20 played a negative role in myogenic
differentiation together with YY1. Similar to our results,
Msh homeobox1 has been reported to cooperate with PKC-
related kinase 1 to prevent differentiation of myogenic
precursor cells [25]. Contrary to our results, Kim and co-

Fig. 4 PHF20 inhibits myogenic differentiation marker (MyoD)
expression via the YY1 promoter. a C2C12 cells were differentiated
with induction medium. At different time points (Pre and D3), C2C12

cells were transfected with control siRNA or siYY1 without/with
doxycycline (100 ng/mL). Cell lysates were analyzed by immuno-
blotting with the corresponding antibodies. Results are representative
of three independent experiments. b C2C12 cells were differentiated on
day 1 (D1). At that time, C2C12 cells were transfected with control
siRNA or siYY1 without/with doxycycline (100 ng/mL). C2C12 cells
were processed by immunofluorescence with an anti-MF20 antibody
(green). Nuclei were counterstained with DAPI (blue). The samples
were analyzed using confocal microscopy. Scale bars, 50 μm. c C2C12

cells were differentiated on day 1 (D1). At that time, C2C12 cells were
transfected with control siRNA or siYY1 without/with doxycycline
(100 ng/mL). Expression levels of PHF20, YY1, MF20, and MyoD
were determined using immunoblotting with corresponding antibodies.
Results are expressed as the mean ± SEM of three independent
experiments (**p < 0.01; *p < 0.05), using one-way ANOVA with
Tukey’s correction for multiple comparisons.
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workers reported that the β2-adrenergic receptor agonist,
formoterol, blocked myogenesis by blocking the
PI3K–PKB pathway [26]. However, since PKB activation

has not yet been reported to increase the protein level of
PHF20, further studies of possible direct correlations are
needed. Podocan, a small leucine‐rich repeat protein, has

3332 H. Lee et al.



also been shown to regulate the differentiation of C2C12

myoblasts [27]. Notably, podocan function is opposed to
PHF20 function. Overexpression of podocan enhances
myogenic differentiation by activating Wnt/β-catenin sig-
naling. Therefore, it is possible that PHF20 and podocan
negatively regulate each other to control myogenic differ-
entiation, suggesting that myogenic differentiation is more
complex, and involves many proteins.

As a transcription factor, PHF20 has been shown to
regulate the transcription of several genes [2, 21–23],
including p53, which is central regulator for cell death, cell
survival, cell growth arrest, and proliferation [1]. When
there is no growth factor in cells, PHF20 binds to the pro-
moter of p53 and initiates transcription to cause cell death
and cell growth arrest [1]. Conversely, stimulation by a
growth factor such as glucose induces PHF20 to be phos-
phorylated by PKB and released from the promoter of p53,
leading to cell survival and proliferation. Another tran-
scriptional target of PHF20 is Oct4, which causes the
reprogramming of induced pluripotent stem cells [2]. In
breast cancer cells, it also activates Oct4 transcription and
inhibits tumorigenesis [23]. In our studies, PHF20 directly
binds and regulates YY1 promoter to control myogenic
differentiation (Fig. 3). Consequently, YY1 inhibits the
expression of genes involved in differentiation. When

differentiation occurs, PHF20 is released from the YY1
promoter, leading to inhibition of YY1 expression by
decreasing the levels of histone H4 acetylation (Supple-
mentary Fig. S1). Depletion of YY1 in the myogenic dif-
ferentiation revealed that PHF20 effects on MyoD
expression (Fig. 4a) and myotube formation (Fig. 4b) was
dependent on YY1 expression. Notably, differentiation was
restored, judged by MyoD expression, when YY1 was
depleted, despite overexpression of PHF20 (Fig. 4a, right
panel, last lane), suggesting that PHF20 indirectly modu-
lated differentiation regulatory factors, such as MyoD,
through YY1. In the similar context, Zhou et al. have
reported that large intergenic noncoding RNA for YY1
(linc-YY1) bind directly to YY1 and has a positive role in
muscle differentiation and regeneration by evicting YY1/
polycomb repressive complex 2 complex [7]. Surprisingly,
during the myogenic differentiation, linc-YY1 expression
was suppressed in PHF20-overexpressed C2C12 cells com-
pared with control cells (Supplementary Fig. S2A). Fur-
thermore, when PHF20 was depleted by siRNA, the
expression of linc-YY1 was remarkably elevated in pre-
myocyte as well as differentiated day-1 cells (Supplemen-
tary Fig. S2B). The similar results were also observed in
PHF20-TG mice (Supplementary Fig. S3), indicating that
linc-YY1 expression is inversely correlated to PHF20
expression. Therefore, it will be interesting to see how
PHF20 can affect linc-YY1 transcription in the molecular
levels in vivo.

To further evaluate the in vivo function of PHF20,
PHF20-TG mice has been generated. Characterization of
PHF20-TG mice revealed that YY1 expression was upre-
gulated in skeletal muscle with notable reduction of MHC
expression (Fig. 5a, b). In addition, the ability of myogenic
differentiation in primary muscle cells from PHF20-TG
mice was also inhibited, judged by low expression of MyoD
(Fig. 5c) and myotube formation (Fig. 5d). Consistent with
the phenotype in PHF20-KO mice (a reduction of fat sto-
rage; [3]), the muscle color of PHF20-TG mice was pale
(Fig. 5e), indicating that fat accumulation occurred in these
mice. It was assumed that the muscles appeared pale due to
high accumulation of fat. Weight gain phenotype of PHF20-
TG mice further support these observations (Fig. 5f). Fur-
thermore, dissection of muscles confirmed that fat indeed
accumulated between the surface of muscles and the spaces
between muscle fibers (Fig. 5g, h, k). In this regard, it has
been reported that muscle fibers were formed in short and
thick irregular shapes rather than in long and straight
shapes, when muscle differentiation was interrupted by any
stimulus or the differentiation gene did not function prop-
erly [8]. PHF20-TG mice displayed the small and irregular-
sized muscle fibers. A large amount of empty space between
each muscle fiber was also found in PHF20-TG mice
(Fig. 5g, h). In addition, PHF20 was able to regulate muscle

Fig. 5 Whole calf muscle and skeletal muscle shape and mor-
phology differ between wild-type (WT) and PHF20 transgenic
(TG) mice. a Lysates from skeletal muscle tissues derived from 5-
month-old male WT and PHF20-TG mice (n= 4). Expression levels of
PHF20, YY1, and MHC were determined using western blot analysis
with the corresponding antibodies. Results are representative of three
independent experiments. b Relative and statistical differences of
PHF20, YY1, and MHC in skeletal muscle were plotted. Data are
expressed as the mean ± SEM (*p < 0.05; **p < 0.01), using Student’s
t test for paired samples. c Lysates from primary skeletal myoblast
cells derived from 3-month-old male WT and PHF20-TG mice (n= 6).
Expression levels of PHF20, YY1, and MyoD were analyzed by
immunoblotting with the corresponding antibodies. Results are
representative of three independent experiments. Data are expressed as
the mean ± SEM (**p < 0.01; *p < 0.05), using one-way ANOVA with
Tukey’s correction for multiple comparisons. d Primary myoblasts
images of WT and PHF20-TG mice were differentiated for 7 days
showing a delayed myotube formation in PHF20-TG primary cells.
e The appearance of muscle and calves of WT and PHF20-TG mice.
f Body weight of 5-month-old male WT and PHF20-TG mice. g Cross
sections of the gastrocnemius from 5-month-old male WT or PHF20-
TG mice stained with hematoxylin and eosin (h, e). Scale bars, 20 μm.
h Longitudinal sections from 5-month-old male WT or PHF20-TG
mice stained with H&E. Scale bars, 20 μm. i Cross section of the
gastrocnemius from 5-month-old male WT or PHF20-TG mice stained
with anti-MHC using immunohistochemistry. Scale bars, 20 μm.
j Longitudinal sections of a skeletal muscle from 5-month-old male
WT or PHF20-TG mice stained with anti-MHC using immunohis-
tochemistry. Scale bars, 20 μm. k Cross section of fat between the
gastrocnemius from 5-month-old male WT or PHF20-TG mice stained
with H&E. Scale bars, 20 μm, or with anti-perilipin antibody (green).
Nuclei were counterstained with DA (blue). The samples were ana-
lyzed using confocal microscopy. Scale bars, 50 μm.
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regeneration since myoblast differentiation is involved in
the regeneration process after injury. As shown in Fig. 6a, b,
regeneration in PHF20-TG muscle was delayed compared

with WT muscle when CTX-induced damage was intro-
duced in TA muscle. Similar to these observation, PHF20
also can inhibit the myogenic differentiation of muscle
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satellite cells in before/after injury-induced regeneration
process (Fig. 6c, d), suggesting that PHF20 is also essential
for early stage of skeletal muscle regeneration.

Taken together, this reports provided a clear in vivo
evidence that PHF20 plays a negative role in myogenesis
and damage-induced muscle regeneration via YY1. The
proposed mechanism of PHF20 action on myogenic dif-
ferentiation is the following: (1) in premyoblasts, PHF20
directly binds to the promoter of YY1 and activates YY1
transcription to inactivate the genes involved in differ-
entiation. (2) During differentiation, PHF20 is detached
from the YY1 promoter, which inhibits YY1 transcription,
thereby activating differentiation genes, including MyoD
and myogenin (Fig. 7). Several studies have reported that
type 2 diabetes occurs due to a decrease in the amount of
muscle, so the importance of muscle is now becoming clear.
In this regards, it is possible that PHF20 may be a useful
target in treating obesity and diabetic patients with

myopenia or muscular dystrophy. In addition, PHF20 may
also be effective in the prevention and treatment of muscle
loss during aging.
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