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ABSTRACT

The metabolic properties of cells are formed under
the influence of environmental factors such as nu-
trients and hormones. Although such a metabolic
program is likely initiated through epigenetic mech-
anisms, the direct links between metabolic cues and
activities of chromatin modifiers remain largely un-
known. In this study, we show that lysine-specific
demethylase-1 (LSD1) controls the metabolic pro-
gram in myogenic differentiation, under the action of
catabolic hormone, glucocorticoids. By using tran-
scriptomic and epigenomic approaches, we revealed
that LSD1 bound to oxidative metabolism and slow-
twitch myosin genes, and repressed their expres-
sion. Consistent with this, loss of LSD1 activity dur-
ing differentiation enhanced the oxidative capacity
of myotubes. By testing the effects of various hor-
mones, we found that LSD1 levels were decreased
by treatment with the glucocorticoid dexamethasone
(Dex) in cultured myoblasts and in skeletal muscle
from mice. Mechanistically, glucocorticoid signaling
induced expression of a ubiquitin E3 ligase, JADE-
2, which was responsible for proteasomal degrada-
tion of LSD1. Consequently, in differentiating my-
oblasts, chemical inhibition of LSD1, in combina-
tion with Dex treatment, synergistically de-repressed
oxidative metabolism genes, concomitant with in-
creased histone H3 lysine 4 methylation at these loci.

These findings demonstrated that LSD1 serves as an
epigenetic regulator linking glucocorticoid action to
metabolic programming during myogenic differenti-
ation.

INTRODUCTION

Environmental factors exert profound influences on the
epigenome, leading to phenotypic variations in cells and
organisms (1). In particular, nutritional conditions, such
as malnutrition and high fat feeding, induce genome-scale
rearrangement of epigenomic signatures, including DNA
methylation and histone modifications (2,3). However, di-
rect mechanistic links between environmental cues and the
activities of individual chromatin modifiers are poorly un-
derstood.

Lysine-specific demethylase-1 (LSD1 or KDM1A) is
a member of the amine oxidase family that catalyzes
demethylation of methylated lysine side chains within pro-
teins, including histone H3 lysine 4 (H3K4) (4,5). LSD1
contributes to a variety of cellular processes, such as
stem cell maintenance, development and carcinogenesis (6–
8). We previously demonstrated that LSD1 epigenetically
suppressed oxidative phosphorylation (OXPHOS) through
H3K4 demethylation in adipogenic and cancer cells (9,10).
Notably, metabolic regulation by LSD1 depended on envi-
ronmental conditions such as energetic state, hormones and
neurological stimuli (9,11), indicating that LSD1 reacts to
the nutritional and metabolic conditions of cells and mod-
ulates their metabolic properties.
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In mammals, skeletal muscle is composed of mechan-
ically distinct fiber types, each having unique metabolic
properties (12). Slow-twitch (type I) fibers participate in
persistent mechanical activities, such as posture, through
their slow contractile activity, supported by a high capacity
for OXPHOS. In contrast, fast-twitch (type II) fibers, with
their shift toward anaerobic energy production, are capa-
ble of fast contraction, contributing to strong and dynamic
movements. Skeletal muscle can flexibly alter its metabolic
character in response to environmental factors, contribut-
ing to energy homeostasis and physical fitness. Anabolic
hormones, such as insulin, activate the glycolytic program
under nutritionally rich conditions. On the other hand,
when energy sources are scarce, catabolic hormones, such
as glucocorticoids, activate oxidative metabolism and sup-
press formation of the fast fibers (13). Previous studies es-
tablished that dynamic epigenomic remodeling, including
histone modifications and DNA methylation, contribute to
highly ordered expression of myogenesis-associated genes
(14,15). However, it is unknown how these environmental
contexts can be translated into epigenetic remodeling in
myogenic cells.

In this study, we demonstrated that LSD1 directly
repressed expression of oxidative metabolism and slow
myosin genes in differentiating myoblasts, resulting in en-
hanced OXPHOS capacity in myotubes. We also found
that glucocorticoid signaling induced expression of an E3
ligase, JADE-2, leading to proteasomal degradation of
LSD1. LSD1 inhibition, in combination with Dex treat-
ment, significantly increased expression of oxidative genes
and H3K4 methylation levels, indicating that LSD1 coun-
teracted the glucocorticoid-mediated gene regulation. Our
study demonstrated a novel epigenetic mechanism linking
hormonal signaling to metabolic reprogramming during
myogenic differentiation.

MATERIALS AND METHODS

Cell culture

C2C12 mouse myoblasts and Hepa1-6 mouse hepatoma
cells were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM, Sigma-Aldrich) supplemented with 10%
(v/v) heat-inactivated fetal bovine serum (FBS) in a 37◦C
incubator equilibrated with 95% air, 5% CO2. For myo-
genic induction, subconfluent C2C12 myoblasts were cul-
tured in DMEM with 2% (v/v) horse serum. The medium
was changed every other day. For protein assays, Hepa1-6
cells were cultured for 48 h in DMEM supplemented with
10% (v/v) dextran-coated charcoal (DCC)-treated FBS fol-
lowed by treatment with 1 �M dexamethasone (Sigma-
Aldrich) for 48 h. For immunofluorescence, Hepa1-6 cells
were cultured for 24 h in DMEM supplemented with 2%
(v/v) DCC-treated FBS followed by treatment with 1 �M
Dex for 24 h.

For shRNA expression, SureSilencing Plasmids harbor-
ing shRNA against LSD1 (shLSD1, #336312 KM27305H,
Qiagen) and non-targeting control (shControl, Qiagen
#336312) were used. C2C12 cells were transfected with
shLSD1 and shControl vectors using FuGENE6 Trans-
fection Reagent (Promega). Stable transfectants were se-
lected in the presence of 750 �g/ml hygromycin B (Wako).

For transient siRNA introduction, specific siRNAs were in-
troduced to the Hepa1-6 cells using RNAiMAX reagent
(Invitrogen) when they were ∼50% confluent. The effec-
tive siRNA target sequences are as follows: siGL3 (con-
trol) CTTACGCTGAGTACTTCGA, siJade2 CGTTAG
AGCGTGTTCTAGA.

Reagents and antibodies

Tranylcypromine hydrochloride, dexamethasone, insulin
(bovine pancreas), testosterone, 3,3′,5-triiodo-L-thyronine,
MG132 and cycloheximide were from Sigma-Aldrich.
S2101 was from Millipore. 17-�-Estradiol was from Wako.
The antibodies used were anti-LSD1 (Abcam, ab17721),
anti-mono-methylated histone H3K4 (Abcam, ab8895),
anti-di-methylated histone H3K4 (Millipore, 07-030), anti-
tri-methylated histone H3K4 (Millipore, 07-473), anti-pan
histone H3 (Abcam, ab1791), anti-myosin heavy chain
(Santa Cruz, sc-20641), anti-slow-myosin (Sigma-Aldrich,
M8421), anti-glucocorticoid receptor (Santa Cruz, sc-8992)
and anti-PHF15 (JADE-2) (Sigma-Aldrich, HPA025959).

Animal studies

Animal experiments were conducted in accordance with the
guidelines of the Animal Care and Use Committee of Ku-
mamoto University and the Animal Ethics Committee of
the Institute of Medical Science, The University of Tokyo.
For gene expression analysis in gastrocnemius and soleus
muscle, 8-week-old male C57BL/6J mice were fasted for 4
h, then sacrificed. Intraperitoneal (i.p.) administration of
dexamethasone (Dex) to mice harboring skeletal muscle-
specific deletion of glucocorticoid receptor (GRmKO) was
performed as previously described (16). Briefly, 11-week-old
male GRflox/flox (control) and GRmKO mice were injected
with Dex at 1 mg/kg or vehicle (saline), daily for 7 days,
then were sacrificed. Adrenalectomy was performed as pre-
viously described (16). Briefly, 19-week-old male C57BL/6J
mice were adrenalectomized and maintained with 0.9%
sodium chloride in the drinking water for 7 days, then sac-
rificed.

Myoblast isolation and culture

Mouse myoblasts were isolated as described previously
with some modifications (17). Briefly, hindlimbs of 2-day-
old C57BL/6J mice were removed and muscle was sepa-
rated from the skin and bone with sterile forceps. The cells
were dispersed with 0.2% collagenase I (Gibco) and 0.2%
Dispase II (Sigma-Aldrich) for 30 min, and then filtered
through a 40 �m cell strainer. To remove non-myogenic
cells, cells were plated on normal culture dish and incubated
for 30 min. Subsequently, floating cells were re-plated on a
collagen coated culture dish. Myoblasts were initially cul-
tured in Ham’s F10 nutrient mixture (Gibco) and then the
medium was switched to DMEM/Ham’s F10 (1:1). Both
growth media were supplemented with 20% FBS, 2.5 ng/ml
bFGF and 1% penicillin/streptomycin. To induce differen-
tiation, myoblasts were cultured in DMEM with 5% HS and
penicillin/streptomycin. Medium was changed every other
day.
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Quantitative RT-PCR

Total RNA from cells was extracted using a Trizol reagent
(Invitrogen). Complementary DNA was synthesized using
a ReverTra Ace qPCR RT Kit (Toyobo). Quantitative real-
time PCR was performed using THUNDERBIRD SYBR
qPCR Mix (Toyobo) and an ABI 7300 Real-Time PCR Sys-
tem (Applied Biosciences). Relative RNA quantities were
calculated by ��Ct method. Primers are listed in Supple-
mentary Table S1.

Microarray analysis

Genome-wide expression analysis was performed using a
GeneChip Mouse Genome 430 2.0 Array in combina-
tion with a GeneChip Hybridization, Wash and Stain Kit
(Affymetrix). TC- and S2101-treated or shLSD1 stably ex-
pressing C2C12 cells were induced to differentiate for 48
h, followed by RNA extraction and a quality check us-
ing a Bioanalyzer RNA 6000 Nano Assay (Agilent). Data
annotation analysis was performed using GeneSpring GX
software (Agilent). Gene set enrichment analysis was per-
formed using GSEA version 2.0 from the Broad Insti-
tute of MIT and Harvard (Cambridge, MA, http://www.
broadinstitute.org/gsea/). Significantly enriched gene sets
were identified by using the criterion of nominal P-value
< 0.05 and FDR q-value < 0.25 according the software
instructions (http://software.broadinstitute.org/gsea/index.
jsp).

Chromatin immunoprecipitation (ChIP)

ChIP experiments for detecting modified histones and
glucocorticoid receptor were performed as previously
described (10). Briefly, cells were crosslinked with 1%
formaldehyde, then sonicated for chromatin fragmentation.
ChIP experiments for detecting LSD1 enrichment were
performed according to the Epigenesys protocol by Porro
and Perini (Prot 29, http://www.epigenesys.eu/), with some
modifications. Briefly, dual crosslinking using 1% formalde-
hyde and disuccinimidyl glutarate (DSG) (ThermoFisher
Scientific) was performed to increase stability of protein-
DNA complexes. All chromatin fragmentation was done in
a RIPA buffer (50 mM Tris–HCl, 150 mM NaCl, 2 mM
EDTA, 1% NP-40, 0.1% SDS and 0.5% sodium deoxy-
cholate) by two-step sonication, first with a probe-type soni-
fier (Branson) and then with a water bath sonifier, Biorup-
tor (Cosmo Bio). Chromatin fragments were incubated at
4◦C overnight with the appropriate antibodies, followed by
a pulldown using protein A/G-conjugated agarose beads
(Millipore) or Dynabeads protein A/G (Life Technologies).
Purified DNA was subjected to quantitative PCR (qPCR).

ChIP-seq analysis

For ChIP-seq analyses to detect LSD1–DNA interactions,
5 × 107 C2C12 cells, differentiated for 2 days or 5 days,
were collected. For analyses to detect methylated H3K4, 6.4
× 106 C2C12 cells, differentiated for 48 h with or without
S2101, were collected. Crosslinking, fragmentation and im-
munoprecipitation were performed as described for ChIP.

Each protein-bound chromatin fraction was collected us-
ing Dynabeads protein A/G (Life Technologies) and DNA
was purified using an Agencourt AMPure XP (Beckman
Coulter). A DNA fragment library for sequencing was
constructed using NEBNext Ultra II DNA Library Prep
Kit for Illumina (New England BioLabs). Adapter-ligated
DNA fragments were purified using Agencourt AMPure
XP. High-throughput sequencing was performed using a
NextSeq 500 Desktop Sequencer (Illumina) according to
the manufacturer’s instructions. The qualified reads were
aligned onto the mouse reference genome mm9 using the
Bowtie 2 algorithm (18). Duplicate reads and reads with
low overall quality or low mapping quality were excluded.
The final numbers of mapped reads are listed in Supplemen-
tary Table S2. We identified 44,039 in day 2 and 17,446 in
day 5 LSD1-enriched peaks across the whole genome us-
ing a model-based analysis of ChIP-Seq data (MACS) al-
gorithm (19). LSD1 binding sites were detected based on
the LSD1 peaks significantly enriched over input peaks at a
P-cutoff value of 10−5. Detected LSD1 peaks were linked to
neighboring genes with ChIPpeakAnno algorithm, measur-
ing the distance from the TSS. The ChIP-seq data for Rest
(GSM915175), Max (GSM915174), Six4 (GSM1633919),
MyoD (GSM915165), and myogenin (GSM915164) were
imported from the National Center for Biotechnology In-
formation (NCBI). Data visualizations were performed
with Strand NGS software (Strand Genomics). The pre-
diction of co-occupancy of LSD1 with other proteins was
done using ChIP-Atlas (http://chip-atlas.org/). Subsequent
data analyses were performed on the Galaxy platform (http:
//usegalaxy.org/). The number of reads in LSD1 and pan-
or modified-histone data were normalized to that of in-
put data with the bamCompare tool. Enrichment values
of LSD1 around histone modifications or Pol II peaks
were calculated with the computeMatrix tool and visualized
with the plotHeatmap tool. Our ChIP-seq data (H3K4me1,
H3K4me2 and H3K4me3 in control cells) or the ones ob-
tained from ChIP-Atlas with Q-value of 1.0 × 10−10 (pol
II: SRX062103, H3K9me3: SRX862738 and H3K27ac:
SRX103218) were used as references. Enrichment values of
LSD1 and modified histones at LSD1 peaks were calculated
with the multiBigwig tool.

Immunofluorescence and quantitative analysis

Cells were fixed with 4% paraformaldehyde in phosphate
buffered saline (PBS) for 15 min at room temperature. The
cells were washed 3 times with PBS for 5 min, then perme-
abilized with PBS containing 0.5% Triton X-100 for 5 min
on ice. The cells were washed 3 times with PBS for 5 min
then incubated with the primary antibodies for 60 min, fol-
lowed by the Alexa 488-conjugated secondary antibody for
60 min. The cells were washed with PBS 3 times for 5 min
each, after each incubation. DNA was counterstained with
1 �g/ml 5,6-diamidino-2-phenylindole (DAPI).

Quantitative analysis was performed with HCS Studio
Analysis Software (ThermoFisher Scientific). To count nu-
clei in MHC-expressing myotubes, we used the ‘Colocal-
ization’ command in the ‘Bioapplication’ tool of the HCS
software. First, we identified a DAPI-stained nucleus as
the main object, then defined regions of interest (ROIs) as

http://www.broadinstitute.org/gsea/
http://software.broadinstitute.org/gsea/index.jsp
http://www.epigenesys.eu/
http://chip-atlas.org/
http://usegalaxy.org/
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2-pixel rings around each nucleus. When an ROI was co-
localized with the fluorescent signal of MHC, the nucleus
was identified as an MHC-expressing nucleus. To quantify
the area and intensity of the MHC signal, we used the ‘Spot
Detector’ command in the ‘Bioapplication’ tool in HCS
software, in which MHC-stained myofibers were identified
as pixels with MHC signals.

Real-time measurement of OXPHOS activity

Real-time monitoring of cellular OXPHOS activity was per-
formed using the XF24 Extracellular Flux Analyzer (Sea-
horse Bioscience), according to the manufacturer’s instruc-
tions. C2C12 cells were seeded on the Seahorse assay plate
and allowed to differentiate under LSD1 inhibition for 5
days before the assay. Maximum OXPHOS capacity was de-
termined as previously described (9).

Determination of intracellular ATP

To determine intracellular ATP concentrations, C2C12 cells
were allowed to differentiate under LSD1 inhibition for 4
days. After differentiation, cells were incubated in glucose-
free DMEM (Gibco) with 1 mM sodium pyruvate and 2%
HS for 3 h, and then, in the presence of 1g/l glucose for 15
min. Cells were collected and ATP concentrations were de-
termined with an ATP Bioluminescence Assay Kit CLS II
(Roche), according to the manufacturer’s instructions. ATP
concentration values were normalized to DNA contents,
measured in the same samples.

Statistical analyses

Data are presented as means ± standard deviation (s.d.).
All statistical analyses, except for microarray analyses, were
performed to compare two groups. We first used F-test
for examining equality of variances. Where variances were
equal, two-tailed Student’s t-test was used, and if not, two-
tailed Welch’s t-test was used. For microarray analyses,
Pearson’s � 2 test was used.

RESULTS

LSD1 inhibition de-represses oxidative metabolism genes in
differentiating myoblasts

To examine the role of LSD1 in transcriptional regula-
tion during myogenesis, we treated differentiating C2C12
myoblasts with the enzymatic LSD1 inhibitors tranyl-
cypromine (TC) or S2101 (Supplementary Figure S1A). TC
is the first reported potent inhibitor of LSD1 (20), and
S2101 is highly selective against LSD1 over structurally re-
lated enzymes including monoamine oxidases and LSD2
(21,22). Under our experimental conditions, LSD1 inhibi-
tion did not interfere with differentiation, as assessed by ex-
pression of myogenic markers, Myod1 and Myog, and by
myotube formation (days 5 to 7) (Supplementary Figure
S1B–D) (23). We performed microarray-based expression
analysis of differentiating C2C12 cells under LSD1 inhibi-
tion (day 2). We identified 253 genes whose signal intensities
were increased by 1.5-fold or more in cells treated with TC
and S2101 (Figure 1A). To test whether co-regulated genes

were involved in specific biological processes, we performed
a Gene Set Enrichment Analysis (GSEA) (24). GSEA iden-
tified 14 gene categories that were significantly upregulated
by LSD1 inhibition, many of which were related to lipid
and oxidative metabolism (Figure 1B and Supplementary
Figure S2A). Conversely, gene categories such as ‘cell cy-
cle’ and ‘DNA replication’ were downregulated by LSD1
inhibition (Supplementary Figure S2B). After differentia-
tion (day 7), LSD1-inhibited cells maintained elevated ex-
pression of oxidative metabolism genes, compared with in
controls (Figure 1C) (25). Because C2C12 myoblasts un-
dergo fast twitch-like skeletal myogenesis upon induction
(26), we next tested whether muscle structural genes were
co-regulated with metabolic genes. We found that expres-
sion of slow fiber-associated genes, myosin heavy chain-7
(Myh7) and light chain-2 (Myl2), was significantly upreg-
ulated 2- to 3-fold in LSD1-inhibited myotubes (day 7),
while that of fast-twitch genes, Myh4, Myl1 and Mylpf,
was less affected (Figure 1D). To further validate the ef-
fects of LSD1 inhibition on metabolic gene expression, we
characterized the metabolic phenotype of myotubes formed
under LSD1 inhibition. Maximum OXPHOS capacity of
the cells was enhanced by LSD1 inhibition, while glycolytic
activity was unaffected (Figure 1E, Supplementary Figure
S3A and B). In addition, while intracellular ATP levels
were decreased by glucose deprivation in control myotubes,
LSD1-inhibited cells maintained constant ATP levels under
glucose deprivation, indicating that LSD1 inhibition aug-
mented OXPHOS-dependent energy production by using
alternative fuels such as fatty acids (Figure 1F). We previ-
ously reported that LSD1 promoted expression of glycolytic
genes through stabilization of HIF-1� protein in human
hepatocellular carcinoma cells (10). In C2C12 myoblasts,
glycolytic genes were mostly unaffected by LSD1 inhibition
(Supplementary Figure S3C). These results show that in-
hibition of LSD1 demethylase activity during myogenesis
activates oxidative metabolism in the resulting myotubes.

LSD1 is associated with transcriptionally competent chro-
matin

To identify LSD1-bound genes, we performed ChIP-seq
analyses in differentiating (day 2) and differentiated (day 5)
C2C12 cells. The number of LSD1-bound genes declined
from 16,858 at day 2 to 9938 at day 5, of which 9613 were
maintained throughout differentiation (Figure 2A). Sub-
stantial fraction of LSD1- bound regions was found within
±10 kb of the TSS (Figure 2B). To characterize the chro-
matin signature associated with LSD1 binding, we merged
our LSD1-ChIP-seq results with publicly available ChIP-
seq data from C2C12 cells. LSD1-bound sites prominently
coincided with active chromatin marks, such as H3K4
methylation and H3K27 acetylation, but not with a re-
pressive mark, H3K9me3 (Figure 2C, Supplementary Fig-
ure S4A and B). Furthermore, LSD1-bound regions were
also coincident with RNA polymerase II (pol II), suggest-
ing that LSD1 was enriched at transcriptionally competent
chromatin. To identify transcription factors (TFs) and/or
chromatin modifiers exhibiting distributions similar to that
of LSD1, we compared our ChIP-seq data with published
datasets using ChIP-Atlas (http://chip-atlas.org/). LSD1-

http://chip-atlas.org/
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Figure 1. LSD1 inhibition during myogenic differentiation enhances expression of oxidative metabolism genes. (A) Venn diagram of genes increased more
than 1.5-fold by treatment with LSD1 inhibitors, TC (10−4 M) or S2101 (10−5 M). C2C12 cells were analyzed at 48 h after myogenic induction. Vehicle
was administered to the control samples. (B) Gene set enrichment analysis (GSEA) of genes upregulated by LSD1 inhibition. Nominal p values and false
discovery rates (FDRs) are indicated. (C and D) Expression levels of LSD1 target genes (C) and slow and fast muscle myosin genes (D) in TC and S2101
treated cells (n = 4). Cells were cultured in differentiation medium for 7 days in the presence of LSD1 inhibitors. qRT-PCR values were normalized to values
for the 36B4 gene and are shown as fold differences compared with vehicle-treated controls. Full names of the genes examined are listed in Supplementary
Table S1. (E) Effects of LSD1 inhibition on the OXPHOS capacity of differentiated C2C12 cells. Oxygen consumption rate (OCR) is shown (n = 10). During
real-time measurements, respiratory chain inhibitors were added to the medium at the indicated time points. Maximum OXPHOS capacity was evaluated
as the maximized OCR levels under FCCP treatment. Values are means ± s.d. (F) Effects of LSD1 inhibition on glucose dependent ATP production.
Intracellular ATP concentrations in differentiated cells in the presence or absence of glucose (n = 3). ATP concentration was normalized to DNA content.
Detailed procedures are described in MATERIALS AND METHODS. *P < 0.05, **P < 0.01.
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Figure 2. LSD1 is enriched at transcriptionally competent chromatin in differentiating myoblasts. (A) Venn diagram of LSD1 neighboring genes in differ-
entiating (day 2) and differentiated (day 5) C2C12 cells. (B) Pie charts showing genomic distribution of LSD1 peaks. The regions were classified into five
classes based on the distance from transcription starting site (TSS) of each neighboring gene. (C) LSD1 enrichment relative to methylated H3K4 and RNA
polymerase II at day 2. Normalized enrichment values of LSD1 from –2 kb to +2 kb of indicated protein peaks are shown. (D and E) Enrichment of LSD1
at the Pdk4 (D) and slow-associated Myh7 (E) gene loci. Y axis indicates the read counts for each data. MACS LSD1 peaks are indicated by blue bars
above the enrichment data. Data were visualized using Strand NGS software (Strand Genomics). Publicly available ChIP-seq data for Rest, Max, Six4,
MyoD and myogenin in C2C12 cells are also shown (Data IDs are listed in MATERIALS AND METHODS). Arrowheads indicate the target regions for
ChIP-qPCR. (F and G) ChIP-qPCR analyses of LSD1 occupancy at metabolic gene promoters (F) and Myh7 gene loci (G). ChIP analyses were performed
using differentiating (day 2) and differentiated (day 5) C2C12 cells (n = 3). *P < 0.05, **P < 0.01. NS: no significant difference.
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Table 1. (A and B) Transcription factors (TFs) exhibiting similar genomic distributions to that of LSD1. LSD1 peaks were divided into two groups,
LSD1-bound promoters (<TSS ± 1 kb) (A) and outside of promoters (>TSS ± 1 kb) (B). An extensive comparison with publicly available datasets was
conducted for each group, using the ChIP-Atlas (http://chip-atlas.org/). Top 10 rankings are shown

Rank ID Antigen Cell
Num of
peaks

Overlaps /
LSD1

Overlaps /
random

Fold
enrichment P-value Q-value

(A) TFs similarly distributed with LSD1 (<TSS ± 1 kb)
1 SRX3206550 Brd4 Muscle, Skeletal 5236 4424/11268 27/11268 163.852 <1.0 × 10−324 <1.0 × 10−324

2 SRX3206547 Brd4 Muscle, Skeletal 6926 5690/11268 39/11268 145.897 <1.0 × 10−324 <1.0 × 10−324

3 SRX3206545 Brd4 Muscle, Skeletal 9561 7152/11268 50/11268 143.04 <1.0 × 10−324 <1.0 × 10−324

4 SRX142538 E2f4 C2C12 2379 1628/11268 13/11268 125.231 <1.0 × 10−324 <1.0 × 10−324

5 SRX522661 Sin3a C2C12 2230 1845/11268 15/11268 123 <1.0 × 10−324 <1.0 × 10−324

6 SRX956815 Six4 C2C12 4850 3510/11268 29/11268 121.034 <1.0 × 10−324 <1.0 × 10−324

7 SRX344972 Sin3a C2C12 1797 1405/11268 12/11268 117.083 <1.0 × 10−324 <1.0 × 10−324

8 SRX150192 Hdac1 Myoblasts 2823 1217/11268 11/11268 110.636 <1.0 × 10−324 <1.0 × 10−324

9 SRX142525 Max C2C12 6364 2661/11268 30/11268 88.7 <1.0 × 10−324 <1.0 × 10−324

10 SRX142526 Rest C2C12 5494 1466/11268 17/11268 86.2353 <1.0 × 10−324 <1.0 × 10−324

(B) TFs similarly distributed with LSD1 (>TSS ± 1 kb)
1 SRX770038 Myod1 C2C12 4298 3786/40746 60/40746 63.1 <1.0 × 10−324 <1.0 × 10−324

2 SRX142533 Fosl1 C2C12 3696 2664/40746 45/40746 59.2 <1.0 × 10−324 <1.0 × 10−324

3 SRX328690 Myod1 C2C12 10980 8705/40746 153/40746 56.8954 <1.0 × 10−324 <1.0 × 10−324

4 SRX142529 Tcf12 C2C12 7817 6126/40746 112/40746 54.6964 <1.0 × 10−324 <1.0 × 10−324

5 SRX142537 Myod1 C2C12 12521 8722/40746 166/40746 52.5422 <1.0 × 10−324 <1.0 × 10−324

6 SRX142515 Myog C2C12 5718 4341/40746 84/40746 51.6786 <1.0 × 10−324 <1.0 × 10−324

7 SRX142516 Myod1 C2C12 3446 2568/40746 50/40746 51.36 <1.0 × 10−324 <1.0 × 10−324

8 SRX1817465 Tead4 C2C12 1697 1478/40746 29/40746 50.9655 <1.0 × 10−324 <1.0 × 10−324

9 SRX039346 Epitope tags C2C12 3133 1462/40746 29/40746 50.4138 <1.0 × 10−324 <1.0 × 10−324

10 SRX213538 Mef2d C2C12 3551 1840/40746 37/40746 49.7297 <1.0 × 10−324 <1.0 × 10−324

bound promoters (<TSS ± 1 kb) were highly enriched
by repressive factors such as Sin3A and Rest in C2C12
cells (Table 1). On the other hand, in genomic regions out-
side of promoters (>TSS ± 1 kb), myogenic TFs, MyoD
(MYOD1) and myogenin (MYOG), were significantly co-
localized with LSD1 (Table 1).

We observed that LSD1 was enriched at the promoter re-
gions of oxidative metabolism genes at both days 2 and 5
(Figure 2D and F, Supplementary Figure S5A and B). In
addition, LSD1 peaks were also detected in glycolytic genes
such as Gapdh (Supplementary Figure S5C). LSD1 was
bound at about 3 kb upstream of the transcription start site
of Myh7 (Figure 2E and G). LSD1 enrichment was also ob-
served downstream of another slow fiber gene, Tnnc1 (Sup-
plementary Figure S5D), but not near the fast fiber gene
Myh4 (Supplementary Figure S5E). Interestingly, enrich-
ment of LSD1 at the Myh7 and Tnnc1 gene loci was detected
at day 2 but not on day 5. In agreement with the ChIP-Atlas
results, in the Myh7 and Tnnc1 loci, the LSD1 peaks were
located at the MyoD- and myogenin-bound sites, which
harbored the enhancer box (E-box) sequence, a consensus
binding sequence for myogenic TFs (Figure 2E and Sup-
plementary Figure S5D) (27). These results indicate that,
in differentiating myoblasts, LSD1 preferentially binds to
transcriptionally competent chromatin regions in oxidative
fiber-associated genes.

LSD1 inhibition increases H3K4 methylation at target re-
gions of oxidative metabolism genes

To gain mechanistic insights into the role of LSD1 in gene
regulation, we analyzed the effects of LSD1 inhibition on
expression of LSD1-bound genes. The overall expression
profile of LSD1-bound genes was not greatly altered by
LSD1 inhibition in C2C12 cells on day 2 (Figure 3A). How-
ever, a large percentage of LSD1 inhibition-induced genes
(73.1%) was bound to LSD1 (Figure 3B), suggesting that

LSD1 was involved in activation of these genes. To evaluate
effects of LSD1 inhibition on H3K4 methylation status, we
performed ChIP-seq using antibodies against H3K4me1,
H3K4me2 and H3K4me3. Most of the genomic regions
with high LSD1 enrichment had decreased H3K4me1 lev-
els in the presence of LSD1 inhibition, while H3K4me3 lev-
els were increased (Supplementary Figure S6), suggesting
a link between LSD1 activity and H3K4 methylation equi-
librium. In the Pdk4 gene locus, H3K4me2 and H3K4me3
were condensed near the promoter region, while H3K4me1
showed a dispersed distribution, both in control and LSD1-
inhibited cells (Figure 3C). By quantitative ChIP-PCR, we
observed elevated H3K4me2 levels at the promoters of Pdk4
and Atgl and a relatively high H3K4me3 level at the Pgc1a
promoter in LSD1-inhibited cells (Figure 3D). In the Myh7
gene locus, there was widespread distribution of H3K4me1,
while H3K4me2 and H3K4me3 were nearly absent (Figure
3E). A region harboring an E-box in Myh7 did not have de-
tectable redistribution of H3K4 methylation (Figure 3F).

To further confirm regulation of oxidative metabolism
genes by LSD1 in myogenic cells, we generated stable LSD1
knockdown (KD) myoblasts by introducing a shRNA ex-
pression vector into C2C12 cells (Supplementary Figure
S7A). Consistent with previous reports (28–30), LSD1-KD
cells failed to differentiate into myotubes upon induction
(Supplementary Figure S7B). We performed a microarray
analysis of control and LSD1-KD C2C12 cells at differen-
tiation day 2, identifying 2104 genes upregulated by LSD1-
KD (Supplementary Figure S7C). Of these, 435 were also
upregulated by LSD1 inhibitors and genes in this group
were enriched for oxidative genes (Supplementary Figure
S7C and D, Supplementary Table S3). By ChIP-qPCR anal-
yses, we found increased H3K4 methylation at a number of
oxidative gene promoters and the Myh7-E-box region (Sup-
plementary Figure S7E and F). Taken together, these results
suggest that loss of LSD1 caused remodeling of local H3K4

http://chip-atlas.org/
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Figure 3. LSD1 fine-tunes expression of actively transcribed genes related to oxidative metabolism. (A) Scatterplot showing correlation between gene
expression levels and changes in expression under LSD1 inhibition. LSD1-neighboring genes in C2C12 cells on day 2 (16,858 genes) are shown. (B)
Percentage of LSD1 inhibition-induced genes associated with neighboring LSD1-bound regions. (C) H3K4 methylation at the Pdk4 gene locus. Control
or S2101 (10−5 M) treated C2C12 cells were analyzed at day 2 after myogenic induction. ChIP-seq data are presented in the same manner as in Figure 2D.
(D) ChIP-qPCR analyses of H3K4 methylation at metabolic gene promoters. ChIP analyses were performed using differentiating (day 2) C2C12 cells (n =
3). (E) Histone modifications at the Myh7 gene locus. (F) ChIP-qPCR analyses of H3K4me1 enrichment at the Myh7 gene locus (n = 3). **P < 0.01.
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dynamics to increase expression of oxidative metabolism
genes during myogenesis.

Glucocorticoid induces JADE2-mediated LSD1 degradation

To investigate effects of the endocrine environment on
LSD1 activity, we treated differentiated C2C12 myotubes
with hormones associated with either anabolic or catabolic
signaling. Interestingly, the glucocorticoid analog dexam-
ethasone (Dex) caused a marked decrease in levels of LSD1
protein (Supplementary Figure S8A and B). These results
were confirmed by showing a significant decrease in LSD1
levels after Dex treatment in both C2C12 and mouse pri-
mary myotubes (Figure 4A and B). Despite the decreased
levels of LSD1 protein in the presence of Dex, LSD1 mRNA
expression was unaffected, suggesting post-transcriptional
regulation (Supplementary Figure S8C and D). It was re-
ported that LSD1 was actively degraded by the ubiquitin-
proteasome system (UPS), depending on the cellular con-
text (31,32). To assess the contribution of UPS in Dex-
induced LSD1 regulation, cells were treated with MG132,
a proteasome inhibitor (Supplementary Figure S9A). To
eliminate de novo synthesis of LSD1, cycloheximide (CHX)
was also added. Combined treatment with MG132 and
CHX prevented the suppressive effect of Dex on LSD1 pro-
tein levels, indicating that the glucocorticoid triggered pro-
teasomal LSD1 degradation. Several factors were impli-
cated in regulation of LSD1 protein levels. The plant home-
odomain finger-containing protein, JADE-2 (also known as
PHF15), was reported to act as an E3 ubiquitin ligase for
LSD1 in neural cells (31), while USP28 acted as a deubiq-
uitinase for LSD1 in cancer cells (32). Intriguingly, JADE-2
expression was markedly increased in C2C12 and primary
myoblasts treated with Dex (Figure 4C–E). A glucocorti-
coid response element is located at approximately 17 kb up-
stream of the transcription start site of the Jade2 gene (33)
(Supplementary Figure S9B). By ChIP analysis, we deter-
mined that the glucocorticoid receptor (GR) was promi-
nently targeted to this region in response to Dex (Supple-
mentary Figure S9B). To confirm involvement of JADE-2 in
Dex-induced LSD1 degradation, we used mouse hepatoma
Hepa1-6 cells showing nuclear translocation of abundantly
expressed GR (Supplementary Figure S9C). We found that
JADE-2 levels were similarly increased by Dex treatment
in these cells, and that the Dex-induced decrease in LSD1
levels was attenuated by Jade2 KD (Supplementary Fig-
ure S9D). These data show that glucocorticoid signaling in-
duces JADE-2 expression, resulting in degradation of LSD1
protein.

LSD1 downregulation is mediated by GR in mouse skeletal
muscle

Among skeletal muscle tissues in mice, the fast fiber en-
riched gastrocnemius had higher LSD1 expression than did
the slow fiber enriched soleus (Figure 4F, Supplementary
Figure S9E). To test glucocorticoid-induced LSD1 suppres-
sion in vivo, we used muscle-specific glucocorticoid recep-
tor knockout (GRmKO) mice, which exhibited fast fiber
enrichment (16). In control mice, continuous administra-
tion of Dex for one week induced a moderate decline in

LSD1 levels in the skeletal muscle (Figure 4G). In contrast,
Dex treatment did not affect LSD1 levels in GRmKO mice
(Figure 4G). In agreement with these observations, Jade2
expression was markedly elevated after continuous Dex
treatment, while this effect was attenuated in Dex treated
GRmKO mice (Figure 4H). Furthermore, in muscles of
adrenalectomized mice, thus devoid of corticosterone pro-
duction (16), LSD1 levels were significantly elevated (Fig-
ure 4I). We next analyzed publicly available transcriptome
datasets (34), finding that Jade2 expression was significantly
upregulated in metabolic tissues, such as adipose tissue, liver
and skeletal muscle, in fasting mice (Supplementary Figure
S9F). These results indicate that LSD1 protein level is neg-
atively regulated by GR-mediated signaling in skeletal mus-
cle.

LSD1 inhibition facilitates glucocorticoid-induced expres-
sion of oxidative metabolism genes

Glucocorticoid signaling was shown to enhance OXPHOS
and promote the selective wasting of fast muscle fibers
(35,36). Having observed that LSD1 repressed expression
of oxidative genes (Figure 1), we hypothesized that loss of
LSD1 function would enhance the hormonal actions of
glucocorticoids. Indeed, Dex treatment during differenti-
ation increased expression of oxidative metabolism genes,
an effect further augmented by S2101 (Figure 5A). In ad-
dition, LSD1 inhibition and Dex synergistically enhanced
expression of the slow fiber gene Myh7 (Figure 5B and
Supplementary Figure S10A). By immunofluorescence, we
confirmed that staining with anti-slow-myosin heavy chain
(slow-MHC) antibody was enhanced in myotubes treated
with Dex and S2101 (Supplementary Figure S10B and C).
These data suggest that LSD1 counteracts glucocorticoid-
induced expression of oxidative fiber genes. To gain fur-
ther insights into functional interactions between LSD1 and
glucocorticoid signaling, we treated myoblasts with Dex
and S2101 during either the early or late phase of dif-
ferentiation. LSD1 inhibition during the early phase, but
not the late phase, markedly augmented Dex-induced ex-
pression of both oxidative and Myh7 genes (Figure 5C
and D). These results emphasized that LSD1 contributes
to differentiation-coupled metabolic programming in my-
oblasts.

To explore how LSD1 counteracted glucocorticoid-
induced gene expression, we evaluated changes in H3K4
methylation in cells treated with Dex and S2101. H3K4me1
levels were analyzed at the E-box region of the Myh7 lo-
cus, because ChIP-seq data indicated an enrichment of
the enhancer signature, including H3K4me1 and acetylated
H3K27, at this region (Figure 3E and data not shown) (37).
Treatment with S2101, together with Dex, significantly in-
creased H3K4me1 levels at the E-box and at additional re-
gions in the Myh7 locus (Figure 5E). We also found in-
creased levels of H3K4me2 at the promoter regions of ox-
idative metabolism genes in cells treated with Dex and
S2101, especially at the promoter of Pgc1� (Figure 5F).
Collectively, our results suggest that LSD1 maintains tran-
scriptionally competent chromatin by H3K4 demethyla-
tion, priming these sites for glucocorticoid-induced gene ac-
tivation.
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Figure 4. Downregulation of LSD1 by a glucocorticoid in cultured myotubes and in mouse skeletal muscle in vivo. (A and B) Expression of LSD1 protein
in C2C12 myotubes (A) and primary myoblasts (B) under Dex (10−6 M) treatment (n = 3). Following myogenic induction for 5 days in C2C12 and 4 days
in primary cells, cells were treated with Dex or vehicle (EtOH) for 24 h. Band densities were quantified by densitometry and values, normalized to those
for histone H3, are shown. (C) Expression of genes related to LSD1 ubiquitination (n = 3). Cells were subjected to myogenic induction for 4 days and
then treated with Dex for 24 h. Values are shown as fold differences against those for EtOH-treated controls. (D) Effects of Dex on JADE-2 protein levels
in C2C12 myotubes (n = 3). Values are shown as fold differences against those for EtOH-treated controls. (E) Expression of the Jade2 gene in myotubes
derived from primary myoblasts treated with Dex for 24 h (n = 3). (F) Expression of LSD1 protein in gastrocnemius (Gas) and soleus (Sol) muscle in
8-week-old male C57BL/6J mice (n = 5). Band densities were quantified by densitometry, normalized to those for histone H3 and plotted as triangles.
Values are shown as fold differences against the average for Gas. Black bars show the means. (G) Effects of Dex administration on LSD1 protein levels
in mouse skeletal muscle (n = 6). Protein was extracted from Gas muscle from GRflox/flox and GRmKO mice treated with PBS (controls) or Dex for 7
days before sacrifice. Band densities were quantified by densitometry, normalized to those for histone H3 and plotted as triangles. Values are shown as
fold differences against the average of vehicle (PBS)-treated GRflox/flox samples. (H) Effects of Dex administration on Jade2 expression in mouse skeletal
muscle (n = 5). RNA was extracted from Gas muscle from GRflox/flox and GRmKO mice treated with PBS (controls) or Dex for 7 days before sacrifice.
Values are shown as fold differences compared with those for PBS-treated GRflox/flox samples. (I) Effects of adrenalectomy on LSD1 protein expression
in mouse skeletal muscle (n = 4). Protein was extracted from Gas muscle from C57BL/6J mice at 7 days after adrenalectomy (ADX) or sham surgery.
Band densities were quantified by densitometry and normalized to those for histone H3. Values are shown as fold differences against the averages of sham
control samples. *P < 0.05, **P < 0.01. NS: no significant difference.



Nucleic Acids Research, 2018, Vol. 46, No. 11 5451

Figure 5. LSD1 inhibition facilitates Dex-induced expression of oxidative genes. (A) Effects of Dex and S2101 on expression of oxidative metabolism genes
(n = 3). C2C12 cells were cultured in differentiation medium for 7 days in the presence of Dex (10−6 M) alone or with S2101 (10−5 M). Values shown are
fold differences against vehicle-treated controls. (B) Expression of the Myh7 gene in Dex- and S2101-treated cells. Values shown are fold differences against
vehicle-treated controls. (C and D) Expression of oxidative metabolism and Myh7 genes in C2C12 myotubes treated with Dex and S2101 during the early
phase (C) or late phase (D) of differentiation (n = 4). RNA was extracted from C2C12 cells on day 7 after differentiation with the indicated treatments.
(E) Enrichment of H3K4me1 at the Myh7 gene locus. ChIP analyses were performed using differentiating C2C12 cells (48 h) treated with Dex and S2101
(n = 3). Values are each shown as % input. (F) Enrichment of H3K4me2 at the promoter regions of oxidative metabolism genes. *P < 0.05, **P < 0.01.
NS: no significant difference.
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DISCUSSION

Environmental conditions, such as nutritional state, exert
profound influences on epigenome, but little is known about
the underlying mechanisms. Our study demonstrated that
LSD1 transcriptionally repressed oxidative metabolism and
slow fiber myosin genes via the H3K4 demethylation, with a
concomitant decrease of oxygen consumption. A catabolic
glucocorticoid signal decreased LSD1 protein levels by
the glucocorticoid receptor-mediated expression of the E3
ubiquitin ligase, JADE-2. In agreement with these obser-
vations, the combination of glucocorticoid stimulation and
LSD1 inhibition synergistically enhanced oxidative fiber
gene expression with increased levels of H3K4 methylation
at LSD1-bound promoters and enhancers. These results in-
dicated that LSD1 serves as an epigenetic hub to trans-
late environmental information into epigenetic remodeling
(Supplementary Figure S11).

Previous reports showed that LSD1 was required for dif-
ferentiation of cultured myoblasts (28,29). Those findings
were based on LSD1 loss-of-function experiments using
stable shRNA expression or CRSPR-Cas9-based genome
editing, which required extended culture of undifferenti-
ated myoblasts after LSD1 inactivation. This extended cul-
ture might have significantly affected the myogenic poten-
tial of the cells. More recently, Scionti et al. reported that
LSD1 was required for MyoD expression at the initial step
of myogenesis in myogenic stem cells (30). Notably, they
demonstrated that H3K9 methylation level at an enhancer
of Myod gene was increased in LSD1-KD cells before dif-
ferentiation induction, suggesting that those cells had lost
myogenic identity. Consistent with these previous reports,
we observed a loss of differentiation potential after estab-
lishment of LSD1-KD in C2C12 cells, accompanied by de-
creased MyoD expression (Supplementary Figure S7 and
data not shown). In our study, we demonstrated that LSD1
restricted the metabolic properties of differentiating my-
oblasts by suppressing expression of oxidative genes with-
out affecting the differentiation itself. Of note, we added
LSD1 inhibiting drugs only during the differentiation pe-
riod, when MyoD expression had already been established.
Scionti et al. tested the effects of LSD1 inhibitors other than
the ones we used, and demonstrated that inhibitor treat-
ment upon differentiation did not affect Myod expression
(30). Thus, both our study and previous reports demon-
strated that LSD1 function during myogenesis depends on
the differentiation state. In particular, our data show that
LSD1 has context-dependent activities as an environment-
responsive epigenetic factor.

LSD1 contributes to repressive chromatin structure
through H3K4 demethylation, but in some cases, acti-
vates transcription through H3K9 demethylation (8,38).
Our ChIP-seq data revealed that LSD1 was highly coin-
cident with active chromatin marks such as methylated
H3K4, H3K27ac and pol II, suggesting that LSD1 prefer-
entially binds to transcriptionally competent chromatin. At
genomic regions with high LSD1 occupancy, loss of LSD1
activity was associated with reduced H3K4me1 and in-
creased H3K4me3 levels. At oxidative metabolism gene loci,
loss of LSD1 led to upregulated expression with moderate
increase in H3K4 methylation. By contrast, LSD1 did not

show a prominent engagement with H3K9me3 peaks. We
previously reported using adipogenic cells that LSD1 inhi-
bition did not affect H3K9 methylation at the promoters of
oxidative metabolism genes (9). Collectively, the line of evi-
dences suggests that, for the regulation of metabolic plastic-
ity, LSD1 contribute to the balancing of H3K4 methylation
state at transcriptionally competent genes, rather than af-
fecting tightly repressive H3K9 methylation marks. LSD2,
the other flavin-dependent lysine demethylase, is also ex-
pressed in myogenic cells (data not shown). We previously
reported that LSD2 repressed lipid transport genes includ-
ing CD36 to limit lipid influx and metabolism in human
hepatic cells (39). Previous report demonstrated that CD36
was preferentially expressed in slow-twitch rather than fast-
twitch fiber of human skeletal muscle (40). Thus, LSD2 to-
gether with LSD1 might contribute to the suppression of
slow type metabolism in the muscle.

A glucocorticoid was shown to enhance oxidative
metabolism and contractility in fetal cardiomyocytes by in-
ducing expression of the PGC-1� gene (41). In addition,
glucocorticoid signaling promotes fast fiber-selective mus-
cle wasting, suggesting that this class of hormones favored
oxidative muscle activity (36,42). Here, we demonstrated
that Dex treatment led to increased expression of oxidative
and slow-type myosin genes, effects further augmented by
LSD1 inhibition. Our results suggest that the catabolic ac-
tion of the glucocorticoid in muscle was counteracted by
LSD1-mediated chromatin modification. Also of interest, a
glucocorticoid surge in late gestation was reported to con-
tribute to maturation of cardiac muscle, which shows a high
bias toward oxidative energy metabolism (43). Thus, it is
possible that crosstalk between glucocorticoids and LSD1
may be involved in early programming of oxidative capacity
in muscle lineages.

Epidemiologic and animal studies indicated that malnu-
trition or over-nutrition in early life is linked to an increased
risk of metabolic disorders such as obesity, diabetes and car-
diovascular diseases in adulthood (44,45). Although rela-
tionships between diet and the epigenome have been very
actively studied, it is not yet clear how nutritional condi-
tions can affect health and disease through specific epige-
netic mechanisms (3). Previously, we demonstrated that, un-
der anabolic conditions, LSD1 repressed expression of ox-
idative metabolism and lipid metabolism associated genes in
cultured adipose cells and tissues (9,10). Our current study
further showed that glucocorticoids, involved in fetal and
postnatal growth in mammals, targeted LSD1-mediated
metabolic gene regulation. Interestingly, patients with type
2 diabetes or obesity were reported to have more glycolytic
and fewer oxidative fibers, compared with healthy individ-
uals (46,47). In addition, the PGC-1� gene was epigenet-
ically silenced in the skeletal muscle of individuals with
diabetes (48). Based on these findings, it is tempting to
speculate that the nutritional environment could influence
LSD1-mediated epigenome formation, which may then af-
fect long-term metabolic outcomes.

In conclusion, our study demonstrated that multiple
metabolic signaling processes affect LSD1 activity, which
could then influence the trajectory of metabolic reprogram-
ming in differentiating myoblasts. Our findings extend the
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current understanding of how environmental factors can
control the epigenome during transitions of cellular states.
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