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Background: The epigenetic mechanism underlying E4BP4-dependent repression of hepatic Fgf21 during refeeding is
unknown.
Results: E4BP4 interacts with G9a, and knockdown of G9a by shRNA abolishes suppression of Fgf21 by refeeding in vivo.
Conclusion: G9a is a co-repressor required for E4BP4-dependent repression of Fgf21 expression.
Significance: G9a is a critical histone methyltransferase in E4BP4-dependent repression of Fgf21 during refeeding.

The liver responds to fasting-refeeding cycles by reprogram-
ming expression of metabolic genes. Fasting potently induces
one of the key hepatic hormones, fibroblast growth factor 21
(FGF21), to promote lipolysis, fatty acid oxidation, and ketogen-
esis, whereas refeeding suppresses its expression.Wepreviously
reported that the basic leucine zipper transcription factor
E4BP4 (E4 binding protein 4) represses Fgf21 expression and
disrupts its circadian oscillations in cultured hepatocytes.
However, the epigenetic mechanism for E4BP4-dependent sup-
pression of Fgf21 has not yet been addressed. Here we present
evidence that histone methyltransferase G9a mediates E4BP4-
dependent repression of Fgf21 during refeeding by promoting
repressive histone modification. We find that Fgf21 expression
is up-regulated in E4bp4 knock-out mouse liver. We demon-
strate that the G9a-specific inhibitor BIX01294 abolishes sup-
pression of the Fgf21 promoter activity by E4BP4, whereas over-
expression ofE4bp4 leads to increased levels of dimethylation of
histone 3 lysine 9 (H3K9me2) around the Fgf21 promoter
region. Furthermore, we also show that E4BP4 interacts with
G9a, and knockdown of G9a blocks repression of Fgf21 pro-
moter activity and expression in cells overexpressing E4bp4. A
G9amutant lacking catalytic activity, due to deletion of the SET
domain, fails to inhibit theFgf21promoter activity. Importantly,
acute hepatic knockdown by adenoviral shRNA targeting G9a
abolishes Fgf21 repression by refeeding, concomitant with
decreased levels of H3K9me2 around the Fgf21 promoter
region. In summary, we show that G9a mediates E4BP4-depen-
dent suppression of hepatic Fgf21 by enhancing histone meth-
ylation (H3K9me2) of the Fgf21 promoter.

During the normal fasting-refeeding cycles, the liver
responds to nutrient influx and deprivation by turning on and

off corresponding metabolic gene expression (1). Fasting acti-
vates catabolic events, such as lipolysis, fatty acid oxidation, and
proteolysis, whereas feeding promotes anabolic pathways,
including lipogenesis and glycogenesis. FGF21 is a hepatic hor-
mone highly induced by food starvation or ketogenic diet and
suppressed by refeeding (2). As an adaptive response to fast-
ing, elevated levels of FGF21 promote lipolysis in the white
fat tissue and ketogenesis in the liver (3). Several nuclear recep-
tors, including peroxisome proliferator-activated receptor �
(PPAR�),2 thyroid hormone receptor �, retinoid X receptor,
and RAR-related orphan receptor � have been identified as
transcription activators for Fgf21 in the liver (2–6). The critical
role of PPAR� has been highlighted by abolishment of Fgf21
induction in the liver PPAR� knockout mice after prolonged
fasting or bezofibrate (PPAR� agonist) treatment (7, 8). So far,
few repressors of Fgf21 gene expression are known. Our labo-
ratory previously reported that the basic leucine zipper tran-
scription factor E4BP4 represses Fgf21upon insulin stimulation
and is critical for circadian oscillations of Fgf21 (9). However,
the epigenetic program underlying the E4BP4-dependent
repression of Fgf21 remains unknown.
E4BP4 is a basic leucine zipper transcription factor initially

identified as adenoviral E4 promoter-binding repressor and an
IL3-induced factor in B-lymphocytes (10, 11). In E4bp4 knock-
out mice, it has been shown that E4BP4 is critical for NK cell
development and IgE expression in B cells (12–14). In addition
to its role in the immune system, E4bp4 is also highly expressed
in the liver, adipose tissue, and the suprachiasmatic nuclei of
the hypothalamus (15). Hepatic E4bp4mRNAdisplays a potent
cycling in the liver with peak expression at circadian time 0 and
trough expression at circadian time 12 h (15). As a circadian
output oscillator, E4BP4may regulate circadian oscillations of a
subset of circadian out genes, such as Mdr1 (multidrug-resist-
ant gene 1) (16),PPAR� (17), andCyp7a (18). InDrosophila, the
E4bp4 homologue vrille functions as a key negative regulator of
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the fly circadian clock (19, 20). E4BP4 actively represses target
gene expression primarily through its binding to the D-box ele-
ments of target promoters (21). The TATA box-binding pro-
tein (TBP)-binding protein D1 was postulated as a potential
repression cofactor of E4BP4 based upon its interaction with
E4BP4 (22). Despite the potent repression of targets by E4BP4,
epigenetic changes and histone-modifying enzymes involved in
its transcriptional silencing remain largely unknown.
A subset of transcriptional repression is characterized by a

repressive mark, dimethylation at lysine 9 of histone H3
(H3K9me2), around the promoter region of target genes (23).
H3K9me2 is catalyzed by a group of histone methyltrans-
ferases, including G9a and G9a-like protein (GLP), members of
the highly conserved SET (Su (var) 3–9-enhancer of zeste-
trithorax) domain family (24). G9a and GLP exist predomi-
nantly in a heterodimeric complex to function as a functional
H3K9 methyltransferase in vivo (25). Global deletion of G9a in
mice drastically reduced levels of H3K9me2 and resulted in
embryonic lethality, highlighting the consequences of global
perturbation of gene repression during embryogenesis (26).
G9a-associated transcription repressionmight be also involved
in the postdevelopmental stage and participate in a short term
gene regulation. Indeed, G9a-dependent methyltransferase
activity has been found to be involved in the expression of Th2-
associated cytokines (27), terminal differentiation of B-lym-
phocytes (28), bile acid metabolism (29), cocaine-induced neu-
ronal plasticity (30), tumor growth andmetastasis (31–33), and
the interferon response (34). No previous studies have reported
the role of G9a in lipid metabolism in the liver.
Previously, we identified Fgf21 as a direct circadian target of

E4BP4 in hepatocytes (9). In the present study, we demonstrate
that E4BP4 is an in vivo repressor of Fgf21 transcription during
fasting-refeeding cycles. At themolecular level, we provide evi-
dence that E4BP4 interacts with histonemethyltransferase G9a
to repress Fgf21 expression.Manipulation ofG9a expression or
inhibition of its enzymatic activity alters Fgf21 transcription in
cultured hepatocytes. Crucially, depletion ofG9a expression by
shRNA knockdown in the mouse liver abolishes the hepatic
Fgf21 oscillations during fasting-refeeding cycles.

EXPERIMENTAL PROCEDURES

Plasmids and Adenovirus Generation—Both E4BP4 overex-
pression and shRNA vectors were reported before (9). The ade-
novirus for Ad-E4bp4 (overexpression), Ad-shE4bp4 (knock-
down), and Ad-shG9a (knockdown) were generated using the
pAdEasy system (Agilent) and pAd-Block-it system (Invitro-
gen). The shRNA targeting sequence for mouse E4bp4 is 5�-
ggaattcattccggacgagaa. The shRNA targeting sequence for
mouse G9a is 5�-gcctgtactatgatgctgact. The HA-G9a expres-
sion vector is a generous gift fromDr. KennethWright (Moffitt
Cancer Center, University of South Florida). The HA-G9a-
�SET mutant (�995–1159aa) was generated via QuikChange
mutagenesis (Agilent) and confirmed by sequencing.
Animal Experiments—All animal care and use procedures

were in accordance with guidelines of the University of Michi-
gan Institutional Animal Care and Use Committee. All mice
used in this study were of the C57 Bl/6 strain. Both male wild-
type (WT) and E4bp4�/� mice age 8–10 weeks were main-

tained on 12-h/12-h light/dark with free access to food and
water. Both WT and E4bp4�/� mice (n � 4–5 mice/group)
were then sacrificed at Zeitgeber time 6 h, and both serum and
liver tissues were collected for analysis. Serum FGF21 was
measured by ELISA according to the manufacturer’s instruc-
tions (R&D Systems). Serum level of �-hydroxybutyrate
(ketone body) was measured by a commercial kit (Pointe
Scientific).
Adenoviral Injection—WT C57BL/6J male mice (between 8

and 10 weeks old) were maintained on a 12-h/12-h light/dark
cycle with free access to standard diet andwater. For adenoviral
injections, 1 � 1012 plaque-forming units (pfu)/recombinant
adenovirus were administrated via tail vein injection. For each
virus (Ad-shLacz or Ad-shG9a), a group of 4–5 mice were
injected with the same dose treatment. 14 days after injection,
mice were sacrificed around Zeitgeber time 8 h following either
overnight fasting or refeeding for 16 h. Both serum and liver
tissues were harvested for protein analysis.
Primary Hepatocyte Isolation—Primary mouse hepatocytes

(PMHs) were isolated by a two-step collagenase digestion with
100 units/ml collagenase in HBSS at pH 7.4. After dissection,
the liver was placed in DMEM and carefully pulled apart to
release hepatocytes. Hepatocytes in DMEM were passed
through a 100 �m cell strainer and then spun at 50 � g for 1
min. The pellet was resuspended in DMEM and then spun at
50 � g for 10 min in a Percoll gradient to remove dead hepato-
cytes. The viable cells werewashedwithDMEMat 50� g for 10
min and checked by trypan blue staining. PMHs were cultured
on collagen-coated plates in 5% FBS and DMEM. The adenovi-
ral transduction was performed within 6 h after seeding. After
overnight incubation, cells were switched to fresh serum-free
medium and incubated for another 24 h before harvest.
Cell Culture and Cell Synchronization—Both 293T and

mouse hepatoma Hepa1c1c-7 cell lines were maintained in
minimum essential medium supplemented with 10% fetal
bovine serum at 37 °C under 5% CO2. The protocol for in vitro
synchronization study was described previously. Briefly, the
freshly seeded Hepa1c1c-7 cells were firstly transduced with
Ad-shLacz or Ad-shG9a for 16 h. 50% horse serum shock was
performed 24 h later. Cells then were collected formRNA anal-
ysis at 4-h intervals between the 24 and 60 h time points
postsynchronization.
Luciferase Reporter Assay—Cells were plated in a 24-well

plate overnight before transfectionwithmFgf21-WTor -D-box
deletion mutant promoter luciferase reporter alongside either
overexpression or shRNA vectors using Lipofectamine 2000
(Invitrogen). 48 h post-transfection, cells were lysed for lucifer-
ase activity assay measurement on a BioTek Synergy 2 micro-
plate reader. The �-galactosidase construct was also co-trans-
fected in each well for normalizing luciferase activity.
Immunoprecipitation (IP) and Immunoblotting (IB)—The

standard immunoprecipitation method has been described
previously (35). For detecting the protein interaction between
FLAG-E4BP4 and HA-G9a, 293T cells were first transfected
with both expression plasmids at a 1:1 ratio and then lysed in
FLAG-IP buffer 48 h later. Cell lysateswere then incubatedwith
FLAG-M2-agarose beads (Sigma) overnight at 4 °C. The beads
were washed five times in FLAG-IP buffer and eluted in 30�l of
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2� SDS loading buffer. For IP of endogenous proteins, liver
tissues or cell pellets were lysed in ice-cold radioimmune pre-
cipitation assay buffer supplemented with 1� protease inhibi-
tor and 50 mM NaF and incubated on ice for 20 min. Protein
lysates were cleared by centrifugation at 14,000 rpm at 4 °C for
10 min. The supernatants were collected and quantified using
the Bio-Rad protein assay kit. Cell lysates were then incubated
with specific antibodies overnight at 4 °C. The protein complex
was captured by adding 30�l of ProteinA-Sepharose beads and
incubating at 4 °C for 1 h. The beads were washed five times in
radioimmune precipitation assay buffer and eluted in 30 �l of
2� SDS loading buffer. Western blotting was performed to
detect the presence of targeted proteins.
Chromatin Immunoprecipitation (ChIP)—The ChIP assay in

culture cells was performed as described before (36). PMHs
were infected with either Ad-GFP or Ad-E4pb4 and harvested
48 h later for ChIP assay. Liver ChIP assay was performed
according the protocol described before (37, 38). The frozen
liver tissues were minced in the presence of liquid nitrogen and
cross-linked in 1% of formaldehyde-PBS buffer. The resulted
nuclei pellets were then sonicated to generate soluble chroma-
tin materials with sizes between 1 and 2 kb. The chromatin
materials were immunoprecipitated with the following anti-
bodies at 4 °C overnight: anti-G9a (Bethyl Laboratory) and anti-
H3K9me2 (Cell Signaling). The resulting DNA fragments were
purified and subjected to PCR analysis using primers encom-
passing the D-box region of the mouse Fgf21 promoter. The
sequences of the PCR primers were as follows: for mFgf21–
5�UTR, 5�-agtccttgctcagggttcct-3� (forward) and 5�-acaggtgct-
ctccagatgct-3� (reverse); for mFgf21-TSS, 5�-tggtatttctgcgttca-
cca-3� (forward) and 5�-atgggtcaggttcagactgg-3� (reverse); for
mFgf21-3�UTR, 5�-tttgctccacagcagtcttg-3� (forward) and 5�-
tcagaaatctgcctgcctct-3� (reverse); for mFgf21-intron3, 5�-ttctg-
ggggttgaaacaaag-3� (forward) and 5�-aagccagcctggtctacaaa-3�
(reverse); for 18 S RNA, 5�-ttgacggaagggcaccaccag-3� (forward)
and 5�-gcaccaccacccacggaatgg-3� (reverse).
cDNA Synthesis and Q-PCR—Total cellular RNA extraction

and reverse transcription were described previously (9). 18 S
ribosomal RNA was used as the housekeeping control to
calculate the -fold change for each transcript. The primer
sequences used in this study were as follows: for mFgf21, 5�-
gctgctggaggacggttaca-3� (forward) and 5�- cacaggtccccaggatgt-
tg-3� (reverse); for mE4bp4, 5�-cggagcttgaatcgcgcccc-3� (for-
ward) and 5�-gggttatcgtggttctgctccctg-3� (reverse); for mG9a,
5�-tgcctatgtggtcagctcag-3� (forward) and 5�-ggttcttgcagcttctc-
cag-3� (reverse).
Statistical Analysis—All of the luciferase assays were done in

triplicates. Luciferase readings were normalized to �-galacto-
sidase activity for each well. Three individual replicates were
performed for each treatment in FGF21 ELISA. The results
were indicated asmean� S.E. To compare two groups,p� 0.05
was considered statistically significant for Student’s t test.

RESULTS

E4BP4 Represses Hepatic Fgf21 Expression in Vivo—We pre-
viously established that E4BP4 repressesFgf21 via directly bind-
ing to a D-box cis element of its promoter in the mouse hepa-
toma Hepa1c1c-7 cells (9). In the mouse liver, we similarly

detected direct binding of E4BP4 protein to the promoter of
Fgf21 by ChIP assay, suggesting E4BP4 might regulate Fgf21
transcription in whole animals. To assess the in vivo role of
E4BP4 in Fgf21 regulation, we examined the Fgf21 expression in
E4bp4�/� mice. The loss of E4BP4 expression was confirmed
by the lack of E4BP4protein in the liver (Fig. 1A). In comparison
with 3-month-old WT male mice on regular chow, serum
FGF21 levels in male E4bp4�/� mice were significantly higher
(Fig. 1B), consistentwith the higher levels of Fgf21mRNA in the
liver (Fig. 1C). Therefore, we established E4BP4 as a physiolog-
ical regulator of Fgf21 expression in the liver.
Because it was reported that circadian transcription repres-

sors, including REV-ERB� and PER1, function by recruiting
histone deacetylases (HDACs) as co-repressors (39, 40), we
hypothesized that E4BP4-mediated repression of Fgf21 also
requires a corepressor protein or a repression complex to
achieve the optimal effect. To that end, we first examined the
role of HDACs in E4BP4-mediated FGF21 repression. To our
surprise, neither trichostatin A (inhibitor of class I and II
HDACs) nor nicotinamide (inhibitor of class III HDACs) could

FIGURE 1. E4BP4 suppresses Fgf21 gene expression in vivo. A, loss of E4BP4
protein expression in the liver of E4pb4�/� mice. Pooled protein lysates
(about 500 �g) from three mice (WT or E4pb4�/�) were immunoprecipitated
by anti-E4BP4 (A9 from Santa Cruz Biotechnology, Inc.). The presence of
E4BP4 protein was detected by immunoblotting with anti-E4BP4 (H300 from
Santa Cruz Biotechnology, Inc.). HC, heavy chain. B, serum levels of FGF21 are
elevated in E4pb4�/� mice. Serum samples of 3-month E4pb4�/� male mice
fed regular chow were collected for FGF21 measurement. *, p � 0.05 by Stu-
dent’s t test. C, mRNA levels of Fgf21 are increased in the liver of E4bp4 knock-
out mice. Liver tissues from the same cohort of mice shown in B were har-
vested for mRNA measurement. Data were plotted as mean � S.E. (error bars)
(n � 4 –5). *, p � 0.05 by Student’s t test.
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block the E4BP4-dependent repression of the Fgf21 promoter-
driven luciferase construct (Fgf21-luc) activity (Fig. 2,A and B),
suggesting that HDACs may not be required for E4BP4 repres-
sion function. In contrast, a histone methyltransferase inhibi-
tor, BIX01294 (41), completely reversed E4BP4-dependent
repression on Fgf21-luc (Fig. 2C). BIX01294 is a reversible spe-
cific inhibitor ofG9a, which creates a repressivemilieu for tran-
scription by enhancing H3K9me2 of target promoters. We
therefore examined the level of H3K9me2 on the Fgf21 pro-
moter when E4BP4 level is elevated. 48 h post-transduction
with either Ad-E4bp4 or Ad-GFP control, we assayed the his-
tone modification level of the Fgf21 promoter in Hepa1 cells by
ChIP using anti-H3K9me2 antibody. Compared with Ad-GFP
control, Ad-E4bp4-transduced cells showed a drastic increase

in the level of H3K9 dimethylation around the 5�-untranslated
region (UTR) of the Fgf21 promoter (19-fold) and transcription
start site (TSS) (5-fold). In contrast, there was no change in the
H3K9me2 level around the 3�-UTR region (Fig. 2D). Together,
our results suggest that histone methyltransferase G9a is a
potential corepressor protein involved in E4BP4-dependent
suppression of Fgf21.
As a major histone methyltransferase targeting H3K9, G9a

has mainly been studied for its epigenetic effects on stem cell
differentiation, cell fate determination, and heterochromatin
formation (24). Very little is known about its function in meta-
bolic regulation. Previous work has shown that G9a acts as a
corepressor protein for the nuclear receptor SHP (small het-
erodimer protein) to repress Cyp7a expression in the bile acid
biosynthesis pathway (29). To test whether G9a is involved in
E4BP4-dependent repression, we first tested whether these two
proteins form a protein complex by overexpressing both G9a
and E4BP4 in 293T cells and performing IP with antibodies.
Indeed, we detected a strong interaction between FLAG-tagged
E4BP4 and HA-tagged G9a (Fig. 3A). In contrast, no specific
interaction was detected between E4BP4 and LSD1 (lysine
demethylase 1) (Fig. 3B). Tomap the region of E4BP4 that inter-
acts with G9a, we generated an E4BP4 truncationmutant with-
out its C-terminal repression domain R-del (�-R). Such a
mutant no longer interactswithG9aprotein, indicating that the
C-terminal region is required for interaction of E4BP4withG9a

FIGURE 2. Effects of inhibitors of histone-modifying enzymes on E4BP4-
mediated suppression of the Fgf21 promoter. A, trichostatin A (TSA; class I
and II HDAC inhibitor) does not affect E4BP4-dependent suppression of Fgf21
promoter activity. 24 h postcotransfection with Fgf21-luc plus E4bp4 expres-
sion vector versus GFP control vector, Hepa1 cells were exposed to 100 �M

trichostatin A overnight prior to the luciferase assay. The luciferase levels
were normalized to an internal control of �-galactosidase, and the value of
the GFP control group was set as 1. Data were plotted as mean � S.E. (error
bars) (n � 3). *, p � 0.05 by Student’s t test. B, nicotinamide (NAM; class III
HDAC inhibitor) shows no impact on repression of the Fgf21 promoter activity
by E4BP4. Hepa1 cells were similarly transfected as in A and then subjected to
20 mM nicotinamide overnight before luciferase assay. Data were plotted as
mean � S.E. (n � 3). *, p � 0.05 by Student’s t test. C, BIX01294, a specific
inhibitor of histone methyltransferase G9a, abolishes E4BP4-dependent sup-
pression of the Fgf21 promoter activity. Transfected Hepa1 cells were sub-
jected to 10 �M BIX01294 treatment overnight before the luciferase assay.
Data were plotted as mean � S.E. (n � 3). *, p � 0.05 by Student’s t test.
D, overexpression of E4BP4 increases the level of H3K9me2 on the 5�-UTR and
TSS region around the mouse Fgf21 promoter. 48 h after transduction by
either Ad-GFP or Ad-E4bp4, Hepa1 cells were harvested for a ChIP assay with
antibody against H3K9me2. The -fold increase was calculated with the level of
the Ad-GFP control group set as 1. Primers used for the ChIP assay are indi-
cated. The overexpression of E4BP4 was determined by immunoblotting with
anti-E4BP4.

FIGURE 3. E4BP4 interacts with the histone methyltransferase G9a.
A, E4BP4 and G9a interact with each other in vitro. 293T cells were transfected
with FLAG-E4bp4 expression vector in the presence or absence of full-length
HA-G9a. 48 h post-transfection, protein lysates were used for IP with anti-
FLAG antibody, and the presence of G9a was detected with immunoblotting
with anti-HA antibody. B, E4BP4 does not interact with LSD1 in vitro. The
potential interaction between FLAG-E4BP4 and HA-LSD1 was similarly
assayed in transiently transfected 293T cells. IP was performed with anti-FLAG
antibody. The presence of HA-LSD1 was detected by immunoblotting with
anti-HA antibody. NS, nonspecific signal. C, the C-terminal repression domain
of E4BP4 is required for interaction with G9a. The HA-G9a expression vector
was co-transfected with GFP, FLAG-E4bp4-WT, or FLAG-E4bp4-�-R (amino
acids 1–380) expression vector. IP was performed as usual with anti-FLAG
antibody. The presence of HA-G9a was detected by immunoblotting with
anti-HA antibody. D, insulin has no effect on interaction between E4BP4 and
G9a. Interactions between FLAG-E4BP4 and HA-G9a were tested in the pres-
ence of insulin treatment. 293T cells were first transfected with FLAG-E4bp4
and HA-G9a vectors. 24 h later, cells were switched to serum-free medium
and treated with 100 nM insulin for 16 h before IP with anti-FLAG antibody.
The presence of HA-G9a was detected by immunoblotting with anti-HA.
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(Fig. 3C). Based upon our previous finding that E4BP4 is
required for insulin-mediated repression of Fgf21 (9), we asked
whether insulin could stimulate interaction of E4BP4withG9a.
When both proteins were transiently overexpressed in 293T
cells via transfection, treatment of insulin did not impact the
E4BP4-G9a complex formation, indicating that insulin signal-
ing is not required for E4BP4-G9a interaction (Fig. 3D). To
determine whether these two proteins interact with each other
in vivo, we tested both Hepa1 cells and PMHs but failed to
detect protein-protein interaction between the endogenous
E4BP4 and G9a proteins (data not shown), possibly due to rel-
ative low abundance of G9a.
G9a Represses Fgf21 Expression in Hepatocytes—So far, our

results suggest that theC-terminal region of E4BP4 can interact
with G9a in cells, prompting us to ask whether G9a is involved
in E4BP4-mediated repression. We first asked whether manip-
ulation of G9a expression affects the Fgf21 promoter activity
and mRNA expression. Overexpression of G9a-WT via tran-
sient transfection suppressed the Fgf21 promoter as efficiently
as overexpression ofE4bp4 (Fig. 4A).Moreover, G9a repression
is dependent on its enzymatic activity becausewe did not detect
any repression of the Fgf21 promoter activity in cells expressing
the G9a-�SET enzyme-dead mutant with deletion of its SET
domain, which has been shown to be critical for G9a-mediated
H3K9 dimethylation (42–44) (Fig. 4B). The expression of both
G9a-WT and -�SET mutant was confirmed by immunoblot-
ting with HA antibody (data not shown). In addition, suppres-
sion of G9a enzymatic activity by BIX01294 led to a dose-de-
pendent activation of the Fgf21-luc reporter in 293T cells (Fig.
4C). To test the role of G9a on the endogenous Fgf21 expres-
sion, we used adenoviral shG9a to knock down expression of
G9a in freshly isolated PMHs. In Ad-shG9a-transduced PMHs,
mRNA G9a expression was reduced by about 80% in compari-
son with control shLacz, whereas Fgf21mRNAwas elevated by
7-fold, indicating that G9a plays a significant repressive role on
Fgf21 transcription (Fig. 4D). We previously showed that
depletion of E4bp4 expression leads to dysregulated circadian
oscillations of Fgf21mRNA in synchronizedHepa1 cells (9). To
examine the role of G9a in Fgf21 oscillations, we used
Ad-shG9a to deplete G9a and synchronized Hepa1 cells for
mRNA measurement. Between 24 and 48 h, Ad-Lacz-trans-
duced control cells displayed normal oscillations of Fgf21
mRNA. However, in the case of G9a shRNA knockdown, the
Fgf21mRNA oscillated at higher amplitude and peaked at both
32 and 44 h (Fig. 4E). To test whether G9a is present on the
endogenous Fgf21 promoter, we performed a ChIP assay with
anti-G9a in mouse liver tissues from refed mice. Indeed, we
detected clear G9a binding to the Fgf21 promoter during
refeeding (Fig. 4F). Taken together, our data support a direct
role of G9a in down-regulating the promoter activity and
mRNA expression of Fgf21 in hepatocytes.
E4BP4-dependent Suppression of Fgf21 Expression Requires

G9a—To testwhetherG9a is a required co-repressor for E4BP4
to repress Fgf21, we compared the abilities of G9a to repress
Fgf21-luc-WT and D-box 1 deletion mutant (Fgf21-luc-�D1),
which was shown to be resistant to E4BP4-mediated suppres-
sion (9). G9a suppressed the luciferase activity of Fgf21-luc-WT
but not -�D1 mutant (Fig. 5A), indicating that G9a repression

requires a functional E4BP4-binding site. Further, depletion of
endogenous E4bp4 expression by Ad-shE4bp4 abolished the
G9a-mediated repression on Fgf21-luc (Fig. 5B). Reciprocally,
knockdown of G9a blocked E4BP4-mediated repression of
Fgf21-luc in Hepa1 cells overexpressing E4bp4 (Fig. 5C), con-
sistentwith the elevated endogenous Fgf21mRNA in those cells
(Fig. 5D). Thus, we demonstrate the evidence that G9a is essen-
tial for E4BP4-dependent suppression of Fgf21.
G9a Is Required for Refeeding-induced Repression of Fgf21 in

the Liver—Finally, we sought to test whether G9a regulates
Fgf21 expression in vivo.We injectedmicewithAd-shG9a con-
trol and studied its effect on metabolic parameters and hepatic

FIGURE 4. G9a represses Fgf21 transcription in hepatocytes. A, G9a inhibits
the Fgf21 promoter activity as efficiently as E4BP4. Hepa1 cells were trans-
fected with Fgf21-luc along with GFP, FLAG-E4bp4, or HA-G9a expression
vector. 48 h later, cells were harvested for the luciferase assay and the �-gal
assay as a transfection efficiency control. The data were plotted as mean �
S.E. (n � 3). *, p � 0.05 by Student’s t test. B, the inhibitory effect of G9a on
Fgf21-luc activity depends on its SET domain. Hepa1 cells were transfected
with Fgf21-luc along with GFP, G9a-WT, or G9a-�SET expression vector and
lysed 48 h later for the luciferase assay. The data were plotted as mean � S.E.
(n � 3). *, p � 0.05 by Student’s t test. C, inhibition of G9a by BIX01294 causes
dose-dependent activation of Fgf21-luc activity. Data were plotted as mean �
S.E. (error bars) (n � 3). *, p � 0.05. D, G9a knockdown elevates Fgf21 mRNA in
PMHs. PMHs were harvested 48 h after transduction by either Ad-shLacz or
Ad-shG9a, and the mRNAs were quantified by QPCR. Data were plotted as
mean � S.E. (n � 4). *, p � 0.05 by Student’s t test. E, G9a knockdown
enhanced circadian oscillations of Fgf21 mRNA in synchronized Hepa1 cells.
After depletion of G9a expression by adenoviral knockdown, Hepa1 cells
were synchronized by serum shock and then harvested at the indicated time
points for RNA isolation. The expression of Fgf21 mRNA was measured by
QPCR and normalized to internal control 18 S RNA. Data were plotted as
mean � S.E. (n � 3). F, occupancy of G9a on the Fgf21 promoter in the liver.
G9a binding to the Fgf21 promoter in the refed mouse livers was detected by
a ChIP assay with anti-G9a antibody.
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Fgf21 expression during a fasting-refeeding cycle. Knockdown
of G9a in the liver was confirmed by QPCR analysis (Fig. 6A).
G9a knockdown had no effect on body weight and plasma glu-
cose levels (data not shown) but significantly increased �-hy-
droxybutyrate, a ketone body, during refeeding (Fig. 6B). More
importantly, G9a knockdown abolished the refeeding-induced
down-regulation of Fgf21 (Fig. 6C) in comparison with Ad-sh-
Lacz control. Because G9a is necessary for maintaining
H3K9me2, a repressive histone mark on the chromatin, we
determined how acute knockdown of G9a alters the levels of
H3K9me2 around the Fgf21 promoter during refeeding.
Indeed, we observed a significant decrease inH3K9me2 around
the 5�-UTR region and TSS of the Fgf21 promoter in the refed
liver tissues after G9a shRNA knockdown (Fig. 6D), in parallel
with elevation of Fgf21 expression. However, a similar
H3K9me2 level was found around the exon 2 region of the Fgf21
gene. In summary, we concluded that G9a depletion leads to

increased Fgf21 expression and reduced dimethylation ofH3K9
of its promoter in the liver during refeeding.

DISCUSSION

In this report, we uncovered the novel role of histone meth-
yltransferase G9a in regulating the expression of Fgf21, an
important metabolic regulator. In response to refeeding and
insulin stimulation, E4BP4 recruits G9a to dimethylate the pro-
moter region of the Fgf21 gene and represses its transcription in
the mouse liver, whereas loss of G9a-dependent H3K9me2
facilitates transcription of Fgf21 by PPAR� during fasting
(Fig. 7).
Regulation of Fgf21 Expression during Normal and Diseased

States—Given the multiple effects of FGF21 on carbohydrate
and lipid metabolism, elucidation of regulation pathways of
Fgf21 induction is important for identifying novel therapeutic
targets during pathogenesis of obesity and diabetes. In trans-
genicmice, overexpression of Fgf21 improves insulin sensitivity
and lowers glucose concentration (45). However, Fgf21 global
knockout did not show a diabetic phenotype, although mice
displayed a defect in lipid metabolism upon ketogenic diet
treatment (46). In diabetic and obese conditions, both Fgf21
mRNA and serum FGF21 levels are paradoxically elevated,
indicative of development of peripheral FGF21 resistance in the
context of obesity (47–49). Nuclear receptors, including

FIGURE 5. E4BP4 represses Fgf21 expression and promoter activity via
G9a. A, G9a repression of Fgf21 requires a functional E4BP4-binding site.
Hepa1 cells were transfected with either Fgf21-luc-WT or Fgf21-luc-�D1
mutant (D-box 1 deletion) along with G9a expression vector. 48 h later, cells
were harvested for the luciferase assay and the �-gal assay as a transfection
efficiency control. Data were plotted as mean � S.E. (error bars) (n � 3). *, p �
0.05 by Student’s t test. B, knockdown of E4bp4 abrogates G9a-dependent
suppression of the Fgf21 promoter activity in hepatocytes. Hepa1 cells were
cotransfected with Fgf21-WT-luc and G9a expression vectors after transduc-
tion by either Ad-shLacz or Ad-shE4bp4. 48 h later, cells were harvested for the
luciferase assay and the �-gal assay as a transfection efficiency control. Data
were plotted as mean � S.E. (n � 3). *, p � 0.05 by Student’s t test. C, knock-
down of G9a abrogates E4BP4-dependent suppression of Fgf21 promoter
activity in hepatocytes. Hepa1 cells were cotransfected with Fgf21-WT-luc and
E4bp4 expression vector after transduction of either Ad-shLacz or Ad-shG9a.
48 h later, cells were harvested for the luciferase assay and the �-gal assay as
a transfection efficiency control. Data were plotted as mean � S.E. (n � 3). *,
p � 0.05 by Student’s t test. D, depletion of G9a blocks E4BP4-dependent
repression of Fgf21 mRNA expression in hepatocytes. Hepa1 cells were trans-
duced with the following paired adenoviruses: Ad-GFP plus Ad-shLacz versus
Ad-E4bp4 plus Ad-shLacz; Ad-GFP plus Ad-shG9a versus Ad-E4bp4 plus
Ad-shG9a. Cells were then synchronized by serum shock and harvested 36 h
postsynchronization. Data were plotted as mean � S.E. (n � 3). *, p � 0.05 by
Student’s t test.

FIGURE 6. In vivo role of G9a in regulating hepatic Fgf21 expression.
A, depletion of G9a in mouse liver tissues injected with either Ad-shLacz or
Ad-shG9a. The mRNA levels of G9a were detected by QPCR. Data were plotted
as mean � S.E. (error bars) (n � 5). **, p � 0.01 by Student’s t test. B, G9a
knockdown elevated the serum level of the ketone body in mice during
refeeding. Shown is the serum �-hydroxybutyrate level in mice injected with
Ad-shLacz or Ad-shG9a and subjected to a fasting-refeeding regimen. Levels
of serum �-hydroxybutyrate are shown as mean � S.E. (n � 5). *, p � 0.05 by
Student’s t test. C, abolishment of refeeding-induced suppression of Fgf21 by
G9a knockdown in the mouse liver. Liver tissues after injection of either Ad-
shLacz or Ad-shG9a were harvested during a fasting and refeeding cycle.
mRNA of Fgf21 was extracted and assayed by QPCR. Data are plotted as
mean � S.E. (n � 5). **, p � 0.01 by Student’s t test. D, G9a knockdown
reduced dimethylation of H3K9 of the Fgf21 promoter in the refed mouse
liver. Levels of H3K9me2 around the Fgf21 promoter after adenoviral knock-
down of G9a were measured by a ChIP assay in refed mouse liver tissues. PCR
primers amplifying various regions of the Fgf21 promoter are indicated. Data
were shown as mean � S.E. (n � 5). *, p � 0.05 by Student’s t test.
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PPAR� and farnesoid X receptor, are important activators of
Fgf21 in response to increased levels of fatty acids and bile acid
during high fat and low carbohydrate feeding (50). ATF4
induces Fgf21 expression upon amino acid deprivation (51),
whereas liver X receptor represses Fgf21 expression during a
cholesterol-rich diet (52). Our work demonstrates that, by
inhibiting G9a enzyme via either shRNA or a small chemical
compound (BIX01294), Fgf21 expression is potently induced in
hepatocytes, indicating G9a as a novel epigenetic modifying
enzyme for Fgf21 expression. Although so far there is no study
directly showing that G9a contributes to obesity or diabetes,
loss of JHDM2a, a demethylase of H3K9me2, promotes obesity
and metabolic syndrome in mice (53, 54), suggesting that this
particular histone modification and associated modifying
enzymes are involved in the pathogenesis of obesity. FGF21,
like other insulin-responsive genes, might undergo a dynamic
epigenetic modification during fasting-feeding cycles in order
to achieve a robust amplification. It can be envisioned that the
promoter of Fgf21 is capable of being turned off or on efficiently
in response to hormone action. We hypothesize that such con-
trol requires concerted activities of transcription factors, his-
tone-modifying enzymes, and chromatin-remodeling enzymes.
Our futureworkwill use epigenetic approaches to discover spe-
cific components and their activities on the Fgf21 promoter
during the switch between fasting and feeding cycles.
E4BP4 Couples Food Intake with Suppression of Metabolic

Genes—As an IL3-inducible factor initially identified in lym-
phocytes, E4BP4 is also a first degree circadian output oscillator
and controls circadian cycling of a number of circadian target
genes (55). In cultured hepatocytes, E4bp4mRNAexpression is
diurnal and anti-phase to that of Fgf21 and is highly induced by
insulin treatment (9), raising the possibility that E4BP4 may
combine both circadian and nutritional signals to control
metabolism. It would be interesting to test whether circadian
regulation of E4BP4 in the liver is impaired in the insulin-defi-
cient condition, such as in liver-specific insulin receptor knock-
out mice. Induction of Fgf21 is associated with fatty acid oxida-
tion, lipolysis, and ketogenesis during fasting. During refeeding,
E4BP4 might repress Fgf21 expression as a circadian regulator

to coordinate lipidmetabolismwith food intake during the dark
phase of circadian night. During fasting, we suspect that disrup-
tion of the E4BP4-G9a complex and dissociation from the Fgf21
promoter is also required for elevated Fgf21 expression besides
PPAR�-mediated transactivation. It is likely that E4BP4 is sup-
pressed during fasting via either transcriptional repression or
enhanced protein degradation.
HistoneModifiers inCircadianRegulation andCycles of Fast-

ing and Refeeding—Epigenetic modification has emerged as a
novel regulatorymechanism in circadian-dependent transcrip-
tion. The NAD-dependent histone deacetylase SIRT1 interacts
with not only the BMAL1-CLOCK complex but also the PER2
protein, suggesting that SIRT1 is an integral part of the molec-
ular clock (56, 57). SIRT1 in fact plays a positive role in regulat-
ing Fgf21 gene expression by enhancing PPAR� activity in
hepatocytes (58). However, we did not detect any effects of
SIRT1 inhibition by nicotinamide on the E4BP4-dependent
repression of Fgf21, indicating that E4BP4 represses Fgf21 inde-
pendently of SIRT1. Several studies have already explored the
role of histone methylation in circadian-associated transcrip-
tion. For example, MLL (mixed lineage leukemia 1) and EZH2
(enhancer of zeste 2), two enzymes targeting histone methyla-
tion, have been identified to interact with the core clock pro-
teins and modulate circadian transcription (59, 60). Through-
out the literature, the epigenetic function of G9a has been
associated with maintaining stem cell differentiation and het-
erochromatin formation. Very little is known about the biolog-
ical function of G9a in the postdifferentiation state. Our report
is the first to report that G9a regulates gene oscillations of a
metabolic regulator in the liver via interaction with a known
circadian protein. The widely available small molecule inhibi-
tors of G9a with high specificity make G9a an ideal target for
treating circadian-relevant or metabolic diseases. Because
FGF21 has been shown to have diverse functions in white adi-
pose tissue, brown adipose tissue, and the central nervous sys-
tem (61–63), it will be of great interest to determine whether
G9a suppresses Fgf21 expression in a similar fashion in other
tissues in future studies.
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8. Lundäsen, T., Hunt, M. C., Nilsson, L. M., Sanyal, S., Angelin, B., Alexson,
S. E., and Rudling, M. (2007) PPAR� is a key regulator of hepatic FGF21.
Biochem. Biophys. Res. Commun. 360, 437–440

9. Tong, X.,Muchnik,M., Chen, Z., Patel,M.,Wu,N., Joshi, S., Rui, L., Lazar,
M. A., and Yin, L. (2010) Transcriptional repressor E4-binding protein 4
(E4BP4) regulates metabolic hormone fibroblast growth factor 21
(FGF21) during circadian cycles and feeding. J. Biol. Chem. 285,
36401–36409

10. Cowell, I. G., Skinner, A., and Hurst, H. C. (1992) Transcriptional repres-
sion by a novel member of the bZIP family of transcription factors. Mol.
Cell. Biol. 12, 3070–3077

11. Zhang, W., Zhang, J., Kornuc, M., Kwan, K., Frank, R., and Nimer, S. D.
(1995) Molecular cloning and characterization of NF-IL3A, a transcrip-
tional activator of the human interleukin-3 promoter.Mol. Cell. Biol. 15,
6055–6063

12. Gascoyne, D. M., Long, E., Veiga-Fernandes, H., de Boer, J., Williams, O.,
Seddon, B., Coles, M., Kioussis, D., and Brady, H. J. (2009) The basic
leucine zipper transcription factor E4BP4 is essential for natural killer cell
development. Nat. Immunol. 10, 1118–1124

13. Kamizono, S., Duncan, G. S., Seidel, M. G., Morimoto, A., Hamada, K.,
Grosveld, G., Akashi, K., Lind, E. F., Haight, J. P., Ohashi, P. S., Look, A. T.,
and Mak, T. W. (2009) Nfil3/E4bp4 is required for the development and
maturation of NK cells in vivo. J. Exp. Med. 206, 2977–2986

14. Kashiwada, M., Levy, D. M., McKeag, L., Murray, K., Schröder, A. J., Can-
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