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During adipocyte differentiation, significant epigenomic changes occur in association with the implementation of the adipo-
genic program. We have previously shown that histone acetylation increases during differentiation in a manner dependent on
acetyl coenzyme A (acetyl-CoA) production by the enzyme ATP-citrate lyase (ACL). Whether ACL regulates nuclear targets in
addition to histones during differentiation is not clear. In this study, we report that DNA methyltransferase 1 (DNMT1) levels in
adipocytes are controlled in part by ACL and that silencing of DNMT1 can accelerate adipocyte differentiation. DNMT1 gene
expression is induced early in 3T3-L1 adipocyte differentiation during mitotic clonal expansion and is critical for maintenance
of DNA and histone H3K9 methylation patterns during this period. In the absence of DNMT1, adipocyte-specific gene expres-
sion and lipid accumulation occur precociously. Later in differentiation, DNMT1 levels decline in an ACL-dependent manner.
ACL-mediated suppression of DNMT1 occurs at least in part by promoting expression of microRNA 148a (miR-148a), which
represses DNMT1. Ectopic expression of miR-148a accelerates differentiation under standard conditions and can partially res-
cue a hypermethylation-mediated differentiation block. The data suggest a role for DNMT1 in modulating the timing of differ-
entiation and describe a novel ACL-miR-148a-dependent mechanism for regulating DNMT1 during adipogenesis.

The process of adipocyte differentiation occurs upon the acti-
vation of a well-characterized transcriptional program that

enables precursor cells to take on the characteristics of differenti-
ated adipocytes, including the ability to take up glucose in an
insulin-responsive manner and store triglyceride in lipid droplets
(1–3). The transcription factor peroxisome proliferator-activated
receptor gamma (PPAR�) is considered the master regulator of
adipogenesis, and CCAAT/enhancer-binding proteins (CEBP�,
-�, and -�) also play key roles in this process. The differentiation
process is associated with broad changes in the epigenome, as
characterized in recent chromatin immunoprecipitation-se-
quencing (ChIP-Seq) studies (4, 5). Activating marks, including
H3K9ac, H3K27ac, and H3K4me2/3, increase at promoters and
enhancers of genes that are induced during adipocyte differentia-
tion (4, 5). Chromatin remodeling is initiated within the first few
hours of the differentiation process, with recruitment of multiple
transcription factors to key “hot spots” (6). Additionally, an epig-
enomic transition state has been characterized at sites bound by
the glucocorticoid receptor (GR) and CEBP�, which display tran-
sient increases in histone acetylation at early time points in adipo-
genesis (5).

Epigenomic changes during adipocyte differentiation are also
reflected in global levels of histone marks. In previous work, we
showed that levels of histone H3 and H4 acetylation in 3T3-L1
adipocytes increase during differentiation and are regulated in a
manner dependent on glucose availability (7). This nutrient-de-
pendent acetylation requires the enzyme ATP-citrate lyase (ACL),
which generates acetyl coenzyme A (acetyl-CoA) through the
cleavage of citrate. ACL is present in both the cytoplasm and the
nucleus, suggesting that acetyl-CoA is produced in both of these
compartments by this enzyme and implying that nuclear produc-
tion of acetyl-CoA might be important for the regulation of nu-
clear acetylation events (7). Increased histone acetylation dur-
ing differentiation occurs in parallel with decreased levels of

repressive histone H3K9 di- and trimethylation marks (8). Si-
lencing of the H3K9 demethylase KDM4C impairs adipogene-
sis, indicating that downregulation of this mark is important
for differentiation (8).

Coordination of activating and repressive histone modifica-
tions during adipocyte differentiation could potentially occur pas-
sively; for example, increases in acetylation could dilute out the
effects of methyltransferases acting on the same lysine residues.
On the other hand, it is possible that mechanisms exist to actively
coordinate these marks. Several acetyl-proteomics studies have
recently been published, which have revealed acetylation to be an
extremely prevalent modification in cells, with thousands of cel-
lular proteins acetylated (9–12). Among these, a central theme
emerging from these studies is that many mitochondrial and cy-
toplasmic metabolic enzymes are acetylated (13). At least several
of these enzymes are acetylated in a nutrient-responsive manner,
and acetylation may play a key role in fine-tuning metabolic
regulation (13). For example, the gluconeogenic enzyme phos-
phoenolpyruvate carboxykinase (PEPCK) is acetylated in a glu-
cose-responsive manner, promoting its ubiquitination and
proteosomal degradation; thus, under high-glucose conditions,
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gluconeogenesis might be suppressed in part through increased
degradation of PEPCK (14). In addition to metabolic enzymes,
numerous chromatin-modifying enzymes were also found to be
acetyl-proteins (9, 10). We therefore hypothesized that ACL has a
role in epigenetic regulation beyond histone acetylation, through
the regulation of other types of chromatin-regulatory proteins.

The DNA methyltransferase 1 (DNMT1) has been shown to be
acetylated on at least 16 lysines (10, 15, 16), and acetylation has
been implicated in targeting DNMT1 for degradation (15). DNA
methylation can occur either de novo or as a maintenance function
to maintain methylation patterns on daughter DNA strands dur-
ing replication. DNMT3a and DNMT3b function predominantly
in de novo DNA methylation, whereas DNMT1 is thought to be
the main maintenance methyltransferase (17, 18). In this study,
we examined a potential role for ACL in the regulation of
DNMT1. Although DNA methylation has been well studied in
other contexts, such as cancer (19, 20), its role in the regulation of
adipogenesis is poorly understood. In classic studies, Taylor and
Jones showed that short-term treatment of C3H10T1/2 or 3T3
cells with DNMT inhibitors such as 5-azacytidine triggered spon-
taneous differentiation to multiple phenotypes, including adi-
pocyte, that emerged several weeks later (21). On the other hand,
treatment of 3T3-L1 preadipocytes with DNMT inhibitors for 2
days prior to induction of differentiation impaired the cells’ ca-
pacity to differentiate, suggesting that DNA methylation may be
important for licensing preadipocytes for adipogenesis (22). The
roles of DNA methylation and DNA methyltransferases after the
induction of adipogenesis remain to be elucidated.

Upon induction of differentiation in 3T3-L1 adipocytes, cells
undergo two synchronous rounds of cell division, termed mitotic
clonal expansion (MCE), after which they undergo growth arrest
followed by terminal differentiation (3). We hypothesized that
DNMT1 might be important for maintaining patterns of DNA
methylation during MCE and explored a role for ACL in the reg-
ulation of DNMT1 during adipocyte differentiation. We show
here that DNMT1 plays a key role in regulating histone and DNA
methylation during early adipocyte differentiation, that silencing
of DNMT1 accelerates differentiation, and that ACL suppresses
DNMT1 protein levels later in differentiation. Surprisingly, we
failed to detect a difference in DNMT1 acetylation upon silencing
of ACL. Instead, we found that ACL can suppress DNMT1 by
promoting the expression of microRNA 148a (miR-148a), a
microRNA known to target DNMT1. Ectopic expression of miR-
148a recapitulates the early differentiation phenotype observed
upon silencing of DNMT1 and can partially reverse a hypermeth-
ylation-mediated differentiation block. Overall, the results show
that DNMT1 plays a role in maintaining DNA methylation pat-
terns during early adipogenesis and that DNMT1 is suppressed
later in adipogenesis in part through an ACL-miR-148a-depen-
dent mechanism.

MATERIALS AND METHODS
Cell culture and transfections. 3T3-L1 cells and C3H10T1/2 cells were
maintained in Dulbecco modified Eagle medium (DMEM) with 10% fetal
bovine serum (FBS). Stable cell lines expressing IDH mutants have been
previously described (8). Small interfering RNA (siRNA) transfections
were performed with Lipofectamine RNAiMAX (Invitrogen), using
siRNA pools targeting murine ACL (Dharmacon L-040092-01), murine
DNMT1 (Dharmacon L-056796-01), or a nontargeting control (Dharma-
con D-001810-01-20) at a final concentration of 20 nM. Ectopic expres-
sion of microRNAs was performed with Lipofectamine RNAiMAX using

pre-miR miRNA precursor molecules of hsa-miR-148 (Ambion
AM17100) and negative control 1 (Ambion AM17110) at a final concen-
tration of 1 nM. The 1 nM concentration was selected for experiments
after titration of miR-148a to achieve expression close to that observed in
differentiated adipocytes (data not shown). Locked nucleic acid (LNA)
microRNA inhibitors (control and miR-148a inhibitors) were used at 50
nM. Transfections for each of these reagents (siRNAs, microRNAs, or
microRNA inhibitors) were performed 3 days prior to inducing differen-
tiation. The ACL inhibitor 3,3,14,14-tetramethylhexadecanedioic acid
(Medica 16; Sigma M5693) was used at the indicated doses.

Differentiation of 3T3-L1 and C3H10T1/2 adipocytes. Differentia-
tion of 3T3-L1 and C3H10T1/2 adipocytes was conducted according to a
standard protocol, as previously described (7). Briefly, at 2 days postcon-
fluence, cells were stimulated for 2 days with a cocktail containing 0.5 mM
isobutylmethylxanthine, 1 �M dexamethasone, 5 �g/ml insulin, and 5
�M troglitazone (all from Sigma) in DMEM with 10% FBS. After 2 days,
cells were placed into medium containing 10% FBS and insulin, and the
medium was replaced every 2 days after that. Differentiation was per-
formed in DMEM containing 25 mM glucose, except in experiments with
variable glucose concentrations, in which case glucose-free DMEM (In-
vitrogen) was used and supplemented with the indicated amounts of D-
glucose (Sigma). Dialyzed FBS was used for all experiments performed
with specific glucose concentrations. Acetate complementation was per-
formed using sodium acetate (NaOAc) (pH 7.0) at a final concentration of
5 mM. For all differentiation experiments using siRNA, preadipocytes
were transfected 3 days prior to induction of differentiation.

Lipid staining. Lipid accumulation was evaluated using Bodipy 493/
503 (Invitrogen). A 20-�g/ml concentration of dye in phosphate-buffered
saline (PBS) was loaded into cells by incubating for 45 min at 37°C. Cells
were washed and allowed to recover for 60 min in full medium. Live cells
were imaged using an Olympus IX81 fluorescence inverted microscope
(see Fig. 3) or a Leica AF6000 inverted microscope (see Fig. 6). Oil Red O
lipid staining was performed on day 6 adipocytes, as previously described
(7). Briefly, cells were washed and then fixed for 20 min at room temper-
ature in 3% paraformaldehyde. Cells were washed with distilled water
(dH2O) and then stained with Oil Red O solution. For quantification, Oil
Red O was dissolved in isopropanol and absorbance measured at 500 nm.

Live-cell imaging. Live-cell imaging was performed on a Leica AF6000
inverted microscope at 37°C under 5% CO2. Cells were imaged on Matek
dishes using a 10� objective. Images were collected every 10 min on a
Hamamatsu ORCA-R2 camera. Quantitation was performed manually by
counting the numbers of dividing cells and numbers of lipid droplet-
containing cells in six different frames.

Cell count assays and metabolite measurements. Cell counts were
carried out in triplicate in 12-well dishes using the Countess automated
cell counter (Invitrogen) and the Countess cell counting chamber slides
with trypan blue (Invitrogen, C10228). 3T3-L1 preadipocytes were trans-
fected with control or DNMT1-targeting siRNA as described above and 2
days later were induced to differentiate into adipocytes. At 0 and 96 h, cell
counts were carried out. Cells were gently washed with PBS, trypsinized,
resuspended in 1 ml of medium, and transferred to Eppendorf tubes. Cells
were then vortexed, 10-�l aliquots for each sample were placed in fresh
tubes with 10 �l of trypan blue (Invitrogen), and 10-�l aliquots were
loaded into both sides of the cell counting chamber slides. Each sample
was read in duplicate. From these same samples, medium metabolite lev-
els were measured. Medium was collected from cells at day 2 and day 4,
and glucose consumption was measured using a YSI 7100 Analyzer. Total
glucose consumption and lactate production were summed over the 2
days and subtracted from values for a medium-only control that was
incubated for the same amount of time at 37°C. Metabolite consumption
or production was calculated as previously described (23). Briefly, metab-
olite consumption was defined as v � V(xmedium control � xfinal)/A, where
v is metabolite consumption/production, V is culture volume, x is metab-
olite concentration, and A is cell number area under the curve. A was
calculated as N(T)d/ln2(1 � 2�T/d), where N(T) is final cell count, d is
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doubling time, and T is time of experiment. Doubling time was calculated
as d � (T)[log(2)/log(Q2/Q1)], where Q1 is starting cell number and Q2
is final cell number.

Immunoblotting. Total protein extracts were harvested for analysis,
at the indicated time points, by lysis with radioimmunoprecipitation assay
(RIPA) buffer (1% NP-40, 0.5% deoxycholate, 0.1% SDS, 150 mM NaCl,
50 mM Tris [pH 8], with added protease inhibitors), followed by brief
sonication. Sodium butyrate (5 mM) was included in buffer for samples in
which acetylation was assessed. For DNMT1 protein assessment, samples
were subjected to longer sonication using a Branson Sonifier 250 for a
total of 10 s in increments of 3 s, 3 s, and 4 s at a constant output of 3.5
while on ice. Protein concentrations were quantified by bicinchoninic
acid (BCA) protein assay (Pierce), and samples were run on NuPage gels
(Invitrogen) for Western blotting. The following antibodies were used:
acetyl lysine (Immunechem), AcH3 (Millipore, 06-599), AcH4 (Milli-
pore, 06-866), ACL (described previously [24]), CEBP� (Santa Cruz, sc-
150), H3K9me3 (Abcam, ab8898), DNMT1 (Active Motif, 39905), myc
tag (Cell Signaling, 2278), PPAR� (Santa Cruz, sc-7196), histone H3 (Mil-
lipore, 06-755), histone H4 (Millipore, 04-858), and tubulin (Sigma,
T6199) antibodies. Blots were imaged using either film or a LiCor Odyssey
infrared imaging system. Blot quantification was performed using ImageJ
software.

DNMT1 acetylation analysis. HEK-293T cells were plated to reach 90
to 95% confluence, and pcDNA4-TO-myc-DNMT1 (a kind gift of
Zhenghe Wang, Case Western Reserve University) or vector control DNA
was transfected into cells, using Lipofectamine 2000 (Invitrogen) as per
the manufacturer’s instruction. ACL-targeting or control siRNA pools
were transfected into cells 1 day prior to myc-DNMT1 transfection. So-
dium acetate (5 mM) was added to cells at 24 h after myc-DNMT1 trans-
fection, and cells were harvested after another 24-hour treatment. Cells
were lysed in RIPA buffer with added protease inhibitor cocktail (Com-
plete Mini; Roche) and 5 mM sodium butyrate. Samples were sonicated
and quantified. A 0.5- to 1-mg quantity of protein was used for overnight
immunoprecipitation (IP) using 10 �l of myc tag magnetic bead conju-
gate (Cell Signaling, 5698). The following day, samples were pelleted by
magnetic separation and beads washed for 3 to 5 min on rotating platform
at 4°C with RIPA buffer, followed by Tris-EDTA (TE) buffer. Samples
were eluted in 2� sample buffer and analyzed by Western blotting.

2-Deoxy[14C]glucose uptake assay. Insulin-stimulated glucose uptake
was done as previously described (25), except that 2-deoxy[14C]glucose was
used as the tracer. Briefly, cells were starved of serum overnight. Glucose
uptake assay was performed in Krebs-Ringer-HEPES (KRH) buffer. Cells
were treated in the presence or absence of insulin in KRH buffer for 20
min. Glucose tracer was added and left for an additional 10 min. The
reaction was stopped on ice, cells lysed, and lysates subjected to scintilla-
tion counting. Counts per minute were normalized to cell number.

Chromatin fractionation. Cells were fractionated into cytoplasmic,
nucleoplasmic, and chromatin-associated fractions, essentially as de-
scribed previously (26). Briefly, cells were lysed in buffer A (10 mM
HEPES, 10 mM KCl, 1.5 mM MgCl2, 0.34 M sucrose, 10% glycerol, 1 mM
dithiothreitol [DTT], 0.1% Triton X). After incubation on ice and cen-
trifugation, supernatants were collected as the cytoplasmic fraction. Pel-
lets contained nuclei and were lysed in buffer B (3 mM EDTA, 0.2 mM
EGTA, 1 mM DTT). After incubation on ice and centrifugation, superna-
tants were collected as nucleoplasmic fraction. Pellets were resuspended
in high-salt buffer (50 mM Tris [pH 8], 0.05% NP-40, 0.45 M NaCl). After
incubation on ice and centrifugation, supernatants were collected as the
chromatin fraction.

Q-PCR analysis. RNA was isolated from triplicate wells under each
condition using TRIzol (Invitrogen) and cDNA synthesized using
high-capacity RNA-to-cDNA master mix (Applied Biosystems), as per
the kit instructions. A 20-�l reaction mixture was prepared for each
sample using 1 �g of RNA, 4 �l of the master mix, and the remaining
amount double-distilled water (ddH2O). For mature microRNA
cDNA synthesis we used the TaqMan MicroRNA reverse transcription

kit (Applied Biosystems, 4366596), as per the manufacturer’s instruc-
tions. Quantitative PCR (Q-PCR) was performed on a 7900HT se-
quence detection system (Applied Biosystems) using TaqMan gene
expression assays (Applied Biosystems), including murine DNMT1
(Mm01151063_m1), murine Fabp4 (Mm00445878_m1), murine
mmu-miR-103-1 (Mm03306910_pri), murine mmu-miR-148a
(Mm03306713_pri), murine P/CAF (Mm00451387_m1), murine
Slc2a4 (Glut4) (Mm01245507_g1), murine Tip60 (Mm01231512_m1),
murine LDHA (Mm01612132), murine adipsin (Mm00442664), and hsa-
miR-148a (Applied Biosystems, 000470), U6 snRNA (Applied Biosys-
tems, 001973), or Sybr assays. The primer sequences used are given in
Table 1. Gene expression data were normalized to 18S rRNA or actin, as
indicated.

ChIP. Chromatin immunoprecipitation (ChIP) was performed with
the Millipore Magna ChIP G kit (Millipore, 17-611) or equivalent home-
made buffers. Under the indicated conditions, cells were cross-linked with
1% formaldehyde for 10 min at room temperature and then quenched
with 10% of 10� glycine. After washing with cold PBS, cells were centri-
fuged and lysed in 500 �l cell lysis buffer (10 mM Tris [pH 8], 10 mM
NaCl, 1.5 mM MgCl2, 0.5% NP-40) for 15 min on ice. Cells were centri-
fuged, and the nuclear pellet was resuspended in 500 �l of nuclear lysis
buffer (50 mM Tris [pH 8], 5 mM EDTA, 1% SDS). The lysate was then
sonicated for 30 cycles on high using a Bioruptor sonicator 300 (Diag-
enode) to shear DNA to approximately 200 to 600 bp. Samples were spun
down and supernatant diluted 1:10 in dilution buffer (16.7 mM Tris [pH
8], 1.1% Triton X, 0.01% SDS, 167 mM NaCl, 1.2 mM EDTA) and used
for triplicate immunoprecipitations overnight with protein G magnetic
beads. Each IP utilized supernatant either from 106 cells (AcH4 ChIPs) or
100 �g protein (AcH3K9me2 ChIPs). Primary antibodies used were anti-
acetyl-histone H4 antibody (Millipore, 06-866) and dimethyl histone H3
(Lys9) antibody (Cell Signaling, 9753). The next day, samples were
washed in low-salt buffer (0.1% SDS, 1% Triton-X, 2 mM EDTA, 20 mM
Tris [pH 8], 150 mM NaCl), high-salt buffer (0.1% SDS, 1% Triton-X, 2

TABLE 1 Primers used for qPCR and ChIP

Procedure Name Sequence (5=¡3=)
qPCR Pparg forward TCGCTGATGCACTGCCTATG

Pparg reverse GAGAGGTCCACAGAGCTGATT
Adiponectin forward GATGGCAGAGATGGCACTCC
Adiponectin reverse CTTGCCAGTGCTGCCGTCAT
Dnmt3a forward AGCGTCACACAGAGCATATCCAGGAAG
Dnmt3a reverse GGCCAGTACCCTCATAAAGTCCCTTGC
Dnmt3b forward ATGGAATTGCAACGGGGTACTTGGTGC
Dnmt3b reverse CTGGCCTTCATGCTTAACAGTTCCCAC
Fasn forward GGAGGTGGTGATAGCCGGTAT
Fasn reverse TGGGTAATCCATAGAGCCCAG

ChIP miR-148a 0kb
forward

GAACCTGCTGACTTGACACG

miR-148a 0kb
reverse

CACTGGAAGCCTAGCTCAGC

miR-148a �0.5kb
forward

GAAACTGGCTTGTGTTCGC

miR-148a �0.5kb
reverse

GCCAAAGTTTAGTAACAGGAACC

Glut4 0kb forward CTTATTGCAGCGCCTGAGT
Glut4 0kb reverse GGGCTGGCTATTTATATTCAGC
Glut4 �1kb forward AGAACCAGTGTAGAGACTATGTGGAG
Glut4 �1kb reverse TAGGAACGGAAGTTATTGGTCC
Glut4 	1kb forward GAGGTCCAGATCCTCAAACTTT
Glut4 	1kb reverse ATATGGCCCACTTTCTCTCATC
Fabp4 �1.5kb

forward
GATTGATGAATTCAAGTTGTTTCA

Fabp4 �1.5kb
reverse

GTAGAGCCAGCCCATGTAAACTT

Fabp4 0kb forward TATCTGGACTTCAGAGGCTCAT
Fabp4 0kb reverse ACTTCTTTCATGTAATCATCGAAGTT
Fabp4 	1kb forward GCCCATCGACTGTTTACTGTTC
Fabp4 	1kb reverse GCCTTTAATCATGGGTCTCTCA
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mM EDTA, 20 mM Tris [pH 8], 500 mM NaCl), LiCl buffer (1% NP-40,
1% deoxycholate, 1 mM EDTA, 10 mM Tris [pH 8], 250 mM LiCl), and
TE buffer (10 mM Tris [pH 8], 1 mM EDTA). Histone complexes were
eluted from beads twice at 65 °C for 10 min in elution buffer (10 mM Tris
[pH 8], 1 mM EDTA, 1% SDS, 150 mM NaCl, 5 mM DTT), eluates were
combined, and cross-links were reversed by incubating eluates for 6 h at
65°C. Proteinase K was added and eluates incubated for 1 h at 45°C. DNA
was recovered using Millipore Magna ChIP G kit (Millipore, 17-611) or
chromatin IP DNA purification kit (Active Motif, 58002) columns. Quan-
titative PCR was performed on purified DNA samples. Primer sequences
are given in Table 1.

Quantitative DNA methylation analysis. 3T3-L1 preadipocytes were
transfected in triplicate with control or DNMT1 siRNA as described above
and 2 days later were induced to differentiate into adipocytes. At 0 h, 2
days, and 4 days after induction of differentiation, purification of DNA
was carried out using the Qiagen DNeasy blood and tissue kit (69504), as
per the manufacturer’s instruction. After bisulfite conversion, the meth-
ylation percentage at CpG was measured using the MassArray EpiTYPER
assay (Sequenom) as previously described (27). Primers were designed to
cover CpG islands at gene promoters using Sequenom EpiDesigner soft-
ware (http://www.epidesigner.com/). Primer sequences and raw data ta-
bles are available upon request.

Adipocyte/stromal-vascular fractionation of white adipose tissue.
Visceral adipose tissue was dissected from adult female FVB/N mice,
weighing 30 to 40 g, kindly provided to us by C. Sterner and L. Chodosh
from their colony. Adipose tissue was finely minced with scissors and
dissociated by shaking incubation in Liberase TL at 37°C for 45 min
(Roche). Digestion was stopped by addition of DMEM plus 10% FBS and
cells filtered through 150-�m mesh. The cell suspension was centrifuged
for 10 min at 500 relative centrifugal force (RCF). Adipocytes were con-
tained in the top layer and were removed to a fresh tube, washed with PBS,
and lysed in RIPA buffer. The stromal-vascular fraction was pelleted at the
bottom of the tube. Supernatant was aspirated, and cells were washed in
PBS and lysed in RIPA buffer. All samples were sonicated as described
above and analyzed by Western blotting. Protocols were approved by the
University of Pennsylvania IACUC.

RESULTS

We have previously shown that ACL-dependent production of
acetyl-CoA can contribute to the regulation of nuclear histone
acetylation (7). Protein levels of a key chromatin-modifying en-
zyme, DNMT1, were recently shown to be regulated by acetylation
(15). To test whether ACL contributes to the regulation of
DNMT1, we examined the effects of silencing ACL on DNMT1
during the adipocyte differentiation of 3T3-L1 and C3H10T1/2
cells. DNMT1 levels decreased by 4 days following induction of
differentiation, and ACL silencing partially blocked this decrease
in both cell lines (Fig. 1A and B). DNMT1 levels were similarly
maintained during differentiation when cells were treated with an
ACL inhibitor (Fig. 1C). ACL-dependent regulation of DNMT1
occurs at a posttranscriptional level, since DNMT1 mRNA levels
were not elevated in the absence of ACL (Fig. 1A). Thus, ACL
regulates DNMT1 protein levels during differentiation, suggest-
ing that increased acetyl-CoA production during differentiation
might mediate suppression of DNMT1.

To better understand the regulation of DNMT1 during adi-
pocyte differentiation, we monitored DNMT1 mRNA and protein
levels over a time course after induction of differentiation in
3T3-L1 cells. DNMT1 mRNA and protein levels increased by 24 h
after induction of differentiation and decreased later in differen-
tiation after growth arrest, consistent with a potential role for
DNMT1 in maintaining DNA methylation during MCE in
3T3-L1 cells (Fig. 1D and E). DNMT3a and 3b mRNA levels, in

contrast, are low during MCE and increase later in differentiation
(Fig. 1D). To confirm that these patterns of DNMT1 regulation
were reflective of chromatin-associated DNMT1, we fractionated
3T3-L1 cells at days 0, 1, and 6 of differentiation into cytoplasmic,
nucleoplasmic, and chromatin-associated fractions. The majority
of DNMT1 was present in chromatin, and chromatin-associated
DNMT1 increased at day 1 and decreased later in differentiation
(Fig. 1F). To assess whether similar regulation of DNMT1 also
occurs in adipose tissue in vivo, we separated freshly harvested
murine white adipose tissue into adipocyte and stromal-vascular
fractions and examined DNMT1 levels. Consistent with the in
vitro data, DNMT1 was present in the preadipocyte-containing
stromal-vascular fraction but was almost undetectable in adi-
pocytes (Fig. 1G).

We next sought to determine whether DNMT1 functionally
regulates DNA methylation during early adipogenesis. DNMT1
was silenced by transfecting siRNA into preadipocytes 3 days prior
to inducing differentiation. Bisulfite conversion and sequencing
were performed to examine DNA methylation during differenti-
ation. Glut4 and Pparg are both highly induced during terminal
adipocyte differentiation. We examined methylation of 52 CpG
dinucleotides within the Glut4 promoter and of 37 CpGs in the
Pparg locus at days 0, 2, and 4 after induction of differentiation
(Fig. 2A). Methylation of Glut4 and Pparg did not significantly
change during the first 4 days of differentiation in control cells;
however, upon silencing of DNMT1 and between days 0 and 2,
during the MCE period, a pronounced decrease in DNA methyl-
ation was observed (Fig. 2A). Specifically, for Glut4, CpGs were on
average 53% methylated at day 0 in control cells and this remained
unchanged to day 4. In siDNMT1 cells, CpGs were on average
45% methylated at day 0, 33% at day 2, and 32% at day 4. For
Pparg, CpGs assessed were on average 80% methylated at day 0 in
control cells and 78% methylated at days 2 and 4. In siDNMT1
cells, CpGs were on average 75% methylated at day 0, 55% at day
2, and 53% at day 4. These data indicate that DNMT1 is critical for
maintaining DNA methylation patterns during early adipogene-
sis.

In addition to regulating DNA methylation, DNMT1 performs
scaffolding functions. The H3K9 methyltransferase G9a associates
with DNMT1 at the replication fork and acts to maintain
H3K9me2 during replication (28). Thus, it is possible that main-
tenance of histone methylation patterns during MCE is also de-
pendent on DNMT1. We analyzed the promoters of Glut4 and
Fabp4 (aP2) by chromatin immunoprecipitation (ChIP) 2 days
after induction of differentiation, and H3K9me2 levels near the
transcription start sites were indeed reduced in DNMT1-silenced
compared to control cells (Fig. 2B).

To assess whether DNMT1-dependent regulation of these
chromatin marks has a functional role in the regulation of adipo-
genesis in 3T3-L1 cells, we compared gene expression in the pres-
ence or absence of DNMT1. In 3T3-L1 cells, DNMT1 mRNA lev-
els were suppressed by 94% at day 0 (day of induction, 3 days after
transfection) and by 88% at day 2 of differentiation, and protein
levels of DNMT1 remained nearly undetectable at day 2 (Fig. 3C).
Silencing of DNMT1 led to early induction of adipocyte-specific
genes, such as those for Glut4, Fabp4, adiponectin, and adipsin, as
well as early upregulation of the master regulator of adipogenesis
PPAR� (Fig. 3A). Modestly higher levels of FASN and LDHA were
also observed at day 2 of differentiation (Fig. 3A). Silencing of
DNMT1 in C3H10T1/2 cells promoted increased expression of
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adipocyte genes similar to that observed in 3T3-L1 cells (Fig. 3B).
Some differences were observed in the sets of genes that are regu-
lated by DNMT1 in 3T3-L1 cells and 10T1/2 cells, and effects of
DNMT1 silencing in 10T1/2 cells were overall somewhat less pro-
nounced than those in 3T3-L1 cells. These differences may reflect
a differential need for DNMT1 activity in the two cell lines, since

10T1/2 cells do not undergo MCE and hence may not require
DNMT1’s maintenance methyltransferase activity but likely still
utilize its scaffolding and repressor functions.

Phenotypically, lipid droplets were also visible earlier upon
silencing of DNMT1, with small droplets apparent by 48 h after
induction of differentiation (Fig. 3C). At this time point, few if any

FIG 1 DNMT1 regulation during adipocyte differentiation. (A) 3T3-L1 preadipocytes were transfected with control and ACL-targeting siRNAs and stimulated
to differentiate into adipocytes. DNMT1 protein and mRNA levels were assessed by Western blotting and quantitative reverse transcription-PCR (RT-PCR),
respectively, at days 0 and 4 of differentiation. Q-PCR data were normalized to actin (mean 
 standard deviation [SD] for triplicate samples). Data are
representative of 3 independent repeats. (B) C3H10T1/2 cells were transfected with control and ACL-targeting siRNAs and adipocyte differentiation induced.
DNMT1 levels were assessed by Western blotting. Similar results were obtained in 3 independent experiments. (C) 3T3-L1 cells were differentiated in the
presence of the indicated doses of ACL inhibitor and analyzed by Western blotting. (D) RNA was isolated at the indicated time points after induction of
differentiation in 3T3-L1 cells. Gene expression was analyzed by quantitative RT-PCR and normalized to actin (mean 
 SD for triplicate samples). Data are
representative of 2 independent experiments. (E) 3T3-L1 cells were lysed at different time points after induction of differentiation and analyzed by Western
blotting. (F) Western blots showing cytoplasm, nucleoplasm, and chromatin fractions from differentiating 3T3-L1 cells. (G) Adipose tissue was harvested fresh
from two mice and separated into stromal-vascular and adipocyte fractions. Lysates from each fraction were analyzed by Western blotting. The result is
representative of 2 independent experiments.
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lipid droplets could be discerned in control cells (Fig. 3C). MCE
still occurred in 3T3-L1 cells after silencing of DNMT1, though a
small reduction in the final cell number was observed (Fig. 3D),
consistent with DNMT1’s role in proliferation (29). DNMT1
knockdown cells also consumed glucose at a rate comparable to or
slightly higher than that of control cells upon induction of differ-
entiation, indicating that DNMT1-silenced cells remain metabol-
ically functional (Fig. 3E). Indeed, DNMT1-silenced adipocytes
exhibited a similar capacity to take up glucose in response to in-
sulin as control cells (Fig. 3F). These data suggest that DNMT1
functions during early adipogenesis to modulate the timing of
induction of lineage-specific genes.

We next sought to determine the mechanism through which
ACL regulates DNMT1 levels during differentiation. DNMT1 is
an acetyl-protein, and acetylation of DNMT1 by the acetyltrans-

ferase Tip60 was shown to promote its association with the E3
ubiquitin ligase UHRF1, promoting DNMT1 ubiquitination and
proteosomal degradation (15). Hence, higher levels of DNMT1 in
the absence of ACL would be consistent with reduced acetylation
(Fig. 1A). We first assessed whether Tip60 functionally regulates
DNMT1 levels in 3T3-L1 cells. Indeed, similar to silencing of ACL
(Fig. 1A), Tip60 silencing impaired suppression of DNMT1 pro-
tein levels during differentiation, without impacting DNMT1
mRNA levels (Fig. 4A). P/CAF has also been reported to be able to
acetylate DNMT1 (16), although it has not been implicated in
regulating DNMT1 stability. Consistently, DNMT1 levels could
still be suppressed during differentiation after silencing of P/CAF
(Fig. 4A). These data suggest the possibility that ACL regulates
DNMT1 levels by modulating Tip60-dependent acetylation; how-
ever, it is also possible that ACL and Tip60 independently regulate

FIG 2 DNMT1 is critical for maintaining CpG methylation during early adipogenesis. 3T3-L1 preadipocytes were transfected with control and DNMT1 siRNAs
and stimulated to differentiate into adipocytes. (A) Heat map representation of CpG methylation at the Glut4 and Pparg loci at days 0, 2, and 4 after induction
of differentiation in siCtrl- or siDNMT1-treated cells. Each row represents one of triplicate samples at each time point, and each column represents one of the 52
or 37 CpGs analyzed, for Glut4 and Pparg, respectively. (B) H3K9me2 ChIP analysis of the Fabp4 and Glut4 genomic loci at day 2 of differentiation. Primers
amplified DNA at the indicated distances from the transcriptional start sites. Data were normalized to input and represent triplicate samples (mean 
 SD; *, P �
0.05). Data are representative of 2 independent repeats.
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DNMT1 levels. We have previously observed that some, but not
all, acetylation events are subject to control by acetyl-CoA avail-
ability (7). To test whether ACL regulates the acetylation levels of
DNMT1, we silenced ACL in 293T cells and examined acetylation
of myc-tagged DNMT1. Surprisingly, we failed to detect a differ-
ence in DNMT1 acetylation upon silencing of ACL or upon ace-
tate supplementation, suggesting that DNMT1 acetylation may
not be strongly regulated by acetyl-CoA availability (Fig. 4B).
Since we did not observe ACL-dependent regulation of DNMT1

acetylation, we sought an alternative mechanism to explain the
effects of ACL on DNMT1 protein levels.

DNMT1 has also been reported in the literature to be di-
rectly or indirectly targeted by microRNAs (30–36). One of
these, miR-148a, has also been shown to be induced during
adipocyte differentiation and has been identified as a potential
PPAR� target (37, 38). miR-148a has been previously shown to
directly repress DNMT1 by binding to its 3= untranslated re-
gion (UTR) (30). While this was shown in human cells, the

FIG 3 DNMT1 silencing accelerates adipogenesis. (A) 3T3-L1 preadipocytes were transfected with control or DNMT1-targeting siRNA and stimulated to
differentiate into adipocytes. mRNA expression was analyzed by quantitative RT-PCR 2 days after induction of differentiation and normalized to 18S rRNA
(mean 
 SD for triplicate samples). Data are representative of 3 independent experiments. (B) Gene expression during adipocyte differentiation of C3H10T1/2
cells transfected with control and DNMT1-targeting siRNA and normalized to 18S rRNA (mean 
 SD for triplicate samples). Similar results were obtained in 3
independent experiments. (C) Day 2 3T3-L1 cells were stained with Bodipy 493/503 and imaged. DNMT1 knockdown at day 2 is shown by Western blotting. (D)
3T3-L1 cells were counted at days 0 and 4 and graphed as means of triplicates 
 SD. (E) Glucose consumption over the first 4 days of differentiation was also
assessed. Data were normalized to cell number area under the curve from day 0 to 4, as described in Materials and Methods. Means of triplicate samples 
 SD
are graphed. Similar results were obtained in 2 independent experiments. (F) 2-Deoxy[14C]glucose (14C-2-DG) uptake was measured in siCtrl- and siDNMT1-
transfected 3T3-L1 adipocytes at day 6 of differentiation. All statistical analyses are comparisons of 2 data sets and were performed using 2-tailed t tests (*, P �
0.05; **, P � 0.005; ***, P � 0.0005).
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sequence targeted by miR-148a is conserved in the murine
DNMT1 3= UTR (Fig. 5A). Interestingly, a second site targeted
by miR-148a was also identified in the protein-coding region of
human DNMT1 (33), although this site is not conserved in
mice. We found that miR-148a is induced during differentia-
tion between days 2 and 4, correlating with downregulation of
DNMT1 levels (Fig. 5B). In previous work, we showed that
ACL modulates expression of certain genes, such as Glut4, dur-
ing adipocyte differentiation (7). We therefore tested whether
ACL might similarly regulate miR-148a expression during adi-
pocyte differentiation, and we observed that, indeed, silencing
of ACL blocked induction of the miR-148a primary transcript
levels during differentiation (Fig. 5C). An ACL inhibitor also
impaired induction of miR-148a expression (data not shown).
The role of ACL in regulating miR-148a is not general among
microRNAs, since another adipocyte differentiation-induced
microRNA, miR-103-1 (38), was induced equally well in the
presence or absence of ACL (Fig. 5C). Expression of miR-148a
was partially rescued by treating cells with acetate, demonstrat-

ing that it is regulated in an acetyl-CoA-dependent manner
(Fig. 5D).

The Mir148a gene is not located within an intron and thus
may be regulated independently of other genes. We examined
histone acetylation at the Mir148a gene in the presence or ab-
sence of ACL and found that levels of histone H4 acetylation
are reduced upon silencing ACL and can be rescued with ace-
tate treatment (Fig. 5E). To test whether miR-148a can regulate
DNMT1 in adipocytes, we ectopically expressed miR-148a in
preadipocytes and induced differentiation. Expression of miR-
148a blocked the induction of DNMT1 during MCE, resulting
in lower levels of DNMT1 protein at days 1 and 2 of differen-
tiation (Fig. 5F).

We next investigated whether miR-148a overexpression is suf-
ficient to mimic the effects of DNMT1 silencing on gene expres-
sion during differentiation. Indeed, similar to silencing of
DNMT1, overexpression of miR-148a resulted in an early induc-
tion of gene expression in differentiating adipocytes, with clear
effects observed at day 2 (Fig. 6A). Later in differentiation, adi-
pocyte-specific gene expression was comparable for control and
miR-148a-expressing genes (data not shown). Lipid accumula-
tion was also markedly enhanced upon expression of miR-148a
(Fig. 6B). Normally, adipocytes undergo growth arrest prior to the
onset of lipid droplet formation; however, the early time point at
which we observed lipid droplets forming seemed to overlap the
MCE period. To determine whether lipid droplet-containing cells
were able to undergo cell division upon expression of miR-148a,
we treated cells with Bodipy lipid dye at 44 h after induction of
differentiation and imaged them live for an additional 20 h. While
many of the miR-148a-transfected cells containing lipid droplets
were already growth arrested, lipid droplet-containing cells could
be observed to undergo cell division (Fig. 6C). This was quanti-
tated in an independent experiment by scoring approximately
1,000 cells within 6 fields for both miR-Ctrl- and miR-148a-trans-
fected cells between 40 and 60 h after inducing differentiation.
Cells were scored positive or negative for observed cell division
and for visible lipid droplets. While the number of cells undergo-
ing division during this time frame was not higher upon overex-
pression of miR-148a, lipid could be detected in more cells (�50%
of cells versus �20% of control cells) by 60 h after inducing dif-
ferentiation (Fig. 6D). Cells with and without lipid droplets were
equally likely to divide (Fig. 6D). Thus, lipid accumulation and
cell division are not mutually exclusive in 3T3-L1 cells, and the
results suggest a role for DNMT1 in segregating these processes in
time by restraining adipocyte-specific gene expression during
early adipogenesis.

Not surprisingly, miR-148a-mediated repression of DNMT1
was far less potent in reducing DNMT1 levels than siRNA-medi-
ated silencing of DNMT1. Yet, similar effects on gene expression
and lipid accumulation were observed with either DNMT1 silenc-
ing or miR-148a overexpression. MicroRNAs typically target mul-
tiple mRNAs in order to implement their effects, and it is likely
that miR-148a has additional targets that promote differentiation.
Accordingly, silencing of DNMT1 and expression of miR-148a
produced additive effects on promoting early expression of adi-
pocyte-specific genes (Fig. 7A). Nevertheless inhibition of miR-
148a impaired the decrease in DNMT1 levels during differentia-
tion, indicating that miR-148a is indeed important in regulating
DNMT1 levels during normal differentiation (Fig. 7B). miR-
148a-dependent suppression of DNMT1 does not appear to be

FIG 4 DNMT1 acetylation is not regulated upon silencing of ACL. (A) Total
levels of DNMT1 were analyzed by Western blotting in 3T3-L1 cells at days 0
and 4 of differentiation, upon silencing of Tip60 or P/CAF. Q-PCR shows gene
expression, with data normalized to 18S rRNA. Day 4 data represent the
mean 
 SD of triplicates. Similar results were obtained in 2 independent
experiments. (B) HEK-293T cells were transfected with myc-DNMT1 or a
control vector, as well as control or ACL targeting siRNA. Cells were treated for
24 h with 5 mM acetate. Acetylation of DNMT1 was assessed by immunopre-
cipitation of myc-DNMT1 and immunoblotting for acetyl lysine.
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required for differentiation, however, since expression of differ-
entiation markers was not different in control LNA and miR-148a
LNA inhibitor-transfected cells, consistent with the model that
miR-148a serves to suppress DNMT1 after it is no longer func-
tionally required (Fig. 7B). Similarly, modest overexpression of
DNMT1, accomplished by retroviral transduction of preadi-
pocytes, did not suppress the cells’ capacity to differentiate, indi-
cating that the normal amounts of DNMT1 are sufficient to ac-
complish DNMT1’s functions, and the presence of somewhat
more DNMT1 does not impair differentiation (Fig. 7C). Overex-

pression of DNMT1 at high levels or stable overexpression of
DNMT1 was not consistent with preadipocyte viability, and hence
differentiation could not be tested under these conditions.

Although modest DNMT1 overexpression did not suppress
differentiation, inhibition of histone demethylation causes his-
tone hypermethylation, which does impair adipogenesis (8).
Isocitrate dehydrogenase (IDH1 and IDH2) mutations occur in
certain types of cancer and cause hypermethylation of histones
and DNA. These epigenetic changes occur because the mutant
IDH enzymes produce high levels of the metabolite 2-hydroxy-

FIG 5 miR-148a targets DNMT1 and is regulated by ACL. (A) The miR-148a target sequence is conserved in the mouse and human DNMT1 3= UTRs. The
miR-148a target sequence is shown in red, and the stop codon is in blue. (B) RNA was isolated from 3T3-L1 cells at the indicated time points after induction of
differentiation and levels of mature miR-148a assessed from triplicate samples, normalized to U6 (mean 
 SD). In parallel, 3T3-L1 preadipocytes were
transfected with control and DNMT1 siRNAs, and differentiated. DNMT1 levels were analyzed by Western blotting. (C) 3T3-L1 preadipocytes were transfected
with control and ACL siRNAs and stimulated to differentiate into adipocytes. RNA was harvested at days 0 and 4 days and primary transcript levels of miR-148a
and miR-103-1 assessed from triplicate wells, normalized to 18S rRNA (mean 
 SD). (D) 3T3-L1 cells were transfected with control and ACL siRNAs and
differentiated in the presence or absence of 5 mM sodium acetate. Primary transcript levels of miR-148a were assessed in triplicate, normalized to 18S rRNA
(mean 
 SD). (E) Control and ACL siRNAs were transfected into 3T3-L1 cells and cells differentiated for 4 days with or without 5 mM acetate. AcH4 ChIP was
performed to analyze the miR-148a locus at the transcriptional start site (0 kb) and 500 bp upstream, and data were normalized to input. Data represent triplicate
samples (mean 
 SD). (F) miR-148a and miR-Ctrl were transfected into 3T3-L1 preadipocytes and cells differentiated. DNMT1 protein levels were analyzed by
Western blotting at the indicated time points. These data are representative of 2 independent experimental repeats. All statistical analyses represent comparisons
of 2 data sets and were performed using 2-tailed t tests (*, P � 0.05; **, P � 0.005;***, P � 0.0005).
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glutarate (2-HG), which inhibits Jmjc histone demethylases
and TET proteins, which are implicated in DNA demethylation
(8, 39–41). Expression of mutant IDH proteins in 3T3-L1 adi-
pocytes results in a hypermethylation phenotype and differen-
tiation block (8). We therefore reasoned that if miR-148a can
promote differentiation through regulation of DNA and his-
tone methylation, it might be able to reverse the hypermethy-
lation-mediated differentiation block caused by mutant IDH
(Fig. 8A). Strikingly, in 3T3-L1 cells with IDH2-R140Q or
IDH2-R172K mutants, overexpression of miR-148a partially

restored differentiation, as assessed by lipid accumulation and
gene expression (Fig. 8B and C). Additionally, histone methyl-
ation levels were normalized upon miR-148a expression
(Fig. 8D). Hence, miR-148a can partially rescue an epigeneti-
cally mediated differentiation block.

DISCUSSION

In previous work we have shown a key role for ACL in the
regulation of histone acetylation levels during adipocyte differ-
entiation (7). In this study, we show that ACL activity also

FIG 6 Ectopic expression of miR-148a accelerates adipocyte differentiation. miR-148a and miR-Ctrl were transfected into 3T3-L1 preadipocytes and cells
differentiated. (A) Day 2 gene expression was assessed by Q-PCR and normalized to 18S rRNA (mean 
 SD for triplicate samples). Statistical analyses are
comparisons of 2 data sets and were performed using t tests (*, P � 0.05; **, P � 0.005). Similar results were obtained in at least 3 independent
experiments. (B) Bodipy lipid staining in live cells at 2 and 5 days after induction of differentiation. (C) Cells ectopically expressing miR-148a were imaged
live beginning 44 h after induction of differentiation. Frames from the first 100 min of filming are shown, with arrows indicating 2 lipid droplet-containing
cells dividing. (D) Cells (�1,000/condition) were scored for lipid and cell division from hours 40 to 60 of differentiation. Results are presented as
percentage of total.
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modulates levels of DNMT1 during adipocyte differentiation.
Investigation of the role of DNMT1 during adipocyte differen-
tiation demonstrated that DNMT1 expression is important for
maintaining DNA and H3K9 methylation during the mitotic
clonal expansion phase of adipocyte differentiation. Maintain-
ing DNA methylation during MCE restrains inappropriate ac-
tivation of adipocyte-specific gene expression and lipid accu-
mulation while cells are dividing, and DNMT1 silencing results
in accelerated adipocyte differentiation.

It is not fully clear why it would be advantageous to inhibit
induction of adipocyte-specific genes early in differentiation.

High glucose consumption in adipocytes has been shown to result
in elevated production of reactive oxygen species (ROS) (42). It is
possible that by preventing cells from taking on their metabolic
functions during the mitotic clonal expansion period, ROS-in-
duced damage to DNA during MCE might be minimized. Perhaps
more likely is that methylation may serve to ensure that adipocyte-
specific genes are repressed until cells receive appropriate signals
to differentiate. This interpretation is consistent with a study by
Taylor and Jones (21), which showed spontaneous adipocyte dif-
ferentiation after treatment with DNMT inhibitors. We observed
that about 50% of CpGs within the Glut4 promoter and 80% of

FIG 7 Additive effects of miR-148a expression and DNMT1 silencing on adipocyte differentiation. (A) Gene expression at day 2 of differentiation in 3T3-L1 cells
transfected with combinations of siCtrl/siDNMT1 plus miR-Ctrl/miR-148a. Data were normalized to 18S rRNA (mean 
 SD of triplicates). (B) 3T3-L1 cells were
transfected with miR-Ctrl and miR-148a-targeting LNA inhibitors and differentiated. DNMT1 levels were assessed by Western blotting. Gene expression was
assessed at day 4 of differentiation, normalized to 18S rRNA (mean 
 SD of triplicates). (C) 3T3-L1 cells were transduced with retrovirus expressing DNMT1 (D)
or empty vector (V). At 3 days after infection, cells were differentiated for 4 days. DNMT1 levels were analyzed by Western blotting. Gene expression was
measured by Q-PCR and normalized to 18S (mean 
 SD of triplicates).
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those at Pparg were methylated (Fig. 2A), and relatively high (at
least 50%) methylation was previously observed at the adiponec-
tin and CEBP� promoters in adipocytes as well (8). Hence, main-
taining relatively high levels of methylation at promoters of adi-
pocyte-specific genes could serve as a mechanism to suppress
induction of these genes until certain signaling conditions are met.
For example, in vivo, precursor cells contained in the stromal-
vascular compartment of adipose tissue express the adipogenic
transcription factor PPAR� (43), which is necessary and sufficient
for adipogenesis (1), yet these progenitor cells presumably re-
main undifferentiated until receipt of cues to differentiate.
Consistent with the possibility that DNA methylation restrains
inappropriate differentiation, gene ontology analysis of highly

methylated genes showed enrichment for genes involved in phys-
iological responses to stimuli (44). Hence, we speculate that
DNMT1-dependent DNA methylation may serve to silence these
adipocyte-specific genes, even if PPAR� is expressed, until cells
receive the proper signaling cues to differentiate.

Mitotic clonal expansion is critical for differentiation of
3T3-L1 cells and MEFs into adipocytes (1, 3). In humans, new
adipocyte formation occurs throughout childhood and adoles-
cence, with fat cell numbers plateauing around age 20, regardless
of body fat mass (45). Adipocytes are replaced in adults at a rate of
about 10% each year, indicating that some new differentiation
occurs throughout the life span (45). Whether MCE is also impor-
tant for adipogenesis in vivo is not fully clear, although some evi-

FIG 8 miR-148a overcomes a hypermethylation-mediated differentiation block. (A) 2-HG produced by mutant IDH enzymes inhibits Jmjc histone demethy-
lases and TET proteins, resulting in a hypermethylation phenotype in cells expressing mutant IDH. These changes result in a differentiation block in cancer cells,
as well as in adipocytes. We hypothesized that miR-148a might reverse the hypermethylation phenotype and restore the ability of IDH mutant-expressing 3T3-L1
cells to differentiate. (B) Stable 3T3-L1 cell lines expressing wild-type (WT) or mutant forms of IDH were transfected with miR-Ctrl or miR-148a. Cells were
differentiated for 6 days, fixed, and stained with Oil Red O. Oil Red O staining was quantified from triplicate experiments. (C) Gene expression was quantified
under the same conditions (mean from triplicate wells 
 SD). (D) H3K9me3 levels were analyzed by Western blotting in day 0 preadipocytes. All statistical
analyses represent comparisons of 2 data sets and were performed using 2-tailed t tests (*, P � 0.05; **, P � 0.005; ***, P � 0.0005).
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dence suggests that it may play a role. For example, mice lacking
E2F1, a transcription factor important for MCE, exhibit reduced
body weight and fat weight gain when fed a high-fat diet (46).
Regardless, PPAR�-expressing preadipocytes do divide in vivo
(43), and DNMT1 is expected to be important in these cells for
sustaining DNA methylation patterns. Consistently, DNMT1 lev-
els are higher in the preadipocyte-containing stromal-vascular
fraction of adipose tissue than in adipocytes (Fig. 1G).

The results of this study indicate that ACL regulates
DNMT1 protein levels in addition to histone acetylation levels
during adipocyte differentiation (Fig. 9). In professional
metabolic cells such as adipocytes, regulating chromatin mod-
ifications in a nutrient-responsive manner may allow environ-
mental modulation of gene expression. In support of this pos-
sibility, we have previously shown that ACL modulates the
expression of a subset of genes involved in glucose metabolism,
allowing nutrient-sensitive acetyl-CoA production to influ-
ence metabolic gene expression (7). The extent to which ACL-
dependent regulation of DNMT1 regulates histone and DNA
methylation levels is not yet clear, since ACL seems to function
in downregulating DNMT1 levels later in differentiation when
it is no longer required for the maintenance of methylation
patterns during DNA replication. Inhibition of miR-148a does
not suppress differentiation, suggesting that DNMT1’s pri-
mary role is in the early part of differentiation. On the other
hand, expression of mutant IDH proteins in preadipocytes re-
sults in hypermethylation and inhibition of capacity to differ-
entiate. miR-148a partially rescues differentiation and restores
normal histone methylation levels in these cells, likely through
regulation of DNMT1 and additional targets. Interestingly, si-
lencing of DNMT1 was not sufficient to restore differentiation
in this context, highlighting the notion that microRNAs medi-
ate their effects through regulation of networks of genes. More
work is needed to understand the mechanisms through which
this occurs, as well as whether miR-148a or other microRNAs
could provide any therapeutic benefit in the context of IDH
mutant cancers. Notably, miR-148a has been reported to pro-
mote both myogenesis and osteoclastogenesis (47, 48), sug-

gesting that it can promote differentiation in multiple contexts.
miR-148a is also suppressed in several types of cancer (49–55).
Reexpression of miR-148a in cancer cells may promote a more
differentiated state, since the epithelial-to-mesenchymal tran-
sition was suppressed upon expression of miR-148a in both
hepatocellular carcinoma and non-small-cell lung cancer cells
(55, 56).

In summary, this study demonstrates that DNMT1 is critical
for maintaining DNA and histone H3K9 methylation levels dur-
ing MCE and that it plays a role in restraining adipocyte-specific
gene expression and lipid accumulation during early adipogene-
sis. Hence, DNMT1 may be a key player in separating proliferation
and lipid accumulation temporally during 3T3-L1 differentiation.
We also show that ACL contributes to the downregulation of
DNMT1 protein levels after MCE and that this occurs at least in
part through regulation of miR-148a, which targets DNMT1.
miR-148a also promotes differentiation, likely through regulation
of DNMT1 and other targets.
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