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Enhancer of zeste homolog 2 (EZH2), an epigenetic regulator
that plays a key role in cell differentiation and oncogenesis, was
reported to promote adipogenic differentiation in vitro by cata-
lyzing trimethylation of histone 3 lysine 27. However, inhibition
of EZH2 induced lipid accumulation in certain cancer and hep-
atocyte cell lines. To address this discrepancy, we investigated
the role of EZH2 in adipogenic differentiation and lipid metab-
olism using primary human and mouse preadipocytes and adi-
pose-specific EZH2 knockout (KO) mice. We found that the
EZH2-selective inhibitor GSK126 induced lipid accumulation
in human adipocytes, without altering adipocyte differentiation
marker gene expression. Moreover, adipocyte-specific EZH2
KO mice, generated by crossing EZH2 floxed mice with adi-
ponectin-Cre mice, displayed significantly increased body
weight, adipose tissue mass, and adipocyte cell size and reduced
very low-density lipoprotein (VLDL) levels, as compared with
littermate controls. These phenotypic alterations could not be
explained by differences in feeding behavior, locomotor activity,
metabolic energy expenditure, or adipose lipolysis. In addition,
human adipocytes treated with either GSK126 or vehicle exhib-
ited comparable rates of glucose-stimulated triglyceride
accumulation and fatty acid uptake. Mechanistically, lipid accu-
mulation induced by GSK126 in adipocytes was lipoprotein-de-
pendent, and EZH2 inhibition or gene deletion promoted
lipoprotein-dependent lipid uptake in vitro concomitant with
up-regulated apolipoprotein E (ApoE) gene expression. Dele-
tion of ApoE blocked the effects of GSK126 to promote lipo-
protein-dependent lipid uptake in murine adipocytes. Collec-

tively, these results indicate that EZH2 inhibition promotes
lipoprotein-dependent lipid accumulation via inducing ApoE
expression in adipocytes, suggesting a novel mechanism of lipid
regulation by EZH2.

Adipogenic differentiation is a complex process that involves
the coordinated interplay of epigenetic and transcriptional
mechanisms, leading to induction of key adipogenic genes (i.e.
peroxisome proliferator-activated receptor � (PPAR�)3 and
adiponectin) and the accumulation of intracellular lipid drop-
lets, the pathognomonic feature of mature adipocytes. Adi-
pocyte lipid content is, in turn, governed by the balance
between anabolic and catabolic reactions (1), including fatty
acid (FA) uptake/esterification, de novo lipogenesis (DNL), and
cytosolic lipolysis. Adipocyte triglycerides can also be derived
from triglyceride-rich lipoproteins, including very low-density
lipoprotein (VLDL) and chylomicrons. These lipoprotein-de-
pendent processes are in part mediated by apolipoprotein E
(ApoE) (2), which is highly expressed in adipocytes and modu-
lates lipoprotein-dependent metabolism (2–4). Whereas epige-
netic regulation of adipogenic differentiation has been exten-
sively studied, little is known about mechanisms of epigenetic
regulation of adipocyte lipid metabolism per se.

Among the epigenetic regulators that have been reported to
regulate adipogenic differentiation is enhancer of zeste homo-
log 2 (EZH2), a histone methyltransferase enzyme. EZH2, the
catalytic subunit of the core polycomb repressive complex 2
(PRC2), carries out cellular histone H3 lysine 27 di/trimethyla-
tion (H3K27me2/3), which is commonly associated with silenc-
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ing of differentiation genes. Notably, Wang et al. (5) demon-
strated that EZH2-induced H3K27me3 of Wnt gene promoters
facilitated adipogenic differentiation of murine preadipocytes.
Likewise, Yi et al. (6) showed that S6K1-induced EZH2 recruit-
ment catalyzed H3K27me3 and promoted adipogenesis in
murine cell lines. However, the majority of data implicating a
role for EZH2 in promoting adipogenic differentiation were
obtained in murine cells (5–9). Notably, epigenetic mecha-
nisms that control cell differentiation and lipid metabolism can
differ in a species– and cell type–specific manner.

EZH2 is overexpressed in various tumor cell types, including
prostate and breast cancer, and blocking EZH2 activity by phar-
macological inhibitors has emerged as a key epigenetic strategy
for cancer therapeutics that is currently under investigation in
clinical trials (10 –13). Interestingly, several studies have
reported accumulation of cytoplasmic lipid droplets in human
breast cancer cells and hepatocytes in response to an EZH2
inhibitor (3-deazaneplanocin A (DZNEP)) (14, 15), but whether
this represents a cell- and/or species-dependent effect is
unknown. Thus, it is imperative to perform studies in primary
human adipocytes and in vivo mouse models to determine the
potential impact of EZH2 inhibition on adipose tissue biology.

Here, we investigated the role of EZH2 in adipogenic differ-
entiation and lipid metabolism using primary human and
mouse preadipocytes and adipocyte-specific EZH2 knockout
(KO) mice. We demonstrate that pharmacological inhibition of
EZH2 in human adipocytes and adipocyte-specific EZH2 dele-
tion in mice promote adipocyte lipid accumulation. Mechanis-
tically, EZH2 inhibition or gene deletion up-regulates ApoE
expression, which in turn promotes lipoprotein-dependent
lipid accumulation in adipocytes. These findings suggest a
novel role for EZH2 in adipocyte lipid metabolism beyond its
reported role as a regulator of adipogenic differentiation.

Results

Reduced EZH2 expression during adipogenic differentiation

To examine the pattern of EZH2 expression during adipo-
genic differentiation, we conducted a time course experiment
using primary human preadipocytes. EZH2 protein was down-
regulated early (�70% by day 3) during differentiation of pri-
mary human subcutaneous (SQ; Fig. 1, A and B) and visceral
(Fig. S1) preadipocytes. Likewise, mature adipocytes (MA) iso-
lated from murine adipose tissues expressed significantly less
EZH2 and RbAP48 (another core component of the PRC2 com-
plex) proteins and a higher level of PPAR� (adipogenic marker)
protein, compared with stromal vascular (SV) cells (Fig. 1, C
and D). These findings suggest that adipogenic differentiation
is associated with down-regulated expression of EZH2 and
other PRC2 core proteins.

EZH2 inhibition induced lipid accumulation but did not repress
differentiation of human preadipocytes

EZH2 inhibition was reported to hinder differentiation of
murine and human preadipocytes into mature, lipid-laden adi-
pocytes (5, 6). Conversely, treatment with the EZH2 inhibitor,
DZNEP, was reported to enhance lipid droplet accumulation in
breast cancer cells (15). To dissect the role of EZH2 in regulat-
ing adipogenic differentiation and lipid accumulation, human

preadipocytes were treated with a highly selective EZH2 phar-
macological inhibitor (GSK126, a SAM-competitive EZH2
inhibitor), and adipogenic differentiation was induced. GSK126
is known to inhibit the catalytic site of EZH2 (16), exhibiting
over 1000-fold selectivity for EZH2 versus 20 other human
methyltransferases (17). The efficacy and selectivity of GSK126
were validated by a marked reduction in H3K27me3 levels (Fig.
2A) without significant alterations in H3K4me3 (Fig. 2B) or
total protein (Fig. 2C) levels, respectively. Interestingly, human
preadipocytes treated with GSK126 during in vitro differentia-
tion exhibited increased lipid accumulation, as demonstrated
by Oil Red O (ORO) staining (Fig. 2D) and intracellular triglyc-
eride (Fig. 2E) and cholesterol contents (Fig. S6A), respectively.
Expression of key adipocyte differentiation marker (adiponec-
tin and PPAR�) mRNA (Fig. 2F) and protein (Fig. 2, G and H)
was not significantly affected by GSK126 treatment as com-
pared with vehicle-treated cells. These data suggest that inhibi-
tion of EZH2 can promote lipid accumulation independent of
regulating differentiation in primary human preadipocytes.

Generation of adipocyte-specific EZH2 KO mice

To investigate the role of EZH2 in regulating adipocyte func-
tion in vivo, we generated adipocyte-specific EZH2 KO mice in
which the adiponectin (Adipoq) promoter/regulatory regions
drive Cre recombinase, the enzyme responsible for ablating the
Ezh2 gene. Because Adipoq is mainly expressed in mature adi-
pocytes, this model thereby permits tissue-specific EZH2 dele-
tion. The presence of WT/flox EZH2 allele and/or Adipoq-Cre
allele in mice was validated via PCR-based genotyping (Fig.
S1A). Gene expression data from Adipoq-Cre�/EZH2f/f mice
confirmed that EZH2 mRNA levels were selectively reduced in
mature adipocytes and whole adipose tissues, without signifi-
cant alterations in adipose-derived SV cells (progenitor-en-
riched) and most other nonadipose tissues (Fig. S2B). As
expected, compared with littermate controls (EZH2f/f mice),
Adipoq-Cre�/EZH2f/f mice displayed a more dramatic reduc-
tion of EZH2 mRNA levels in the mature adipocytes compared
with the whole adipose tissues (Fig. S2B), suggesting a selective
deletion of the EZH2 gene in the mature adipocytes but not in
other cell types (i.e. fibroblasts, macrophages, progenitor cells,
and endothelial cells) within the adipose depots. Interestingly,
kidneys isolated from Adipoq-Cre�/EZH2f/f mice displayed a
significant reduction in EZH2 mRNA levels (Fig. S2B), which
may be explained by the expression and secretion of adiponec-
tin by renal tubular epithelial cells, in addition to adipocytes
(18). Visceral adipose tissue isolated from Adipoq-Cre�/
EZH2f/f mice exhibited a significant reduction in H3K27me3

modifications compared with that of control mice, confirming
reduced EZH2 functional activity (Fig. S2C).

Adipocyte-specific EZH2 deletion resulted in adipocyte
hypertrophy and reduced plasma VLDL-triglyceride levels,
without affecting markers of adipogenic differentiation

Intriguingly, Adipoq-Cre�/EZH2f/f mice consuming stan-
dard chow diet displayed increased body weight (Fig. 3A) and a
strong trend toward greater fat mass (Fig. 3B) compared with
EZH2f/f controls. Both groups of mice consumed comparable
amounts of food, whereas locomotor activity showed a nonsig-
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Figure 1. Reduced EZH2 expression during adipogenic differentiation. A and B, time course of EZH2 protein expression during in vitro adipogenic
differentiation of human SQ preadipocytes (n � 4). Protein expression was determined by Western blotting (A) and quantified by densitometry analysis (B).
Representative Western blotting image (C) and densitometry analysis (D) of EZH2 and RbAP48 proteins in isolated MA compared with SV fraction from mouse
SQ adipose tissues. Individual protein levels were normalized to total protein, respectively (n � 3). *, p � 0.05; **, p � 0.01; ***, p � 0.001; ****, p � 0.0001. D0,
undifferentiated; D3, 3 days post-adipogenic differentiation; D6, 6 days post-adipogenic differentiation. SV, stromal vascular; MA, mature dipocytes. Error
bars, S.E.
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nificant trend toward a reduction in the Adipoq-Cre�/EZH2f/f

mice (Fig. 3C). Respiratory exchange ratio, metabolic energy
expenditure, CO2 production, O2 consumption, heat genera-

tion, water consumption, and glucose and insulin tolerance
likewise did not differ significantly between the two groups of
mice (Fig. S3, A–H). Assessment of lipid profiles showed that
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Adipoq-Cre�/EZH2f/f mice displayed lower VLDL-triglyceride
(Adipoq-Cre�/EZH2f/f (9 �g) versus EZH2f/f (19.5 �g)), with
no difference in VLDL-cholesterol, compared with control
mice (Fig. 3, D and E). There was a nonsignificant trend toward
reduced total plasma triglyceride (Fig. 3F) in Adipoq-Cre�/
EZH2f/f versus EZH2f/f mice, whereas total plasma cholesterol
(Fig. 3G) and lipid contents of other plasma lipoprotein species,
including intermediate-density lipoprotein (IDL), low-density
lipoprotein (LDL) (IDL/LDL-triglyceride: EZH2f/f (18.5 �g)
versus Adipoq-Cre/EZH2f/f (21 �g)), and high-density lipopro-
tein (HDL) (Fig. 3, D and E), were similar in the two groups of
mice.

Tissue mass (Fig. 4A, indexed to body weight) and fat com-
position (Fig. S3I) of kidney, spleen, liver, heart, lung, and skel-
etal muscle were unaffected by deletion of EZH2 in adipose
tissues. However, SQ fat mass was increased in the Adipoq-
Cre�/EZH2f/f mice as compared with EZH2f/f controls (Fig.
4A). There were also nonsignificant trends toward increased
visceral and brown adipose tissue masses in the Adipoq-Cre�/
EZH2f/f mice. Histological analyses (hematoxylin and eosin
staining) of SQ adipose tissues demonstrated increased adi-
pocyte cell size in Adipoq-Cre�/EZH2f/f mice compared with
control mice (Fig. 4, B and C). There was also a strong trend
toward increased adipocyte cell size in the visceral adipose tis-
sues (Fig. 4E). In contrast, there was no significant difference in
adipocyte numbers between either SQ (Fig. 4D) or visceral adi-
pose depots (Fig. 4F) of Adipoq-Cre�/EZH2f/f mice and control
mice.

Adipose-specific EZH2 deletion did not affect mRNA
expression of key adipocyte differentiation markers (adiponec-
tin and PPAR�) in mature adipocytes isolated from the SQ and
visceral adipose tissues (Fig. S4A). Moreover, PPAR� and adi-
ponectin protein expression in visceral adipose tissues was
not significantly altered by EZH2 deletion in adipocytes (Fig.
S4, B and C). These findings suggest that EZH2 deletion in
adipocytes in vivo promotes weight gain, adiposity, and adi-
pocyte hypertrophy independent of influencing adipogenic
differentiation.

Effects of EZH2 repression on lipolysis, FA uptake, and glucose-
stimulated triglyceride accumulation in primary human
adipocytes

Adipocyte lipid content is positively regulated by FA uptake/
esterification and DNL and negatively regulated by lipolysis.
Our in vitro and in vivo data thus raised the possibility that
EZH2 inhibition might directly or indirectly regulate one or
more of these metabolic processes to increase lipid content in
adipocytes. To investigate whether EZH2 inhibition regulates
adipocyte lipolysis, human SQ preadipocytes were treated with
either GSK126 (5 �M) or vehicle (DMSO 0.1%), differentiated,
and maintained in culture. The mature adipocytes were then
treated with or without 3-isobutyl-1-methylxanthine (IBMX)

to stimulate lipolysis. We subsequently measured free glycerol
release (index of lipolysis) into the culture medium. GSK126
did not significantly influence basal or IBMX-stimulated glyc-
erol release from in vitro differentiated human adipocytes (Fig.
5A). Intracellular triglyceride content in human adipocytes
under basal conditions and following stimulation with IBMX
was also unaffected by treatment with GSK126 (Fig. 5B). These
findings were further verified in vivo and ex vivo using the Adi-
poq-Cre�/EZH2f/f mice. Adipoq-Cre�/EZH2f/f mice and con-
trol mice injected with 10 mg/kg isoproterenol or saline (con-
trol) exhibited no difference in plasma free glycerol levels at 0,
15, and 60 min post-injection (Fig. S5A). Moreover, plasma FA
levels were comparable between EZH2f/f mice and Adipoq-
Cre�/EZH2f/f mice, further suggesting that EZH2 does not
affect lipolysis (Fig. S5B). For ex vivo lipolysis measurement, SQ
and visceral fat pads isolated from Adipoq-Cre�/EZH2f/f and
control mice were incubated in culture media in the presence or
absence of isoproterenol (5 or 10 �M), and free glycerol release
(normalized to tissue weights) was subsequently quantified.
Similarly, adipose tissue free glycerol release, under basal and
stimulated lipolytic conditions, was unaffected by adipocyte-
specific EZH2 gene deletion (Fig. S5, D and E). Interestingly,
phosphorylation of hormone-sensitive lipase, an enzyme that
regulates lipolysis, was increased in adipose tissues of Adipoq-
Cre�/EZH2f/f mice as compared with EZH2f/f mice (Fig. S5C),
functional consequences of which remain to be determined.

Next, we investigated the role of EZH2 in regulating FA
uptake. Exogenous FA (oleic acid) conjugated with BSA was
added to human adipocytes treated with either GSK126 (5 �M)
or vehicle control (DMSO 0.1%) 14 –21 days post-adipogenic
differentiation. Then extracellular oleic acid concentration in
the culture medium was determined over 6 h at different time
points. Across all time points, GSK126 treatment did not influ-
ence the disappearance of oleic acid from the medium (Fig. 5C),
suggesting that FA uptake per se was not affected by EZH2
inhibition. In separate experiments conducted on cells at an
earlier state of adipogenic differentiation, we quantified triglyc-
eride levels following incubation with oleic acid. The increase in
intracellular triglycerides over baseline (albumin control) in
cells incubated with oleic acid was not affected by treatment
with GSK126 (Fig. S5, F and G), suggesting that inhibition of
EZH2 did not increase adipocyte lipids by augmenting uptake
or esterification of exogenous FA.

To investigate the role of EZH2 in regulating glucose-stimu-
lated triglyceride accumulation, human preadipocytes treated
with either GSK126 or vehicle were differentiated in high-glu-
cose and serum-free (FA-deficient) medium. Under these con-
ditions, GSK126-treated adipocytes displayed slightly reduced
ORO staining compared with vehicle-treated adipocytes (Fig.
5D), whereas intracellular triglyceride content was similar in
the two groups of cells (Fig. 5E). Moreover, mRNA expression

Figure 2. Effect of EZH2 inhibitor on lipid accumulation and adipogenic markers expression in human adipocytes. In vitro differentiated (6 –12 days)
primary human SQ preadipocytes were treated with EZH2 inhibitor (GSK126, 5 �M) or vehicle (DMSO). A and B, validation of GSK126 efficacy and selectivity via
measurements of H3K27me3 (A) and H3K4me3 (B) protein levels. C, total intracellular protein concentration per well. D, representative appearance of cyto-
plasmic lipid droplets (ORO staining) 6 days post-adipogenic differentiation. Neutral lipid accumulation was quantified by spectrophotometry (n � 4). E,
intracellular triglyceride content (n � 6). Shown are adipogenic marker (PPAR-� and adiponectin) mRNA (F) and protein (G and H) levels 6 days post-adipogenic
differentiation. *, p � 0.05; ***, p � 0.001; PA, preadipocytes. Error bars, S.E.
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of key DNL gene markers (fatty acid synthase (FASN), acetyl-
CoA carboxylase � (ACCa), sterol regulatory element– binding
protein 1 (SREBP1), carbohydrate-responsive element-binding
protein (CHREBP1) (also known as MLX-interacting protein-
like (MLXIPL), and stearoyl-CoA desaturase 1 (SCD1)) was
unaffected by treatment with GSK126 (Fig. 5F). Although DNL
was not directly quantified, these data nevertheless suggest that
GSK126 does not promote adipocyte lipid accumulation by
increasing glucose-stimulated triglyceride accumulation.

Effects of EZH2 repression on lipoprotein-dependent lipid
uptake

Our in vivo data demonstrated that adipocyte-specific EZH2
deletion resulted in reduced plasma VLDL-triglyceride levels
(Fig. 3, D and E). Notably, adipocytes can take up lipid from
lipoproteins, in particular VLDL, thereby increasing their intra-
cellular lipid content. To test whether EZH2 inhibition could
potentially increase adipocyte lipid content by enhancing
lipoprotein-dependent lipid uptake, we first performed exper-
iments using lipoprotein-depleted serum. Under these condi-
tions, GSK126 failed to significantly increase adipocyte triglyc-
eride levels, suggesting an obligatory role for lipoproteins in
conferring the effects of EZH2 inhibition on lipid accumulation
in adipocytes (Fig. 6A). We next examined the role of EZH2 in
regulating lipoprotein-dependent lipid uptake in primary
human adipocytes. VLDL labeled with 1,1�-dioctadecyl-
3,3,3�,3�-tetramethylindocarbocyanine perchlorate (Dil) was
added to human adipocytes treated with either GSK126 (5 �M)
or vehicle control, and intracellular fluorescence was quanti-
fied. Interestingly, Dil-VLDL uptake by human adipocytes was
increased by EZH2 inhibition (Fig. 6B). To determine whether
EZH2 gene deletion would likewise augment lipoprotein-de-
pendent lipid uptake in murine adipocytes, we isolated preadi-
pocytes from the Adipoq-Cre�/EZH2f/f mice and control mice.
Following in vitro differentiation, we incubated the cells with
Dil-VLDL and quantified fluorescence. As was observed in
human adipocytes treated with the EZH2 inhibitor, genetic
deletion of EZH2 significantly increased Dil-VLDL uptake by
murine adipocytes (Fig. 6C).

Adipocyte-expressed ApoE has been reported to play an
important role in VLDL uptake in vitro (2). In addition, ApoE
was previously predicted as a gene target of EZH2 (19). Accord-
ingly, human adipocytes treated with GSK126 exhibited
increased ApoE gene expression as compared with vehicle con-
trol (Fig. 6D). Likewise, ApoE gene expression in adipocytes
isolated from Adipoq-Cre�/EZH2f/f mice was increased as
compared with those from control mice (Fig. 6E). Furthermore,
Dil-VLDL uptake induced by EZH2 inhibition was abolished in
ApoE-deficient adipocytes (Fig. 6F).

EZH2 inhibition could potentially induce lipid accumulation
via internalization of VLDL particles and/or uptake of free lipid
hydrolyzed extracellularly by lipoprotein lipase (LPL). Thus, we

quantified cellular levels of cholesterol and ApoB-100 protein, a
major protein constituent of VLDL, following incubation with
VLDL. GSK126 treatment increased both cholesterol and
ApoB-100 levels in human adipocytes (Fig. S6, A and B). Con-
versely, neither LPL protein expression nor activity was
affected by treatment with GSK126 (Fig. S6C). These findings
support the notion that inhibition of EZH2 promotes VLDL
particle internalization in adipocytes. Taken together, these
data suggest that EZH2 repression promotes extracellular
lipoprotein-dependent lipid accumulation in adipocytes, at
least in part by up-regulating adipocyte ApoE expression and
lipoprotein internalization.

Discussion

EZH2 has been suggested to play an obligatory role in
promoting adipogenic differentiation. On the other hand,
inhibition of EZH2 (which has been identified as a key mol-
ecule for oncogenesis and a target of cancer therapy) was
reported to induce lipid accumulation in other types of cells.
Here, we undertook a systematic approach to dissect the role
of EZH2 in regulating adipogenic differentiation and lipid
metabolism. Major findings of this study are that 1) EZH2 is
down-regulated during adipogenic differentiation; 2) EZH2
inhibition induced lipid accumulation in adipocytes indepen-
dent of affecting adipogenic differentiation; 3) adipocyte-
specific EZH2 deletion in mice resulted in increased body
weight and adiposity and reduced plasma VLDL-triglyceride
levels; 4) EZH2 inhibition did not induce adipocyte lipid
accumulation by influencing lipolysis, glucose-stimulated
triglyceride accumulation, or FA acid uptake; and 5) EZH2
inhibition induced extracellular lipoprotein-dependent lipid
uptake via up-regulating ApoE gene expression in adi-
pocytes, thus establishing a novel mechanism whereby EZH2
regulates lipid metabolism.

Epigenetic mechanisms, including histone modifications, are
postulated to regulate expression of genes pivotal to the adipo-
genic differentiation program. Previously, EZH2 was proposed
to function as a positive regulator of adipogenic differentiation
in murine adipose progenitor cells (5); however, studies involv-
ing human cells to date are very limited. In this study, we
observed a dramatic down-regulation of EZH2 during adipo-
genic differentiation, which may not be universal for all adi-
pocyte progenitor cell lineages and/or species. For instance,
EZH2 expression reportedly remained constant in human
bone marrow– derived mesenchymal stem cells (MSCs), but
increased in mouse MSCs, during adipogenic differentiation (8,
9), suggesting that distinct epigenetic signatures drive cell
type–specific gene expression and contribute to their unique
cellular identities in a species-dependent manner. Interestingly,
our results with human primary adipocytes demonstrated that
pharmacological inhibition of EZH2 using a specific inhibitor,
GSK126, did not impede adipogenic differentiation, but rather

Figure 3. Characterization of adipose-specific EZH2 KO mice. Adipoq-Cre�/EZH2f/f and EZH2f/f littermate control mice were fed a standard chow diet
for 34 weeks (n � 4 – 6). A, body weights and representative gross morphology of 34-week-old mice. B, whole-body fat and lean composition by
noninvasive NMR. C, average food intake and locomotor activity over 72 h monitored via CLAMS. D and E, representative plasma lipoprotein profile
measured via FPLC using pooled plasma (0.22 ml) from three Adipoq-Cre�/EZH2f/f mice and six EZH2f/f mice. Total plasma (F) triglyceride and choles-
terol levels (G). *, p � 0.05. Adipoq, adiponectin; VLDL, very low-density lipoprotein; IDL, intermediate-density lipoprotein; LDL, low-density lipoprotein;
HDL, high-density lipoprotein. Error bars, S.E.
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induced lipid accumulation. These findings differ from those
reported in another study in human subcutaneous preadi-
pocytes, wherein GSK126 (2 �M) was reported to impair adipo-
genic differentiation and lipid droplet formation (20). The rea-
sons for these discrepant findings are unclear. Whereas the data
reported in the present study were obtained using a higher con-
centration of GSK126 (5 �M), dose-response studies failed to
demonstrate divergent results at lower concentrations (not
shown). We also considered whether differences in timing of
application of the inhibitor might have been contributory; how-
ever, varying the timing of exposure to GSK126 to mimic the
protocol reported (20) did not result in impaired adipogenic
differentiation (not shown). It is conceivable that differences in
the individual sites of acquisition of adipose tissues could
explain the discrepant findings. However, we examined subcu-
taneous adipose tissues obtained from both abdominal and tho-
racic regions of humans and observed similar results (not
shown). Whereas the methods of isolation of adipose progeni-
tors were similar in the two studies, subtle differences in cell
populations and/or culture conditions may be contributory.
For example, in the present study, progenitor cells were not
freeze-thawed and were used at early passage numbers for all
studies.

It is noteworthy that our findings in human adipogenic
differentiation in vitro mirrored the results obtained with
the adipocyte-specific EZH2 KO mice. Indeed, the adi-
pocyte-specific EZH2 KO mice exhibited no differences in
adipogenic gene expression as compared with littermate
control mice, although it is important to point out that these
mice were studied at a young age and under standard chow-
diet feeding; it is possible that the impact of EZH2 gene
deletion on adipogenic differentiation in vivo differs depend-
ing on age and/or diet, which merits further investigation.
Regardless, under these conditions, the subcutaneous adi-
pocytes of EZH2 KO mice were larger in size, without signif-
icant changes in adipocyte number, leading to greater sub-
cutaneous fat mass that was not explained by differences in
feeding behavior, activity, or metabolic energy expenditure.
Reduced VLDL-triglyceride levels in the adipocyte-specific
EZH2 KO mice suggest that lipid partitioning from the
plasma to the adipocyte pool may explain these subtle differ-
ences in body composition, consistent with the in vitro find-
ings in human and mouse cells. Whereas a variety of lipopro-
tein species, including chylomicrons and IDL, also carry
triglycerides, this study was particularly focused on VLDL
uptake because VLDL carries 90% of the serum triglycerides
in the fasting state (21). Moreover, FPLC measurements
using plasma from fasting animals demonstrated a reduction
in VLDL-triglyceride upon adipocyte-specific EZH2 gene
deletion, without demonstrable effects on other lipoprotein
species. The potential effects of EZH2 inhibition on lipopro-
tein particle number and size remain to be determined. Nev-
ertheless, the findings of this study suggest a novel role for

EZH2 in governing adipocyte lipid storage and metabolism
via biological mechanisms distinct from adipogenic differen-
tiation per se.

Adipocyte lipid content is dynamically regulated, reflecting
the balance between energy storage and expenditure. Lipid
catabolism, the breakdown of triacylglycerols into free glycerol
and FAs, is a fundamental process in energy expenditure.
Under normal conditions, the basal lipolytic rate in adipocytes
is relatively low, consistent with its essential function as an
energy storage tissue. On the other hand, excess nonlipid sub-
strates (i.e. carbohydrate and protein) are converted into lipids,
a more efficient form of storage, through DNL. Moreover, the
ability of white adipocytes to efficiently take up dietary long-
chain FA is essential to their physiological function in energy
storage. In healthy human subjects, dietary FA is the major
source contributing to adipocyte intracellular lipid stores (i.e.
triglycerides, cholesterol esters, and phospholipids). Our data,
however, indicate that EZH2 inhibition does not affect adi-
pocyte lipolysis, glucose-stimulated triglyceride accumulation,
or FA uptake. Triglyceride-rich lipoprotein internalization into
adipocytes also modulates cellular lipid balance (22), and this
process is facilitated by ApoE (23, 24). Whereas ApoE is pro-
duced by various organs and cell types, circulating ApoE is
mainly derived from the liver. ApoE is nevertheless highly
expressed in adipocytes and contributes to adipocyte triglycer-
ide turnover and VLDL metabolism (2, 3). Notably, mice glob-
ally deficient in ApoE gained less body weight, concomitant
with lower fat mass and smaller adipocytes, as compared with
WT mice (4, 23, 24). Adipocyte-specific deletion of ApoE in
mice likewise resulted in less adiposity and smaller adipocytes,
without affecting circulating ApoE levels (3), suggesting that
adipocyte-derived ApoE plays an important role in adipose tis-
sue lipid metabolism. Here, we identify a role for EZH2 in reg-
ulating ApoE-mediated lipoprotein uptake in adipocytes. This
conclusion is supported by the following observations: 1) EZH2
inhibition significantly augmented lipid accumulation in
human adipocytes only when cultured in lipoprotein-replete
medium; 2) both lipoprotein-dependent lipid uptake and ApoE
gene expression in human and mouse adipocytes were signifi-
cantly augmented by EZH2 inhibition; and 3) EZH2 inhibition
failed to augment lipid accumulation in ApoE-deficient murine
adipocytes. Previously, RNA-Seq studies in retina-specific
EZH2 KO mice identified ApoE as one of the top 15 genes
up-regulated by EZH2 deficiency (19), suggesting that ApoE
is a potential target of EZH2 not only in adipocytes, but also
in other cell types and tissues. Notably, ApoE is also
expressed in numerous cancer cells and was reported to pro-
mote proliferation and survival of ovarian and lung tumor
cells (25, 26). Such up-regulated expression of ApoE by EZH2
inhibition could potentially mitigate the anti-tumor effects
of EZH2 inhibitors currently under investigation in cancer
clinical trials, which merits further consideration.

Figure 4. Effects of adipose-specific deletion of EZH2 on adipocyte cell size/number and adipogenic markers. A, weights of various tissues isolated from
Adipoq-Cre�/EZH2f/f and EZH2f/f mice, respectively. B, representative histological image of adipocyte size of SQ adipose tissues. Adipocyte size and number
were quantified in SQ (C and D) and visceral adipose tissues (E and F), respectively. *, p � 0.05; n.s., not significant; VAT, visceral adipose tissue; BAT, brown
adipose tissue; SM, skeletal muscle. Error bars, S.E.
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EZH2 functions as a multifaceted protein involved in various
biological processes including development and survival; how-
ever, its function in glucose and lipid metabolism has only been
recently examined. Pang et al. (27) reported that EZH2 pro-
motes tumorigenesis and malignant progression of glioblas-
toma cells in part by activating aerobic glycolysis (Warburg
effect) through an EAF2-HIF1� axis. EZH2 overexpression in
glioblastoma cells also induced glucose uptake, glycolytic
enzyme expression and activity, and lactate production. These
findings are consistent with other studies showing that EZH2
expression correlated with glycometabolism-related genes and
that EZH2 positively regulated aerobic glycolysis in human
prostate cancer cell lines and glioma cells (28, 29). Whereas
studies elucidating the role of EZH2 in regulating lipid metab-
olism are limited, observational studies have indicated that
breast cancer cells and hepatocytes accumulate cytoplasmic
lipid droplets in response to EZH2 inhibitor (DZNEP) treat-
ment (14, 15). These interesting findings are congruent with
our observations in mammalian adipocytes wherein disruption
in EZH2 function resulted in increased intracellular lipids in
human adipocytes in vitro and increased lipid volume in mouse
adipose tissues in vivo. Whereas we report a novel role for
EZH2 in ApoE-mediated lipoprotein-dependent lipid metabo-
lism, potential functions of EZH2 in other important metabolic
pathways, such as glycolysis, �-oxidation, lipid droplet budding
from the endoplasmic reticulum, and lipotoxicity in mamma-
lian adipocytes, remain to be investigated.

In conclusion, our findings provide new insight into the
potential mechanisms whereby EZH2 regulates lipid metabo-
lism, beyond its reported role as a regulator of adipogenic dif-
ferentiation. Our findings characterizing EZH2 function in adi-
pocytes derived from human subjects, and in the novel
adipocyte-specific EZH2 KO mouse model, may be relevant to
the fields of lipidology and cancer biology. Moreover, these
findings could have clinical implications for humans, as EZH2
inhibitors are currently being tested in clinical trials in patients
with various malignancies.

Experimental procedures

Animals

EZH2 floxed (EZH2f/f) mice (Jackson Laboratories) contain
two loxP sites flanking exons 14 –15 of the EZH2 gene (30).
Exons 14 and 15 encode part of the catalytic SET domain of the
EZH2 gene; their deletion introduces a frameshift and subse-
quent termination mutation, which effectively obliterates
EZH2 catalytic domain. EZH2 gene was conditionally ablated
in adipocytes by mating EZH2f/f mice with Adipoq-Cre mice
(Jackson Laboratories). These crosses generated littermate
controls (Adipoq-Cre�/EZH2f/f or Adipoq-Cre�/EZH2f/�) or

adipose-specific KO (Adipoq-Cre�/EZH2f/f) mice. Seven-
week-old male Adipoq-Cre�/EZH2f/f mice and EZH2f/f control
mice were fed a standard chow diet (Harlan Teklad, LM-485)
for 27 weeks. Both diet and water were provided ad libitum.
The institutional animal care and use committee of the Medical
College of Georgia at Augusta University approved all animal
experiments.

Preparation of human adipose tissues

Human adipose tissues were collected from patients under-
going cardiothoracic and bariatric surgeries. The study proto-
col was approved by the institutional review boards of the Med-
ical College of Georgia at Augusta University. This study was
carried out in accordance with the recommendations of the
Declaration of Helsinki.

Isolation of adipocytes and preadipocytes and in vitro
adipogenic differentiation

SV cells (preadipocyte-enriched) and in vivo mature adi-
pocytes were isolated from SQ or visceral adipose tissues from
humans or mice as previously described (31). Briefly, adipose
tissues were thoroughly minced, digested with collagenase type
I (Worthington), filtered, and centrifuged to separate floating
mature adipocytes from the pelleted SV cells. Mature adi-
pocytes were immediately flash-frozen in liquid nitrogen and
stored at �80 °C for further analyses. SV pellets were resus-
pended, plated, and grown in preadipocyte growth medium
(Cell Applications). The cells were expanded up to four pas-
sages in culture and differentiated in the presence of adipocyte
differentiation medium (Cell Applications) with or without
EZH2 inhibitor GSK126 (5 �M). Media and pharmacological
treatments were replaced every 3 days.

Quantitative PCR

Total RNA from cells or tissues was extracted using the
RNeasy Lipid Tissue Mini Kit (Qiagen). Real-time quantifica-
tion of mRNA levels was performed using the Brilliant II SYBR
Green QPCR kit (Agilent Technologies) per the manufacturer’s
instructions. Normalized Ct values were subjected to statistical
analysis, and -fold difference was calculated by the ��Ct
method as described previously.

Western blotting

Total cellular proteins were extracted using radioimmune
precipitation assay buffer (Thermo Scientific) containing
protease inhibitor mixture (Sigma). Proteins (30 –50 �g)
were separated on an SDS-polyacrylamide gel, transferred to
nitrocellulose membranes, and probed with appropriate
antibodies, and blots were subsequently developed using the

Figure 5. Effects of EZH2 repression on in vitro lipolysis, FA uptake, and glucose-stimulated triglyceride accumulation in primary human adipocytes.
A and B, lipolytic characterization of human adipocytes treated with either GSK126 or vehicle control. Free glycerol release (A, index of lipolysis, n � 8) and
intracellular triglyceride (B) under basal and 200 �M IBMX-stimulated states (n � 6). Data were normalized to cell triglyceride levels in unstimulated cells. C, time
course of extracellular FA (oleic acid) uptake in human adipocytes treated with either GSK126 or vehicle. D, representative appearance of cytoplasmic lipid
droplets (ORO staining) in human adipocytes treated with either GSK126 or vehicle control and maintained in high-glucose (5 mM)/serum-free medium (n �
4). Neutral lipid accumulation was quantified by spectrophotometry (510 nm). E, intracellular triglyceride content. F, mRNA expression of key DNL markers was
determined by qPCR. ****, p � 0.0001; n.s., not significant; TAG, triglyceride; FASN, fatty acid synthase; ACCa, acetyl-CoA carboxylase �; SREBP1, sterol regulatory
element– binding protein 1; CHREBP1, carbohydrate-responsive element-binding protein (also known as MLX-interacting protein-like (MLXIPL)); SCD1, stear-
oyl-CoA desaturase 1. Error bars, S.E.
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ECL system (Thermo Scientific). The following primary
antibodies were used: EZH2, SUZ12 (Cell Signaling), adi-
ponectin, RbAP48 (Abcam), PPAR� (Santa Cruz Biotechnol-

ogy, Inc.), trimethyl-histone H3 (Lys-27), and trimethyl-hi-
stone H3 (Lys-4) (Millipore), glyceraldehyde-3-phosphate
dehydrogenase (Ambion).

Figure 6. Effects of EZH2 inhibition on lipoprotein uptake and ApoE expression in adipocytes. A, intracellular triglyceride levels in adipocytes cultured
with lipoprotein-deficient medium. Fluorescent Dil-VLDL internalization was measured in human (B) and mouse adipocytes (C) treated with GSK126 or vehicle.
Shown is ApoE mRNA expression in human (D) and mouse adipocytes (E) treated with GSK126 or vehicle. F, fluorescent Dil-VLDL internalization in WT and
ApoE-deficient adipocytes treated with GSK126 or vehicle. *, p � 0.05; **, p � 0.01; LD, lipoprotein-deficient. Error bars, S.E.
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Oil Red O staining and intracellular triglyceride measurements

Neutral lipids, stained with ORO, were measured as de-
scribed previously (32). Briefly, cells were washed with PBS and
fixed with 4% paraformaldehyde for 1 h. Then cells were
washed with ddH2O and incubated with ORO working solution
(3 parts 0.4% ORO stock solution to 2 parts ddH2O) for 10 min.
After incubation, cells were washed with ddH2O and imaged
under light microscopy, and optical density (510 nm) was mea-
sured by a spectrophotometer. Intracellular triglyceride con-
centration in vitro was determined by first lysing cells in radio-
immune precipitation assay lysis buffer followed by using a
triglyceride measurement kit per the manufacturer’s instruc-
tions (Thermo Scientific). Triglyceride values were normalized
to protein amount.

Body fat composition, food intake, and locomotor activity mea-
surements in mice

Body weights were obtained weekly in mice throughout the
duration of the studies as described previously (33). Body fat
composition was measured in 34-week-old conscious male
mice using NMR spectroscopy (Bruker Minispec LF90II) per
the manufacturer’s instructions. Food intake and locomotor
activity were determined using a comprehensive laboratory
animal monitoring system (CLAMS, Columbus Instruments,
Columbus, OH) for 4 days (24 h of acclimation, followed by 72 h
of measurement) per the manufacturer’s instructions.

Plasma lipids and FPLC

Plasma cholesterol and triglycerides were measured using
Infinity cholesterol and triglyceride kits (Thermo Fisher Scien-
tific). Plasma lipoprotein profile were determined as described
previously (34). Briefly, pooled plasma from three Adipoq-Cre�

EZH2f/f mice and six EZH2f/f control mice were subjected to
FPLC gel filtration on two Superose 6 columns connected in
series.

Histology and quantification of adipocyte cell number and
size

Murine adipose tissues (inguinal subcutaneous and epididy-
mal) were fixed by immersion in neutral buffered formalin
(10%), dehydrated in ethanol, transferred to xylene solution,
and embedded in paraffin. Histological sections were stained
with hematoxylin and eosin. Adipocyte cell area and number
were evaluated by computer-assisted morphometric analysis
using Adiposoft (35). Adipocyte cell number was normalized to
tissue weight.

Glucose tolerance test

Glucose levels were repeatedly measured from tail veins at 0,
10, 20, 30, 40, 50, 60, 70, 80, 90, 100, and 120 min after intra-
peritoneal injection of glucose at 2 g/kg body weight in 12-h-
fasted mice using glucose strips as described previously (36).

Insulin tolerance test

Insulin sensitivity was assessed by measurement of plasma
glucose from tail veins at 0, 10, 20, 30, 40, 50, 60, 70, 80, and 90
min after intraperitoneal injection of 0.75 units/kg body weight

of human insulin (Novo Nordisk) in 6-h-fasted mice as
described previously (36).

In vitro lipolysis measurement

In vitro differentiated primary human adipocytes were
starved overnight (15–18 h) in adipocyte starvation medium
(Cell Applications). The next day, the medium was switched to
DMEM containing 2% fatty acid–free BSA; basal or stimulated
lipolysis was assessed using vehicle control (0.1% DMSO) or
200 �M IBMX, respectively. After 4 h of treatment, glycerol
released into the culture medium was quantified and normal-
ized to total intracellular triglyceride levels.

Glucose-stimulated triglyceride measurement assay

Primary human SQ preadipocytes were treated with GSK126
(5 �M) or vehicle (DMSO 0.1%) and then differentiated into
mature adipocytes using serum-free medium (DMEM/F12, 4.5
g/liter glucose, 5 �g/ml human insulin, 0.5 �M dexamethasone,
250 �M IBMX, 100 �M indomethacin) for 9 days and main-
tained in culture for another 6 days in maintenance medium
(DMEM/F12 medium, 10 �g/�l insulin). Media and pharma-
cological treatments were replaced every 3 days. Then adi-
pocytes were fixed for ORO staining or processed for measure-
ments of mRNA, protein, or intracellular triglyceride levels.

Fatty acid uptake assay

Primary human SQ preadipocytes, treated with either
GSK126 (5 �M) or vehicle (0.1% DMSO), were studied during
early and late stages of adipocyte maturation. Human preadi-
pocytes were differentiated and maintained in culture for a total
of 4 days (early stage) or 14 –21 days (late stage) post-differen-
tiation. Then mature adipocytes were treated with either FA-
free BSA-conjugated oleic acid (1000 �M) (1:10 BSA/oleic acid
molar ratio) or control (10% FA-free BSA only) in DMEM. Sub-
sequently, 30 �l of culture medium was collected at 0, 30, 60,
120, 240, and 360 min post-BSA-conjugated oleic acid treat-
ment. Nonesterified fatty acid concentration in the media was
determined using an assay kit (WAKO) per the manufacturer’s
instructions and normalized to protein amount.

Lipoprotein-free serum assay

Primary human SQ preadipocytes, treated with either
GSK126 (5 �M) or vehicle (DMSO 0.1%), were cultured in adi-
pocyte differentiation/maintenance media containing 10%
lipoprotein-deficient serum or matched-control serum for 6
days. Intracellular triglyceride was measured using a triglycer-
ide kit per the manufacturer’s instructions (Thermo Scientific).
Intracellular triglycerides were normalized to protein amount.

Dil-VLDL uptake assay

Primary human SQ preadipocytes were treated with either
GSK126 (5 �M) or vehicle (0.1% DMSO) and then differentiated
into mature adipocytes for a total of 6 –10 days. Then mainte-
nance media were replaced with media containing 10% lipopro-
tein-deficient serum. Purified human VLDL labeled fluores-
cently with Dil (Kalen Biomedical, LLC) were subsequently
added extracellularly at a concentration of 200 �g/ml per well.
Six h post-Dil-VLDL incubation, intracellular fluorescence
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intensity was determined via fluorescence spectrophotometry
(excitation, 530/25 nm; emission, 590/35 nm). Fluorescence
intensity was normalized to protein amount. Unlabeled human
VLDL was used for measurement of adipocyte cholesterol lev-
els (cholesterol E test kit, Fujifilm Wako Pure Chemical Corp.)
and ApoB-100 protein levels under the same conditions.

Statistical analysis

Data are expressed as mean 	 S.E. Student’s t test and two-
way analysis of variance were used for comparisons between
groups. GraphPad Prism version 7 software was used for these
statistical calculations. *, p � 0.05 was considered significant; **,
p � 0.01; ***, p � 0.001; ****, p � 0.0001.
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