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The acquisition of beige adipocyte features by white fat cells
corresponds to protection against obesity-induced metabolic
diseases in humans and animal models of type 2 diabetes. In
adipose tissue, expression of the E2 small ubiquitin-like modi-
fier ligase ubiquitin carrier protein 9 (Ubc9) is positively corre-
lated with markers of insulin resistance and corresponds with
impaired browning of human white adipocytes. However, the
molecular regulation of Ubc9 expression in adipocytes and
other cells remains unclear. In this study, we demonstrate that
the mRNA and protein expression of Ubc9 are regulated by the
microRNA miRNA-30a (miR-30a) in human subcutaneous adi-
pocytes. Ubc9 and miR-30a exhibit inverse expression in adi-
pose tissue, with miR-30a robustly elevated in brown fat. Deple-
tion of Ubc9 by siRNA or enforced expression of a miR-30a
mimic augments mitochondrial volume and respiration in
human white adipocytes, reflecting features of brown fat cells.
Furthermore, Ubc9 depletion induces a brown fat gene program
in human subcutaneous adipocytes. Induction of the beige-se-
lective gene program corresponds to stabilization of the PR
domain-containing 16 (PRDM16) protein, an obligate tran-
scriptional regulator of the brown/beige fat metabolic program
in white adipocytes that interacts with Ubc9. Taken together,
our data demonstrate a previously unappreciated molecular axis
that controls browning of human white adipocytes.

White adipose tissue (WAT)2 mediates whole-body meta-
bolic homeostasis by providing flexible energy storage in the
form of lipids. Visceral WAT expansion and ectopic lipid accu-
mulation in the liver, heart, and skeletal muscle are significant
risk factors for insulin resistance, type 2 diabetes mellitus
(T2DM), and cardiovascular disease (1). Conversely, lipid de-
position in subcutaneous WAT is correlated with protection
against metabolic dysfunction (2). Thus, factors that promote
the sequestration of energy in subcutaneous fat may improve
metabolic health.

Many studies demonstrate that subcutaneous WAT can
metabolize stored energy in brown-like (“beige”) adipocytes to
contribute to overall energy expenditure (3). These beige adi-
pocytes express uncoupling protein 1 (UCP1) and display
increased mitochondrial function and oxygen consumption,
indicating increased lipid catabolism. Enhancing the thermo-
genic gene programs in subcutaneous WAT mediated by beige
adipocytes protects against T2DM and associated comorbidi-
ties, including hepatic steatosis (4). Other evidence has firmly
established that human brown fat volume is inversely corre-
lated with body mass index (5) and whole-body energy expen-
diture (6), supporting the notion that increasing brown fat
activity in humans may combat insulin resistance and T2DM.
Furthermore, recent studies report that human BAT displays a
molecular characteristic resembling mouse beige fat (7–9), illu-
minating the importance of better understanding beige adi-
pocyte development. Therefore, strategies for augmenting
human brown and beige fat function are widely sought as ther-
apeutic approaches for T2DM and its associated metabolic
sequelae.

PGC1�, KLF11, EBF2, PRDM16, and other factors have been
shown to enable white adipocytes to express a brown adipose
tissue (BAT) gene program (10). However, PRDM16 is the only
factor that is both necessary and sufficient for browning of
white fat (4, 11, 12). Pharmacological stabilization of PRDM16
protein downstream of browning agents (11) is required to
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maximally induce the brown fat gene program in subcutaneous
adipocytes. At the molecular level, increased accumulation of
PRDM16 protein through reduced ubiquitin-proteasome-me-
diated protein degradation acts in concert with full agonist acti-
vation of PPAR� to directly stimulate the brown adipocyte gene
cassette in white adipocytes. The molecular mechanism of
PRDM16 protein accumulation remains elusive.

We recently identified the E2 SUMO ligase Ubc9 as a factor
that represses acquisition of brown fat features in human adi-
pocytes (13). Ubc9 expression is increased in WAT isolated
from mice and humans exhibiting insulin resistance, which
motivated our studies to investigate the regulation of Ubc9 in
human adipocytes and whether endogenous modes of suppres-
sion play a role in browning of white fat. In this study, we report
that the microRNA miR-30a-5p regulates Ubc9 expression to
regulate browning of human white fat cells. We show that miR-
30a selectively targets Ubc9 in human adipocytes, leading to
elevated mitochondrial activity and acquisition of brown fat
features. Finally, depletion of Ubc9 by siRNA or miR-30a
expression stabilizes PRDM16 protein levels and promotes
genomic occupancy of PPAR� on regulatory regions of
PRDM16-dependent brown adipocyte genes. Overall, our
results demonstrate that the Ubc9/miR-30a axis plays a critical
role in browning of human white fat cells and potentially rep-
resents a node to therapeutically stimulate human beige adi-
pocyte recruitment for the treatment of metabolic diseases.

Results

miR-30a Regulates Ubc9 Expression in Human Adipocytes—
Our previous studies established Ubc9 as a regulator of the
brown adipocyte gene program in human adipocytes (13).
Analysis of regions upstream of the Ubc9 gene failed to identify
any typical modes of transcriptional regulation. To investigate
the potential posttranscriptional regulation of Ubc9, we used
TargetScan (14) and starBase (15) to identify microRNAs
(miRNAs) that might interact with the 3� UTR of the human
Ubc9 (UBE2I) gene. In line with previous findings (16), Target-
Scan and starBase analyses scored miR-30a-5p (miR-30a) as the
top miRNA targeting the Ubc9 3� UTR. We then demonstrated
miR-30a binding to the Ubc9 3� UTR by transiently co-express-
ing various luciferase reporter fusions of Ubc9 and miRNA
mimics in human adipocytes. Results from co-transfection
experiments indicated that the relative luciferase activity in
Ubc9 3� UTR-expressing cells was significantly inhibited by
miR-30a, whereas other control 3� UTR fusions that do not
contain relevant miRNA binding sites were unaffected (Fig.
1A). TargetScan analysis (14) showed that miR-30a binding to
the Ubc9 3� UTR was evolutionarily conserved (Fig. 1B), which
strengthened the possibility of a functional interaction. Con-
sistent with these findings, miR-30a overexpression in human
adipocytes effectively decreased endogenous Ubc9 mRNA (Fig.
1C) and protein expression (Fig. 1D). These results demon-
strate that miR-30a directly targets and represses Ubc9 in
adipocytes.

miR-30a Inhibits Ubc9 Expression in Human Adipocytes—In
addition to Ubc9 (16), the published target spectrum of miR-
30a includes ATG5 (17), BECN1 (18), RIP140 (19), and p53 (20,
21). To experimentally determine the selectivity of miR-30a

gene targeting, we transiently expressed a control or miR-30a
mimic in human adipocytes. Expression of the miR-30a mimic
significantly reduced Ubc9 mRNA (Fig. 2A), whereas ATG5
(Fig. 2B) and RIP140 (Fig. 2C) remained unchanged. Contrary
to other studies, increased p53 (Fig. 2D) and BECN1 (Fig. 2E)
gene expression was observed when miR-30a was overex-
pressed in human adipocytes. Immunoblotting demonstrated
that Ubc9 protein was specifically reduced, whereas products of
other candidate target genes were not affected by miR-30a
overexpression (Fig. 2F). Lastly, the cumulative weighted con-
text�� score (14) established that the Ubc9/miR-30a interac-
tion was more favorable relative to other targets. The sum of
these results reinforce the notion that miR-30a uniquely and
directly inhibits Ubc9 expression in human adipocytes.

Expression of miR-30a and Ubc9 Is Inversely Correlated in
BAT and WAT—WAT functions primarily to store energy,
whereas BAT catabolizes free fatty acids and dissipates bio-
chemical energy as heat. Although the precise developmental
origin of each tissue is undefined in humans, studies performed
in mice suggest that BAT and WAT arise from different line-
ages (10). Previous data suggested that miR-30a is one of 19
miRNAs enriched in mouse BAT (22), which motivated our
analysis of miR-30a and Ubc9 expression in WAT, BAT, and
skeletal muscle. Ubc9 was more highly expressed in WAT than
in BAT, with miR-30a exhibiting the opposite pattern of
expression (Fig. 3A). BAT also showed higher miR-30a expres-
sion compared with skeletal muscle (Fig. 3B). Summarizing
both broad profiling experiments, miR-30a showed �12-fold
higher expression in BAT compared with either WAT or skel-
etal muscle. The results in WAT and BAT suggest that Ubc9
and miR-30a expression may be reciprocally regulated in the
context of fat cell function.

Manipulation of Ubc9 Expression by siRNA or a miR-30a
Mimic Promotes Increased Mitochondrial Respiration—Under
diverse stimuli, subcutaneous human white fat depots demon-
strate substantial metabolic flexibility and are capable of
acquiring features of brown fat, including increased mitochon-
drial biogenesis and oxidative metabolism (3). Ubc9 inhibits the
acquisition of brown fat features, including mitochondriogen-
esis and fatty acid oxidation (13). Based on the inverse correla-
tion between miR-30a and Ubc9 expression in adipose tissue
and our recent studies positioning Ubc9 as a regulator of oxi-
dative metabolism in human adipocytes, we hypothesized that
miR-30a blocks Ubc9 expression to stimulate mitochondrial
activity.

We tested our hypothesis by performing morphological and
phenotypic analyses of mature human adipocytes transfected
with Ubc9 siRNA, a miR-30a mimic, or appropriate controls in
the presence of the browning agent rosiglitazone. We labeled
mitochondria with MitoTracker to determine the effect of
miR30a/Ubc9 signaling on mitochondrial content and mor-
phology. Adipocytes transfected with Ubc9 siRNA or a miR-
30a mimic showed more intense MitoTracker staining with less
reticulated structure compared with controls (Fig. 4A, arrow-
heads). Analysis of MitoTracker staining by flow cytometry also
revealed increased mitochondrial labeling in cells transfected
with Ubc9 siRNA or a miR-30a mimic relative to control trans-
fections (data not shown). To determine the effect of Ubc9 on
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cellular mitochondrial content, we measured total mitochon-
drial DNA in adipocytes following Ubc9 knockdown or miR-
30a overexpression. Intriguingly, Ubc9 knockdown in human
adipocytes using siRNA or a miR-30a mimic increased mtDNA
content more than 3-fold (Fig. 4B). Consistent with increased
mitochondrial biogenesis, knockdown of Ubc9 expression by
siRNA or miR-30a mimic enhanced basal cellular respiration in
adipocytes, as measured by oxygen consumption (Fig. 4C).

To establish a role for Ubc9 or miR-30a in mitochondrial
uncoupling and thermogenesis, we measured the oxygen con-
sumption rate (OCR) in response to cAMP elevation (23). Adi-
pocytes transfected with Ubc9 siRNA or miR-30a mimic
showed a 20% greater response to forskolin compared with
nonspecific miRNA or siRNA controls (Fig. 4D). After subtrac-
tion of the non-mitochondrial OCR from the oligomycin-in-
sensitive OCR, the percentage of uncoupling was significantly
increased under conditions of Ubc9 siRNA or miR-30a overex-
pression (Fig. 4E). In sum, Ubc9 inhibition by siRNA or miR-
30a transfection increases mitochondrial content and cellular
respiratory capacity.

The PPAR�/PRDM16 Thermogenic Gene Program Is Regu-
lated by the Ubc9/miR-30a Axis in Human Adipocytes—Based
on the observation that Ubc9 siRNA or miR-30a mimic trans-

fection increased mitochondrial activity relative to control con-
ditions, we hypothesized that the Ubc9/miR-30a axis would
induce thermogenic gene expression in human adipocytes. To
test this hypothesis, we transfected mature human adipocytes
with Ubc9 siRNA or a miR-30a mimic. Ubc9 knockdown or
miR-30a mimic (Fig. 5A) transfections produced a similar effect
on thermogenic genes, including significant induction of genes
preferentially expressed in BAT (UCP1, PGC-1�, and CIDEA).
Notably, induction of UCP1 was selectively enhanced over clas-
sic white adipocyte genes such as FABP4, suggesting that the
effects of Ubc9 siRNA or miR-30a mimic were not due to pri-
mary effects on adipogenesis. Subsequent immunoblot analysis
confirmed that Ubc9 knockdown by siRNA or miR-30a mimic
increased both PRDM16 and UCP1 protein levels (Fig. 5B). Pre-
vious data established that PRMD16 and PPAR� interact to
promote expression of thermogenic genes in subcutaneous adi-
pocytes (11, 24). These data, combined with our recent obser-
vation that Ubc9 interacts with PPAR� (13), suggested that
Ubc9 may interact with PRDM16 as part of a complex. As
shown in Fig. 5C, immunoprecipitation of FLAG-PRDM16 and
immunoblotting for HA-Ubc9 showed co-precipitation of
PRDM16 with Ubc9, confirming that these proteins associate
in a common complex.

FIGURE 1. Ubc9 is a direct target of miR-30a. A, TargetScan and starBase predict that miR-30a binds the 3� UTR of UBE2I (Ubc9). Plasmids with negative control
(R01), PPIA, and Ubc9 3� UTR luciferase fusions were co-transfected with a miR-30a mimic or control mimic in human adipocytes cells (n � 3; *, p � 0.05). RLU,
relative light units; nt, non-targeting. B, the miR-30a putative binding site in the 3� UTR of Ubc9 is conserved among species commonly queried in TargetScan,
as shown by the sequence homology (box). con, control. C, human adipocytes were transfected with scrambled (scRNA) siRNA or Ubc9 siRNA and compared
with expression of a control mimic or miR-30a mimic. qPCR was used to measure miR-30a-5p and Ubc9 relative (rel) gene expression normalized to TATA
binding protein or sno412 RNA (n � 2; mean � S.E.; *, p � 0.05). D, immunoblot (IB) analysis was used to measure the effects of siRNA and miRNA transient
transfection on the protein expression of Ubc9.
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Ubc9 knockdown or miR-30a-mediated repression of Ubc9
increased previously described (11) PRDM16-dependent
brown adipocyte gene expression (UCP1, PGC-1�, and CIDEA)
independent of increased PRDM16 mRNA (Fig. 5A). These
data, coupled with higher PRDM16 protein levels (Fig. 5B), sug-
gested that Ubc9 depletion may result in stabilization of
PRDM16. To confirm increased PRDM16 protein half-life, we
performed cycloheximide pulse-chase experiments and found
that Ubc9 siRNA or the miR-30a mimic extended the half-life
of PRDM16 by at least 6 h (Fig. 5D).

Agonists that maximally stimulate the master regulator of
brown and white adipocytes, PPAR�, increase the half-life of
PRDM16 as an obligatory step to selectively potentiate the BAT
gene program in subcutaneous fat cells (11). To activate BAT
genes in white fat cells, PRDM16 interacts with PPAR� at
enhancer regions critical for brown adipocyte identity (24, 25).
We investigated whether the increased stability of PRDM16
corresponded with increased occupancy of PPAR� on the
enhancer region upstream of UCP1 (26, 27) and a predicted
CIDEA intronic region (28) in human adipocytes transfected
with Ubc9 siRNA or a miR-30a mimic. ChIP-qPCR revealed
that PPAR� occupancy on the UCP1 enhancer and intron 1 of
CIDEA was significantly increased following knockdown of

FIGURE 3. Reciprocal expression of Ubc9 and miR-30a in adipose tissues. A
and B, qPCR was used to determine the expression of Ubc9, miR-30a, and
marker genes from WAT and BAT (A) and skeletal muscle (SkM, B). Expression
levels were normalized to TATA binding protein or U6 sno RNA (n � 4
mice/group).

FIGURE 2. miR-30a inhibits Ubc9 expression in human white adipocytes. A–E, the gene expression levels of published miR-30a targets were analyzed
in human adipocytes transfected with control or miR-30a mimics for 48 h. mRNA levels of Ubc9 (A), ATG5 (B), RIP140 (C), p53 (D), and BECN1 (E) were
analyzed by qPCR. rel, relative. F, immunoblotting verified exclusive suppression of Ubc9 expression using samples analyzed by qPCR. *, p � 0.05 relative
to cells transfected with control mimic (n � 3 independent experiments). G, TargetScan cumulative weighted context�� scores of published miR-30a
targets suggest that the miR-30/Ubc9 interaction is favorable relative to other targets. More negative values indicate a stronger interaction potential.
nc, not-called.
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FIGURE 4. The Ubc9/miR-30a axis remodels mitochondrial respiration in human white adipocytes. A, mitochondria (MitoTracker, red) and nuclei (DAPI,
blue) were labeled in mature human adipocytes transfected with Ubc9 siRNA or a miR-30a mimic. Arrowheads indicate alterations in mitochondrial morphology
between controls, Ubc9 siRNA, and miR-30a mimic transfections. B, mitochondrial DNA (ND6) was analyzed by qPCR from samples in A. *, p � 0.05 relative to
control-transfected cells. C, basal respiration (as OCR) was measured in mature human adipocytes transfected with Ubc9 siRNA or a miR-30a mimic. D,
respiration rate was measured after forskolin treatment to induce uncoupling. The percent change in OCR was normalized to baseline rates. E, percent
uncoupling was calculated by subtracting the difference between oligomycin and rotenone. In this case, the OCR before oligomycin injection was set as 100%.
Respiration data are presented as mean � S.E.; n � 4 independent experiments; *, p � 0.05 relative to control transfections.

FIGURE 5. PRDM16 stabilization and browning of human white adipocytes are regulated by the Ubc9/miR-30a axis. Ubc9 siRNA, miR-30a, or transfection
controls were introduced into mature human adipocytes. A, the effects of Ubc9 siRNA and miR-30a overexpression in human adipocytes were characterized by
qPCR analysis of PPAR�2, FABP4, ADIPOQ, PGC1�, UCP1, CIDEA, PRDM16, and Ubc9 mRNA levels (n � 3 independent experiments; *, p � 0.05 relative to control
transfections). B, expression levels of Ubc9, PRDM16, and UCP1 were analyzed by immunoblotting for human adipocytes transfected with Ubc9 siRNA or a
miR-30a mimic. C, HEK293T cells were transfected with HA-Ubc9 and FLAG-PRDM16. Lysates were co-immunoprecipitated (IP) with anti-FLAG antibodies, and
the precipitates were analyzed by immunoblotting (IB). The interaction between EHMT1 and PRDM16 was a positive control for PRDM16 binding partners. D,
PRDM16 protein levels in a cycloheximide (CHX) chase experiment were analyzed by immunoblotting (top panel) and quantified by densitometric analysis of
PRDM16 protein degradation rates normalized to HSP90 expression (bottom panel, n � 2 independent experiments). E, PPAR� ChIP was performed in human
adipocytes transfected with Ubc9 siRNA, miR-30a, or transfection controls. qPCR was used to analyze genomic occupancy using primers flanking PPAR�
binding sites in the UCP1 enhancer (enh), and CIDEA intron (intr) 1 regions. An intronic region of Cyclin D1 served as a negative control (n � 2 independent
experiments; *, p � 0.05 relative to control transfections). All data are expressed as mean � S.E.
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Ubc9 by siRNA or miR-30a (Fig. 5E). Together, our findings
demonstrate that the depletion of Ubc9 stimulates PPAR�
activity (13) and stabilizes PRDM16, corresponding to activa-
tion of the BAT energy metabolism program in human
adipocytes.

Discussion

Regulation of the transcriptional programs operant in BAT
and BAT-like tissues has received significant attention because
of the discovery of these depots in adult humans (5, 29, 30) and
the well established roles of BAT in protection against obesity
and diabetes in rodent models of human disease (31, 32). Sub-
cutaneous white fat cells exposed to cold, �-adrenergic recep-
tor stimuli, or PPAR� agonists acquire features of brown
adipocytes, including UCP1 expression and increased mito-
chondrial biogenesis (11, 12, 33–36). Subcutaneous adipocytes
that combine efficient lipid storage and catabolism represent an
uncharacterized therapeutic opportunity to protect against
T2DM and its associated cardiovascular sequelae. Despite obvi-
ous therapeutic potential, translational efforts to leverage
browning for metabolic therapies are hindered by a lack of
understanding of the mechanisms that specifically “brown”
white fat. In this study, we show that inhibiting Ubc9 via siRNA
or miR-30a overexpression promotes white adipocyte brown-
ing by driving a PRDM16-dependent gene profile associated
with energy expenditure. Thus, inhibiting Ubc9 promotes the
expression of genes associated with energy expenditure and
browning of white fat (13).

In this study, we sought to understand the regulation of Ubc9
protein and mRNA expression in adipocytes. Analysis of the
proximal promoter region showed no relevant adipocyte-spe-
cific transactivator binding sites upstream of the Ubc9 gene as a
means of logical regulation. Indeed, the Ubc9 promoter region
is devoid of TATA boxes (37). These findings indicate that
Ubc9 expression in adipocytes may be regulated by mecha-
nisms independent of classical transcriptional programs. We
used two comprehensive online miRNA analysis prediction
tools, TargetScan (14) and starBase (15), to nominate miRNAs
that target Ubc9. In starBase, which uses sequencing of small
RNAs bound to mRNAs inside the RNA-induced silencing
complex, the putative miR-30a-Ubc9 interaction was the most
significantly anti-correlated cognate miRNA-mRNA pair for
Ubc9. miR-30 family members share the same seed sequence
and exhibit broad tissue expression (38, 39), which implies a
vast target gene spectrum. Our in vitro analyses showed that
miR-30a binds the Ubc9 3� UTR, leading to both Ubc9 protein
and mRNA suppression in human adipocytes. Additional anal-
ysis showed that miR-30a expression in human adipocytes
inhibits expression of Ubc9 but not other published targets,
including ATG5 (17), BECN1 (18), RIP140 (19), and p53 (20,
21). The reason for these discrepancies with the published lit-
erature remain unknown and are likely related to tissue-specific
functions of miRNAs and other biochemical contexts that
influence miRNA-mRNA interactions (40, 41). Other studies
support a role for miR-30 in human adipocytes (42), but further
studies are required to identify the full spectrum of miR-30a
targets and the molecular regulation by transcription factors
required for adipocyte identity. Nonetheless, the selectivity

of miR-30a for Ubc9 suggests a distinct function in human
adipocytes.

In this study, the expression of Ubc9 and miR-30a was
inversely correlated in WAT and BAT, but no relationship was
observed in skeletal muscle. Such a tissue-specific counter-reg-
ulatory balance between Ubc9 and miR-30a may direct white-
to-beige adipocyte conversion. When Ubc9 is depleted by
siRNA or miR-30a, expression of genes associated with energy
expenditure and BAT was increased, which translated to
remodeled mitochondrial structures necessary for higher res-
piration rates (35, 43). This result reflects the BAT-like gene
expression profile, suggesting that inhibition of Ubc9 by miR-
30a browns human subcutaneous adipocytes.

Our work implicates miR-30a as a coordinating molecule
that modulates an integrated gene program to elevate oxidative
respiration and brown adipocyte features. One other factor,
PRDM16, is essential for browning of white fat and systemic
homeostasis (4, 12). Stabilization of PRDM16 protein down-
stream of browning agents (11) is required to maximally induce
the brown fat program in subcutaneous adipocytes. Recent
studies indicate that PRDM16 recruits transcriptional machin-
ery to enhancer regions bound by PPAR� to license brown adi-
pocyte genes. Our results suggest a mechanism whereby abat-
ing the Ubc9 interaction with PRDM16 allows selective
expression of WAT and BAT transcriptional programs.

In line with these studies, we discovered that the browning
effects of Ubc9 depletion by siRNA or miR-30a are tightly asso-
ciated with increased accumulation of PRDM16 protein and
occupancy of PPAR� on regulatory regions of genes synergisti-
cally regulated by PRDM16 and PPAR�. Ubc9 is required for
SUMOylation that alters cellular localization, protein-protein
interactions, and/or protein stability. Recent work established
that PRDM16 is SUMOylated (44) in protein complexes con-
taining Ubc9 and known repressive factors, including CtBP1/2
(45). These data motivate future studies aimed at identifying
the mechanistic and physiologic implications of PRDM16
SUMOylation in adipocytes.

In investigating the regulation of Ubc9 in human adipocytes,
our results have revealed another layer that regulates browning
of white fat. Additional characterization of how the PPAR�-
PRDM16-Ubc9 complex is regulated by miR-30a or other fac-
tors may uncover a specific transcriptional module that directs
white and brown fat identity in subcutaneous adipocytes. Fur-
ther functional characterization of the signaling networks
bracketing the Ubc9/miR-30a axis in animal models is expected
to lead to identification of new therapeutic targets and strate-
gies against obesity and related metabolic disorders.

Materials and Methods

Cell Culture and Differentiation—Subcutaneous primary
human preadipocytes were provided by Zen-Bio Inc. Human
preadipocytes were maintained in DMEM/F12 with 10% fetal
bovine serum, 100 units/ml penicillin, and 100 �g/ml strepto-
mycin (growth medium). Confluent cells were differentiated
using growth medium supplemented with 100 nM human insu-
lin, 0.250 mM 3-isobutyl-1-methylxanthine, 500 nM dexameth-
asone, and 3 �M rosiglitazone. Based on a previous microarray
analysis (46), adipocytes were considered mature at day 8. After
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transfections, white-to-brown adipocyte transition was stimu-
lated by treating cells with rosiglitazone for 4 days.

RNA Extraction and qPCR Analysis—Total RNA was
extracted from cells using the RNeasy kit. To measure relative
mRNA expression, qPCR was performed with TaqMan re-
agents using a StepOne real-time PCR system (Life Technolo-
gies). Invariant controls included TATA binding protein, 18S
rRNA, RNU48, and sno412. The TaqMan and Roche Universal
Probe (UPL) gene expression assays are detailed in supplemen-
tal Tables 1 and 2.

Animals—Animal experiments were performed according to
procedures approved by the Institutional Animal Care and Use
Committee at Baylor College of Medicine. Only male C57BL/6J
mice were used for analysis of gene expression.

siRNA and miRNA Transfection—Mature adipocytes were
transfected with Ubc9 siRNA (Qiagen), mismatched siRNA
control (Dharmacon), a miR-30a-5p mimic (Active Motif), or a
control mimic (Active Motif) at a final concentration of 20 nM

using Dharmafect transfection reagent (Dharmacon). After
transfection, cells were incubated for 48 h at 5% CO2 and 37 °C.

Luciferase Reporter Assays—We used replication-deficient
adenoviruses coupled with poly-lysine (46, 47) to express 3�
UTR luciferase fusions (Active Motif) in human adipocytes.
miRNA binding to control regions or the 3� UTR of Ubc9 was
determined using LightSwitch assay reagents (Active Motif).

Antibodies—The following antibodies were used for immu-
noblotting: Ubc9 (Genetex), HSP90 (Cell Signaling Technol-
ogy), polyclonal UCP1 (Abcam), PRDM16 (Abcam), RIP140
(Santa Cruz Biotechnology), ATG5 (Genetex), p53 (Santa Cruz
Biotechnology), Beclin-1 (Genetex), and �-actin (Sigma).

Immunoblotting—Cells were collected by scraping and lysed
in RIPA buffer supplemented with the appropriate protease and
phosphatase inhibitors. Immunoblot analysis was performed
with whole cell lysates run on 4 –12% BisTris NuPage (Milli-
pore) gels and transferred onto Immobilon-P transfer mem-
branes (Millipore), followed by antibody incubation. Immuno-
reactive bands were visualized by chemiluminescence.

Co-immunoprecipitation—HeLa cells were transfected using
Lipofectamine 2000 (Life Technologies) in 10-cm dishes when
cells were �80% confluent. Cells were transfected with expres-
sion plasmids for FLAG-PRDM16 and HA-Ubc9 or FLAG-
PRDM16 and HA-EHMT1. After 24 h, cells were lysed with
RIPA buffer plus protease and phosphatase inhibitors. The
lysate was incubated with HA (Cell Signaling Technology) fol-
lowed by protein A beads. Protein A beads were washed with
RIPA buffer followed by elution in Laemmli buffer (Bio-Rad)
and immunoblotted using FLAG or HA antibodies.

ChIP—ChIP was performed using the ChIP-IT high sensitiv-
ity kit (Active Motif) according to the instructions of the man-
ufacturer. Chromatin fragmentation was performed using a
Bioruptor water bath sonicator (Diagenode). Sheared protein-
DNA complexes were immunoprecipitated with anti-PPAR�
(Santa Cruz Biotechnology, H-100) or rabbit IgG control (Santa
Cruz Biotechnology). For ChIP-qPCR, enrichment was mea-
sured using SYBR Green (Applied Biosystems). Primer
sequences can be found in Supplemental Table 3.

Cellular Respiration—Respiration was measured in human
adipocytes using an XF24 analyzer (Seahorse Bioscience). Prea-

dipocytes were plated into V7-PS plates and differentiated
before siRNA or miRNA transfection. After transfection, the
medium was replaced with 37 °C unbuffered DMEM contain-
ing 4.5 g/liter glucose, sodium pyruvate (1 mmol/liter), and
L-glutamine (2 mmol/liter). Basal respiration was defined
before sequential addition of forskolin, oligomycin, rotenone,
and antimycin A. In select experiments, the OCR purely attrib-
uted to mitochondria was determined by subtracting the rote-
none/antimycin A-insensitive OCR.

Mitochondrial DNA Analysis—Mitochondrial DNA content
was determined by qPCR. Total DNA was isolated using the
DNeasy kit (Qiagen). Real-time qPCR was performed on a
StepOne real-time qPCR system (Life Technologies) using Plat-
inum SYBR Green qPCR Supermix-UDG (Life Technologies).
Reactions were prepared according to the recommendations of
the manufacturer in a total volume of 25 �l. mtDNA primers
were designed using the human mitochondrial genome
sequence within the NADH dehydrogenase subunit 6 (ND6)
gene. 18S rRNA was used as the invariant control.

Mitochondrial Labeling—Mitochondria were labeled using
MitoTracker CMX-ROS (Life Technologies). Live cells were
pulsed with 500 nM MitoTracker for 15 min. Mitochondrial
labeling was followed by cell fixation in 4% paraformaldehyde.
Ammonium chloride was used to quench autofluorescence
derived from residual paraformaldehyde. DAPI (Sigma) was
used for nucleus labeling. Imaging was performed with the
DeltaVision core image restoration microscope (Applied
Precision).

Statistical Analyses—The data presented were acquired from
a minimum of two independent experiments performed on
multiple days unless otherwise indicated. Statistical signifi-
cance was assessed by unpaired Student’s t test. All tests were
carried out at a 95% confidence interval.
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M. P. H., B. Y., B. H., Y. C., S. K., and S. E. M. contributed to discus-
sion and edited the manuscript. All authors reviewed the results and
approved the final version of the manuscript.
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