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An Evil-C/EBP3 Complex Controls Peroxisome Proliferator-Activated
Receptor y2 Gene Expression To Initiate White Fat Cell
Differentiation
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Fibroblastic preadipocyte cells are recruited to differentiate into new adipocytes during the formation and hyperplastic growth
of white adipose tissue. Peroxisome proliferator-activated receptor y (PPARY), the master regulator of adipogenesis, is ex-
pressed at low levels in preadipocytes, and its levels increase dramatically and rapidly during the differentiation process. How-
ever, the mechanisms controlling the dynamic and selective expression of PPARy in the adipocyte lineage remain largely un-
known. We show here that the zinc finger protein Evil increases in preadipocytes at the onset of differentiation prior to increases
in PPARY levels. Evil expression converts nonadipogenic cells into adipocytes via an increase in the predifferentiation levels of
PPARY?2, the adipose-selective isoform of PPARYy. Conversely, loss of Evil in preadipocytes blocks the induction of PPARy2 and
suppresses adipocyte differentiation. Evil binds with C/EBPf to regulatory sites in the Ppary locus at early stages of adipocyte
differentiation, coincident with the induction of Ppary2 expression. These results indicate that Evil is a key regulator of adipo-

genic competency.

besity is a major risk factor for many diseases, including type

2 diabetes, cardiovascular disease, stroke, and many cancers
(10, 15). Weight gain occurs when energy intake from food chron-
ically exceeds energy expenditure through physical activity and
metabolism. Excess energy is stored as triglycerides in adipose
tissue, which expands through increases in the size (hypertrophy)
and/or number (hyperplasia) of adipocytes. The development and
maintenance of an appropriate mass of adipose tissue are crucial
for systemic metabolic health because either insufficient or excess
tissue leads to insulin resistance and metabolic disease.

New adipocytes are thought to arise from committed popula-
tions of fibroblastic cells resident within adipose tissues, so-called
preadipocytes (reviewed in reference 6). Recent data show that
these adipogenic precursors are intimately associated with the vas-
culature and express particular cell surface markers (16, 30, 41).
Preadipocytes purified from adipose tissue can undergo adipo-
genic differentiation in culture, but there is substantial cellular
heterogeneity within these isolates. Immortal preadipocyte cell
lines (e.g., 3T3-L1 and 3T3-F442A cells) derived from mouse em-
bryo fibroblasts undergo a highly conserved and efficient program
of adipogenesis in culture and upon transplantation in vivo. These
cell lines have provided a powerful and tractable model system to
elucidate the transcriptional networks of adipogenesis.

The nuclear hormone receptor peroxisome proliferator-acti-
vated receptor 'y (PPARYy) and members of the C/EBP (CCAAT-
enhancer-binding protein) family of transcription factors orches-
trate the adipogenic differentiation process. PPARYy is considered
to be the “master regulator” of adipose cell differentiation since
it is both necessary and sufficient for adipocyte development
(1,31, 42). Genome-wide analyses show that PPARy binds and
regulates a large majority of adipocyte-selective genes (19, 22,
24). Moreover, PPARYy is the molecular target for the thiazoli-
dinedione class of antidiabetic drugs (20). Activation of PPARvy
in adipocytes is thought to promote insulin sensitivity by sev-
eral mechanisms, including (i) increasing lipid storage capacity
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in adipose tissue (2, 48), (ii) directly inducing the expression of
adiponectin, a secreted factor that enhances insulin action in
muscle and liver (18, 23), and (iii) promoting the differentiation
of preadipocytes (25). Therefore, it is important to define the mo-
lecular pathways that control the expression levels of PPARYy in
adipocytes.

During the process of adipogenesis, hormonal inducers (a
combination of glucocorticoids, insulin, and agents that elevate
cyclic AMP [cAMP] levels) raise the levels of C/EBP and C/EBPS
in confluent preadipocytes. C/EBPB and/or C/EBPS then stimu-
lates the expression of PPARYy (32, 45). However, increased levels
of C/EBP alone are not sufficient to drive PPAR<y expression and
adipogenesis (46), suggesting a requirement for other factors. Re-
cently, Gupta et al. found that Zfp423 is expressed at higher levels
in preadipocytes than in nonadipogenic fibroblasts, where it acts
to control the levels of PPARy (14). However, the mechanism
through which Zfp423 controls PPAR+y expression is unclear. No-
tably, the PPARY2 isoform is expressed almost exclusively in the
adipocyte lineage, whereas PPARvy1 is more broadly expressed. To
date, the mechanism for adipose-selective expression of PPARy2
has not been defined.

In this study, we have uncovered an essential function for the
Evil isoform of MECOM (for Mds1-Evil complex) in the process
of adipocyte differentiation. MECOM is a member of the PR
(PRDI-BF1 and RIZ homology) domain-containing family of zinc
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finger transcriptional regulatory proteins and is closely related in
sequence and structure to Prdm16. Previous studies revealed that
Prdm16 is a key regulator of brown and “beige” fat cell differen-
tiation (17, 33, 34), but Prdm16 is not expressed in all white fat
cells. In contrast, we found that MECOM is expressed in all types
of white adipocytes and fat depots that we examined. Notably,
MECOM levels rise dramatically at the onset of adipogenic
differentiation even before the addition of adipogenic induc-
ers. Depletion of MECOM from preadipocytes blocked adi-
pocyte differentiation, whereas ectopic expression of Evil drove
adipocyte differentiation in nonadipogenic cells. Mechanistic
studies showed that Evil binds to C/EBPB and that an Evil-C/
EBP transcriptional complex is recruited to regulatory elements
in Ppary2 during the first 2 days of adipocyte differentiation.
These results demonstrate that Evil determines adipogenic com-
petency, acting, in part, through regulation of C/EBPf function.

MATERIALS AND METHODS

Cell culture. 3T3-L1 preadipocytes were passaged at subconfluence in
10% bovine serum (BS) in Dulbecco’s modified Eagle’s medium
(DMEM); adipogenesis was induced at confluence with induction me-
dium of 10% fetal bovine serum (FBS) in DMEM supplemented with
penicillin/streptomycin (P/S), 5 pg/ml insulin, 1 mM dexamethasone,
and 500 wM isobutylmethylxanthine (IBMX) for 2 days, after which adi-
pocytes were maintained in 10% FBS-DMEM supplemented with P/S.
3T3-F442A cells were treated as were 3T3-L1 cells except that the postin-
duction maintenance medium included 5 pg/ml insulin. NIH 373, 293,
and 293T cells were grown in 10% FBS-DMEM and induced to differen-
tiate as adipocytes where required as for 3T3-L1 cells. Transient transfec-
tions were done using Lipofectamine 2000 (Invitrogen).

Primary cells were isolated from white epididymal or brown interscap-
ular fat tissue based on previous methods (29) from 10-week-old CD-1
mice. Briefly, tissue was digested in DMEM containing 1.5 U/ml collage-
nase D (Roche) and 2.4 U/ml Dispase II (Roche) for 45 min at 37°C.
Digests were passed through 100-pm-pore-size cell strainers and centri-
fuged at 500 X g for 10 min. The floating fraction (adipocytes) was dis-
carded, and the stromal vascular fraction (SVF) pellet containing preadi-
pocytes was resuspended in growth medium. Epididymal growth medium
consisted of 60% DMEM/F12 (low glucose)—40% MCDB 201 medium
(catalog number M6770; Sigma) supplemented with 2% FBS, 1% insulin-
transferrin-selenium (ITS), 0.1 mM L-ascorbic acid-2-phosphate, 10
ng/ml fibroblast growth factor 2 (FGF-2), P/S, and primocin (Invivogen);
brown adipose tissue (BAT) growth medium consisted of 90% DMEM/
F12 supplemented with 10% FBS, P/S, and primocin. Differentiation was
induced with medium containing DMEM/F12 supplemented with 10%
FBS, P/S, 5 pg/ml insulin, I pM dexamethasone, 0.5 mM IBMX, 1 nM
triiodothyronine (T3), and 125 uM indomethacin.

Retrovirus and lentivirus. Viruses were produced by 3-plasmid trans-
fection into 293T cells by calcium phosphate (12). Cells were refed 16 to 24
h after transfection with 10% FBS-DMEM,; virus-containing medium was
harvested after 48 h and filtered through 0.45-m-pore-size syringe filters
(Fisher). Target cells were infected overnight with virus mixed with fresh
medium and 8 pg/ml Polybrene (Sigma-Aldrich). Retrovirus was pro-
duced using mouse stem cell virus (MSCV; Clontech) or Super-Retro
(Oligoengine) vectors, using vesicular stomatitis virus G (VSV-G) enve-
lope protein. Lentivirus used for short hairpin RNA (shRNA) expression
was based on the pLKO system (39).

Cell staining. For Oil Red O staining, cells were fixed with 4% PFA for
10 min, rinsed with PBS, and incubated for several hours with a 60/40
solution of 0.5% Oil-Red-O (Sigma) in 2-propanol-distilled water before
cells were rinsed and imaged. For fluorescence staining of lipid, cells were
fixed with 4% paraformaldehyde (PFA), washed several times with phos-
phate-buffered saline (PBS), and incubated for 5 min with PBS, 0.2 pg/ml
4',6'-diamidino-2-phenylindole (DAPI), and 0.1 pg/ml Bodipy (4,4-dif-
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luoro-4-bora-3a,4a-diaza-s-indacene) 493/503 (Invitrogen) before cells
were rinsed with PBS and coverslipped with fluorescence mounting me-
dium (Dako).

RNA isolation. Cells or tissue samples were homogenized in TRIzol
(Invitrogen), and aqueous fractions of RNA were collected following cen-
trifugation after the addition of chloroform. An equal volume of 70%
RNase-free ethanol was added, and the resulting solution was processed
for total RNA through silica columns (PureLink RNA Mini; Ambion).
RNA concentrations were assessed by the optical density at 260 nm
(OD,¢,) using a Nanodrop 2000c¢ spectrophotometer (Thermo Scien-
tific).

Real-time PCR. Reverse transcription (RT) reactions were completed
using 500 to 1,000 ng of total RNA as input for the High Capacity cDNA
RT kit (ABI). PCRs were done in 384-well plates in 8-l reaction volumes
comprised of 4 pl of 2X SYBR Master Mix (ABI, Affymetrix), 0.5 pl (312
nM) of primer mix (IDT), and 3.5 pl of diluted template from an RT
reaction or chromatin immunoprecipitation (ChIP) elution (1.75%).
Primer sequences can be found in Table S1 in the supplemental material.

Protein isolation and Western blotting. Whole-cell lysates were col-
lected in radioimmunoprecipitation assay (RIPA) lysis buffer containing
protease inhibitor cocktail (Complete; Roche) and 1 mM phenylmethyl-
sulfonyl fluoride (PMSF). After extraction and centrifugal clarification,
protein content was assayed with a detergent-compatible (DC) protein
assay kit (Bio-Rad). SDS-PAGE was conducted with 30 to 50 pg of total
protein using Tris-acetate or bis-Tris NuPAGE gels (Invitrogen). Follow-
ing protein transfer onto Immobilon P membrane (Millipore), blots were
interrogated with anti-Evil (sc-8707-R; Santa Cruz), anti-C/EBPB (sc-
150; Santa Cruz), anti-PPARy (H-100) (sc-7196; Santa Cruz), anti-
PPARYy (E-8) (sc-7273; Santa Cruz), and antihemagglutinin (anti-HA;
12CAS5) primary antibodies, followed by secondary detection with a
horseradish peroxidase (HRP)-conjugated species-specific antibody.
HyGlo (Denville) or SuperSignal West Femto (Pierce) enhanced
chemiluminescence (ECL) was used for HRP detection and recorded with
radiography film (GeneMate; Denville Scientific).

Coimmunoprecipitations (co-IPs). 293 cells were transfected with
expression plasmids encoding HA-Evil (mouse) and/or C/EBP(
(mouse). After 48 h, cells were harvested, and protein complexes were
immunoprecipitated with anti-C/EBP (sc-150; Santa Cruz) overnight at
4°C. Associated proteins were washed and then eluted in denaturing load-
ing buffer. Following SDS-PAGE and membrane transfer, Western blots
were probed with anti-Evil (sc-8707-R; Santa Cruz), anti-HA (12CA5),
and anti-C/EBP (sc-150; Santa Cruz) antibodies as described above.

Co-IPs of endogenous proteins from 3T3-L1 cells were conducted as
above, except that nuclear lysates were used. Cells gently homogenized in
cold hypotonic buffer (10 mM Tris-HCl, pH 7.5, 1.5 mM MgCl,, 10 mM
KCl, Complete protease inhibitor cocktail [PIC; Roche]). Nuclei were
pelleted at 2,000 X g at 4°C, rehomogenized in cold extraction buffer (10
mM Tris-HCl, pH 7.5, 1.5 mM MgCl,, 0.6 M NaCl, 1 mM EDTA, 25%
[vol/vol] glycerol, PIC) and then placed on a rotating shaker at 4°C for 2 to
3 h before centrifugation at 16,000 X g. The supernatant (nuclear frac-
tion) was diluted with low-salt buffer (10 mM Tris-HCI, pH 7.5, 1.5 mM
MgCl,, 0.2% Triton, 1 mM EDTA, 25% [vol/vol] glycerol, PIC) and used
for subsequent immunoprecipitation with IgG or anti-C/EBPf.

Chromatin immunoprecipitation. Cells were rinsed with PBS and
fixed with 1% formaldehyde for 15 min at room temperature before cross-
linking was quenched with 125 mM glycine for 5 min. Subsequent solu-
tions included Complete protease inhibitor cocktail (Roche). Nuclei were
isolated prior to lysis in 1% SDS, 50 mM Tris, and 10 mM EDTA. Chro-
matin was sheared by sonication and diluted; input aliquots were re-
moved, and the remainder was precleared with salmon sperm DNA and
protein A-Sepharose beads (CL4B; GE). Protein-DNA complexes were
immunoprecipitated with 1.2 pg of antibody overnight at 4°C with nor-
mal rabbit IgG (sc-2027; Santa Cruz), anti-Evil (sc-8707-R; Santa Cruz),
anti-Evil (A. Perkins, University of Rochester Medical Center), anti-C/
EBPB (sc-150; Santa Cruz), anti-histone H3 dimethylated at K4
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([H3K4™?] AB32356; Abcam), or anti-histone H3 acetylated at K9
([H3K9*¢] 17-658; Millipore). Complexes were isolated with protein A-
Sepharose beads, washed, and eluted with 1% SDS-0.1 M NaHCO,.
Cross-linking was reversed by overnight incubation at 65°C, followed by
proteinase K digestion and purification of DNA fragments using PCR
purification columns (Qiagen). Eluted DNA was analyzed by real-time
PCR on a 7900 machine (ABI) using SYBR green chemistry (ABI, Af-
fymetrix). Target enrichment was calculated as percent input recovered
material and normalized to 18S nonspecific background signal. Primer
sequences are found in Table S2 in the supplemental material.

Digital imaging. Scanned films and digital images were processed
with Photoshop CS4 (Adobe) using linear adjustments only.

RESULTS

Evil expression increases at the onset of adipogenesis. The
3T3-L1 preadipocyte cell line is a standard in vitro model for white
adipocyte differentiation, undergoing a stereotyped program of
adipocyte differentiation following treatment with proadipogenic
hormones (13; reviewed in reference 37).The two major tran-
scripts from the Evil locus, Evil and MdsI-Evil (collectively re-
ferred to as MECOM) are dynamically regulated during adipocyte
differentiation, with low mRNA levels in growing cells, a peak of
expression at confluence and early after hormone induction, and
continuing moderate expression at later times of differentiation
(Fig. 1A). Consistent with this, Evil and Mds1-Evil protein ex-
pression lags mRNA expression by 12 to 24 h, and both forms are
most easily detected within the initial 48 h of adipogenic induction
versus subconfluent or well-differentiated cultures (Fig. 1B). In
tissue, MECOM expression is predominantly found in the preadi-
pocyte-containing stromal vascular fraction (SVF) rather than in
mature adipocytes (Fig. 1C). Interestingly, MECOM levels are
specifically increased during the initial stages of adipogenesis only
in preadipocytes since cell confluence and/or adipogenic inducers
did not stimulate MECOM expression in nonadipogenic NIH 3T3
fibroblasts (Fig. 1D) or in skeletal myoblasts (data not shown).
Evil transcripts are readily detected in all adipose tissues exam-
ined, with higher levels in white adipose tissue (epididymal, ingui-
nal, and retroperitoneal) than in interscapular brown adipose tis-
sue (see Fig. S1 in the supplemental material). These results
suggested that the increased Evil in early differentiating preadi-
pocytes may be critical to the adipogenic process.

Evil expression induces adipogenesis. To study the function
of Evil in adipocyte differentiation, we used a retroviral vector to
express Evil (or a control vector) in nonadipogenic NIH 3713 fi-
broblasts. Evil expression produced no apparent phenotype in
subconfluent cells. However, upon treatment with adipogenic
hormones, only the Evil-expressing NIH 3T3 cells underwent
morphological conversion into adipocytes, as evidenced by the
accumulation of lipid droplets that were readily stained with Oil
Red O (Fig. 2A). Gene expression analysis after adipogenic induc-
tion showed that Evil induced the expression of adipocyte-selec-
tive genes in a dose-dependent manner, including Ppary, the adi-
ponectin gene (AdipoQ), and the glucose transporter type 4 gene
(Glut4) (Fig. 2B). Adipogenesis in Evil-expressing NIH 37T3 cells
was qualitatively similar but quantitatively less efficient than in
3T3-L1 preadipocytes (Fig. 2A; see also Fig. S3 in the supplemental
material). To determine whether Evil expression could also con-
vert cells from another lineage into adipocytes, we expressed Evil
or control vector in C2C12 cells, a committed skeletal myoblast
cell line. Strikingly, Evil-expressing but not control vector-ex-
pressing C2C12 cells underwent adipocyte differentiation in re-
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FIG 1 MECOM is expressed early during adipocyte differentiation. (A) Total
MECOM mRNA levels (with MdsI-Evil and Evil components) at daily time
points during a 3T3-L1 differentiation time course. (B) Western blot of total
protein from a 3T3-L1 differentiation time course with anti-MECOM anti-
body that recognizes both the long (Mds1-Evil) and short (Evil) protein iso-
forms. (C and D) MECOM (total Evil and MdsI-Evil) expression in fraction-
ated adipose tissues. SVF, stromovascular fraction; Adip, mature adipocytes;
Ing, inguinal; Epid, epididymal. (D) MECOM expression in NIH 3T3 fibro-
blasts during growth (gr), confluence (day 0), or after hormone induction (day
1). Transcripts were analyzed by real-time PCR and normalized to Tbp.

sponse to adipogenic hormones (see Fig. S2). Together, these re-
sults indicate that expression of Evil can convert nonadipogenic
cells into adipocytes.

Evil is required for adipogenesis. The adipogenic action of
Evil in fibroblasts prompted us to examine the requirement for
Evil in adipocyte differentiation using short hairpin RNA
(shRNA)-mediated knockdown. First, three different shRNAs
(shl, sh2, and sh3) and a nontargeting scrambled RNA (shScr)
were expressed in 3T3-L1 preadipocytes using retroviral vectors
prior to the stimulation of differentiation. The target sequences of
the shRNAs were common to MECOM transcripts for Evil and
Mds1-Evil. Two shRNAs (shl and sh3) efficiently depleted Evil
and Mds1-Evil protein levels in confluent 3T3-L1 preadipocytes
relative to the nontargeting scrambled shRNA (shScr) or ineffec-
tive sh2 (Fig. 3A). In response to adipogenic inducers, control
cultures (scr and sh2) underwent efficient morphological differ-
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FIG 2 Ectopic expression of Evil induces adipogenesis. NIH 3T3 fibroblasts
were infected with empty (ctl) or Evil-expressing (Evil) retrovirus and then
cultured for 8 days under adipocyte differentiation conditions. (A) Oil Red O
staining of lipid droplets. (B) Real-time PCR analysis of gene expression in
NIH 3T3 cells expressing endogenous (ctl) or ectopic (low or high) levels of
Evil, normalized to Tbp expression.

entiation into lipid droplet-containing adipocytes, as revealed by
Oil Red O staining (Fig. 3B; see also Fig. S3A in the supplemental
material). In contrast, MECOM-depleted 3T3-L1 preadipocytes
(sh1 and sh3) did not acquire adipocyte morphology or accumu-
late lipid droplets when induced to undergo differentiation. Gene
expression analysis showed that MECOM-depleted (shMECOM)
cultures expressed greatly reduced levels of adipocyte-specific
genes after 6 days of differentiation compared to control shScr-
expressing cultures. Specifically, Pparyl, Ppary2, the fatty acid
binding protein 4 gene (Fabp4) mRNA, and AdipoQ were re-
duced in shsMECOM cultures to 10 to 20% of their levels in
control (scr) cultures (Fig. 3C). Similarly, reduction of
MECOM blocked adipogenesis in 3T3-F442A cells, another
immortal preadipocyte line (see Fig. S3B).

At the onset of differentiation, 3T3-L1 cells undergo a mitotic
clonal expansion (MCE) phase (40). Whereas shScr-expressing
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cells increased in number by 110% between day 0 and day 2 of
differentiation, sstMECOM cells showed only a 20% increase (see
Fig. S3C). Increasing the cell density of ShsMECOM cells did not
rescue their differentiation deficit (not shown).

The 3T3-L1 line is a robust cellular model of white fat differ-
entiation. However, we also examined the requirement for Evil in
bona fide preadipocytes isolated from mouse fat tissue. Primary
stromal vascular fraction (SVF) cells from the epididymal adi-
pose depot were infected with retrovirus expressing shScr or
shMECOM, prior to addition of differentiation inducers. Four
days after induction, shScr-expressing cultures had undergone ro-
bust differentiation into lipid-containing adipocytes, whereas
shMECOM-infected cultures were substantially inhibited (Fig.
3D). Molecular analysis confirmed the morphological differences,
demonstrating a 40% reduction in MECOM expression that was
reflected in similar (40 to 50%) reductions in expression levels of
adipocyte-selective genes, such as transcription factor genes
Ppary2 and C/EBPa and differentiation marker genes Fabp4,
AdipoQ, and the resistin gene (Fig. 3E). MECOM knockdown in
brown preadipocytes did not decrease Ppary2 and C/EBPa al-
though this was accompanied by an increased level of Prdm16 (see
Fig. S3D in the supplemental material). Nonetheless, there re-
mained a substantial deficit in phenotypic differentiation and ad-
ipose gene expression (see Fig. S3D and E). Taken together, our
knockdown experiments indicate that Evil is required for adi-
pocyte differentiation.

Evil is necessary for the differentiation-linked activation of
Ppary2 expression. Evil was required for the differentiation of
preadipocytes into adipocytes, but it was unclear where it was
acting in the differentiation pathway. To identify the developmen-
tal stage regulated by Evil, we monitored gene expression during
a differentiation time course in MECOM-depleted and control
3T3-L1 cells (Fig. 4). To do this, 3T3-L1 cells were transduced with
lentivirus encoding an shRNA for MECOM or a scramble (shScr)
sequence control 48 h prior to the addition of hormone cocktail.
RNA samples were harvested from subconfluent cultures (growth
phase), at confluence (day 0), and at daily time points following
addition of adipogenic inducers (days 1 to 3). Gene expression
analysis showed that typical adipocyte-specific genes, including
Ppary2, C/EBPa, Fabp4, and AdipoQ were induced to a much
greater extent in shScr than in shMECOM cultures at all time
points during differentiation (Fig. 4B and D; see also Fig. S4A
in the supplemental material). Notably, there was no effect of
shMECOM on Pparyl mRNA expression until the latest time
point (Fig. 4E).

C/EBP and C/EBPS are known to stimulate Ppary expression
in response to adipogenic inducers (reviewed in reference 8). No-
tably, C/EBPB mRNA levels were unaffected by the loss of
MECOM in 3T3-L1 cells, being induced to the same extent in
shScr and shtMECOM cultures 24 h after addition of adipogenic
hormones (Fig. 4F). C/EBPS mRNA was expressed at very low
levels and was also reduced by loss of MECOM (see Fig. S4B in the
supplemental material). MECOM-knockdown preadipocytes did
not appear to spontaneously adopt alternative lineage morphol-
ogy or markers for either bone (e.g., osteopontin) (see Fig. S4C) or
cartilage (e.g., collagen 2a, which was not detected). Importantly,
loss of MECOM also led to a substantial reduction in PPARy
protein levels at all time points with no change in C/EBPf protein
levels (Fig. 4G). Interestingly, C/EBPS protein levels were in-
creased in MECOM-depleted cells at day 2 and thereafter (see Fig.
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FIG 3 shRNA knockdown of MECOM in 3T3-L1 cells inhibits adipogenesis. (A and C) Control shRNA (shScr; scramble) or one of three shRNAs against
MECOM (shl, sh2, and sh3) was introduced into 3T3-L1 preadipocytes. (A) Western blot with anti-MECOM antibody recognizing both the long (ME,
Mds1-Evil) and short (Evil) isoforms. The asterisk indicates a nonspecific band showing equal loading of lanes. (B) Oil Red O staining of plates of differentiated
3T3-L1 adipocytes. (C) Real-time PCR analysis of total RNA from control (shScr) or ssMECOM (sh1) lentivirus-infected 3T3-L1 cells after 8 days of differen-
tiation. Expression in shScr, 100%. (D and E) Primary SVF preadipocytes infected with lentiviral shScr or ssMECOM viruses and differentiated for 4 days. (D)
Bodipy 493/503 staining for lipid droplet accumulation. (E) Real-time PCR analysis for gene expression, normalized to Tbp and relative to shScr.

S5), suggesting that MECOM is necessary to transition into the
PPARv-regulated phase of differentiation. Thus, we conclude that
MECOM acts in parallel with and/or downstream of C/EBP to
promote the adipogenic gene program.

We hypothesized that the induction of Ppary2 expression at
the onset of adipocyte differentiation is an important transcrip-
tional event controlled by MECOM. We therefore tested whether
ectopic Ppary2 expression could bypass the early requirement for
Evil in adipocyte differentiation. To do this, 3T3-L1 preadi-
pocytes were infected with either PPARY2- or (control) puromy-
cin (puro)-expressing retrovirus and either ssMECOM or shScr
vectors. SaiIMECOM expression resulted in a 75 to 80% knock-
down of MECOM mRNA in both control and PPARy2-expressing
3T3-L1 cells before differentiation (Fig. 5A). Ppary2 was overex-
pressed approximately 15-fold in predifferentiation cultures;
however, the absolute levels were similar to those in fully differ-
entiated adipocytes (data not shown). Ectopic expression of
PPARY?2 did not have a noticeable impact on differentiation or
adipocyte-specific gene expression in the preadipose state, and
neither knockdown of MECOM nor overexpression of PPARY2
affected C/EBP or Pparvyl expression (Fig. 5A). However, as ex-
pected, ectopic expression of PPARY?2 in control (shScr) cells in-
creased the expression levels of PPARYy target and adipocyte-spe-
cific genes like Fabp4, AdipoQ, and the hormone sensitive lipase
gene (Lipe) at day 6 of differentiation by 25 to 50% (Fig. 5B).
Importantly, ectopic expression of PPARY2 rescued adipocyte dif-
ferentiation in MECOM-depleted cells (Fig. 5B and C). Gene ex-
pression analysis demonstrated that ectopic expression of
PPARvy2 fully restored the mRNA levels of Fabp4 and Lipe in
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MECOM-deficient adipocytes and resulted in an ~75% recovery
in transcript levels of C/EBPa and AdipoQ. Consistent with the
molecular analysis, MECOM-depleted cells underwent morpho-
logical differentiation into lipid droplet-containing (Bodipy 493/
503-stained) adipocytes only with PPARY2 expression and at a
similar efficiency to shScr control cultures (Fig. 5C). Thus, phys-
iological levels of PPARYy can drive adipogenesis in the absence of
MECOM. This result suggests that MECOM is specifically re-
quired for the early differentiation-linked induction of PPAR«y2.

Evil interacts with C/EBPf. To explain the adipogenic action
of Evil, we investigated whether Evil could physically interact
with C/EBPR to initiate Ppary2 expression. Using immunopre-
cipitation assays in 293 cells, we readily detected Evil in a protein
complex with C/EBP@ in cells cotransfected with both factors
(Fig. 6A, left panels). Furthermore, immunoprecipitates of endog-
enously expressed C/EBPf protein also contained substantial lev-
els of transfected HA-tagged Evil protein (Fig. 6A, right panels).
Importantly, endogenous C/EBPR and MECOM (Evil and Mds1-
Evil) proteins physically interact in 3T3-L1 preadipocytes 1 day
after induction of differentiation (Fig. 6B). Thus, C/EBP@ physi-
cally interacts with MECOM during the initial stages of adipogen-
esis when MECOM is required for activation of Ppary2 transcrip-
tion.

Evil and C/EBPf associate with chromatin at the Ppary2
locus. We next examined whether Evil and C/EBP bind to reg-
ulatory sites in the Ppary gene during adipogenesis. C/EBP( has
been shown to bind to numerous sites near and within Ppary (36,
38). Chromatin immunoprecipitation (ChIP) of endogenous
MECOM in 3T3-L1 cells was used to test for the presence of
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MECOM at loci that are also occupied by C/EBP. Six candidate
binding sites ranging from kb —183 to +3 relative to the Ppary2
transcription start site were assayed (Fig. 6C). ChIP analysis
showed that all of these sites were bound by C/EBPB, with dy-
namic changes in enrichment occurring through the initial days of
adipogenesis (Fig. 6D). Interestingly, the kb +2.6 site in intron 1
of Ppary2 was also reproducibly enriched for binding of MECOM,
in contrast to adjacent loci (Fig. 6E) or an IgG control ChIP (see
Fig. S6 in the supplemental material). Notably, the binding of
MECOM to this site was specifically increased 1 day after adi-
pocyte differentiation was induced, which is the time point at
which Evil protein accumulates. There was also a less robust as-
sociation of MECOM with the kb —183 site. The other C/EBPJ3
sites were not bound by MECOM despite occupancy by C/EBPR,
indicating that MECOM and C/EBP are not constitutively asso-
ciated. The MECOM-bound regions in Ppary did not contain any
Evil consensus DNA binding motifs (11, 27), suggesting that
MECOM likely binds indirectly at these loci. To test whether
C/EBPR is indeed required for recruitment of MECOM to Ppary,
we performed ChIP studies in C/EBPB-depleted 3T3-L1 cells after
1 day of differentiation. Retroviral expression of a C/EBPB-spe-
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cific shRNA reduced C/EBPP expression and blocked expression
of Ppary2 (Fig. 6F). As expected, C/EBPB DNA binding was re-
duced at all of the tested C/EBP binding sites in the PPARy locus
(Fig. 6G; see also Fig. S7 in the supplemental material). Notably,
loss of C/EBPB coincided with a dramatic decrease in MECOM
binding at the kb +2.6 site but not other C/EBP3 sites (Fig. 6G; see
also Fig. S7) despite elevated MECOM (and Evil, in particular)
levels. Altogether, our results suggest that MECOM (Evil and/or
Mds1-Evil) interacts with the Ppary gene via association with
C/EBP.

We next asked whether Evil expression in nonadipogenic NIH
3T3 cells resulted in the recruitment of activating histone modifi-
cations (H3K4™? or H3K9") at specific sites in Ppary (see Fig.
S8A in the supplemental material) (19, 22). Interestingly, control
and Evil-expressing samples showed similar levels of H3K4™*
and H3K9"¢ at most loci upstream of the Ppary2 promoter. How-
ever, both marks were markedly enriched at the kb +2.6 site in
response to Evil expression (see Fig. S8B). These data support the
hypothesis that Evil binds with C/EBP3 specifically at the kb +2.6
site to facilitate chromatin remodeling and Ppary2 transcription.

Evil and C/EBPf coactivate adipogenesis. Our studies sug-
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gest that Evil and/or Mdsl1-Evil stimulates the transcriptional
activity of C/EBPR to increase Ppary2 gene expression. However,
reporter gene-based transcription assays using various regions of
the Ppary gene driving expression of a luciferase reporter gene did
not reveal a reproducible effect for Evil or Mds-Evi in promoting
C/EBPB function at the sites identified by ChIP. Therefore, to
assess a functional interaction between Evil/Mds1-Evil and
C/EBPB, we analyzed the expression of endogenous Pparyl,
Ppary2, and other target genes in NIH 3T3 cells in response to
ectopic expression of each factor alone or in combination. West-
ern blot analysis showed that we expressed similar levels of Evil
and Mds-Evil with or without C/EBP@ in NIH 3T3 cells prior to
induction of adipocyte differentiation (Fig. 7A). In the fibroblast
state, cells expressing Evil or C/EBP alone precociously activated
Ppary2 expression by ~4- to 6-fold, whereas Mds-Evil had a mar-
ginal effect (Fig. 7B). Strikingly however, coexpression of Evil and
C/EBP dramatically increased the levels of Ppary2 in fibroblasts
prior to the influence of adipogenic agents. Notably, the increase
in Ppary2 levels by the combination of C/EBPB and Evil was
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much more pronounced than with C/EBP3 and Mds1-Evil. Evil
and C/EBP acted together to increase Ppary2levels with no effect
on Pparyl, for which no transcripts were detected by real-time
PCR. Consistent with these results, coexpression of C/EBP and
Evil was much more potent in promoting terminal adipogenesis
than either factor alone or the combination of C/EBP@3 and Mds1-
Evil (see Fig. S9 in the supplemental material). Together, these
data strongly suggest that Evil and C/EBPB cooperate to drive
Ppary2 expression in the preadipocyte-to-adipocyte transition.

DISCUSSION

This study reveals that Evil is an important transcriptional regu-
lator of adipocyte differentiation. Specifically, Evil acts in con-
junction with C/EBPR to increase expression of Ppary2 and thus
initiate the developmental gene program of adipogenesis.

The Ppary gene is expressed in two isoforms (PPARyl and
PPARY2) from separate promoter regions. PPARY2 is expressed
specifically in adipose cells, whereas PPARy1 is broadly expressed
in many cell types (7, 21). PPARY2 contains an extra 30 amino
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acids at the N terminus that boosts its ligand-independent trans-
activation function relative to PPARy1 (28, 44). Surprisingly,
however, the molecular events controlling the distinct expression
patterns of Pparyl versus Ppary2 have remained elusive. Our re-
sults in both gain- and loss-of-function analyses reveal that Evil
selectively controls Ppary2 expression in adipocytes. This Evil-
dependent transcription of Ppary2 is mediated, at least in part, via
a physical interaction between Evil and C/EBPS.

MECOM was required for the induction of Ppary2 expression
and adipogenesis in preadipocytes (Fig. 3 and 4). Interestingly, we
found that loss of MECOM blocked the mitotic clonal expansion
(MCE) of 3T3-L1 cells (see Fig. S3C in the supplemental material)
that normally occurs at the onset of differentiation (40). The lack
of MCE likely contributed to the reduced differentiation of
MECOM-depleted cells. However, ectopic expression of Evil in
NIH 3T3 cells caused the precocious expression of Ppary2 prior to
differentiation (Fig. 7B; see also Fig. S8A). Moreover, MECOM
and C/EBP bound to regulatory elements near the Ppary2 pro-
moter at day 1 and day 2 of 3T3-L1 differentiation (Fig. 6D and E)
when Ppary2 expression increased (Fig. 4B). Together, our results
strongly suggest that Evil directly regulates Ppary2 transcription
during adipocyte differentiation. Whether MCE facilitates the re-
cruitment of Evil to the Ppary gene will require further study.

C/EBPR is widely expressed in many cell types and has been
shown to bind to many sites at or near the Ppary locus (36, 38), but
the functional significance of many of these sites has not been
studied. Interestingly, Evil was detected by chromatin immuno-
precipitation at only two of the six C/EBP binding regions (kb
+2.6 and —183) (Fig. 6D and E), with the association of Evil with
the kb +2.6 site being particularly robust, and this was lost in the
absence of C/EBP@ (Fig. 6G). Thus, the presence of Evil with
C/EBPB may define the functional enhancers for Ppary2 tran-
scription. Evil was not able to increase C/EBP function in tran-
sient, plasmid-based transcription assays when Evil-C/EBPJ
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binding regions (kb +2.6 and —183) were cloned upstream of a
luciferase reporter gene. One possible explanation for this is that
Evil recruits histone-modifying enzymes to cause structural
changes in the chromatin around Ppary2 rather than directly
stimulating transcription. A detailed analysis of long-range DNA
interactions at this locus will be needed to test this idea.

Evil and its longer form, Mds1-Evil, have been shown in other
cell lineages to activate or repress transcription through several
proposed mechanisms, including via direct DNA binding (47) or
through coregulatory effects (as shown here). In particular, Evil
interacts with numerous coregulators, including the corepressor
CtBP2 (26, 43), acetyltransferases CBP and p300/CBP-associated
factor (P/CAF) (4), chromatin remodelers Brgl and BRM (5),
histone methyltransferases SUV39H]1 (3) and Polycomb complex
(49), and DNA methyltransferase (35). Together, these interac-
tions suggest that Evil may have a fundamental role in coordinat-
ing the restructuring of chromatin in multiple genetic programs.
Another interesting question is what determines the recruitment
of Evil to these specific C/EBP DNA-binding sites and not oth-
ers. The structural and mechanistic details that mediate the coacti-
vator function of Evil will be an important area for future study.

Evil exists in at least two distinct forms, Mds1-Evil and Evil,
expressed from the MECOM locus through different promoters.
The Mds-Evil isoform, but not Evil, includes an amino-terminal
PR domain that characterizes proteins in the PrdI-BF1-Riz1 his-
tone methyltransferase family (9). This arrangement suggests that
Mds-Evil and Evil could have distinct functions at a common set
of target loci recognized through their two identical zinc finger
domains. Interestingly, the shorter Evil isoform was substantially
more potent than Mds-Evil in inducing adipogenesis (Fig. 7B).
Furthermore, the expression of the two isoforms during differen-
tiation (Fig. 1A and B) strongly suggests a prominent role for Evil
at the earliest time points, whereas the expression of Mds1-Evil
remains detectable throughout adipogenesis. We speculate that
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the absence of a PR domain in Evil allows for distinct coactivating
functions that are required during early adipogenic induction.
The PR domain-containing Mds1-Evil may compete with resid-
ual Evil at later stages or substitute for Evil to maintain expres-
sion of adipogenic genes. It will now be important to examine the
role of Evil and Mds1-Evil in mature adipocyte function using
gain- and loss-of-function studies in cells and animals.

Evil is most closely related to Prdm16 within the 17-member
PR domain protein family. Prdm16 is expressed at high levels in
brown adipocytes relative to white adipocytes, where it drives a
brown fat-specific gene program (34). The structural and se-
quence homology between Evil and Prdm16 suggests that these
factors may have some common or similar actions in adipose cells.
Brown and white adipocytes arise from separate developmental
origins; therefore, Prdm16 and Evil may regulate similar pro-
cesses in brown and white fat lineages, respectively. For instance,
Evil, like Prdm16, stimulates adipogenesis through a physical as-
sociation with C/EBPB (17), albeit in different cell types. How-
ever, Prdm16 protein has not been localized to specific regulatory
regions in Ppary, and it will be interesting to examine whether
Prdm16 binds in the Ppary locus to the same sites in brown fat
cells as Evil does in white fat cells. Despite inducing common
basic features of the fat phenotype, Prdm16 potently induces
brown adipose-related genes (34), whereas Evil does not. This
result suggests that the ability of Prdm16 to activate the brown fat
genetic program is mediated via a domain that is not shared with
Evil. Notably, white adipose tissue can acquire molecular and
functional features of brown fat in response to prolonged cold
exposure or after treatment with B-adrenergic agents, but the
emergence of this “beige” fat requires Prdm16 (33). Any role that
Evil might play in this process remains to be studied. Conceivably,
a balance between the levels of Evil and Prdm16 may determine
the relative phenotypic expression of the white or brown fat pro-
grams.

In summary, we have identified Evil as a key competency fac-
tor that allows preadipocytes to undergo differentiation. Evil
likely regulates other critical gene programs in adipocytes, func-
tioning as a coregulatory protein with C/EBPB and other tran-
scription factors or as a direct DNA-binding transcription factor.
Elucidating how Evil controls adipose expansion and adipocyte
function will be essential for our understanding of adipose biology
in development and disease.
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