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Rosiglitazone (rosi) is a powerful insulin sensitizer, but serious toxicities have curtailed its widespread clinical use.
Rosi functions as a high-affinity ligand for peroxisome proliferator-activated receptor g (PPARg), the adipocyte-
predominant nuclear receptor (NR). The classic model, involving binding of ligand to the NR on DNA, explains
positive regulation of gene expression, but ligand-dependent repression is not well understood. We addressed this
issue by studying the direct effects of rosi on gene transcription using global run-on sequencing (GRO-seq). Rosi-
induced changes in gene body transcription were pronounced after 10 min and correlated with steady-state mRNA
levels as well as with transcription at nearby enhancers (enhancer RNAs [eRNAs]). Up-regulated eRNAs occurred
almost exclusively at PPARg-binding sites, to which rosi treatment recruited coactivators, including MED1, p300,
and CBP. In contrast, transcriptional repression by rosi involved a loss of coactivators from eRNA sites devoid of
PPARg and enriched for other transcription factors, including AP-1 factors and C/EBPs. Thus, rosi activates and
represses transcription by fundamentally different mechanisms that could inform the future development of anti-
diabetic drugs.
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Peroxisome proliferator-activated receptor g (PPARg) is
a nuclear receptor (NR) that is dramatically induced
during adipogenesis and expressed predominantly in
adipose tissue (Chawla and Lazar 1994; Tontonoz et al.
1994a). It is necessary (Rosen et al. 1999) and sufficient
(Tontonoz et al. 1994b) for adipogenesis and is also critical
for the functions of mature adipocytes, including lipid
metabolism, adipokine secretion, and insulin sensitivity
(Rangwala and Lazar 2004). PPARg binds near most adipo-
genic genes as a heterodimer with retinoid X receptor (RXR)
(Lefterova et al. 2008; Nielsen et al. 2008).

PPARg, like most NRs, is a ligand-dependent transcrip-
tion factor (TF) (Glass and Rosenfeld 2000). High-affinity
ligands for PPARg include the thiazolidinediones (TZDs)
(Lehmann et al. 1995), which are insulin-sensitizing drugs
(Nolan et al. 1994). TZDs contribute to insulin sensitization
by acting on adipose tissue to regulate gene transcription

both positively and negatively. For example, TZDs induce
insulin-sensitizing factors adiponectin (Maeda et al. 2001)
and FGF-21 (Moyers et al. 2007) while suppressing the
expression of genes promoting insulin resistance, including
TNFa (Hofmann et al. 1994), resistin (Steppan et al. 2001),
and retinol-binding protein 4 (Yang et al. 2005). The most
potent TZD in the clinic is rosiglitazone (rosi) (Lehmann
et al. 1995), which has durable anti-diabetic effects but,
unfortunately, has toxicities that limit its widespread use
(Kung and Henry 2012; Ahmadian et al. 2013). Because
PPARg expression in adipose tissue is required for the in
vivo systemic insulin-sensitizing effects of TZDs (Chao
et al. 2000; He et al. 2003), it is critical to understand how
rosi binding to PPARg modulates gene expression.

Binding of rosi to PPARg results in recruitment of
coactivators, including SRC-1, CBP, p300, and MED1,
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that function to induce gene expression (Westin et al. 1998;
Gelman et al. 1999; Ge et al. 2002; Bugge et al. 2009).
However, the mechanism by which rosi represses tran-
scription is not well understood. In macrophages, studies
implicate rosi-dependent SUMOylation of PPARg, which
tethers to the NR corepressor (NCoR) to prevent the
induction of inflammatory genes by endotoxin (Pascual
et al. 2005). However, this mechanism pertains only to
prevention of induction by toll-like receptor stimulation
and has not been demonstrated in other cell types (Huang
and Glass 2010). Another proposed mechanism involves
the ligand-dependent recruitment of corepressors, in which
rosi treatment results in the recruitment of corepressors
CTBP1 and CTBP2 to C/EBPa by an unknown mechanism
(Vernochet et al. 2009).

Ligand binding to other NRs has been suggested to
repress gene expression by recruiting limiting coactivators
away from other TFs, thereby repressing those target genes.
Support for this coactivator competition model, often
referred to as squelching, has been largely based on TF
overexpression experiments in transfection systems (Gill
and Ptashne 1988; Kelleher et al. 1990; Kamei et al. 1996;
Fronsdal et al. 1998; Lee et al. 2000; Li et al. 2000; Kim et al.
2001; Zhang and Teng 2001; Manna and Stocco 2007; He
et al. 2012; Pascual-Garcia et al. 2013), although a recent
study demonstrated coactivator redistribution with endog-
enous factors and chromatin on a genome-wide scale in the
context of E2-treated MCF-7 cells (He et al. 2012).

Many studies have used transcriptome analysis to infer
the effects of rosi on steady-state gene expression in
adipocytes (Li and Lazar 2002; Sears et al. 2007; Choi
et al. 2010; Rong et al. 2011). However, steady-state
mRNA levels are determined by their rates of both
transcription and degradation. Here, for the first time,
we directly measured rates of adipocyte transcription
genome-wide using global run-on followed by sequencing
(GRO-seq) (Core et al. 2008). We found that rosi rapidly
up-regulates or down-regulates the transcription of thou-
sands of adipocyte genes, and this regulation correlates
highly with steady-state mRNA regulation. We also iden-
tified thousands of bidirectional, intergenic transcripts
that fit the criteria of enhancer RNAs (eRNAs) (De Santa
et al. 2010; Kim et al. 2010), which have been shown to
mark functional enhancers and regulate the transcription
of the nearest gene (Kaikkonen et al. 2013; Lam et al. 2013;
Li et al. 2013; Melo et al. 2013), and demonstrate that rosi
regulates eRNA transcription in a manner that is related to
activation of the nearby gene bodies.

Rosi-up-regulated eRNAs occurred at sites of strong
PPARg binding to which coactivators such as MED1, CBP,
and p300 were recruited. Remarkably, however, down-
regulation of eRNA transcription occurred at sites that are
devoid of PPARg but enriched for C/EBP and AP-1 family
members. MED1 and other coactivators were dismissed at
these down-regulated sites, strongly supporting a mecha-
nism of negative regulation involving coactivator redistri-
bution upon rosi binding to PPARg. Thus, analysis of
regulated eRNAs reveals a novel mechanism by which
rosi represses adipocyte gene transcription at endogenous
levels of PPARg and other TFs on a genome-wide scale.

Results

Rosi rapidly and robustly regulates gene transcription
in adipocytes

GRO-seq (Core et al. 2008; Wang et al. 2011) was used to
measure nascent gene transcription in mouse 3T3-L1
adipocytes and after treatment with rosi for 10 min,
30 min, 1 h, and 3 h. The Fabp4 locus, a classic adipocyte
PPARg gene target (Spiegelman and Green 1980; Rival
et al. 2004), showed increased transcription with rosi
treatment (Fig. 1A). In contrast, transcription from the
Rgs2 gene body was rapidly repressed by rosi (Fig. 1B),
consistent with the behavior of the mRNA (Sears et al.
2007). Overall, 1951 annotated RefSeq genes were tran-
scriptionally regulated by rosi at one or more of the time
points tested (Fig. 1C). Interestingly, 71% of regulated
nascent transcripts were repressed, whereas only 29%
were activated by rosi.

Regulation of nascent gene transcription by rosi
correlates with changes in mRNA levels

To assess the temporal and gene-specific relationship be-
tween nascent gene transcription and steady-state mRNA
levels, we determined the adipocyte transcriptome using
gene expression microarrays after 30 min, 1 h, 2 h, 6 h,
12 h, 24 h, 36 h, and 48 h of rosi treatment, with three
biological replicates at each time point (Fig. 2). While the
nascent transcription of many genes was regulated as early
as 10 and 30 min after rosi, very few mRNA transcripts
changed during this time period and for at least 2 h after
rosi treatment. This was not surprising, as the time
required to reach new steady-state levels is related to
the rate of degradation rather than the rate of synthesis
(Schimke and Doyle 1970). However, the correlation
between nascent transcription and steady-state mRNA
levels was high at later time points, with the greatest
correlation noted between the transcription regulation at
3 h and the mRNA regulation measured 6 h after rosi. The
lower correlation with later microarray time points
suggests that steady-state regulation at these later times
may be dependent on secondary transcriptional changes
occurring later than 3 h of treatment. Importantly, direct
transcriptional regulation by rosi in this model was
highly similar to recently published regulation of in vivo
adipose tissue gene expression in rosi-treated mice, sug-
gesting that many of the rosi-dependent changes that
we describe are physiologically relevant (Supplemental
Fig. S1; Ohno et al. 2012).

Rosi regulates transcription of eRNAs that correlate
with gene transcription

In addition to gene body transcription, GRO-seq revealed
robust bidirectional transcripts at enhancers or eRNAs
(Core et al. 2008; Kim et al. 2010), which were identified
and quantified in an unbiased, genome-wide analysis (Fig.
3A). For example, bidirectional eRNAs were identified at
enhancers upstream of the Fabp4 locus, and their tran-
scription was observed to be up-regulated by rosi (Fig. 3B).
Indeed, unbiased de novo calling of bidirectional inter-
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genic transcripts confirmed that the transcription of
many eRNAs was strongly and rapidly regulated by rosi,
and down-regulated eRNAs greatly outnumbered up-reg-
ulated eRNAs (Fig. 3C). This was similar to the effect of
rosi on gene body transcription, and, as has been observed
in other systems (De Santa et al. 2010; Kim et al. 2010), the
effect of rosi on eRNA transcription correlated strongly
with transcription at the nearby gene bodies (Fig. 3D;
Supplemental Fig. S2A). The correlation was confirmed
at eRNA/gene body pairs by quantitative PCR (qPCR),
which also demonstrated that eRNA induction often pre-
ceded gene induction (Fig. 3E; Supplemental Fig. S2B). The
correlation was validated at repressed eRNA/gene pairs as
well (Supplemental Fig. S2C). Although intragenic eRNAs
were excluded from downstream analysis because of
difficulties in identifying them reliably, we observed
that many follow a similar pattern of correlation with
the target gene (Supplemental Fig. S3).

PPARg directly mediates the induction of eRNA
and gene transcription by rosi

De novo motif-finding analysis at sites of rosi-induced
eRNAs revealed strong enrichment for a sequence that is
highly similar to the canonical PPARg/RXR-binding site
(Fig. 4A; Supplemental Fig. S4). Indeed, up-regulated eRNAs
were extremely likely to have PPARg bound nearby (85%),
much more so than unregulated or down-regulated eRNAs

(Fig. 4B). In fact, down-regulated eRNAs were relatively
devoid of PPARg binding, as discussed below. Furthermore,
strong PPARg binding as measured by total normalized tag
counts from chromatin immunoprecipitation (ChIP) cou-
pled with deep sequencing (ChIP-seq) was enriched at up-
regulated eRNAs, but not at down-regulated eRNAs, rela-
tive to unregulated eRNAs (Fig. 4C). PPARg-binding sites
that overlap with eRNAs had higher PPARg occupancy
than those that lack eRNAs, further suggesting that
enhancers with eRNAs are more likely to be functional
(Supplemental Fig. S5). Moreover, knockdown of PPARg

abrogated basal eRNA transcription at rosi-up-regulated
sites (Fig. 4D; Supplemental Fig. S6), indicating that
PPARg binding was required for eRNA transcription at
these sites.

In addition to regulating eRNAs, PPARg binding was
critical for the regulation of gene body transcription as well.
Up-regulated genes were statistically significantly enriched
for PPARg sites closer to the transcription start site (TSS)
compared with down-regulated or unregulated genes
(Fig. 4E). Furthermore, up-regulated genes had signifi-
cantly more PPARg-binding sites within 100 kb of the
TSS (Fig. 4F). Together, these data strongly support the

Figure 1. Rosi rapidly increases and represses gene transcrip-
tion in adipocytes. GRO-seq was performed on mature 3T3-L1
adipocytes treated for 0, 10 min, 30 min, 1 h, or 3 h with rosi. (A)
Increased transcription at the Fabp4 locus with rosi treatment.
(B) The Rgs2 gene shows repressed transcription upon rosi
treatment. (C) The heat map shows 1951 genes that displayed
a significant change in transcription (false discovery rate [FDR]
<0.05) due to rosi treatment in at least one time point.

Figure 2. Adipocyte gene body transcription levels correlate
with steady-state mRNA levels. Correlation between micro-
array mRNA levels and GRO-seq transcription levels is plotted
at each time point. The Pearson correlation coefficient is given
for each pair of time points.
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model that rosi up-regulates gene expression by binding
to PPARg at enhancer sites proximal to the TSS, where
it directly stimulates eRNA as well as gene body
transcription.

Repression of eRNA transcription by rosi is not directly
mediated by PPARg

In contrast to the up-regulation of transcription by rosi,
the PPARg motif and strength of binding were not
enriched at rosi-repressed eRNAs. Although 23.6% of
down-regulated eRNAs had PPARg bound (Fig. 4B), this
percent was far less than at unregulated eRNAs, and the
binding tended to be extremely weak (Fig. 4C). In
addition, in contrast to its effect on up-regulated eRNAs,
knockdown of PPARg did not affect basal expression of
rosi-down-regulated eRNAs (Fig. 4D). Moreover, unlike
up-regulated genes, the number, strength, and proximity
of PPARg binding were not enriched near the TSS of

down-regulated genes relative to unchanged genes (Fig.
4E,F). Together, these data strongly suggest that PPARg

does not mediate the repression of eRNA and gene body
transcription by rosi directly; i.e., by binding in cis with
the regulated gene body, as was the case at the majority
of rosi-up-regulated eRNAs.

De novo motif analysis of sites with down-regulated
eRNAs produced two highly enriched motifs that most
resembled a C/EBP:AP-1 hybrid motif and the canonical
AP-1 motif (Fig. 5A; Supplemental Fig. S7). ChIP-seq
analysis for C/EBP and AP-1 factors that are abundant in
adipocytes revealed significant enrichment at down-reg-
ulated eRNAs of both C/EBPa and FOSL2 (Fig. 5B), which
has been shown to play a role in adipocyte gene expres-
sion (Wrann et al. 2012). A higher percentage of down-
regulated eRNAs, compared with up-regulated and non-
regulated, had C/EBPa and FOSL2 bound, and, interest-
ingly, although C/EBPa has been shown to be enriched
near genes repressed after rosi treatment (Vernochet
et al. 2009; Haakonsson et al. 2013), the enrichment was

Figure 3. Adipocyte eRNA transcription is stimulated by rosi
and correlates with gene body transcription. (A) Genome-wide
average signal of intergenic bidirectional transcripts in untreated
adipocytes from the plus and minus strands. (B) Two bidirectional
eRNAs are transcribed at enhancers upstream of the Fabp4 TSS
and up-regulated by rosi treatment. eRNA centers are indicated
by arrows. (C) Heat map showing all rosi-regulated eRNAs found
in an unbiased manner (N = 2251). (D) Correlation between rosi-
regulated eRNAs and the regulation of the nearby gene for all
pairs of matching time points (N = 462). For each gene, eRNAs
within 100 kb of the TSS were included in the analysis. (E)
Correlation between gene and eRNA rosi regulation as measured
by RT-qPCR for two example genes, Fabp4 and Pdk4. N = 3. Error
bars indicate SEM.

Figure 4. Rosi-up-regulated eRNAs are dependent on genomic
binding of PPARg. (A) Top hit from Homer de novo motif search at
up-regulated eRNAs. The closest known motif, the DR1 motif, is
shown for reference. The enrichment for this motif was 45% in the
target sites and 13.5% in the background sites. (B) Percentage of up-
regulated, down-regulated, and unregulated eRNA sites that overlap
with a called PPARg peak from ChIP-seq. There were 14,604 called
PPARg peaks in our data set. Among those, 5819 sites were
extragenic, and 3642 sites had eRNAs. (C) Total PPARg tag count
in reads per million (RPM) within 1 kb of up-regulated, down-
regulated, and unregulated eRNA sites. (*) P = 7.7 3 10�95 versus
unregulated; (**) P = 1.8 3 10�20 versus unregulated. (D) RT-qPCR of
eRNAs 24 h after siRNA knockdown of PPARg. N = 3. Error bars
indicate SEM. (E) Distance from TSS to the closest PPARg sites for
regulated genes. P < 10�10 for up-regulated versus unregulated sites
by x2 test. (F) Number of PPARg-binding sites within 100 kb of the
TSS for regulated genes. P < 10�10 for up-regulated versus un-
regulated sites by x2 test.
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higher for FOSL2 (Fig. 5C). Other factors tested, in-
cluding C/EBPb, ATF2, and JUND, also showed enrich-
ment at down-regulated eRNAs (Supplemental Fig. S8),
and the strength of this binding did not change upon rosi
treatment (Supplemental Fig. S9). The finding that both
C/EBP factors and all three AP-1 factors are enriched at
down-regulated sites suggests that each of these factors,
potentially along with other TFs but notably not PPARg,
is located at eRNAs in cis with gene bodies whose tran-
scription is negatively regulated by rosi.

Rosi redistributes coactivator MED1 binding
from down-regulated eRNAs to up-regulated eRNAs

The majority of eRNA up-regulation occurred by 10 min
after addition of rosi, whereas the number of down-regu-
lated eRNAs was markedly fewer at that time and peaked at
1 h (Fig. 6A). Given the direct nature of rosi regulation of the
up-regulated eRNAs via PPARg, we hypothesized that the
delayed down-regulation could be related to coactivator
redistribution to the rosi-bound PPARg. ChIP-seq for the
general coactivator MED1 was performed in the presence
and absence of rosi. We then determined the sites of
MED1 occupancy that contained eRNAs and whether
these eRNAs were up-regulated or down-regulated by rosi
(Fig. 6B). As expected, MED1 recruitment to sites of
PPARg binding at up-regulated eRNAs was increased by
rosi (Fig. 6C).

Remarkably, 1 h of rosi treatment decreased MED1
recruitment at sites of down-regulated eRNA transcrip-
tion despite the general absence of PPARg at these sites
(Fig. 6D). These results were confirmed at several repre-
sentative sites of up-regulated and down-regulated eRNAs
by MED1 ChIP-qPCR (Fig. 6E) as well as by an independent

ChIP-seq replicate (Supplemental Fig. S10). On average,
upon rosi treatment, MED1 recruitment significantly
decreased at down-regulated eRNAs and increased at up-
regulated eRNAs relative to unregulated eRNAs (Fig. 6F).
Moreover, when restricted to eRNAs with MED1 binding
only, C/EBP and AP-1 factor binding at down-regulated
eRNA sites displayed more significant enrichment as
compared with unregulated eRNA sites (Supplemental
Fig. S11). Since PPARg was markedly enriched at sites of
up-regulated eRNAs, these data together suggest that rosi
binding to PPARg redistributed MED1 binding from the
sites of down-regulated eRNAs to the sites of up-regu-
lated eRNAs. Thus, binding of rosi to PPARg directly
activated eRNA transcription at up-regulated sites, and
the resultant redistribution of coactivator led to down-
regulation of eRNA transcription mediated by other TFs
at sites not bound by PPARg.Figure 5. Enrichment of C/EBP and AP-1 factors at down-

regulated eRNAs. (A) Top two hits from Homer de novo motif
search at down-regulated eRNAs. The closest known motif for
each is shown for reference. (B) Total C/EBPa and FOSL2 tag
counts in reads per million (RPM) within 1 kb of the center of
regulated eRNAs from ChIP-seq. (*) P = 4.6 3 10�8 versus
unregulated; (**) P = 8.9 3 10�46 versus unregulated. (C)
Percentage of regulated eRNAs that overlap with called C/EBPa

or FOSL2 peaks.

Figure 6. Redistribution of MED1 genomic occupancy upon
rosi treatment. (A) Number of eRNAs up-regulated or down-
regulated at each time point. (B) Work flow for identification of
MED1-binding sites with regulated eRNAs. (C) Scatter plot
comparing MED1-binding strength in reads per million (RPM)
with and without 1 h of rosi treatment, with sites containing an
up-regulated eRNA highlighted in red. (D) Scatter plot compar-
ing MED1-binding strength with and without 1 h of rosi
treatment, with sites containing a down-regulated eRNA high-
lighted in blue. (E) MED1 ChIP-qPCR at sites with up-regulated
or down-regulated eRNAs. N = 5. Error bars indicate SEM. (*) P <

0.05; (**) P < 0.01; (***) P < 0.005 by paired t-test. (F) Box plot
showing average change in MED1 genome-wide occupancy
upon rosi treatment at sites of regulated eRNAs. (**) P < 10�15.
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In support of this, at the minority of down-regulated
eRNAs where PPARg binding was observed, the strength
of PPARg binding was markedly reduced relative to up-
regulated sites (Supplemental Fig. S12A). Furthermore,
in stark contrast to the PPARg-associated up-regulated
eRNAs (but consistent with the non-PPARg-associated
down-regulated eRNAs), knockdown of PPARg did not
significantly alter basal eRNA transcription at these
down-regulated eRNAs (Supplemental Fig. S12B), indi-
cating that the weakly bound PPARg was not functional.
Consistent with this, rosi treatment led to loss of MED1
at these sites (Supplemental Fig. S12C), just as was noted
at down-regulated eRNAs devoid of PPARg binding.
The basal magnitude of binding of MED1 at unchanged
eRNAs was not significantly different from at down-
regulated eRNAs (Supplemental Fig. 13). The reason
for this is not clear, but presumably, additional factors,
potentially including histone marks or cooperating TFs,
may be involved in determining which eRNAs will be
down-regulated by rosi treatment.

Furthermore, redistribution of a coactivator to up-regu-
lated sites and away from repressed sites was not limited to
only MED1. ChIP-seq for the coactivators CREB-binding
protein (CBP) and p300 in the presence and absence of rosi
showed a modest but consistent and statistically signifi-
cant redistribution upon rosi treatment similar to MED1
(Supplemental Fig. S14). These data support the model that
upon rosi treatment, coactivators are redistributed to
strong, functional PPARg sites and away from enhancers
containing weakly bound PPARg and other TFs. Surpris-
ingly, we did not observe significant changes in H3K27ac
at sites of eRNAs regulated after 1 h of rosi treatment,
although we cannot rule out changes in chromatin marks
at later time points (Supplemental Fig. S15). Also, in
contrast to the three coactivators tested, rosi treatment
did not cause global redistribution of NCoR (Supplemen-
tal Fig. S16).

Discussion

The present analysis of how rosi influences genome-wide
transcription rates in adipocytes has revealed much about
the mechanisms of action of this anti-diabetic PPARg

ligand. These studies provide a higher-resolution and
more dynamic portrait of rosi-regulated gene transcrip-
tion than previously possible. Earlier reports of rosi-
regulated gene expression using microarray or RNA poly-
merase II ChIP-seq found a few hundred regulated genes,
with half or slightly more than half of those being up-
regulated by rosi (Choi et al. 2010; Haakonsson et al.
2013). In contrast, we found that transcription is regu-
lated at almost 2000 gene bodies, more than two-thirds of
which are repressed in response to ligand treatment. We
believe that this increased sensitivity arises from the
GRO-seq technique as well as from the use of multiple
time points to capture various dynamics of direct tran-
scriptional regulation.

Rosi regulates nascent gene transcription within 10 min
of treatment, and this correlates well with steady-state
mRNA regulation. The correlation is delayed, as expected,

since changes in gene body transcription precede those of
the mRNAs and because the time to reach a new steady-
state mRNA level is independent of the rate of synthesis
and dependent solely on the mRNA half-life (Schimke
and Doyle 1970). The correlation between early transcrip-
tion rates and steady-state mRNA levels waned at later
time points, presumably due to secondary effects of rosi,
such as induction of other TFs or mRNA-degrading
systems.

eRNAs are of great interest, as they have been shown to
contribute to enhancer function and influence transcription
at the target gene body (Kaikkonen et al. 2013; Lam et al.
2013; Li et al. 2013; Melo et al. 2013). We were able to
detect adipocyte eRNAs, and quantification of their
basal and rosi-regulated rates of transcription revealed
a high correlation between eRNA transcription and
transcription at the nearby genes. At rosi-up-regulated
eRNAs, PPARg binding was highly enriched and was
actually required for eRNA transcription. Up-regulation
of transcription by rosi was correlated with recruitment
of the coactivators MED1, CBP, and p300 to the site of
eRNA transcription, in agreement with a recent study
that found that MED1 was recruited to PPARg-binding
sites (Haakonsson et al. 2013). Up-regulation of gene
transcription by rosi was also favored by the number,
strength, and proximity of PPARg-binding sites relative
to the TSS. Thus, activation of gene transcription by rosi
fits a general model of NR function in which ligand
binding facilitates the recruitment of coactivators to
PPARg bound in cis with a regulated gene body. The site
of PPARg binding functions as an enhancer, generating
eRNAs that correlate with the level of gene body
transcription. The effect is greatest when multiple
strong PPARg-binding events occur in relatively close
proximity to the TSS.

In contrast, rosi-down-regulated eRNAs are quite dif-
ferent. They are depleted of PPARg binding compared
with background levels but are enriched for other TFs,
especially members of the C/EBP and AP-1 TF families.
These eRNAs were not dependent on PPARg expression,
further indicating the absence of a direct role of PPARg in
their transcription. Nevertheless, despite the fact that
PPARg is not bound in the vicinity, rosi treatment leads to
dismissal of the coactivators from these sites. This sug-
gests that a primary mechanism of rosi-dependent tran-
scriptional repression involves squelching of essential
coactivators from enhancers lacking PPARg. Consistent
with this, the induction of the PPARg-dependent, rosi-
induced eRNAs preceded the down-regulation of non-
PPARg-dependent eRNAs.

In contrast to up-regulated enhancers, which depend on
activation of PPARg and recruitment of coactivators such
as MED1, down-regulated sites where MED1 binding
was lost were enriched for TFs other than PPARg. This
suggests that, in principle, any TF driving transcription
at a PPARg-independent enhancer would be susceptible
to the repressive effects of rosi redistributing coactiva-
tors to PPARg. Indeed, this may explain why the down-
regulated enhancers are enriched for binding of multiple
factors, including C/EBPa, C/EBPb, FOSL2, ATF2, and
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JUND. Of these, only C/EBPa has previously been
implicated in rosi-mediated transcriptional repression
(Vernochet et al. 2009; Haakonsson et al. 2013), and
notably, in our studies, C/EBPa was less enriched at
down-regulated sites relative to the AP-1 TFs.

A role for coactivator redistribution or squelching has
been previously suggested to explain transcriptional re-
pression by NRs, but most of those studies were per-
formed using transfection to overexpress receptors or
coactivators and used reporter genes as readouts (Kamei
et al. 1996; Fronsdal et al. 1998; Lee et al. 2000; Li et al.
2000; Kim et al. 2001; Zhang and Teng 2001; Manna and
Stocco 2007; He et al. 2012; Pascual-Garcia et al. 2013).
This model gained further support recently with evidence
that the endogenous coactivator NCOA3 is lost from
sites of diminished DNase I hypersensitivity upon E2
hormone treatment in MCF-7 cells (He et al. 2012). Here
our analysis of eRNAs has allowed us to focus on
regulated enhancers and interrogate this mechanism in
the context of the endogenous genome and TFs in adipo-
cytes, where the only manipulation was treatment with
the PPARg ligand, and link the coactivator redistribution
to changes in transcriptional levels of both eRNAs and
genes.

In macrophages, the transrepression model has become
the primary mechanism to explain PPARg-mediated gene
repression (Glass and Saijo 2010). In this model, rosi
treatment causes the SUMOylation and subsequent
tethering of bound PPARg to promoters of inflammatory
genes already bound by NF-kB and other factors, block-
ing the dismissal of the corepressor complex from those
sites (Pascual et al. 2005). However, this has only been
demonstrated at select promoters of inflammatory genes
and pertains only to the role of rosi in blocking the
activating effect of endotoxin. Hence, it likely does not
explain the majority of genome-wide transcriptional
repression. It should be noted that the transrepression
model requires PPARg binding, albeit by a tethering
model, whereas we observed that the majority of rosi-
down-regulated eRNAs in adipocytes are actually de-
pleted of PPARg.

Thus, our study of nascent gene transcription in adipo-
cytes has not only revealed a rapid transcriptional response
to rosi that precedes yet is highly correlated with steady-
state mRNA levels but has also demonstrated that rosi
regulates adipocyte eRNAs in a manner that is highly
correlated with gene body transcription. Bioinformatic,
genomic, and genetic analysis of these eRNAs has pro-
vided strong evidence that rosi-dependent activation and
repression of transcription are mediated by two funda-
mentally different mechanisms, with activation occur-
ring at sites of PPARg binding and repression occurring at
sites that are basally activated by other TFs and whose
coactivator recruitment is destabilized when rosi binds to
PPARg and increases its affinity for coactivators. Adipo-
cytes express PPARg at very high levels, which likely
contributes to both the strength of PPARg binding at rosi-
up-regulated eRNAs and the redistribution of coactiva-
tors away from other TFs in the setting of ligand activa-
tion of PPARg.

Materials and methods

Cell culture

3T3-L1 cells were obtained from American Type Culture Col-
lection and grown in DMEM (Invitrogen) supplemented with
10% fetal bovine serum (Tissue Culture Biologics), 100 U/mL
penicillin, and 100 mg/mL streptomycin (Invitrogen). Two days
post-confluence, differentiation medium (growth medium with
1 mM dexamethasone, 10 mg/mL human insulin, and 0.5 mM
3-isobutyl-1-methylxanthine [Invitrogen]) was added. Cells were
differentiated as described previously (Lefterova et al. 2008) by
growth in differentiation medium for 2 d, followed by growth
medium with insulin for 2 d, followed by growth medium only.
When indicated, mature 3T3-L1 adipocytes were treated with
1 mM rosi (Biomol) dissolved in DMSO.

Gene expression analysis

RNA was isolated from cells using TRIzol (Invitrogen) followed
by the RNeasy minikit (Qiagen). RT–PCR was performed using
1 mg of RNA (Applied Biosystems) following the manufacturer’s
instructions, and qPCR was performed using primers listed in
Supplemental Table S1 using Power SYBR Green master mix
(Applied Biosystems) on the PRISM 7500 and 7900HT instru-
ments (Applied Biosystems). Analysis was performed using the
standard curve method, and all genes were normalized to the
housekeeping gene Arbp. For the microarray, RNA integrity was
examined using an Agilent 2100 Bioanalyzer. RNA samples (150
ng) with RNA integrity number >7 were used for target ampli-
fication and labeling via the Ambion WT Expression kit (no.
4411974) and Affymetrix WT Terminal-Labeling kit (no. 900671)
following the manufacturer’s protocol. Mouse Gene 1.1 ST array
plates (no. 901418, Affymetrix) were used for microarray hybrid-
ization, wash, stain, and scan with GeneTitan hyb-wash-stain kits
(no. 901622, Affymetrix) and a GeneTitan instrument. GeneTitan
scanner data were collected with default parameters and further
analyzed using the Partek genomics suite. Data were normalized
using the default Robust Multichip Average (RMA) method. For
each gene, an average was taken across replicates for the compar-
ative analysis with GRO-seq gene transcriptional level.

GRO-seq library preparation

GRO-seq was performed as previously described (Core et al.
2008; Wang et al. 2011). Cells were washed twice with ice-cold
PBS and then swelled in cold swelling buffer (10 mM Tris at pH
7.5, 2 mM MgCl2, 3 mM CaCl2) for 5 min on ice. Cells were
scraped off and centrifuged at 400g for 10 min, resuspended in 10
mL of lysis buffer (swelling buffer with 10% glycerol, 1% Igepal),
and incubated for 5 min on ice. Nuclei were washed twice with
lysis buffer and then resuspended in freezing buffer (50 mM Tris
at pH 8.3, 40% glycerol, 5 mM MgCl2, 0.1 mM EDTA). Nuclei
were counted and pelleted, and 5 3 106 nuclei were resuspended
in 100 mL of freezing buffer. For each library, run-on was performed
on four tubes of 5 3 106 nuclei.

For the run-on, cells were mixed with an equal volume of run-
on buffer (10 mM Tris at pH 8.0; 5 mM MgCl2; 1 mM DTT; 300
mM KCl; 20 U of SUPERase-In; 1% Sarkosyl; 500 mM ATP, GTP,
and Br-UTP; 2 mM CTP) preheated to 30°C and incubated
for 5 min at 30°C. Nuclear RNA was extracted with TRIzol
(Invitrogen) and chloroform and precipitated with NaCl and
ethanol overnight. The RNA pellet was resuspended in water,
and the RNA was DNase-treated (Ambion) for 30 min. RNA was
hydrolyzed using fragmentation reagents (Ambion) for 13 min at
70°C and purified through a Micro Bio-Spin p-30 column (Bio-
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Rad) according to the manufacturer’s instructions. RNA was
incubated with 1.5 mL of T4 polynucleotide kinase (New England
Biolabs) for 1 h at 37°C and then with an additional 1 mL for 1 h
more. RNA was denatured for 5 min at 65°C.

Anti-BrU agarose beads (Santa Cruz Biotechnology) were ro-
tated for 1 h in blocking buffer (0.53 SSPE, 1 mM EDTA, 0.05%
Tween-20, 0.1% PVP, 1 mg/mL BSA). Run-on RNA was rotated
with beads for 1 h, followed by 5-min washes twice in binding
buffer (0.53 SSPE, 1 mM EDTA, 0.05% Tween-20), twice in low-
salt buffer (0.23 SSPE, 1 mM EDTA, 0.05% Tween-20), once in
high-salt buffer (0.53 SSPE, 1 mM EDTA, 0.05% Tween-20,
150 mM NaCl), and twice in TET buffer (TE at pH 7.4, 0.05%
Tween-20). BrU-labeled RNA was eluted from the beads four
times for 15 min with 100 mL of elution buffer preheated to 42°C.
RNA was ethanol-precipitated overnight.

The RNA pellet was resuspended in water, denatured, and
treated with poly(A)-polymerase (New England Biolabs) for
30 min at 37°C. cDNA synthesis was performed as described
previously (Wang et al. 2011) using the oNTI223 primer (59-pGA
TCGTCGGACTGTAGAACTCT;CAAGCAGAAGACGGCATA
CGATTTTTTTTTTTTTTTTTTTTVN-39), where ‘‘p’’ repre-
sents 59 phosphorylation, ‘‘;’’ represents the abasic dSpacer furan,
and ‘‘VN’’ represents degenerate nucleotides. The reaction was
treated with 3 mL of exonuclease I (Fermentas) for 15 min at 37°C
followed by 2 mL of 1 M NaOH for 20 min at 98°C and neutralized
with 1 mL of 2 M HCl. cDNA was run on a 10% TBE-urea gel, and
products were excised and eluted from shredded gel pieces for 4 h
in TE + 0.1% Tween and precipitated in ethanol overnight.

First strand cDNA was circularized for 1 h with CircLigase
(Epicentre), denatured for 10 min at 80°C, and relinearized with
APE I (New England Biolabs). Relinearized DNA was PCR-
amplified using the Phusion Hot Start II kit, according to the
manufacturer’s instructions, with the primers oNTI200 (59-
CAAGCAGAAGACGGCATA-39) and oNTI201 (59-AATGAT
ACGGCGACCACCGACAGGTTCAGAGTTCTACAGTCCG
ACG-39). The PCR product was run on a 10% TBE gel and eluted
as in the previous step. Libraries were sequenced on an Illumina hi-
Seq2000 with sequencing primer 59-CGACAGGTTCAGAGTTCT
ACAGTCCGACGATC-39.

Transfection

For PPARg siRNA knockdown, mature differentiated 3T3-L1
adipocytes were electroporated using Amaxa Cell Line L (pro-
gram A-033, Lonza). One-quarter of a 10-cm dish of cells was
treated with 200 pmol of siRNA (sequences in Supplemental
Table S3) and plated onto one well of a 12-well dish. Cells were
harvested 24–30 h post-transfection.

ChIP-seq

ChIP was performed as described previously (Steger et al. 2008).
The following antibodies were used in this study: C/EBPa (sc-
61x, Santa Cruz Biotechnology), C/EBPb (sc-150x, Santa Cruz
Biotechnology), FOSL2 (sc-13017x, Santa Cruz Biotechnology),
JUND (sc-74x, Santa Cruz Biotechnology), ATF2 (sc-6233x, Santa
Cruz Biotechnology), MED1 (A300-793A, Bethyl Laboratories),
H3K27ac (ab4729, Abcam), CBP (sc-369x, Santa Cruz Biotechnol-
ogy), p300 (sc-585x, Santa Cruz Biotechnology), and NCoR (rabbit
polyclonal, generated in our laboratory). Primer sequences used
for ChIP-qPCR are provided in Supplemental Table S2. ChIP DNA
was prepared for sequencing according to the amplification pro-
tocol provided by Illumina. Next-generation sequencing of ChIP-
seq libraries was performed by the Functional Genomics Core at
the University of Pennsylvania, including preprocessing and
alignment of the raw tags.

GRO-seq data processing

First, adapter and poly-A sequences were trimmed off from the
raw tags, and remaining tags were converted into FASTA format
before alignment. Trimmed tags were aligned to the mouse
genome mm8 using Bowtie (Langmead et al. 2009) with the
following options: Inputs were in FASTA format (-f), three
mismatches were allowed for each tag (-v 3), and only uniquely
mapped tags were retained (-m 1). All of the alignments were
adjusted to 50 base pairs (bp) by extending toward the 39 end
if their size was shorter than that to make libraries comparable.
For the visualization of GRO-seq data, we pooled two replicates
for each time point and extended each tag to 150 bp to make
smooth profiles. bedGraph files were generated first using
genomeCoverageBed command in the BEDTools suite (Quinlan
and Hall 2010) for plus and minus strands separately and were
converted to bigwig format using the bedGraphToBigWig com-
mand in BLAT suite (Kent et al. 2010). All of the microarray and
high-throughput sequencing data have been deposited in Gene
Expression Omnibus under the accession number GSE56747.

ChIP-seq data processing

All of the ChIP-seq tags for C/EBPa, C/EBPb, FOSL2, ATF2,
JUND, NCoR, and MED1 were aligned to mouse genome mm8
using Bowtie with options ’’-k 1 -m 1–best –strata,’’ and all of the
redundant tags were eliminated except one before downstream
analysis. For PPARg, we used two public PPARg ChIP-seq data,
GSM340799 and GSM678393 (Nielsen et al. 2008; Schmidt et al.
2011) from Gene Expression Omnibus, where all of the redun-
dant tags were eliminated in each data set, and the remaining
tags were pooled into a single data set. Peak calling was performed
using the findPeaks command in Homer (Heinz et al. 2010). After
initial calling, all of the peaks were resized to 200 bp; the 2 reads
per million (RPM) cutoff was applied for C/EBPa, C/EBPb, FOSL2,
ATF2, JUND, and PPARg to select strong peaks; and the 1 RPM
cutoff was applied for MED1, CBP, p300, and NCoR because of
their indirect genomic binding.

Gene transcription analysis

To determine rosi-induced regulation of gene transcription, we
used normalized tag counts within a window between +0.5 kb
and 12 kb of the TSS to capture acute changes and yet minimize
the bias from paused signal at promoters. When counting tags,
we ignored the tags aligned onto rRNA, small nucleolar RNA
(snoRNA), small nuclear RNA (snRNA), or tRNA to avoid any
false contribution to gene body GRO-seq signal due to these
highly abundant elements. To identify rosi-regulated genes, we
performed an exact test with edgeR package (Robinson et al.
2010) for each time point—10 min, 30 min, 1 h, and 3 h—using
0 min as a control. Genes were considered rosi-regulated if the
false discover rate (FDR) was <0.05 at any time point, but those
with low GRO-seq signal (<0.5 RPKM [reads per kilobase per
million]) or poor gene body coverage (<70%) at every time point
were discarded before downstream analysis. Temporal patterns
of rosi-induced regulation were graphically presented by hierar-
chical clustering, where GRO-seq levels were RPKM-normalized
and 1 � (correlation coefficient) was used as a distance measure
between genes. The initial dendrogram was first created based on
Ward’s criterion using the fastcluster R package (http://danifold.
net/fastcluster.html) and then subjected to optimal leaf ordering
(Bar-Joseph et al. 2001). In the visualization of clustering heat
maps, RPKM values were converted into log2(fold change over
0 min) for intuitive color representation of up-regulation or down-
regulation. Gene ontology analysis was performed using DAVID
(Huang et al. 2008), and top ranked GO FAT terms were presented.
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eRNA analysis

For eRNA analysis, we defined an enhancer as an intergenic
center of a bidirectional transcript. After pooling both replicates
to improve transcript coverage for each time point, we identified
all of the putative transcripts in plus and minus strands using the
findPeaks command in Homer. Two start sites of a plus tran-
script and a minus transcript were paired together if their
distance was <1 kb, and then their midpoint was defined as
a center of a bidirectional transcript. Any of these centers were
discarded if they are located within 2 kb from RefSeq genes or
Satellite regions to avoid potential bias from gene body tran-
scripts or abundant signal from Satellite regions. To investigate
rosi-induced eRNA regulation, we used a pipeline similar to the
gene transcript analysis with the following differences. When
counting tags for eRNA, we considered a 2-kb window only
around the previously defined enhancer and summed plus and
minus tags. A coverage cutoff was not applied, yet the 0.5 RPKM
cutoff was still applied. Among eRNAs that passed the cutoff,
those with a FDR of <0.05 were considered rosi-regulated, and
the others were considered nonregulated. For the clustering
analysis, we used log2(fold change over untreated) in each time
point and Euclidean distance. The initial dendrogram was
created by Ward’s criterion and then further subjected to optimal
leaf ordering. A de novo motif search was performed using
Homer more than once for a given set of genomic loci, and the
consensus motifs were considered for downstream analysis only
if they appeared consistently with a significant P-value.
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