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SUMMARY

Enhancer RNA (eRNA) is an excellent marker that shows
enhancer activities, which strongly correlate with their target
gene transcription levels. Therefore, investigating the eRNA
levels enables us to interrogate activating/repressive gene
regulatory logic. We applied this strategy to investigate gene
regulatory mechanisms of an anti-diabetic drug, Rosiglita-
zone (rosi). Rosi is a powerful insulin sensitizer, but serious
toxicities have curtailed its widespread clinical use. Rosi
functions as a high-affinity ligand for PPARYy, the adipocyte-
predominant nuclear receptor (NR). The classic model, in-
volving binding of ligand to the NR on DNA, explains positive
regulation of gene expression, but ligand-dependent repres-
sion is not well understood. Here, we addressed this issue
using global run-on sequencing (GRO-seq). Rosi-induced
gene transcriptional changes occurred within 10 minutes and
correlated with steady-state mRNA levels as well as with
transcription at nearby enhancers (eRNAs) but with a time
delay. Upregulated eRNAs occurred almost exclusively at
PPARy binding sites, to which rosi treatment recruited the
coactivator MED1. By contrast, transcriptional repression by
rosi involved a loss of MED1 from eRNA sites devoid of
PPARy and enriched for other TFs 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.

1 INTRODUCTION

Peroxisome proliferator activated receptor gamma (PPARY)
is a nuclear receptor (NR) that is dramatically induced dur-
ing 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 also critical for the func-
tions of mature adipocytes, including lipid metabolism, adi-
pokine secretion, and insulin sensitivity (Rangwala and
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Lazar, 2004). PPARY binds near most adipogenic genes as a
heterodimer with retinoid X receptor (RXR) (Lefterova et
al., 2008; Nielsen et al., 2008).

PPARYy, like most NRs, is a ligand-dependent transcrip-
tion factor (Glass and Rosenfeld, 2000). High affinity lig-
ands for PPARy 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. The most potent TZD in the
clinic is rosiglitazone (rosi) (Lehmann et al., 1995), which
has durable anti-diabetic effects but, unfortunately, has tox-
icities that limit its widespread use (Ahmadian et al., 2013;
Kung and Henry, 2012). Because PPARYy expression in adi-
pose tissue is required for the in vivo systemic insulin sensi-
tizing effects of TZDs (Chao et al., 2000; He et al., 2003), it
is critical to understand how rosi binding to PPARy modu-
lates gene expression.

Binding of rosi to PPARY results in recruitment of coacti-
vators, including SRC-1, CBP, p300, and MED1, that func-
tion to induce gene expression (Bugge et al., 2009; Ge et al.,
2002; Gelman et al., 1999; Westin et al., 1998). However,
the mechanism by which rosi represses transcription is not
well understood. Ligand binding to other NRs has been sug-
gested to repress gene expression by recruiting limiting co-
activators away from other transcription factors (TFs),
thereby repressing those target genes. Support for this coac-
tivator competition model, often referred to as squelching,
has been largely based on TF overexpression experiments in
transfection systems (Fronsdal et al., 1998; He et al., 2012;
Kamei et al., 1996; Kim et al., 2001; Lee et al., 2000; Li et
al., 2000; Manna and Stocco, 2007), although a recent study
demonstrated coactivator redistribution with endogenous
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
(Choi et al., 2010; Li and Lazar, 2002; Rong et al., 2011;
Sears et al., 2007). However, steady state mRNAs levels are
determined both by their rates of transcription and degrada-
tion. Here, for the first time, we have directly measured
rates of adipocyte transcription genome-wide, using global
run-on followed by sequencing (GRO-seq) (Core et al.,
2008).
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Figure 1. Gene transcriptional regulation upon rosi-treatment and
their correlation with steady-state mRNA level. (a) Changes of
nascent transcript level in gene body. (b) Correlation between gene
transcriptional regulation and steady-state mRNA level changes
from microarray in various time points.

2 RESULTS

2.1  Gene regulation

We found that rosi rapidly up- or downregulates the tran-
scription of thousands of adipocyte genes within 10 minute.
Overall, 1,951 annotated RefSeq genes were transcriptional-
ly regulated by rosi at one or more of the time points tested s
(Figure 1a). Interestingly, 71% of regulated nascent tran-
scripts were repressed whereas only 29% were activated by
rosi. To assess the temporal and gene-specific relationship
between nascent gene transcription and steady-state mRNA
levels, we determined the adipocyte transcriptome using
gene expression microarrays after 30 min, lh, 2h, 6h, 12h,
24h, 36h, and 48h of rosi treatment, with 3 biological repli-
cates at each time point. While the nascent transcription of
many genes was regulated as early as 10 and 30 minutes
after rosi, very few mRNA transcripts changed during this
time period and for at least 2 hours after rosi treatment
(Figure 1b). This was not surprising, as the time required to
reach new steady state levels is related to the rate of degra-
dation rather than the rate of synthesis (Schimke and Doyle,
1970). However, the correlation between nascent transcrip-
tion and steady-state mRNA levels was high at later time
points, with the greatest correlation noted between the tran-
scription regulation at 3h and the mRNA regulation meas-
ured 6h after rosi. The lower correlation with later microar-
ray time points suggests that steady-state regulation at these
later times may be dependent on secondary transcriptional
changes occurring later than 3h of treatment. Importantly,
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Figure 2. eRNA regulation. (a) Genome-wide average signal of
eRNA in adipocytes from the plus and minus strands. (b) Example
of two eRNAs in the upstream of Fabp4, which is upregulated
upon rosi-treatment. (c) Clustering heatmap of all rosi-regulated
eRNAs (Up=160, Down=2091). (d) Strong positive correlation
between rosi-regulated eRNAs and the regulation of the nearby
genes within 100kb TSS.

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, suggest-
ing that many of the rosi-dependent changes we describe are
physiologically relevant.

2.2 Enhancer regulation

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
(Figure 2a). For example, bidirectional eRNAs were identi-
fied at enhancers upstream of the Fabp4 locus, and their
transcription was observed to be upregulated by rosi
(Figure 2b). Indeed, unbiased de novo calling of bidirec-
tional intergenic transcripts confirmed that the transcription
of many eRNAs was strongly and rapidly regulated by rosi,
and downregulated eRNAs greatly outnumbered upregulat-
ed eRNAs (Figure 2c¢). This was similar to the effect of rosi
on gene body transcription, and the effect of rosi on eRNA
transcription correlated strongly with transcription at the
nearby gene bodies (Figure 2d). This correlation was con-
firmed at eRNA/gene body pairs by qPCR, which also
demonstrated that eRNA induction often preceded gene
induction. The correlation was validated at repressed eR-
NA/gene pairs as well. Though intragenic eRNAs were ex-
cluded from downstream analysis because of difficulties in
identifying them reliably, we observed that many follow a
similar pattern of correlation with the target.

2.3 Differential TF enrichment

De novo motif analysis at sites of rosi-induced eRNAs re-
vealed strong enrichment for a sequence that is highly simi-
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Figure 3. Differential enrichment of TF between rosi-regulated
eRNAs. (a) PPAR motif is enriched in upregulated eRNA and
CEBP and AP-1 motif are enriched in downregulated ones. (b)
ChIP-seq data of PPARy, CEBPa, and FOSL2 confirms differ-
ential TF binding between up/downregulated eRNAs.

lar to the canonical PPARY/RXR binding (Figure 4a), and
indeed PPARy ChIP-seq showed strong at upregulated eR-
NAs but not at downregulated ones (Figure 4b).

In contrast to the upregulation, the PPARy motif were not
enriched at repressed eRNAs. Instead, de novo motif analy-
sis revealed two highly enriched motifs that most resembled
a C/EBP:AP-1 hybrid motif and the canonical AP-1 motif
(Figure 4a). ChlP-seq data showed higher enrichment of
C/EBP and AP-1 at downregulated eRNAs (Figure 4b),
which has been shown to play a role in adipocyte gene ex-
pression Other factors tested, including C/EBPf, ATF2 and
JUND, also showed enrichment at downregulated eRNAs,
and the strength of this binding did not change upon rosi
treatment (Data not shown). The finding that both C/EBP
factors and all three AP-1 factors are enriched at downregu-
lated sites suggests that each of these factors, potentially
along with other TFs but notably not PPARY, is located at
eRNAs in cis with gene bodies whose transcription is nega-
tively regulated by rosi.

2.4  Coactivator squelching

The majority of eRNA upregulation occurred by 10 minutes
after addition of rosi, whereas the number of downregulated
eRNAs was markedly fewer at that time, and peaked at 1h.
Given the direct nature of rosi regulation of the upregulated
eRNAs via PPARY, we hypothesized that the delayed down-
regulation could be related to coactivator redistribution to
the rosi-bound PPARy. 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 con-
tained eRNAs, and whether these eRNAs were up- or down-
regulated by rosi. As expected, MED1 recruitment to sites
of PPARY binding at upregulated eRNAs was increased by
rosi (Figure 4a). Remarkably, 1h of rosi treatment de-
creased MEDI1 recruitment at sites of downregulated eRNA
transcription despite the general absence of PPARY at these
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Figure 4. eRNA regulation by MED1 squelching. (a) MED1 ChIP-
seq data before and after rosi-treatment shows redistribution of
MEDI1 binding from downregulated eRNAs toward upregulated
ones. (b) Quantitative comparison of MED1 occupancy changes
among up, unchanged, and downregulated eRNAs.

sites (Figure 4a). These results were confirmed at several
representative sites of up- and downregulated eRNAs by
MED1 ChIP-qPCR (Data not shown). On average, upon rosi
treatment MED1 recruitment significantly decreased at
downregulated eRNAs and increased at upregulated eRNAs
relative to unregulated eRNAs (Figure 4b). Since PPARYy
was markedly enriched at sites of upregulated eRNAs, these
data together suggest that rosi binding to PPARY redistribut-
ed MED1 binding from the sites of downregulated eRNAs
to the sites of upregulated eRNAs. Thus, binding of rosi to
PPARYy directly activated eRNA transcription at upregulat-
ed sites, and the resultant redistribution of coactivator led to
downregulation of eRNA transcription mediated by other
TFs at sites not bound by PPARY.

3 CONCLUSION

Our study of nascent transcription has revealed enhancers
and up- and down-regulated by rosi. We identified PPARYy is
responsible for up-regulation. More importantly, systematic
analysis using eRNAs identified squelching is a major rea-
son for down-regulation of eRNA and subsequent gene tran-
scription. The changes in MED1 occupancy further support-
ed identified that redistribution of mediator (MED1) can be
the cause of squelching. We believe this is the first genome-
wide study to reveal the squelching mechanism associated
with rosi. Our systematic analysis using GRO-seq provided
key regulatory mechanisms of rosi by showing up- and
down-regulated eRNAs and the associated TFs and co-
factors. Our study is greatly useful in developing efficacious
but low-risk drugs for diabetes.
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