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PPARg2 is expressed almost exclusively in adipose tissue and plays a central role in adipogenesis. Despite intensive
studies over the last 2 decades, the mechanism regulating the expression of the Pparg2 gene, especially the role of cis-
regulatory elements, is still not completely understood. Here, we report a comprehensive investigation of the enhancer
elements within the murine Pparg2 gene. Utilizing the combined techniques of sequence conservation analysis and
chromatin marker examination, we identified a potent enhancer element that augmented the expression of a reporter
gene under the control of the Pparg2 promoter by 20-fold. This enhancer element was first identified as highly
conserved non-coding sequence 10 (CNS10) and was later shown to be enriched with the enhancer marker H3 K27
acetylation. Further studies identified a binding site for p300 as the essential enhancer element in CNS10. Moreover,
p300 physically binds to CNS10 and is required for the enhancer activity of CNS10. The depletion of p300 by siRNA
resulted in significantly impaired activation of Pparg2 at the early stages of 3T3-L1 adipogenesis. In summary, our study
identified a novel enhancer element on the murine Pparg2 gene and suggested a novel mechanism for the regulation
of Pparg2 expression by p300 in 3T3-L1 adipogenesis.

Introduction

Peroxisome proliferator-activated receptor g (PPARg), a
member of the hormone nuclear receptor super-family, plays a
central role in regulating adipogenesis and adipocyte function.1-3

Being the only identified factor that is both necessary and suffi-
cient to promote fat cell differentiation, PPARg is considered the
master regulator of adipogenesis.1 Once activated, PPARg drives
the expression of an array of downstream target genes to com-
plete the maturation process of adipocytes.4 In addition to the
well-established role of PPARg in differentiated adipocytes, a
recent study revealed that PPARg is also detectable in adipocyte
progenitor cells residing in the vasculature of white adipose tis-
sue.5 These PPARg-positive adipocyte progenitor cells give rise
to the vast majority of mature adipocytes in the fat pad, which
suggests that PPARg may also play a role in the lineage commit-
ment of adipose cells. In mammals, PPARg exists in 2 isoforms,
PPARg1 and PPARg2, that are generated by alternative

promoter usage and mRNA splicing of the same gene.6-8 The
amino acid sequence of PPARg2 is identical to that of PPARg1
except that it contains an N-terminal extension of 30 amino
acids. In contrast to the ubiquitous expression of PPARg1,9

PPARg2 is expressed almost exclusively in adipose tissue.6 Con-
sistent with their tissue distribution patterns, PPARg2, but not
PPARg1, plays a predominant role in adipogenesis.

Given the key role of PPARg2 in adipogenesis, adipose tissue
function and whole body energy homeostasis, this protein has
been investigated extensively as a drug target for the treatment of
metabolic disorders. One such class of drugs is the potent insulin
sensitizers thiazolidinediones (TZDs), which are highly effective
in treating type 2 diabetes. However, the side effects caused by
this class of compounds, and their eventual withdrawal from the
market, point to the urgent need for a comprehensive under-
standing of the regulatory networks that control PPARg expres-
sion, activity and downstream effects. Unfortunately, despite the
continuous efforts in the 20 y since the identification of PPARg
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as the master adipogenic factor, the gene regulation mechanism
during the early stage of adipogenesis is still not completely
understood.

In principle, eukaryotic genes are regulated by the concerted
action of both cis-elements, such as promoters, enhancers and
repressors, and trans-factors. Many of the trans-factors regulating
the Pparg2 gene have been identified. These factors include the
protein lysine acetyl-transferases (KAT), CBP/p300, the PPARg
coactivator-1 (PGC-1a) and the CCAAT/enhancer binding pro-
teins (C/EBPb and C/EBPd at the early stage and C/EBPa at a
late stage during adipogenesis).4 The regulatory function of
CBP/p300 was thought to be exerted by direct interaction with
PPARg2 and the activation of its downstream targets, including
the gene encoding PPARg2 itself.10,11 In contrast to the level of
understanding about trans-regulation, much less is known about
the role of cis-elements in Pparg2 gene transcription. Two recent
studies identified regulatory regions upstream of the Pparg2 pro-
moter by either sequence conservation analysis 12 or chromatin
marker examination.13 Although convincing evidence was pro-
vided for the enhancer activities in both studies, there was not a
detailed analysis of the enhancer sequences. For example, the
essential transcription factor binding sites within the enhancers
remained elusive.

To refine our understanding of Pparg2 regulation, we sought
to delineate the cis-regulatory regions within the Pparg2 gene
body. The rationale is that the Pparg2 gene spans across approxi-
mately 70 kb (mouse), and more than 97% of the sequences are
within the introns. Thus, we hypothesized that there might be
cis-regulatory elements residing inside these non-coding sequen-
ces. The identification and characterization of cis-elements that
relate to key enhancer regions have gained recognition over the
last couple of decades as a legitimate mode of transcriptional reg-
ulation. There are numerous methods that have been employed
to identify cis-regulatory regions within the genome. Among
these methods, genomic sequence conservation analysis has been
widely used. The principle of this methodology is that sequence
conservation could be indicative of sequence significance. There
have been a number of studies showing that regions spanning a
conserved non-coding sequence (CNS) can act as enhancer ele-
ments.14-20

However, reliance on sequence conservation alone can have
drawbacks. Within a single organism, the genomic sequence is
the same for all cell types, but the gene expression patterns and
enhancer identities vary significantly. This difference argues that
enhancers are determined by cell type or developmental stage-
specific signals and not simply by sequence conservation levels.
For example, a study by Gordon and Ruvinsky 21 showed that
lineage-specific changes in cis or trans-regulation could alter the
ability of conserved non-coding sequences to drive gene expres-
sion. The use of histone modifications can be an effective way to
discern the identity of enhancers.22-25 To date, a number of his-
tone marks, including H3 K4 mono-methylation,22 K27 acetyla-
tion 23-25 and K9 acetylation,13 have been used to systematically
identify enhancer elements. In addition, most CNS regions are
known to function as regulatory factor binding sites.26 As such, it
is important to identify the trans-regulatory factor that binds and

potentiates the ability of the CNS region to function as an
enhancer.

To identify cis-regulatory regions within the murine Pparg2
gene, we used the combined techniques of sequence conservation
analysis and chromatin marker examination. Using the VISTA
algorithm,27 we first identified 11 highly conserved non-coding
sequences within the introns of the Pparg2 gene. Subsequent his-
tone modification ChIP analysis revealed that the CNS10 region
was enriched for the enhancer marker H3 K27 acetylation. Fur-
ther luciferase assays confirmed that the CNS10 region aug-
mented the expression of a reporter gene under the control of the
Pparg2 promoter by 20-fold. Detailed sequence analysis and
mutagenesis experiments identified a binding site for p300 as the
essential enhancer element in CNS10. Moreover, p300 physically
bound to CNS10, and the depletion of p300 significantly
impaired the enhancer activity of CNS10 on the Pparg2 pro-
moter. In summary, our study identified a potent enhancer ele-
ment for Pparg2 gene expression and provided a novel
mechanism for regulation in which p300 binds to this enhancer
to promote Pparg2 gene expression at the early stage of
adipogenesis.

Results

Sequence conservation analysis revealed 11 highly conserved
non-coding sequences in the murine adipogenic master
regulator gene Pparg2

Considering the central role of PPARg2 in adipogenesis and
adipocyte functions, we sought to determine the cis-regulatory
elements that contribute to Pparg2 gene regulation. We first
compared the mouse PPARg2 genomic sequence spanning from
2 kb upstream of the transcription start site (TSS) to the 3’-end
to the sequences from human, dog, ox and rat using the VISTA
algorithm. This analysis yielded a total of 28 conserved regions
(data not shown), including the promoter, all 7 exons and 20
CNS located in the introns of the Pparg2 gene. We arbitrarily set
the cut-off p-value at 0.0001 and selected the top 11 highly con-
served non-coding sequences for further studies. As shown in
Figure 1, the 11 CNS were distributed across the whole gene
body of Pparg2, and their lengths range from 206 bp (CNS10)
to 1812 bp (CNS7). The relative positions of these CNS to the
Pparg2 gene transcription start site and their statistical signifi-
cance (p-value) are listed in Table 1.

Histone H3 K27 acetylation marks CNS10 in the murine
Pparg2 gene in 2 independent adipocyte progenitor cell lines

Histone H3 K4 mono-methylation (me1) and K27 acetyla-
tion (ac) are known markers of enhancer elements in the mam-
malian system.22-25 Thus, we examined the enrichment of these
2 chromatin modifications at the 11 CNS with the aim of identi-
fying the potential enhancers for the Pparg2 gene. Our histone
H3K4me1 ChIP analysis revealed that this modification was gen-
erally abundant at all CNS regions in 3T3-L1 cells at the preadi-
pocyte stage (Fig. 2A). Although there were variations in the
K4Me1 level among these CNS regions, no CNS was specifically
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enriched for this modification over the others. By contrast, we
observed a marked enrichment of H3K27ac at CNS10 in our
ChIP assay (Fig. 2B). CNS10 had a level of H3K27ac that was at
least three-fold higher than those of other CNS regions. To verify
these observations in another adipocyte progenitor cell line, we
used C3H 10T1/2 cells, which are a mouse mesenchymal stem
cell line. Consistent with the ChIP results obtained in 3T3-L1
cells, the H3K4me1 levels did not differ significantly among the
11 CNS regions (Fig. S1A). However, H3K27ac was clearly
enriched in CNS10, albeit to a lesser extent than in the 3T3-L1
cells (Fig. S1B). In control experiments, we found that both
H3K4me1 and K27ac were much more abundant at the actively
transcribed locus GAPDH than at the silent region Chr. Fifteen
(Fig. 2; Fig. S2). This result concurred with the known role of
these 2 chromatin modifications in gene activation.

CNS10 is a strong enhancer element for the Pparg2 gene
The specific enrichment of H3K27ac at CNS10 suggested

that this conserved region could act as an enhancer for Pparg2
gene expression. To test this idea, we used a dual luciferase
reporter assay (Promega). We first inserted a 0.6 kb Pparg2 pro-
moter 28 upstream of the firefly luciferase gene in the pGL3 vec-
tor. Then, the 11 CNS regions were inserted individually at the
30-end of the luciferase gene (Fig. 3A). Subsequently, the firefly
luciferase reporter vectors containing no CNS (negative control)
or CNS1 - 11 were transfected into 10T1/2 cells along with a
renilla luciferase vector (pRLTK) as an internal control. As
shown in Figure 3B, CNS10 significantly enhanced the promoter
activity of Pparg2 by nearly 20-fold.

After identifying CNS10 as a potent enhancer for the Pparg2
gene, we asked whether there were additional chromatin modifi-
cations that serve as markers for this DNA element. To address
this question, we examined the state of a number of key histone
modifications at all CNS regions using ChIP. These histone
modifications included both permissive (H3 K4 di- and tri-meth-
ylation; H4 K20 mono-methylation; H3 K9/K14 acetylation and
H4 K12 acetylation) and non-permissive (H3 K9 tri-methylation
and H3 K27 tri-methylation) marks on either H3 or H4. As
shown in Figure S2, none of these examined histone modifica-
tions were specifically enriched at CNS10 in 3T3-L1 cells, which
suggested that H3K27ac is the only identified marker for this
enhancer element (Fig. 2B). To confirm our findings in another
independent adipocyte progenitor cell line, we performed the
same ChIP analysis in 10T1/2 cells. Again, we failed to detect
additional chromatin markers for CNS10 (Fig. S3). To rule out
the possibility that the elevated level of H3K27ac at CNS10 was
due to a higher occupancy of histone H3, we examined the distri-
bution pattern of histone H3 across the 11 CNS regions by ChIP
using a specific antibody against the C-terminus of this protein.
We found that the histone H3 level was actually relatively low at
CNS10 compared with other CNS regions (Figs. S2B and S3B).
This result indicated that the enrichment of H3K27ac at this
region was not due to a higher occupancy of histone H3. In con-
trol experiments, we found that the levels of permissive histone
modifications were much higher at the actively transcribed
GAPDH promoter than at the silent region Chr. Fifteen, while

Figure 1. Sequence conservation analysis of the murine adipogenic mas-
ter regulator gene Pparg2. Mouse PPARg2 genomic sequence spanning
from 2 kb upstream of the transcription start site (TSS) to the 30-end was
compared with human, dog, ox and rat sequences using the VISTA algo-
rithm. The Pparg2 TSS and the 11 highly conserved non-coding sequen-
ces (CNS) are indicated in the gene.

Table 1. List of the conserved non-coding sequences identified by VISTA in
the murine Pparg2 gene

Name Start* End* Length p-value

CNS1 2,392 2,720 329 bp 3.9e-09
CNS2 10,621 10,966 346 bp 7.7e-10
CNS3 13,721 14,092 372 bp 4.3e-09
CNS4 18,571 19,024 454 bp 1.2e-07
CNS5 27,988 28,313 326 bp 7.8e-12
CNS6 30,469 30,928 460 bp 1.7e-09
CNS7 43,384 45,195 1812 bp 2.1e-24
CNS8 47,704 48,064 361 bp 1.2e-15
CNS9 55,254 55,747 494 bp 2.3e-08
CNS10 58,379 58,584 206 bp 7.3e-05
CNS11 58,761 59,103 343 bp 4.7e-06

*Relative to the Pparg2 gene transcription start site.
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the non-permissive modifications were enriched at the silent
region but not at the GAPDH locus (Figs. S2 and S3).

Enhancer activity of CNS10 is dependent upon a p300
binding site

To identify the transcription factor that binds to CNS10 and
promotes its enhancer activity, we sought to determine the cru-
cial transcription factor binding site within the CNS10 sequence.

In the luciferase assay, we inserted
a 275 bp CNS10 fragment into
the firefly luciferase reporter vec-
tor. This fragment contains the
206 bp highly conserved CNS10
sequence identified through
VISTA analysis (Table 1) and its
flanking sequences that are
required for PCR amplification.
To narrow down the range for the
transcription factor binding site
search, we divided the 275 bp
CNS10 fragment into 4 sub-
regions of equal length (CNS10A -
10D) and inserted these fragments
individually downstream of the
firefly luciferase gene (Fig. 4A).
We found that the action of
CNS10A largely resembled the
enhancer activity of CNS10 on the

Pparg2 promoter (Fig. 4A), which indicated that the crucial tran-
scription factor binding site is mainly located within the first
69 bp of the CNS10 fragment. Interestingly, we also noticed
that there was a slight decrease in the enhancer activity for
CNS10A compared with the full length CNS10, which suggested
that the crucial transcription factor binding site might be partially
lost in CNS10A. Thus, we took the first 80 bp DNA sequence
from the CNS10 fragment for further in silico analysis to avoid
losing the potential binding site at the boundary of CNS10A and
10B. To search for transcription factor binding sites within the
80 bp CNS10 sequence (Fig. 4B), we used the online sequence
analysis tools TESS and TFSEARCH. Through TESS analysis,
we found a glucocorticoid receptor (GR) binding site in
CNS10A. TFSEARCH identified C/EBPb and p300 binding
sites within CNS10A or at the boundary between CNS10A and
10B, respectively (Fig. 4B).

To test the effects of C/EBPb, GR and p300 binding on
CNS10 enhancer activity, we first deleted their binding sites
from the CNS10 and CNS10A sequences and then examined the
firefly luciferase activity. As shown in Figure 4C, the C/EBPb
binding site deletion had virtually no effect on either CNS10 or
CNS10A activity. The GR binding site deletion decreased both
the CNS10 and CNS10A activities slightly, but the decreases
were not of statistical significance. By contrast, the deletion of
the p300 binding site completely abolished the activities of both
CNS10 and CNS10A, suggesting that the p300 binding was cru-
cial for the enhancer activity of CNS10.

p300 binds to CNS10 and is required for the enhancer
activity of CNS10

To directly assess the impact of the p300 depletion on the
enhancer activity of CNS10, we depleted p300 using a specific
targeting siRNA in 10T1/2 cells. Both the mRNA and protein
levels of p300 were reduced to approximately 40% of the level in
the scrambled siRNA-treated cells or in the negative control
(Fig. 5A). In the subsequent luciferase assay, we found that the

Figure 2. Enrichment of the chromatin markers for enhancer elements at the CNS regions in the murine
Pparg2 gene in 3T3-L1 cells. Levels of histone H3 (A), K4 mono-methylation (H3K4me1) and (B) K27 acetyla-
tion (H3K27ac) at the CNS regions in the Pparg2 gene in 3T3-L1 cells were examined by ChIP analysis using
specific antibodies. The ChIP-qPCR primers used in this study are described in detail in the MATERIALS AND
METHODS section. Chr. Fifteen targets a transcriptionally silent region, and GAPDH represents an actively
transcribed locus. These results are the averages of 3 to 4 independent ChIP-qPCR assays, and the error bars
indicate standard deviations.

Figure 3. The H3 K27 acetylation-enriched CNS10 is a strong enhancer
element for the Pparg2 gene. (A) A schematic of the constructed firefly
luciferase reporter plasmid. The 0.6 kb Pparg2 promoter was amplified
and inserted upstream of the firefly luciferase gene in the pGL3 vector.
The 11 CNS were inserted individually at the 30-end of the luciferase
gene. (B) The firefly luciferase reporter vectors containing no CNS (nega-
tive control) or CNS1 - 11 were transfected into C3H 10T1/2 cells along
with a renilla luciferase vector (pRLTK) as an internal control. The activi-
ties of both the firefly and renilla luciferases were measured 48 hours
after transfection. These results are the averages of 3 to 6 independent
luciferase assays, and the error bars represent standard deviations.
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knock-down of p300 resulted in a
similar level of decrease in the
enhancer activity for CNS10 as in
mRNA and protein levels
(Fig. 5A and B). To confirm that
p300 was physically present at the
CNS10 region, we designed a pair
of ChIP-qPCR primers flanking
the p300 binding site in CNS10
and examined p300 binding using
ChIP. As shown in Figure 5C,
p300 binds specifically to CNS10
but not to the Chr. Fifteen silent
region or CNS1 in the Pparg2
gene. At the endogenous level,
Pparg2 gene activation during the
early stages of 10T1/2 adipogene-
sis was also significantly impaired
by p300-targeting siRNA treat-
ment. Compared with the scram-
bled siRNA-treated cells, Pparg2
gene expression was reduced to
30–40% in the p300 knock-down
cells on days 0, 1 and 2 of adipo-
genic induction (Fig. 5D). Based
on these results, we concluded
that p300 bound to CNS10
directly and was essential for its
enhancer activity and for Pparg2
gene activation.

The role of p300 in the
enhancer activity of CNS10 is
independent of PPARg2 and
RXRa

p300 binds to PPARg2
directly and functions as a co-acti-
vator of the PPARg2 regulation of
its target genes, including
Pparg2.10,11 To examine the involvement of PPARg2 in p300-
activated CNS10 enhancer activity, we overexpressed PPARg2
and its binding partner RXRa either individually or in combina-
tion to examine the effects of these regulators on the enhancer
activity of CNS10. As shown in Figure S4, in the absence of
CNS10 (Pparg2 promoter), PPARg2 and RXRa expressed
together promoted the expression of the luciferase gene. This
result can be explained by the presence of PPAR-Response Ele-
ments (PPRE) in the promoter sequence of Pparg2. When
CNS10 was included, the firefly luciferase activity was dramati-
cally increased (Pparg2 promoterCCNS10), which was consis-
tent with our previous observations (Figs. 3B, 4 and 5B).
Additionally, the simultaneous overexpression of PPARg2 and
RXRa only modestly promoted firefly luciferase gene expression,
which mainly reflected their effects on promoters. A similar
observation was made when CNS10A was included (Pparg2 pro-
moterCCNS10A). Upon the deletion of the p300 binding site

from both CNS10 and CNS10A, the level of firefly luciferase
gene activation was similar to when only the Pparg2 promoter
was present in the firefly luciferase reporter vector. Thus, we con-
cluded that the effects of PPARg2 and RXRa overexpression on
reporter gene activation were exerted through Pparg2 promoter
binding and not through CNS10 or p300 binding.

Discussion

PPARg2, the master regulator of adipogenesis, has been the
target of extensive studies over the last 2 decades. Given its piv-
otal role in regulating mammalian adipose tissue development
and function, the discovery of novel mechanisms of Pparg2 gene
regulation may contribute substantially to the understanding of
human obesity and related metabolic disorders. In this study, we
identified a potent novel enhancer element for Pparg2 gene

Figure 4. The enhancer activity of CNS10 is dependent upon a p300 binding site within its sequence. (A) The
275 bp inserted CNS10 fragment contains the 206 bp highly conserved CNS10 sequence (Table 1) and its
flanking sequences that are required for PCR amplification. To narrow down the range for the transcription
factor binding site search, the 275 bp CNS10 fragment was divided into 4 sub-regions (CNS10A - 10D) and
inserted downstream of the firefly luciferase gene. The firefly luciferase reporter vectors containing no CNS,
CNS10 or CNS10A - 10D were transfected into 10T1/2 cells along with a renilla luciferase vector (pRLTK) as an
internal control. The activities of both the firefly and renilla luciferases were measured 48 hours after trans-
fection. (B) The DNA sequence of the 275 bp inserted CNS10 fragment. The sequences of the CNS10 sub-
regions are colored in red (CNS10A), blue (CNS10B), magenta (CNS10C) and green (CNS10D). The 206 bp
highly conserved CNS10 sequence is underlined. The binding sites of C/EBPb, glucocorticoid receptor (GR)
and p300 are highlighted in bold and italic letters and indicated in the figure. (C) To test the effects of
C/EBPb, GR and p300 binding on CNS10 enhancer activity, their binding sites were deleted from the CNS10
and 10A sequences. The firefly luciferase reporter vectors containing CNS10 and 10A with or without the
indicated transcription factor binding site deletions were transfected into 10T1/2 cells along with a renilla
luciferase vector (pRLTK) as an internal control. The activities of both the firefly and renilla luciferases were
measured 48 hours after transfection. These results are the averages of 3 to 6 independent luciferase assays,
and the error bars indicate standard deviations.
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expression and subsequently demonstrated that p300 binding is
essential for its activity. Our results elucidate a novel mechanism
by which p300 promotes Pparg2 gene expression through
enhancer interaction.

Transcriptional enhancers play predominant roles in control-
ling tissue-specific gene expression patterns.29 Before the imple-
mentation of the epigenomic mapping of enhancers, sequence
conservation analysis was widely used to identify these functional
cis-elements.14-21 Because genes are expressed in a cell-type-
selective manner even when the DNA sequences are the same,
sequence conservation is not likely to be the primary determi-
nant for enhancer activity in all cell types.21 Therefore, sequence
conservation analysis must be complemented by additional
measures to accurately predict the cell-type-specific enhancers.
Based on this consideration, several epigenomic methodologies
have been recently developed for enhancer mapping in the

mammalian system. These map-
ping methodologies are based on
open chromatin,30 transcription
factor binding,31,32 co-activator
binding 24,33 or histone modifica-
tion enrichment.22-25 In particu-
lar, both histone H3 K27
acetylation and the major acety-
lase p30034 are epigenetic signa-
tures of transcriptional enhancers
that fall into the categories of his-
tone modification enrichment
and co-activator binding, respec-
tively. In our study, we identified
11 highly conserved non-coding
sequences (Fig. 1 and Table 1)
using the VISTA algorithm,27

and only CNS10 was enriched
with the enhancer marker H3
K27 acetylation (Fig. 2B). Subse-
quently, CNS10 was shown to be
the only enhancer element for the
Pparg2 promoter (Fig. 3), which
argues for the accuracy of our
combined techniques of sequence
conservation analysis and chro-
matin marker examination.
Although the other CNS regions
were not identified as enhancer
elements for Pparg2 in the adipo-
cyte lineage, it is formally possi-
ble that they are involved in gene
regulation in other lineages.
Indeed, when searched against
the enhancer lists from the
ENCODE project and a recent
report,35 many of the CNS
regions were identified as poten-
tial enhancers in various lineages
(Table S5).

Histone H3 K27 is mainly acetylated by CBP and p300,34

which suggests that these 2 KATs may bind to CNS10 in pre-adi-
pocytes. Interestingly, our sequence analysis and mutagenesis
experiments revealed that the binding site for p300 is absolutely
required for CNS10 activity (Fig. 4). Moreover, p300 binding is
evident on CNS10, which is consistent with the role of enhancer
binding for this co-activator. p300 is essential for adipogenesis.11

The adipogenic effect of p300 was thought to be exerted by direct
interaction with PPARg2 and the activation of its downstream
targets.10 Here, we provided a novel mechanism by which p300
binds to the transcriptional enhancer of the Pparg2 gene and pro-
motes its expression. This function of p300 is apparently inde-
pendent of PPARg2 (Fig. S4).

CNS10 is located 58 kb downstream of the transcription start
site of the Pparg2 gene (Table 1). Although it is evident that
p300 is involved in CNS10 function, the detailed mechanism by

Figure 5. p300 is required for the enhancer activity of CNS10 and directly binds to CNS10. (A) Scrambled
siRNA or p300-targeting siRNA were transfected into C3H 10T1/2 cells, and the cells were collected after 2 d
to examine p300 mRNA and protein levels by RT-qPCR and western blot, respectively. The mRNA levels of
p300 were normalized to the riboprotein gene 36B4. Calnexin was used as a loading control in the protein
gel blot analysis. (B) The firefly luciferase reporter vector containing CNS10 was transfected into C3H 10T1/2
cells treated with scrambled siRNA or p300-targeting siRNA. Luciferase activities were measured 48 hours
after transfection. (C) p300 binding at the Chr. Fifteen silent region, CNS1 and CNS10 in the Pparg2 gene
were examined by ChIP using a p300 specific antibody. Rabbit IgG was included in the ChIP assay as a nega-
tive control. (D) C3H 10T1/2 cells treated with scrambled siRNA or p300-targeting siRNA were subjected to
adipogenic induction for 2 d Pparg2 gene expression at the early stage of adipogenesis was examined by RT-
qPCR and then normalized to 36B4. These results are the averages of 3 to 5 independent experiments, and
the error bars indicate standard deviations.
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which CNS10 activates the Pparg2 promoter remains elusive.
One intriguing possibility is that CNS10 physically interacts
with the Pparg2 promoter through a long-range interaction36

and brings CNS10 binding factors to the promoter to activate
Pparg2 transcription. Further investigation could shed light on
the mechanism of CNS10 enhancer function and contribute to
the understanding of Pparg2 gene regulation.

Materials and Methods

Cell culture, differentiation and treatment
The mouse pre-adipocyte cell line 3T3-L1 and the mesenchy-

mal stem cell line C3H 10T1/2 were purchased from the ATCC.
Both 3T3-L1 and 10T1/2 cells were cultured in DMEM con-
taining 10% fetal bovine serum (FBS). The adipogenic induction
of 10T1/2 cells was performed by treating the cells with 1 mM
DEX, 0.5 mM IBMX, 10 mg/ml insulin and 1 mM rosiglitazone
(Rosi) for 2 d. Knock-down of p300 was carried out in 10T1/2
cells using siGENOME SMARTpool siRNA targeting mouse
EP300 (328572) (Thermo Scientific).

Bioinformatic analysis
Sequence conservation analysis of the mouse adipogenic regu-

latory gene Pparg2 was conducted using the VISTA (visualization
tool for alignment, http://genome.lbl.gov/vista/index.shtml)
algorithm.27,37 Murine Pparg2 genomic sequences starting 2 kb
upstream of the transcription start site (TSS) were compared
with human, dog, ox and rat sequences.

To search for transcription factor binding sites within the
inserted CNS10 sequence, the online sequence analysis tools
Transcription Element Search System (TESS, http://www.cbil.
upenn.edu/cgi-bin/tess/tess?RQ D WELCOME) and Searching
Transcription Factor Binding Sites (TFSEARCH, http://www.
cbrc.jp/research/db/TFSEARCH.html) were used.

Chromatin immunoprecipitation (ChIP)
The ChIP assay was performed using confluent 3T3-L1 or

10T1/2 cells as previously described.38 Briefly, cells were cross-
linked with 1% formaldehyde for 10 minutes at 37�C. Then,
crude nuclei were purified as previously described.39 Subse-
quently, the crude nuclei were sonicated using a Bioruptor
UCD-300 (Diagenode) to obtain chromatin fragments of
approximately 500 bp in length. For each ChIP assay, 2–5 mg of
antibodies were added and incubated overnight at 4�C. ChIP
and input DNA were quantified by real-time PCR analysis using
SYBR green and a 7900HT Fast Real-Time PCR System
(Applied Biosystems). The antibodies used in the ChIP assay
were as follows: histone H3 K4 mono-methylation (Abcam,
ab8895); H3 K27 acetylation (Abcam, ab4729); H3 K4 di-meth-
ylation (Upstate, 07–030); H3 K4 tri-methylation (Upstate, 07–
473); H3 K9/K14 acetylation (Upstate, 06–599); H4 K12 acety-
lation (Upstate, 07–595); H3 K9 tri-methylation (Abcam,
ab8898); H3 K27 tri-methylation (Upstate, 07–449); H4 K20
mono-methylation (Abcam, ab9051); histone H3 (Abcam,
ab1791) and p300 (Santa Cruz, sc-585). Rabbit IgG (Sigma, I-

5006) was included as a negative control. ChIP-qPCR primers
were designed to target the 11 CNS regions with melting temper-
atures (Tms) near 60

�C. Primers Chr. Fifteen and GAPDH were
described previously.40 The primer sequences for ChIP-qPCR
are listed in Table S1.

Plasmid construction
Using genomic DNA isolated from 10T1/2 cells as a tem-

plate, the 0.6 kb murine Pparg2 promoter sequence28 was ampli-
fied using primers Pparg2 P-F/P-R and inserted upstream of the
firefly luciferase gene in pKR0140 between the KpnI and BglII
sites to yield plasmid pKR11. Eleven highly conserved Pparg2
CNS sequences were obtained through VISTA sequence conser-
vation analysis (Table 1) and amplified using the corresponding
forward and reverse primers (Table S2). Subsequently, these
CNS sequences were inserted downstream of the luciferase gene
between the AatII and SalI sites in pKR11 to yield plasmids
pKR12 to pKR22 (Table S3).

To obtain the fragmented regions of CNS10, the following
pairs of primers (as described in Table S2) were used to PCR
amplify the desired sequences: CNS10-F and CNS10A-R
(CNS10A, 1–69 bp); CNS10B-F and CNS10B-R (CNS10B,
70–138 bp); CNS10C-F and CNS10C-R (CNS10C, 139–
206 bp); CNS10D-F and CNS10-R (CNS10D, 207–275 bp).
All PCRs were performed using KAPA HiFi DNA Polymerase
(Kapa Biosystems).

Plasmids containing CNS10 or CNS10A with deleted GR
binding site TGTTGT (pKR40 and pKR43), C/EBPb binding
site CTGAGCAA (pKR41 and pKR44) or p300 binding site
CACTCC41 (pKR42 and pKR45 (CAC deletion in CNS10A))
were constructed using QuikChange Site-Directed Mutagenesis
Kit (Stratagene) and respective primers as listed in Table S2.

Luciferase assay
10T1/2 cells were seeded onto 24-well plates in DMEM con-

taining 10% FBS. When the cells were 80–90% confluent, they
were transfected with 1 mg Firefly luciferase plasmid (pKR11 or
its derivative) and 200 ng renilla luciferase plasmid (pRL-TK)
using Lipofectamine 2000 transfection reagent (Invitrogen). Cul-
ture media was changed to fresh complete media (DMEM con-
taining 10% FBS and 1% penicillin-streptomycin) at 6 hours
and 24 hours after transfection. Two days after transfection, the
cells were subjected to a luciferase activity assay using the Dual-
Luciferase Reporter 1000 Assay System (Promega) following the
manufacturer’s protocol.

For the p300-knock-down experiment, cells were transfected
2 d prior to the luciferase assay with either the targeting or scram-
bled siRNA using DharmaFECT 3 transfection reagent (Thermo
Scientific) according to the manufacturer’s instructions.

For the PPARg2 and RXRa overexpression experiment, cells
were transfected with the plasmid overexpressing PPARg2
(Addgene #8895,42) or RXRa (Addgene #8882,6) either individ-
ually or in combination with the Lipofectamine 2000 transfec-
tion reagent (Invitrogen) together with the luciferase plasmids.
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RNA extraction and RT-qPCR
Total RNA was extracted from either scrambled or targeting

siRNA-treated cells at the indicated time points using TRIzol
reagent (Invitrogen). The RNA (1 mg) was then treated with
Amplification Grade DNase I (Invitrogen) to remove DNA con-
tamination and reverse transcribed with random 9-mer and M-
MLV Reverse Transcriptase (Invitrogen). The expression levels
of the p300 and Pparg2 genes were determined by real-time
quantitative PCR analysis using SYBR green and a 7900HT Fast
Real-Time PCR System (Applied Biosystems). The primer
sequences for RT-qPCR are listed in Table S4. All gene expres-
sion data in this study were normalized to the riboprotein gene
36B4.43

Western blot analysis
Whole cell lysates were prepared from 10T1/2 cells trans-

fected with scrambled or p300 targeting siRNAs and quantitated
using the NanoDrop 1000 Spectrophotometer (Thermo Scien-
tific). An equal amount of whole cell lysates was resolved by 10%

SDS-PAGE, transferred onto PVDF membranes and probed
with antibodies recognizing p300 (Santa Cruz, sc-585) and cal-
nexin (Santa Cruz, sc-11397).
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