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their
modifying enzymes are fundamen-

istone modifications and
tally involved in the epigenetic regula-
tion of adipogenesis. This study aimed to
define the roles of various histone modi-
fications and their “division of labor” in
fat cell differentiation. To achieve these
goals, we examined the distribution pat-
terns of eight core histone modifications
at five key adipogenic regulatory genes,
Pref1, C/EBPB, C/EBPa, PPARY2 and
aP2, during the adipogenesis of C3H
10T1/2 mouse mesenchymal stem cells
(MSCs) and 3T3-L1 preadipocytes. We
found that the examined histone modi-
fications are globally stable through-
out adipogenesis but show distinct and
highly dynamic distribution patterns at
specific genes. For example, the Pref-]
gene has lower levels of active chroma-
tin markers and significantly higher H3
K27 tri-methylation in MSCs compared
with committed preadipocytes; the
C/EBPB gene is enriched in active
chromatin markers at its 3-UTR; the
C/EBPo. gene is predominantly marked
by H3 K27 tri-methylation in adipogenic
precursor cells, and this repressive marker
decreases dramatically upon induc-
tion; the PPARY2 and aP2 genes show
increased histone acetylation on both
H3 and H4 tails during adipogenesis.
Further functional studies revealed that
the decreased level of H3 K27 tri-meth-
ylation leads to de-repression of Pref-1
gene, while the increased level of histone
acetylation activates the transcription
of PPARY2 and aP2 genes. Moreover,
the active histone modification-marked
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3-UTR of C/EBPP gene was demon-
strated as a strong enhancer element by
luciferase assay. Our results indicate that
histone modifications are gene-specific at
adipogenic regulator genes, and they play
distinct roles in regulating the transcrip-
tional network during adipogenesis.

Introduction

Mammalian cells store genetic informa-
tion within chromatin and control gene
expression by modulating chromatin
structure. Chromatin is mainly composed
of double-stranded DNA wrapped around
core histones, which are targets of various
posttranslational modifications, including
acetylation, methylation and phosphory-
lation.! These histone modifications are
fundamentally involved in gene regula-
tion by either directly modulating chro-
matin structure*® or providing binding
platforms for activators or repressors of
gene transcription.*> Among the different
forms of histone modification, acetylation
is generally associated with active gene
transcription,®® while the role of methyla-
tion depends specifically on the site”® and
degree of methylation (i.e., mono-, di- or
tri-methylation).>'® For instance, mono-
methylation of histone H3 lysine (K) 4 has
been shown to mark enhancer elements in
the human genome, and tri-methylation
is mainly found at active promoters." In
contrast, H3 K9 and K27 tri-methylation
have been defined as repressive mark-
ers. K9 tri-methylation recruits hetero-
(HP1)

to establish heterochromatic regions,’

chromatin-associated  protein-1
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while K27 tri-methylation is involved in
PcG-mediated gene silencing.!? Although
each individual histone modification has
its own function, different modifications
also work in combination to fine-tune
gene expression. It has been proposed that
in human embryonic stem (ES) cells, an
active marker (H3 K4 tri-methylation) and
a repressive marker (H3 K27 tri-methyla-
tion) define a bivalent chromatin domain
that silences key developmental genes
while keeping them poised for activation
upon differentiation.” Corresponding to
the large number of histone modifications,
there are numerous histone-modifying
enzymes with distinct histone substrate
preferences and biological functions."
For example, acetylation of the histone
H3 N-terminal tail is mainly catalyzed by
the lysine acetyltransferase (KAT) Gen5/
PCAF (KAT2A/2B) as well as p300/CBP
(KAT3A/3B), and the H4 tail is predomi-
nantly acetylated by the MYST family of
KATs.® The opposing activity, removal
of histone acetylation, is performed by
histone deacetylase (HDAC) 1-11 and
sirtuin 1-7 in mammals. In contrast to
the KATs, which usually target multiple
sites, lysine methyltransferases (KMT)
have restricted substrate preferences. The
MLL family of KMTs methylates histone
H3 K4, and Ezh2 is responsible for adding
methyl groups to H3 K27. Histone meth-
ylation was once thought to be irreversible,
but since the discovery of the first lysine
demethylase (KDM), LSD1 (KDM1),'¢ a
large group of JmjC domain-containing
KDMs have been identified.”” As a major
mechanism of epigenetic gene regulation,
histone modifications have been exten-
sively studied in the last decade, and roles
have been identified for these modifica-
tions in diverse cellular processes, includ-
ing mitosis, programmed cell death and
differentiation. One such process of spe-
cial interest to our group is adipogenesis
(fat cell differentiation), which is directly
linked to human obesity and related dis-
eases such as diabetes.

Adipogenesis is a complex physiologi-
cal process that requires the concerted
regulation of gene expression by various
adipogenic factors. Among these factors,
PPAR-y and C/EBPa play central roles by
controlling a large number of downstream
adipogenic genes during the differentiation
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process.'® Of these, PPAR-vy, a member of
the hormone nuclear receptor super-fam-
ily, is the only factor that is both necessary
and sufficient to promote adipogenesis.”*’
Mature adipocytes are differentiated
from preadipocytes, which are originally
derived from multipotent mesenchymal
stem cells (MSCs). When given the appro-
priate environmental cues, MSCs give rise
to multiple lineages, and Wnt signaling
plays a negative role in adipocyte lineage
commitment.”’ Another repressor of adi-
pogenesis is preadipocyte factor-1 (Pref-1,
also called DIkl), an epidermal growth
factor-repeat containing transmembrane
protein that is specifically expressed in
preadipocytes but not in mature fat cells.”
Pref-1 represses adipogenesis by upregulat-
ing Sox9 expression, which subsequently
suppresses the expression of the early
adipogenic genes C/EBPB and C/EBP3.»
The expression of C/EBPB and C/EBPS
is quickly induced after treatment with
dexamethasone (DEX) and 3-isobutyl-
I-methylxanthine (IBMX), with their
gene products subsequently cooperating
to activate the expression of PPAR-y2 and
C/EBPa, which establishes terminal adi-
pogenesis.”*? The induced expression of
C/EBPB and C/EBPS precedes PPAR-y2
and C/EBPo expression by 1-2 d, sug-
gesting that additional steps are required
to fully activate PPAR-y2 and C/EBPa
transcription. One explanation for this lag
is that binding of C/EBP to the C/EBPa
promoter requires changes in chromatin
structure that occur during clonal expan-
sion and terminal differentiation.?® After
induction, PPAR-y and C/EBPa form a
positive feedback loop, each facilitating
the expression of the other. This feedback
loop leads to the activation of the entire
adipogenic program and the expression of
a wide range of factors required for mature
adipocyte function. The adipose-specific
fatty acid binding protein aP2/FABP4
is one such factor and plays an essential
role in cellular fatty acid binding and
transportation.

Histone modifications and their cor-
responding enzymes are clearly involved
in both the determination and the dif
ferentiation processes of adipogenesis. For
instance, histone H3 K4 di-methylation
has been shown to be a marker of tran-
scriptional competence for the adiponectin

Cell Cycle

EXTRAVIEW

gene in preadipocytes.”’ Recently, the
same group showed that the histone H3
K4/K9 demethylase LSD1 promotes
adipogenesis by modulating H3 K4/K9
methylation at the C/EBPo promoter.”
In addition, certain histone methylases
promote adipogenesis, MLL3 through H3
K4 tri-methylation®” and PR-Set7/Set8
through H4 K20 mono-methylation.®® A
recent report further showed that Ezh2
represses Wnt signaling through H3 K27
tri-methylation to facilitate adipogenesis.”
Moreover, the histone H3 K9 demethyl-
ase Jhdm2a was previously shown to have
a role in obesity resistance.” In addition
to directly binding adipogenic regulator
genes, histone-modifying enzymes also
modulate adipogenesis by interacting with
adipogenic regulators. One example is the
representative member of the mammalian
sirtuin family, SIRT1, which attenuates
adipogenesis by binding to the master
regulator PPAR-y and repressing its tar-
get genes upon food limitation.”® On the
other hand, the KATs p300/CBP** and
Tip60> promote adipogenic gene acti-
vation through direct interaction with
PPAR-vy, enhancing its transcriptional
activity.”

To further elucidate the essential role
of histone modification in the epigenetic
regulation of adipogenesis, we systemati-
cally examined the distribution patterns
of eight histone modifications using chro-
matin immunoprecipitation (ChIP) at five
key adipogenic regulatory genes, Prefl,
C/EBPB, C/EBPa, PPARY2 and aP2,
during the adipogenesis of C3H 10T1/2
mouse MSCs and 3T3-L1 preadipocytes.
These genes were chosen because of their
significant roles in adipogenesis and also
because they represent examples of repressed
(Pref-1), early activated (C/EBPB) and mid-
dle-late-induced adipogenic regulator genes
(C/EBPa, PPARY2 and aP2). The histone
modifications examined include H3 K4
mono-, di- and tri-methylation, H3 K9
tri-methylation, H3 K27 tri-methylation,
H4 K20 mono-methylation, H3 K9/K14
acetylation and H4 K12 acetylation. Here,
we show that the patterns of these histone
modifications are distinct at different
genes and highly dynamic during adipo-
genesis. Modulating these gene-specific
histone modifications has a direct impact
on corresponding gene transcription.
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By analyzing these histone modification
patterns, a strong enhancer element was
identified for C/EBPB gene. Our results
demonstrate that histone modifications
and modifying enzymes have a highly spe-
cific “division of labor” in regulating vari-
ous adipogenic regulatory genes during fat
cell differentiation.

Results

Expression levels of key adipogenic regu-
latory genes except for Pref-I are largely
identical in 3T3-L1 and 10T1/2 cells.
The 3T3-L1 and 10T1/2 murine cell
lines have been well-established as in vitro
models of adipogenesis. Using RT-qPCR,
we examined the gene expression profiles
of several key adipogenic regulatory genes,
Pref-1, C/EBPB, C/EBPa, PPARy2 and
aP2, in both cell lines at different stages
of adipogenesis. Consistent with previ-
ous reports, the patterns of gene expres-
sion for C/EBPB, C/EBPa, PPARY2 and
aP2 in both cell lines are almost identi-
cal (Fig. SIB-E). For Pref1, the mRNA
level is significantly higher in 3T3-LI
preadipocytes compared with 10T1/2
MSCs at the beginning of adipogen-
esis (Fig. S1A).*® Pref-] expression then
decreases more than 90% in the 48 h fol-
lowing induction. Interestingly, although
the starting levels of Prefl transcrip-
tion differ between 3T3-L1 and 10T1/2
cells, their decreasing trends are similar
(Fig. S2). C/EBPP expression quickly fol-
lows adipogenic signals, reaching its peak
several hours after induction. After a lag
of about 2 d, the C/EBPx, PPARY2 and
aP2 genes are activated to fully establish
terminal adipogenesis.

Global levels of histone modifications
remain stable during adipogenesis. Given
that histone modifications are fundamen-
tally involved in adipogenesis, we first
examined the state of eight core histone
modifications at the global level using
western blotting (Fig. 1). Core histones
were isolated from 3T3-L1 and 10T1/2
cells at different time points during adi-
pogenesis, and specific antibodies against
histone H3 K4 mono-, di- and tri-meth-
ylation, H3 K9/K14 acetylation, H4 K12
acetylation, H3 K9 tri-methylation, H3
K27 tri-methylation and H4 K20 mono-
methylation were used to evaluate the
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Figure 1. Global levels of histone modifications remain stable during adipogenesis. Global levels
of histone modifications were determined by western blotting in both 3T3-L1 and 10T1/2 cells.
Histone samples were collected at the indicated time points during adipogenesis. Samples from
NIH 3T3 cells were used as an internal control for comparisons between the 3T3-L1 and 10T1/2
samples. The examined histone methylations were H3 K4 Mel, Me2 and Me3; K9 Me3; K27 Me3
and H4 K20 Mel. The examined histone acetylations were H3 K9/K14 Ac and H4 K12 Ac. Histone H3
western blots and Coomassie blue-stained gels demonstrated equal loading.

bulk levels of the corresponding histone
modifications. To compare the histone
modification states of 3T3-L1 and 10T1/2
cells, we also purified core histones from
NIH 3T3 cells and used this sample as an
internal control. As shown in Figure 1,
most of the examined histone modifica-
tions are stable at bulk levels during adipo-
genesis in both cell lines. The chromatin
modification states at these sites are com-
parable between 3T3-L1 and 10T1/2 cells
when normalized to the NIH 3T3 results.
We observed a modest increase in H4 K20
mono-methylation from day 0 to day 2 of
differentiation in 3T3-L1 cells, but this
pattern was not observed in 10T1/2 cells.
Coomassie blue-stained gels and histone
H3 western blotting were used to show
equal loading in this assay. These results
demonstrate that the examined histone
modifications are not affected at the global
level by adipogenic differentiation.
General histone loss occurs in the
clonal expansion stage of adipogen-
esis. Histones have been demonstrated
to be gene regulators,”” and active gene
transcription is usually accompanied by
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histone loss at the promoter region.’®’ We
examined the distribution pattern of his-
tone H3 at specific adipogenic regulatory
genes, Pref-1, C/EBPB, C/EBPo, PPARY2
and 2P2, using ChIP assays. For each gene,
we selected four regions to examine. They
are regions 2 kb and 1 kb upstream of TSS
as well as promoter and exon. For C/EBPa
and C/EBP genes, we also examined their
conserved 3-UTRs identified through
sequence conservation analysis (Fig. S3).
In addition, we included representative
silent (Chr. 15) and active (GAPDH)
chromatin regions as controls in the
ChIP-qPCR  experiments (Experimental
Procedures). To our surprise, we did not
observe significant histone loss during the
activation of adipogenic genes. Instead, we
found a general loss of histones at all of the
examined regions at the hour 6 and day 1
time points (Figs. S4B and 5B). This time
frame coincides with the clonal expansion
stage of adipogenesis. Adipogenic pre-
cursor cells must go through the clonal
expansion stage after contact growth inhi-
bition to fully establish terminal adipo-
genesis. Usually this stage starts on day 0
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and ends on day 2 after induction. During
this stage, cells reenter the cell cycle from
growth arrest and undergo 2-3 rounds of
mitosis. We interpret the general histone
loss at hour 6 and day 1 as the result of
cell cycle-related fluctuation in histone
levels in the chromatin fraction. We also
found that the GAPDH promoter has less
histone H3 occupancy than the silent
region on Chr.15, which correlates nega-
tively with gene activity. Negative control
experiments were performed in parallel
using rabbit IgG, and we observed base-
line signals for all of the examined regions
in these assays (Fig. S4A and S5A).
Patterns of histone H3 K4 meth-
ylation at adipogenic regulatory genes.
Histone H3 K4 can be mono-, di- or tri-
methylated, and each form of methyla-
tion has specific biological functions. To
explore the roles of H3 K4 methylation in
adipogenesis, we examined distribution
patterns for the three types of methylation
using ChIP assays. We found that the C/
EBPB exon and 3-UTR lack significant
amounts of K4 mono-methylation and,
interestingly, are highly enriched for K4
tri-methylation (Fig. 2A and C; Fig. S6A
and C). As the three forms of methylation
are mutually exclusive at the same site, the
basal level of K4 mono-methylation may
allow the tri-methylated form to build
up at specific genomic loci to facilitate
gene activation. We also detected increas-
ing levels of K4 tri-methylation at all of
the induced adipogenic genes (Fig. 2C;
Fig. S6C), which positively correlate with
gene activity. The most obvious increas-
ing trend was observed at the «P2 gene
in 10T1/2 cells (Fig. S6C). The patterns
of K4 methylation in 10T1/2 cells largely
resemble the patterns in 3T3-L1 cells,
except at the Pref-1 gene, where the levels
of all three forms of methylation are lower
in 10T1/2 cells (-50% of 3T3-L1 signal).
This difference in methylation coincides
with the difference in gene expression.
In control experiments, we found that all
three forms of K4 methylation are much
more abundant at the GAPDH promoter
compared with the Chr.15 region (Fig.
2; Fig. $6). The most significant differ-
ence occurs with K4 di-methylation, for
which the relative enrichment at GAPDH
is nearly 10-fold that of Chr.15 (Fig.
2B; Fig. S6B). We conclude that H3
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K4 tri-methylation positively correlates
with gene activation and that it marks
the C/EBPB exon and 3-UTR during
adipogenesis.

Distinct patterns of histone acetyla-
tion on H3 and H4 tails. Histone H3
and H4 tails are heavily acetylated at
multiple sites. These acetylation sites are
generally linked to gene activation, and
their functions were assumed to be largely
redundant. In this study, we aimed to dis-
tinguish the roles of these two histone tails
in adipogenesis, and we selected H3 K9/
K14 acetylation and H4 K12 acetylation to
represent H3 and H4 acetylation, respec-
tively. We used ChIP assays to examine
the acetylation of H3 and H4 at the five
adipogenic regulatory genes during differ-
entiation. To our surprise, we found that
the distribution patterns of H3 and H4
acetylation are distinct, suggesting that
these two histone tails play different roles
in regulating adipogenic gene expression.
Like H3 K4 tri-methylation, H3 K9/K14
acetylation showed the highest enrich-
ment at the C/EBPB exon and 3-UTR
(Fig. 3A; Fig. S7A), but this pattern was
not observed for H4 K12 acetylation
(Fig. 3B; Fig. S7B). Histone acetylation
is well-established as a marker of active
gene transcription, and we confirmed this
relationship by showing that both H3 and
H4 acetylation correlate positively with
the induction of adipogenic genes (Fig. 3;
Figs. S1 and S7). Among all of the exam-
ined genes, the increase in histone acetyla-
tion levels is most evident at the 22 gene
(Fig. 3; Fig. S7). The patterns of both H3
K9/K14 acetylation and H4 K12 acetyla-
tion in 10T1/2 cells are similar to the pat-
terns in 3T3-L1 cells, except for the Pref-1
gene, where both the H3 and the H4
acetylation levels were about half of that
in 3T3-L1 cells. At the control regions, we
observed 4-5-fold higher levels of both H3
and H4 acetylation at the active GAPDH
promoter compared with the silent Chr.15
region (Fig. 3; Fig. S7).

Dynamic pattern of the histone-
repressive marker H3 K27 tri-methyla-
tion during adipogenesis. Depending on
the site and degree, histone methylation
can lead to gene activation or repression.
Tri-methylated histone H3 K9 and tri-
methylated H3 K27 are well-character-
ized as repressive markers, although they
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exert their functions through different
mechanisms. We examined the distribu-
tion patterns of these two modifications
using ChIP analysis during adipogenesis.
In 3T3-L1 cells, we found that both K9
and K27 tri-methylation mark the C/
EBPa gene (Fig. 4A and B), but K9 tri-
methylation is enriched at the exon and
3'-UTR and is relatively stable during C/
EBPa gene activation. In contrast, K27
tri-methylation marks the entire C/EBPa
gene before induction and decreases dra-
matically as the gene is activated during
adipogenesis (Fig. 4B; Fig. S1). In 10T1/2
cells, the pattern of K9 tri-methylation is
almost identical to that of 3T3-L1 cells
(Fig. S8A), but we observed a signifi-
cant difference for K27 tri-methylation
at the Pref-1 gene (compare Fig. 4B and
C). At the Pref-] gene, the level of K27
tri-methylation is 5-10-fold higher in
10T1/2 cells than in 3T3-L1 cells, and its
dynamic change negatively correlates with
gene activity (Fig. 4C; Fig. S2B). At the
C/EBPo gene, K27 tri-methylation shows
the same decreasing pattern in 10T1/2
cells as in 3T3-L1 cells. Consistent with
their roles as repressive markers, H3 K9
and K27 tri-methylation are enriched at
the silent region in Chr.15 but not at the
active GAPDH gene (Fig. 4; Fig. S8A).
Histone H4 K20 mono-methylation
marks the C/EBPB gene. Histone H4
K20 mono-methylation was recently
shown to be involved in regulating adi-
pogenesis.”® We determined its occupancy
at the adipogenic regulatory genes using
ChIP assays. We found that H4 K20
mono-methylation selectively marks the
C/EBP exon and 3'-UTR, similar to H3
K4 tri-methylation and K9/K14 acety-
lation (Fig. 5; Fig. S8B). Regarding the
control regions, the active GAPDH pro-
moter has higher levels of this modifica-
tion when compared with the silent region
on Chr.15 (Fig. 5; Fig. S8B).
Modulating specific histone modifica-
tions has a direct impact on the transcrip-
tional activity of adipogenesis regulatory
genes. After obtaining the distribution
patterns of various histone modifications
at Pref-1, C/EBPB, C/EBPo, PPARY2 and
aP2 genes, we next asked whether these
patterns can guide us to identify the spe-
cific epigenetic mechanism that controls
the expression of individual adipogenesis
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Figure 2. For figure legend, see page 4315.

regulatory gene. Given that the expres-
sion of most adipogenic genes are inter-
connected and dependent on the progress
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of adipogenesis, we chose to examine the
direct impact of histone modification
change on the respective gene activity in
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preadipocytes, where the adipogenic pro-
gram hasn’t been established, to avoid the
complexity of indirect effects.
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indicate standard deviations.

Figure 2 (See opposite page). Histone H3 K4 methylation states at the genomic loci of key adipogenic regulators during 3T3-L1 adipogenesis. Levels
of histone H3 K4 (A) mono-methylation, (B) di-methylation and (C) tri-methylation at the genomic loci of the key adipogenic regulators Pref-1, C/EBP,
C/EBPq, PPARY2 and aP2 during the adipogenesis of 3T3-L1 cells were examined by ChIP analysis using specific antibodies. The ChIP-qPCR primers
used in this study were as follows: Chr. 15, which targets a silent region on mouse chromosome 15 containing no known gene within 500 kb; GAPDH,
which targets the promoter region of the actively transcribed GAPDH gene and -2 kb and -1 kb primers, which target regions 2 kb and 1 kb upstream
of the TSS, respectively. Promoter primers target regions within 500 bp upstream of the TSS. UTR primers were designed to target large conserved
3'-UTRs in the C/EBPa and C/EBPB gene sequences. Details of these primers are given in the Experimental Procedures section. ChIP samples were
collected at the indicated time points during adipogenesis. These results are the averages of three independent ChIP-gPCR assays, and the error bars

At the Pref-] gene, we had observed a
predominant enrichment of H3 K27 tri-
methylation in 10T1/2 MSCs compared
with the committed 3T3-L1 preadipo-
cytes (compare Fig. 4B and C). This is
anti-correlated with the gene expression
profile of Pref1 (Fig. S1A), suggesting
that this repressive marker is involved in
silencing the Pref1 gene in 10T1/2 cells.
To test this hypothesis, we knocked down
the K27 methylase Ezh2 in 10T1/2 cells
using siRNA. As shown in Figure 6A,
EZH2 mRNA was reduced to about 50%
of the amount in control cells. Using
ChIP assay, we found that the level of K27
tri-methylation at the Prefl promoter
decreased 40—60% after EZH2 siRNA
treatment (Fig. 6B). And this is accom-
panied by a 2-fold increase of PrefI gene
expression (Fig. 6C).

At the PPARY2 and aP2 genes, we
had found that both histone H3 and H4
acetylation positively correlate with gene
expression during adipogenesis (Fig. 3;
Figs. S1 and 7). To directly test whether
the increase of histone acetylation affects
the expression of these genes, we inhibited
the HDACs by nicotinamide plus TSA
treatment in 10T1/2 cells. The treatment
lead to general increases (-2-fold) of both
H3 K9/14 and H4 K12 acetylation at
the promoter of PPARY2 and aP2 genes
(Fig. 7A and B), as determined by ChIP
assay. In parallel, we detected elevated
expression of PPARY2 and aP2 genes by
RT-PCR (Fig. 7C and D).

The active chromatin  marker
enriched 3-UTR of C/EBPB gene is a
strong enhancer element. The intriguing
co-occurrence of three active chromatin
markers (Figs. 2C, 3A and 5) at 3-UTR of
C/EBPB gene promoted us to ask whether
this DNA element plays a role in regu-
lating C/EBPP transcription. We used a
dual luciferase reporter assay (Promega)
to address this question (Experimental

Procedures). We first inserted the C/
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EBP promoter upstream of firefly lucifer-
ase gene (Fig. 8A), then examined the pro-
moter activity in the presence or absence
of the 3-UTR sequence. As shown in
Figure 8B, the conserved 3'-UTR signifi-
cantly enhanced the C/EBPP promoter
activity by more than 6-folds, suggesting
its essential role in the fast induction of
C/EBPB gene during the early stages of
adipogenesis.

Discussion

Adipogenesis is regulated by a cascade
of transcriptional events that require the
concerted actions of various adipogenic
factors. These factors include many his-
suggesting
that epigenetic mechanisms play essen-

tone-modifying enzymes,'®
tial roles in modulating adipogenesis.
Through our systematic study of eight
core histone modifications, we found that
these modifications are stable at global
levels but highly dynamic at the level of
specific genes during adipogenesis, and
their distribution patterns are distinct at
different genes. Moreover, modulating
these gene-specific histone modifications
has a direct impact on the respective gene
activity. These observations indicate that
histone modifications have a well-defined
“division of labor” in controlling the
expression of various adipogenic regula-
tory genes.

Global levels of histone modifications.
Genome-wide analyses of gene transcrip-
tion during 3T3-L1 adipogenesis have
shown that only a small fraction of the total
genes are differentially expressed between
preadipocytes and mature adipocytes. 4!
For example, Soukas et al. showed that
among the 11,000 genes examined, only
1,259 genes changed their expression
3-fold or more during the course of dif-
ferentiation. Half of these genes were
upregulated, and the other half were
downregulated.”’ In a later study, Burton
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et al. examined a total of 12,488 genes
using expression microarrays and found
that 1,686 transcripts showed a > 2-fold
change during adipogenesis, with 859
transcripts increasing and 827 transcripts
decreasing.! As histone modifications are
tightly linked to gene transcription, we
reasoned that the global levels of histone
modifications are unlikely to show signifi-
cant changes unless these modifications
are predominantly enriched at groups of
upregulated or downregulated genes, or
there is an underlying cause unrelated to
general gene expression change. Indeed,
western blotting showed that the bulk
levels of all eight examined histone modi-
fications remain stable during the course
of fat cell differentiation in both the
3T3-L1 and the 10T1/2 models (Fig. 1).
Furthermore, these observations ruled
out the possibility that the gene-specific
changes in histone modification states are
due to their fluctuation at the global level.

The Pref-l gene. Pref-l is highly
expressed in 3T3-L1 preadipocytes® but
was not detected in vivo® or in 10T1/2
MSCs before prolonged culture at conflu-
ence.’® To investigate the epigenetic mech-
anism behind the differential expression
of the Pref-] gene in 3T3-L1 and 10T1/2
cells, we compared the distribution pat
terns of eight histone modifications
between these two cell lines. Consistent
with gene expression profiles (Fig. S1A),
Pref-1 has lower levels of active chromatin
markers, such as H3 K4 tri-methylation
and H3 and H4 acetylation, in 10T1/2
cells than in 3T3-L1 cells (compare Figs. 2
and 3; Figs. S6C and 7). Significantly, we
found a predominant enrichment of H3
K27 tri-methylation at the PrefI gene in
10T1/2 MSCs compared with the com-
mitted 3T3-L1 preadipocytes (compare
Fig. 4B and C), suggesting that this
repressive marker is involved in silencing
the Pref-I gene in 10T1/2 cells. Further
functional study demonstrated that
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Figure 3. Distinct patterns of histone acetylation on the H3 and H4 tails at the genomic loci of key adipogenic regulators during 3T3-L1 adipogenesis.
Levels of histone (A) H3 K9/K14 acetylation and (B) H4 K12 acetylation at the genomic loci of the key adipogenic regulators Pref-1, C/EBP@, C/EBPc,
PPARvy2 and aP2 during the adipogenesis of 3T3-L1 cells were examined by ChIP analysis using specific antibodies. The primers used in this study are
described in Figure 2. ChIP samples were collected at the indicated time points. These results are the averages of three independent ChIP-qPCRs, and

knocking down the K27 methylase Ezh2
leads to a decrease in K27 tri-methylation
at the Pref-1 promoter and the release of
Pref-I repression in 10T1/2 cells (Fig. 6).
This is consistent with a recent EZH2-
knockout study.”!

The C/EBP gene. C/EBPB is one of
the factors induced during the early stages
of adipogenesis, and it cooperates with C/
EBPS to activate downstream adipogenic
regulators such as C/EBPa and PPARy
to fully establish the differentiation pro-
gram.”>* To investigate the epigenetic
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mechanism that controls the rapid acti-
vation of C/EBPB upon induction (C/
EBPB wusually reaches peak expression
levels within a few hours), we examined
the distribution of eight histone modifica-
tions at the C/EBPPB gene using ChIP. In
3T3-L1 cells, we found that the C/EBPB
gene is enriched for active chromatin
markers such as H3 K4 tri-methylation,
K9/K14 acetylation and H4 K20 mono-
methylation, especially at its exon and
conserved 3'-UTR (Figs. 2C, 3A and 5).
This conserved 3-UTR was later shown
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as a strong enhancer element for C/EBP3
gene by luciferase assay (Fig. 8), suggest-
ing that the histone modification patterns
are useful resources for identification of
important DNA elements for gene activ-
ity. In contrast to the enrichment of active
chromatin markers, the entire C/EBPB
gene is devoid of repressive markers like
H3 K9 and K27 tri-methylation (Fig. 4).
Interestingly, the exon and 3-UTR of the
C/EBPB gene only have baseline levels of
K4 mono-methylation, allowing for hyper-
methylation of the same site by formation

Volume 11 Issue 23

. Do not distribute.

loscience

©2012 Landes B



ChiP

H3 K9 Me3 (3T3-L1)

hn_ u“uh b bne

30
=Day0
5 20 =6 hour
(=% = Day 1
£ = Day 2
3 ®Day 4
10 1 » Day 6

o Ml i .“HH hﬁﬁuﬁd HHH H-.JU "i
“6 o o ’\"9 X ij“ o :‘@6‘ Qj_o“ & Qj-é\ & P 6‘@ S > P @_
0 [} Q‘o Q‘o <2‘0 Q‘o Q‘o
Pref-1 C/EBPB C/EBPa PPARy2 aP2
B 25
H3 K27 Me3 (3T3-L1)

20

15
mDay0
- ™6 hour
g. = Day 1
= b ®mDay?2
BN \ = Day 4
I ) » Day 6

|

G FIES FELSE FELSE FEESE SIS
Q¢ Q¢ Q¢ Q¢ <t
Pref-1 C/EBPB C/EBPa PPARy2 aP2
C 25
H3 K27 Me3 (10T1/2)
20
15
- = Day0
g. =6 hour
£ 10 ®Day 1
N = Day 2
o = Day 4
h #Day 6
ﬂ;«-i-@o‘\ g\ 4 o& . \-@o&q' PN o @
0‘\ Vg Q‘°® C Q@é\ Q@"Q Q,\c:é\
Pref-1 C/EBPB C/EBPa PPARy2 aP2

Figure 4. Histone H3 K9 and K27 tri-methylation states at the genomic loci of key adipogenic regulators during 3T3-L1 and C3H 10T1/2 adipogenesis.
Levels of histone (A) H3 K9 tri-methylation and (B) H3 K27 tri-methylation were examined by ChIP analysis at the genomic loci of the key adipogenic
regulators Pref-1, C/EBPB, C/EBPa, PPARy2 and aP2 during the adipogenesis of 3T3-L1 cells. (C) The H3 K27 tri-methylation state during the adipogene-
sis of C3H 10T1/2 cells. The primers used in this study are described in Figure 2. ChIP samples were collected at the indicated time points. These results
are the averages of three independent ChIP-gPCRs, and the error bars indicate standard deviations.
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Figure 5. Histone H4 K20 mono-methylation states at the genomic loci of key adipogenic regulators during 3T3-L1 adipogenesis. Levels of histone H4
K20 mono-methylation at the genomic loci of the key adipogenic regulators Pref-1, C/EBPB, C/EBPa, PPARy2 and aP2 during the adipogenesis of 3T3-
L1 cells were examined by ChlIP analysis as described above. The primers used in this study are described in Figure 2. ChIP samples were collected at
the indicated time points. These results are the averages of three independent ChIP-gPCRs, and the error bars indicate standard deviations.

of tri-methyl groups. We also noticed that
the acetylation patterns on histone H3 and
H4 tails are completely different at the C/
EBPB gene, suggesting that these two his-
tone tails play distinct roles in C/EBP reg-
ulation (Fig. 3). These observations were
confirmed in 10T1/2 cells (Figs. S6-8).
In human ES cells, key developmental
genes are primed by the occupancy of both
active and repressive histone markers,"
but in preadipocytes and MSCs, we found
that the C/EBPB gene was marked only by
active histone modifications. We interpret
this observation to mean that the removal
of repressive histone markers usually takes
more than a few hours (as evidenced by the
removal of H3 K27 tri-methylation from
the C/EBPa locus, Fig. 4B and C), thus
preventing the C/EBPB gene from being
rapidly induced and allowing the down-
stream adipogenic program to proceed in
time. Therefore, the adipogenic precursor
cells pre-mark this gene with only positive
epigenetic markers and ready it for rapid
induction. A recent report® showed that
abolishing H3 K27 tri-methylation by
disrupting its KMT Ezh2 has no effect on
C/EBP expression, and this observation
further demonstrated that repressive his-
tone markers are not involved in C/EBPR
regulation.

The C/EBPo gene. C/EBPa is one of

the principle players in adipogenesis and
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is activated by C/EBP. Its essential roles
in metabolism include maintaining the
expression of PPARYy, controlling insulin
activity and promoting white adipose tis-
sue formation in vivo.”® To gain insights
into C/EBPa gene regulation, we profiled
histone modification occupancies at this
gene during the course of adipogenesis.
We found that the C/EBPa gene is pre-
dominantly marked by H3 K27 tri-meth-
ylation in adipogenic precursor cells, and
that this repressive marker decreases dra-
matically upon gene activation (Fig. 4B
and C). In addition, the C/EBPa gene is
also enriched for H3 K4 tri-methylation
(Fig. 2C; Fig. S6C) during adipogenesis.
These results indicate that the C/EBPx
gene is under the control of bivalent his-
tone markers in adipogenic precursor
cells. Another repressive marker, H3 K9
tri-methylation, is enriched at the exon
and conserved 3'-UTR of the C/EBPa
gene but does not correlate with C/EBPa
transcription (Fig. 4A; Fig. S8A). The role
of H3 K9 tri-methylation in C/EBPa gene
regulation is currently unclear.

The PPARy2 aP2  genes.
Numerous in vivo and in vitro data have
established that PPARYy is the master regu-
lator of adipogenesis.”” PPARy activates a

and

whole range of protein factors to establish
terminal adipogenesis. One of the targets
of PPARy is aP2, which is required for
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fatty acid binding and transportation in
vivo. In this study, we observed that his-
tone acetylation on both H3 and H4 tails
positively correlates with transcription of
the PPARY2 and aP2 genes during adi-
pogenesis (Fig. 3; Fig. S7). These results
are consistent with a recent report show-
ing that H3 K9 acetylation increases sig-
nificantly at the PPARY2 promoter during
adipogenesis.** Our observation suggests
that KATs play positive roles in regulating
PPARy targets, while HDACs are nega-
tive regulators of these genes. Indeed, pre-
vious reports showed that the KATs p300/
CBP?** and Tip60 (a MYST family mem-
ber), which catalyze histone H3 and H4
acetylation, respectively, bind to PPARy
and facilitate expression of its target genes.
In contrast, SIRT1, a major HDAC in
mammalian cells, binds to PPARy and
represses its targets.” Inhibiting HDACs
by nicotinamide plus TSA treatment
leads to increases of both H3 and H4
acetylation at the promoter of PPARy2
and P2 genes (Fig. 7A and B), and this
further leads to subsequent gene activa-
tion (Fig. 7C and D). According to our
ChIP assay, the PPARY2 and aP2 genes
are devoid of H3 K27 tri-methylation
(Fig. 4), which coincides with the results
of a recent genome-wide study.” These
results indicate that this repressive histone
marker and its corresponding modifying
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Figure 6. The decreased level of H3 K27 tri-methylation leads to de-repression of Pref-1 gene. Non-targeting control siRNA (Ctrl) or EZH2-targeting
siRNA (EZH2 KD) were transfected into C3H 10T1/2 cells and cells were collected after 2 d to examine: (A) EZH2 mRNA levels by RT-qPCR; (B) histone
H3 K27 tri-methylation levels at the promoter region of Pref-1 gene by ChlP; (C) Pref-1 mRNA levels by RT-qPCR. These results are the averages of three
independent experiments, and the error bars indicate standard deviations.
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Figure 7. The increased levels of histone acetylation activate the transcription of PPARYy2 and aP2
genes. C3H 10T1/2 cells were treated with DMSO (Ctrl) or nicotinamide plus TSA (N + T) for 24 h
before samples were collected for examination of: (A) histone H3 K9/14 acetylation and (B) histone
H4 K12 acetylation levels at the promoter region of PPARY2 and aP2 genes by ChlP; (C) PPARy2 and
(D) aP2 mRNA levels by RT-qPCR. These results are the averages of three independent experi-
ments, and the error bars indicate standard deviations.

enzymes are not involved in regulating the
expression of the PPARY2 and aP2 genes.

In summary, our study has revealed
distinct and highly dynamic patterns of
histone modifications at different adipo-
genic regulatory genes. Modulation of

www.landesbioscience.com

these gene-specific histone modifications
directly affects respective gene activity.
Moreover, the histone modification pat-
terns also serve as useful resources for
DNA

for gene regulation during adipogenesis.

predicting important elements
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Future studies of chromatin modifications
in other cell differentiation processes, such
as myogenesis, should shed light on the
epigenetic mechanisms controlling lineage
commitment from progenitor cells under
pathological conditions including aging.®

Materials and Methods

Cell culture, differentiation and treat-
ment. The mouse preadipocyte cell line
3T3-L1 and the mesenchymal stem cell
line C3H 10T1/2 were purchased from
the ATCC. The NIH 3T3 cell line was a
kind gift from Dr. Xin-Yuan Fu (National
University of Singapore). 3T3-L1 cells
were maintained in DMEM containing
10% calf bovine serum (CBS) and differ-
entiated in DMEM containing 10% fetal
bovine serum (FBS), 1 wM DEX, 0.5 mM
IBMX, and 10 pg/ml insulin for 2 d.
Induction was continued for 4—6 d with
DMEM containing 10% FBS and 10 g/
ml insulin. 10T1/2 cells were maintained
in DMEM containing 10% FBS and dif-
ferentiated by treatment with 1 wM DEX,
0.5 mM IBMX, 10 pg/ml insulin and
1 uM rosiglitazone (Rosi) for 2 d. This
protocol was followed by treating the cells
with 10 pg/ml insulin and 1 wM Rosi in
DMEM containing 10% FBS for 4-6 d.
NIH 3T3 cells were cultured in DMEM
containing 10% CBS. EZH2 knockdown
was performed in 10T1/2 cells using
siGENOME SMARTpool siRNA tar-
geting mouse EZH2 (14056) (Thermo
Scientific). Cells were collected 48 h after
siRNA transfection for further analyses.
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Nicotinamide plus Trichostatin A (TSA)
treatment was performed in 10T1/2 cells
at the final concentration of 10 mM nico-
tinamide and 100 nM TSA. Cells were
treated for 24 h before they were collected
for further analyses.

RNA extraction and RT-qPCR.
Total RNA was extracted using TRIzol
reagent (Invitrogen) at the indicated time
points during the adipogenesis of 3T3-L1
and 10T1/2 cells. The RNA (1 pg) was
treated with amplification grade DNase I
(Invitrogen) and reverse transcribed with
random 9-mer and M-MLV reverse tran-
scriptase (Invitrogen). Expression of the
key adipogenic regulatory genes PrefI,
C/EBPB, C/EBPa, PPARY2 and aP2 was
determined by real-time quantitative PCR
analysis using SYBR green and a 7900HT
PCR system (Applied
Biosystems).  Primer  sequences for
RT-qPCR are listed in Table S1. All gene
expression data in this study were normal-
ized to the riboprotein gene 36B4.7

Histone purification and western

fast real-time

blotting. Histone preparations from cells
collected at different time points dur-
ing adipogenesis were made as previously
described.®® Equal amounts of core his-
tones were resolved by 15% SDS-PAGE,
transferred onto PVDF membranes and
probed with antibodies recognizing the
following modifications: histone H3 K4
mono-methylation (Abcam, ab8895); H3
K4 di-methylation (Upstate, 07-030); H3
K4 tri-methylation (Upstate, 07-473); H3
K9/K14 acetylation (Upstate, 06-599);
H4 K12 acetylation (Upstate, 07-595);
H3 K9 tri-methylation (Abcam, ab8898);
H3 K27 tri-methylation (Upstate,
07-449); H4 K20 mono-methylation
(Abcam, ab9051) and total histone H3
(Abcam, ab1791).

Sequence  conservation  analysis.
Sequence conservation analysis of the mouse
adipogenic regulatory genes C/EBPo and
C/EBPB was conducted using the VISTA
(visualization tool for alignment, www.
genome.lbl.gov/vista/index.shtml) algo-
rithm* Mouse C/EBPa and C/EBPB
genomic sequences starting 2 kb upstream
of the transcription start site (TSS) were
compared with human and cow or human
and rat sequences, respectively.

Chromatin  immunoprecipitation.
ChIP was performed essentially as
4320
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Figure 8. The active chromatin marker enriched 3'-UTR of C/EBPB gene is a strong enhancer
element. (A) The 3 kb C/EBP promoter was inserted upstream of firefly luciferase gene in pGL3
vector. The conserved 3'-UTR sequence was inserted downstream of the luciferase gene. (B) The
firefly luciferase reporter vectors with or without C/EBP@ 3'-UTR were transfected into C3H 10T1/2
cells along with a renilla luciferase vector (pRLTK) as internal control. Activities of both firefly and
renilla luciferases were measured 48 h after transfection. These results are the averages of three
independent luciferase assays, and the error bars indicate standard deviations.

described,”® with the following modifi-
cations: cells were crosslinked with 1%
formaldehyde for 10 min at 37°C, and
then crude nuclei were purified using a
previously described protocol.”® Crude
nuclei were sonicated using a Bioruptor
UCD-300 (Diagenode) to obtain chro-
matin fragments approximately 500 bp in
length. The antibodies used in the ChIP
assay were the same as those described
above for western blotting. Rabbit IgG
(Sigma, 1-5006) was included as a nega-
tive control. For each ChIP assay, 2-5 g
of antibodies was added and incubated
overnight at 4°C. ChIP and input DNA
were quantified by real-time quantita-
tive PCR analysis using SYBR green
and a 7900HT fast real-time PCR sys-
tem (Applied Biosystems). ChIP-qPCR
primers were designed to have melting
temperatures (T s) near 60°C. Primer
Chr. Fifteen targets a silent region on
mouse chromosome 15 containing no
known genes within 500 kb.** Primer
GAPDH targets the promoter region of
the actively transcribed GAPDH gene.
For all adipogenic regulator genes, -2 kb
and -1 kb primers target the regions 2 kb
and 1 kb upstream of the TSS, respec-
tively. Promoter primers were designed to
be within 500 bp upstream of the TSS for
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the gene in question. Large, conserved
3'-UTRs were found in both the C/EBP«
and the C/EBP genes through sequence
conservation analysis, and UTR prim-
ers were designed to target these regions.
Primer sequences for ChIP-qPCR are
listed in Table S2.

Plasmid
luciferase assay. A linker sequence, which

construction and
contains six additional restriction sites:
Aatll, Agel, Apal, BssHII, Nsil and
Spel, was inserted into pGL3 basic vec-
tor (Promega) between the BamHI and
Sall sites to yield plasmid pKROl. The
3 kb murine C/EBPP promoter’ was
inserted upstream of firefly luciferase gene
in pKROI between the Kpnl and Xhol
sites to yield plasmid pKRO02. A highly
conserved 338-bp sequence from C/
EBPB 3-UTR (+1167 to +1504 bp rela-
tive to TSS) was obtained through VISTA
sequence conservation analysis and sub-
sequently inserted downstream of the
luciferase gene between the Aatll and Sall
sites in pKRO2 to yield plasmid pKRO3.
Primer sequences for plasmid construc-
tion are listed in Table S3. Luciferase assay
was performed by transfecting plasmid
pKRO2 or pKRO3 into 10T1/2 cells along
with a renilla luciferase vector (pPRLTK) as
internal control (Promega).
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