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The Histone Demethylase PHF2 Promotes Fat Cell
Differentiation as an Epigenetic Activator of

Both C/EBPa and C/EBPS

Kyoung-Hwa Lee*, Uk-Il Ju?, Jung-Yup Song? and Yang-Sook Chun

Histone modifications on major transcription factor target
genes are one of the major regulatory mechanisms control-
ling adipogenesis. Plant homeodomain finger 2 (PHF2) is a
Jumonji domain-containing protein and is known to
demethylate the histone H3K9, a repressive gene marker.
To better understand the function of PHF2 in adipocyte
differentiation, we constructed stable PHF2 knock-down
cells by using the mouse pre-adipocyte cell line 3T3-L1.
When induced with adipogenic media, PHF2 knock-down
cells showed reduced lipid accumulation compared to con-
trol cells. Differential expression using a cDNA microarray
revealed significant reduction of metabolic pathway genes
in the PHF2 knock-down cell line after differentiation. The
reduced expression of major transcription factors and
adipokines was confirmed with reverse transcription- quan-
titative polymerase chain reaction and Western blotting. We
further performed co-immunoprecipitation analysis of PHF2
with four major adipogenic transcription factors, and we
found that CCATT/enhancer binding protein (C/EBP)a. and
C/EBP& physically interact with PHF2. In addition, PHF2
binding to target gene promoters was confirmed with a
chromatin immunoprecipitation experiment. Finally, histone
H3K9 methylation markers on the PHF2-binding sequences
were increased in PHF2 knock-down cells after differentia-
tion. Together, these results demonstrate that PHF2 histone
demethylase controls adipogenic gene expression during
differentiation.

INTRODUCTION

Research related to adipose tissue has revealed important in-
sight demonstrating that this organ is not only a source of spare
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energy but also a vital endocrine organ that plays a central role
in regulation of the energy balance of the organism. The main
dysfunctions of adipose tissue, obesity and lipodystrophy, are
related to the development of many geriatric diseases, including
diabetes, hypertension, and atherosclerosis (Friedman, 2000).
Therefore, better understanding of the controlling mechanism of
fat cell differentiation would facilitate development of novel ap-
proaches for treating or relieving symptoms of these diseases.
Adipocyte differentiation is tightly controlled through hierarchic
control of many transcriptional factors. In the 3T3-L1 mouse pre-
adipocyte model system, hormonal stimuli of CAMP, insulin, and
glucocorticoids are known to induce CCATT/enhancer-binding
protein B (C/EBPB) and C/EBPS followed by peroxisome prolif-
erator-activated receptor y (PPARy) and C/EBPa. expression
during differentiation (Rosen and Spiegelman, 2000). PPARY is
the terminal factor that controls adipogenesis and the ultimate
expression of many adipogenic genes, including fatty acid-
binding protein (FABP), glycerol kinase, lipoprotein receptor, and
phosphoenolpyruvate carboxykinase (Rosen et al., 1999).

Eukaryotic transcriptional regulation is tightly controlled by var-
ious mechanisms. One such mechanism is histone maodification,
which has been widely and intensively studied in the past few
decades (Margueron et al., 2005). The nucleosome consists of 6
different histones, each of which has a unique site for post-
translational modification, including phosphorylation, acetylation,
and methylation (Zhang and Reinberg, 2001). Histone methyla-
tions are related to both gene activation and repression depend-
ing on the amino acid position in which they reside. For example,
H3K4 and H3K36 methylations are associated with active tran-
scription, whereas H3K9, H3K27, and H4K20 methylations are
associated with gene repression (Cao et al., 2002). Specific
enzymes with methyl-transferase or demethylase activity have
been identified to be involved in methylation and demethylation
at each amino acid position.

As a transcriptionally controlled process, adipogenesis is ac-
companied by several histone maodifications. In particular, his-
tone H3 and H4 acetylation is associated with the activation of
adipogenic gene expression (Debril et al., 2004). The methyl-
transferase enzyme PR-Set7/Setd8 is known to act on PPARy
for gene-targeted histone regulation during adipogenesis
(Wakabayashi et al., 2009). The H3K27 methyl transferase en-
hancer of zeste homolog 2 (EZH2) induces adipogenesis by si-
lencing genes involved in the WNT pathway (Wang et al., 2010).
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Knock-down of the H3K4/K9 demethylase LSD1 repressed
adipogenesis, and H3K9 methyl-transferase Setdbl knock-down
promoted adipogenesis in 3T3-L1 and 10T1/2 cell lines (Musri et
al., 2010).

PHF2 is a member of the KDM7 histone demethylase family.
KDM?7 family proteins harbor a plant homeo domain (PHD) in the
N-terminal and the Jumonji-C domain, which has demethylase
enzymatic activity (Fortschegger and Shiekhattar, 2011). PHF2
was first identified as a candidate gene for hereditary sensory
neuropathy type | because of its high expression in the neural tube
and dorsal root ganglia (Fortschegger and Shiekhattar, 2011).
Biochemical analysis showed that PHF2 acts as an H3K9
demethylase upon physical interaction with H3K4 (Wen et al.,
2010). In hepatocytes, PHF2 was found to be phosphorylated by
protein kinase A and interacted with ARID5B to activate targeting
promoters (Baba et al., 2011); in addition, several reports have
demonstrated an association between PHF2 and potential onco-
genic processes (Ghosh et al., 2012; Sun et al., 2013). PHF2 is
also involved in pro-inflammatory gene expression in macrophag-
es by demethylating the H4K20 methyl group at a nuclear factor-
kappa B (NF-kB)-binding site (Stender et al., 2012).

In this study, we analyzed the role of PHF2 in adipocyte
differentiation using PHF2 knock-down cell lines. We found
that PHF2 interacts with C/EBPa. and C/EBPS transcription
factors during adipogenesis and positively regulates
adipogenesis.

MATERIALS AND METHODS

Materials

DMEM cell culture media, trypsine, anti-biotics, Trizol and
Lipofectamine 2000 were purchased from Invitrogen (USA), fetal
bovine serum and culture media were obtained from Hyclone
Laboratories Inc. (USA). Antibodies against PPARy, C/EBPa,
C/EBPS, C/EBPS, FABP4, HA and beta-tubulin were purchased
from SantaCruz Biotech. (USA), and antibody against PHF2 and
H3K9-Me2 were from Cell Signaling (USA). Insulin, dexame-
thasone, 3-isobutyl-1-methyixanthine (IBMX) and other chemi-
cals were purchased form Sigma-Aldrich (USA).

Cell lines, plasmids, virus production and siRNA transfec-
tion

3T3-L1 cell line was purchased from American Type Culture
Collection (USA). The cell lines were cultured in DMEM supple-
mented with 10% bovine serum at 37°C in 5% CO,. Full-length
PHF2 cDNAs were cloned by RT-PCR with specific primers
(Supplementary Table S1), and amplified using a pfu DNA poly-
merase, which were inserted into Flag/Streptavidin binding pro-
tein (F/S)-tagged vector. PHF2-H249A mutant was made with
QuikChange™ mutagenesis kit (stratagene, USA). HA tagged
C/EBPa, C/EBPB, C/EBPS and PPARy cDNAs were kind gift
from Dr. JB Kim (Seoul National University). For gene silencing,
the pLKO.1-puro vector was purchased from Sigma-Aldrich and
oligonucleotides for control shRNA or PHF2 shRNA (sequences
are listed in Supplementary Table S1) were inserted into the
vector using Agel and EcoRl restriction enzymes. 3T3-L1 cells
were infected overnight with virus. For siRNA transfection, con-
trol and target siRNAs (sequences listed on Supplementary
Table S2) were transfected as 50nM concentration on confluent
3T3-L1 cells and adipogenesis were started after two days.

3T3-L1 cell adipogenesis induction and Oil Red O staining

3T3-L1 stable cell lines were grown to confluent and induced
with adipogenesis media (DMEM with 10% FBS, 10 ug/ml insu-
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lin, 0.5 mM IBMX and 1 uM dexamethasone). Media were
changed with DMEM with 10% FBS and 10 pg/ml insulin after
two days and maintained with it. After 8 days of differentiation,
cells were fixed with 10% Formaldehyde solution for 20 min at
room temperature. Fixed cells were incubated 1 h with freshly
prepared 0.3% Oil Red-O solution in 60% isopropanol. After
removal of staining solution, immobilized Oil Red-O dye was
extracted with 100% isopropanol and ODs, were measured.

RNA isolation and RT-gPCR

Total RNA was extracted using Trizol according to the instruc-
tions of the manufacturer (Ambion, USA). For each reverse tran-
scription, 1 pg of total RNA was used for cDNA synthesis using
MultiScribe Reverse Transcription kit (Applied Biosystems, USA).
Real time PCR was done with the Evagreen gPCR mastermix
from Applied Biological Materials Inc. (Canada) using StepOne™
Real-Time PCR System (Applied Biosystems). Quantity of 18S
ribosomal RNA was used for an internal control. PCR primer
sequences are listed in Supplementary Table S1.

Microarray analysis and data acquisition

3T3-L1 stable cell lines expressing control shRNA or PHF2
shRNA were differentiated with adipogenic media for 4 days.
Total RNAs after differentiation were extracted, and the synthesis
of target cDNA probes and hybridization were performed using
Agilent's Low RNA Input Linear Amplification kit (Agilent Tech-
nology, USA) according to the manufacturer’s instructions. The
hybridized images were scanned using Agilent's DNA microarray
scanner and quantified with Feature Extraction Software (Agilent
Technology). All data normalization and selection of fold-
changed genes were performed using GeneSpringGX 7.3 (Ag-
ilent Technology). The averages of normalized ratios were calcu-
lated by dividing the average of normalized signal channel inten-
sity by the average of normalized control channel intensity. Func-
tional annotation of genes was performed according to DAVID
(http://david.abcc.ncifcrf.gov/), and Medline databases (http:/Awww.
ncbi.nim.nih.gov/).

Western blotting

Cells were lysed in RIPA buffer (150 mM NacCl, 50 mM Tris-HCI
pH 7.2, 0.5% NP-40, 1% Triton X-100, 1% sodium deoxycholate)
containing a protease inhibitor cocktail. Cell lysates were sepa-
rated on SDS-polyacrylamide gels, and transferred to an
Immobilon-P  membrane (Millipore, USA). Membranes were
blocked with 5% skim milk and 0.1% Tween-20 for 1 h, and then
incubated overnight at 4°C with a primary antibody diluted
1:1000. Membranes were incubated with a horseradish peroxi-
dase-conjugated secondary antibody (1:5000) for 1 h, and de-
veloped using the ECL-plus kit (Thermo Scientific, USA).

Streptavidin-binding peptide (SBP) pull-down analysis and
Co-immunoprecipitations

For SBP pull-down, cell lysates (1 mg of protein) were applied to
10 wl of Streptavidin Sepharose™ High Performance bead from
GE Healthcare (England) overnight at 4°C. After extensive wash
with binding buffer, bead-bound proteins were eluted with biotin,
and then subjected to SDS-PAGE and Western blotting with
indicated antibodies. For immunoprecipitation, cell lysates (1 mg
of protein) were incubated with 5 pl of a primary antibody at 4°C
for 16 h, and then with 10 pl of protein A/G-Sepharose beads
from GE Healthcare for 2 h at 4°C. Bead-bound proteins were
eluted with SDS sample buffer and then subjected to SDS-
PAGE and Western blotting with indicated antibodies
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Repressed category name (Accession) # genes | Percent of gene hit
1 metabolic process (GO:0008152) 1291 22.40%
2 cellular process (GO:0009987) 921 16.00%
3 cell communication (GO:0007154) 651 11.30%
4 developmental process (GO:0032502) 425 7.40%
5 transport (GO:0006810) 417 7.20%
6 system process (GO:0003008) 367 6.40%
7 immune system process (GQ:0002376) 361 6.30%
8 response to stimulus (GO:0050896) 296 5.10%
9 cell cycle (GO:0007049) 259 4.50%
10 cell adhesion (GO:0007155) 199 3.50%
11 cellular component organization (GO:0016043) 189 3.30%
12 apoptosis (GO:0006915) 146 2.50%
13 reproduction (G0:0000003) 121 2.10%
14 | generation of precursor metabolites and energy (G0:0006091) 75 1.30%
15 homeostatic process (GO:0042592) 21 0.40%
16 localization (GO:0051179) 14 0.20%
17 regulation of biological process (GO:0050789) 9 0.20%

Fig. 1. PHF2 knock-down reduced the adipogenesis capacity of 3T3-L1 pre-adipocytes. (A) Oil Red-O staining of stable 3T3-L1 cell lines ex-
pressing control or PHF2 shRNA. Cell extracts were analyzed with Western blotting using anti-PHF2 and tubulin antibodies (left). PHF2 mRNA
and protein levels of indicated stable cell lines were measured before adipogenesis and plotted (middle panels). Oil Red-O dye was extracted
with isopropanol and the optical density at 520 nm (O. Dsy) was measured (left). Bars represents the means + SDs of three independent exper-
iments, and “*” denotes P < 0.01 versus the control ShRNA (sh-con) group. (B) Number of hits for genes involved in cellular pathways showing

reduced expression after adipogenesis in the PHF2 knock-down cell

line. Genes repressed by more than 0.5-fold compared to the control cell

line and had a p-value of less than 0.05 were selected. A total of 4069 genes were analyzed using the DAVID (http://david.abcc.ncifcrf.gov/)

database.

Chromatin Immunoprecipitation

Lysates from 1 x 107 cells were cross-linked with 1% formalde-
hyde for 10 min at room temperature, and glycine (finally 125
mM) was added to quench the cross-linking reaction. Lysed cell
extracts were subjected to sonication until the DNA fragments
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become less than 500 base pair. Chromatin complexes were
precipitated with indicated antibodies overnight at 4°C. Protein
A/G-sepharose beads were added and incubated 2 more hours.
After washing with saline, DNA-protein complexes were eluted
with elution buffer (1% SDS, 0.1 M NaHCOs;) and incubated
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overnight at 65°C to reverse cross-links. The eluted DNAs were
purified with Mega-quick spin DNA purification kit (Intron, Korea).
The precipitated DNAs were amplified and quantified on
StepOne™ Real-Time PCR System using the Evagreen gPCR
master mix. PCR primer sequences used for ChIP are listed in
Supplementary Table S1.

Statistical analyses

All data were analyzed using Microsoft Excel 2007 software, other-
wise stated. Continuous variables were analyzed using Student's t-
test if the data were normally distributed. Otherwise, the Mann Whit-
ney U-test was used as a non-parametric analysis. All statistical tests
were two-sided. Significance was considered when p is < 0.05.

RESULTS
PHF2 knock-down reduced the adipogenesis capacity of
3T3-L1 pre-adipocytes and induced expression changes in

metabolic pathway genes
To better understand the biological role of the histone demethylase
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PHF2 in the adipocyte differentiation process, we established
stable knock-down cell lines using a lentiviral ShRNA expression
system in 3T3-L1 pre-adipocytes. After selection with appropriate
antibiotics, we induced adipogenesis using control and PHF2
shRNA-expressing cell lines. Western blotting using a PHF2 anti-
body and qRT-PCR (Fig. 1A) showed a significant reduction in
PHF2 protein and mRNA levels, respectively, in. PHF2 shRNA-
expressing cell lines compared to the control. After eight days of
adipogenic induction, there was a significant decrease in lipid accu-
mulation in PHF2 knock-down cell lines compared to the control. cell
line, as determined by Oil Red-O staining (Fig. 1A, left); isopropanol
extraction of Oil Red-O showed a significant reduction in dye quanti-
ty (Fig. 1A, right). To evaluate the genome-wide effect of PHF2
knock-down during the adipogenesis process, we induced both
control and PHF2 knock-down 3T3-L1 stable cell lines with
adipogenic media and compared their mRNA expression profiles
using a mouse cDNA micro-array. We compared the most dramat-
ically down-regulated genes (< 0.5-fold, p-value < 0.05) between
control and PHF2 knock-down cell lines after adipogenesis using
the Panther 9.0 program (www.pantherdb.org). Most of the
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genes of representative cellular pathways in the microarray data
showed reduced expression in PHF2 knock-down stable cells
(Fig. 1B). Genes related to metabolic processes showed the
most substantial repression, corresponding to 22.4% of all
genes that were significantly repressed in PHF2 knock-down cell
lines after differentiation.

Adipogenic genes were down-regulated in PHF2 knock-
down stable cell lines

To confirm the expression changes observed in the cDNA mi-
croarray analysis, we evaluated the mRNA levels of representa-
tive adipogenic genes, including CEBPA, CEBPB, CEBPD,
PPARG, CD36, and FABP4, by using qRT-PCR. We induced
adipogenesis for six days and harvested cells as indicated in the
“Materials and Methods”. We found the PHF2 mRNA of control
shRNA was reduced during adipogenesis (Fig. 2A). The expres-
sion of all tested adipogenic genes from control shRNA-
expressing cells was significantly induced after adipogenic
stimulation, whereas PHF2 shRNA-expressing cells did not
show induction of these genes, except for the CEBPD gene (Fig.
2A). Next, we measured protein levels of major adipogenic
markers from the same samples. Under the same conditions,
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the two most upstream adipogenic transcription factors
C/EBPB and C/EBP3 showed a slight reduction and no change
in protein levels, respectively, in PHF2 knock-down cell lines.
However, protein levels of downstream transcription factors,
PPARy and C/EBPa. were dramatically reduced in PHF2 knock-
down cells. Finally, expression of the adipogenic marker FABP4
was not induced during adipogenesis of the PHF2 shRNA-
expressing cell line (Fig. 2B). These results demonstrated that
PHF2 may function as a major regulator during the adipogenic
process. Furthermore, the protein level of PHF2 was gradually
decreased during adipogenesis, as shown in the control shRNA
sample in Fig. 2B, which is consistent with the mRNA data shown
in Fig. 2A.

PHF2 physically interacts with C/EBPa and C/EBPS

As PHF2 is a well-known transcriptional activator via regulation
of epigenetic histone H3K9 methylation interacting with NF-xB or
ARID5 (Baba et al., 2011; Stender et al., 2012), we hypothesized
that PHF2 might interact with one of the transcription factors
involved in fat cell differentiation for recruitment to the transcriptional
complex. Therefore, we conducted a co-immunoprecipitation analy-
sis of PHF2 with ectopically expressed transcriptional factors for
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Fig. 4. PHF2 was recruited to PPARG and FABP4 promoters with C/EBPa and C/EBPS. 3T3-L1 cells expressing control shRNA or PHF2
shRNA were stimulated with an adipogenesis cocktail for the indicated times 24" and chromatin immunoprecipitation was performed with anti-
PHF2, anti-C/EBPq, anti-C/EBPS, or histone H3K9-Me2 antibodies. The resulting immuno-precipitated DNA was analyzed by qPCR using pri-
mers for (A) the PPARG promoter sequence, (B) the CEBPA promoter sequence, or (C) the FABP4 promoter sequence. The positions of pri-
mers relative to the transcriptional start site are indicated. 3T3L1 pre-adipocytes transfected with (D) C/EBPS or (E) C/EBPa siRNAs (sequences
listed in Supplement Table S2) were induced with adipogenesis cocktail for the indicated times. Immunoprecipitated DNAs were PCR-amplified
with primers targeting the (D) PPARG promoter or (E) FABP4 promoter CEBP response element. Bars represents the means + SDs of three
independent experiments, and “*” denotes p < 0.01 versus the control group. (F) Schematic illustrating the role of PHF2 in C/EBP3 and C/EBPa.
transcriptional activation.
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adipogenesis, including C/EBPa, C/EBPB, C/EBPS, and PPARY.
PHF2 was found to interact with C/EBPo and C/EBPS (Fig. 3A),
but not with C/EBPf or PPARYy. We next evaluated the domain of
PHF2 that is involved in the interaction with C/EBPo and
C/EBPS. We ectopically expressed PHF2 domains with C/EBPa.
and C/EBPS, and found that the Jumonji domain of PHF2 inter-
acted with C/EBPo. and C/EBP$ (Fig. 3B). C/EBPa and C/EBPS
can combine to make a heterodimer complex; thus, we further
evaluated the possibility that PHF2 contributes to the formation
of this complex. The co-immunoprecipitation of C/EBPa and
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C/EBPS was confirmed in ectopically expressed proteins, but the
interaction was not affected by the presence of PHF2 or a PHF2
non-functional mutant (Fig. 3C).

PHF2 is recruited to C/EBP response element (CEBPRE) of
the PPARG, CEBPA and FABP4 promoters during
adipogenesis together with C/EBPS or C/EBPa

As C/EBPa and C/EBPS are known to regulate the PPARG gene,
we performed chromatin immunoprecipitation analysis with
PHF2, C/EBPa, and C/EBPS antibodies and confirmed the bind-
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ing of these proteins on the PPARG promoter. The binding of
PHF2 on the PPARG promoter was induced after adipogenesis
induction and was abolished in PHF2 shRNA stable cell lines
(Fig. 4A, first row). The binding of C/EBPa and C/EBPS on the
PPARG promoter also increased after adipogenesis induction in
control cells, and this induction was lost in PHF2 shRNA stable
cell lines (Fig. 4A, second and third rows). Finally, PHF2 knock-
down cell lines showed increased dimethyl H3K9 modification on
the PPARG promoter compared to the control cell line after
adipogenesis (Fig. 4A, fourth row). Next, we measured PHF2,
C/EBPa, and C/EBPS binding on the CEBPA (Fig. 4B) and
FABP4 (Fig. 4C) promoters. The binding of PHF2, C/EBPa., and
C/EBPS was observed on the CEBPA promoter after adipogenic
induction, and these bindings were abolished with PHF2 knock-
down (Fig. 4B). The binding of PHF2 and C/EBPa to the FABP4
promoter was observed and PHF2 knock-down abolished this
binding (Fig. 4C, first row and second row), but C/EBPS was not
associated with the FABP4 promoter during adipogenesis (Fig.
4C, third row). Finally, similar to the PPARG promoter, H3K9
dimethylation of the CEBPA and FABP4 promoter was induced
in PHF2 knock-down cells (Figs. 4B and 4C; fourth row). To
address whether the binding of PHF2 on PPARG is
C/EBPa dependent and the binding on the FABP4 promoter is
C/EBPS dependent, we transfected 3T3L1 cells with siRNAs
targeting C/EBPa or C/EBPS to knock them down. When we
immunoprecipitated PHF2 from C/EBPS knock-down adipocytes
after 24 h of induction, the binding of PHF2 was dramatically
reduced (Fig. 4D). Moreover, PHF2 binding on the FABP4 pro-
moter was abolished when C/EBPa was repressed (Fig. 4E).
These results showed that the binding of PHF2 on each
CEBPRE is dependent on transcription factors binding together.

DISCUSSION

C/EBPB and C/EBPS expression occur early in the adipogenesis
process, which results in the transcriptional activation of CEBPA
and PPARG expression. PPARYy then activates its own promoter
and CEBPA expression. PPARy and C/EBPa. cooperate to acti-
vate the expression of most adipocyte genes, including FABP4,
FAS, and CD36. In this study, we identified the histone
demethylase PHF2 as an epigenetic co-regulator of the
adipogenic transcription factors C/EBPa and C/EBPS. In the
3T3-L1 pre-adipocyte model system, PHF2 knock-down dramat-
ically repressed adipogenesis (Fig. 1A). The microarray and
subsequent qRT-PCR data suggested that PHF2 knock-down
resulted in reduction in the expression of major genes related to
fat cell differentiation, including CEBPA and PPARG. These
results indicate that the transcriptional activity of the upstream
factors of CEBPA and PPARG had changed. Although it was
previously reported that PHF2 interacts with C/EBPa and
demethylates its target promoter to activate adipogenesis
(Okuno et al., 2012), their result does not sufficiently explain why

the CEBPA mRNA level changed in PHF2 knock-down cells (Fig.

2A). In this study, we not only confirmed the interaction of PHF2
with C/EBPa. but also demonstrated that PHF2 interacts with
C/EBPS, an upstream regulator of C/EBPa and PPARy. This
indicates that PHF2 acts at a much earlier stage of adipogenesis
than previously expected. We also demonstrated the physical
interaction of PHF2 with C/EBPS, an upstream transcriptional
factor of C/EBPo and PPARy, and confirmed the binding of
PHF2 on the CEBPA and PPARG promoters after adipogenic
induction (Figs. 4A and 4B). The repression of adipogenesis
after PHF2 knock-down in Okuno’s (2013) study was rather
moderate compared to the dramatic repression of adipogenesis
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observed in our study. This may reflect a knock-down efficiency
difference between the shRNA vectors used in the different stud-
ies or might simply be due to the adipogenic capacity difference
of the 3T3L1 cells used for stable cell lines.

As a key regulator of the adipogenic process, C/EBPa and PPARy
expression is a major target for studies related to histone modifica-
tion. The H3K9 methyltransferase G9a inhibits adipogenesis by
inhibiting PPARG expression and facilitating Wntl0a expression
(Wang et al., 2013). The methylation regulator PTIP, which as-
sociates with the histone methyl transferase MLL4, is required
for PPARG and CEBPA expression during adipogenesis (Cho et
al., 2009). Our study shows that yet another histone
demethylase, PHF2, is also involved in the change in CEBPA
and PPARG expression by interacting with C/EBP3 and modify-
ing histone methylation on the CEBPA and PPARG gene pro-
moters.

PPARY is a critical regulator of adipogenesis and a target of
the anti-diabetic drug thiazolidinedione. Several transcription
factors, including C/EBPs, GATAs and CREB, have been re-
ported to regulate the gene expression of PPARG in various cell
types (Fox et al., 2006). Specifically, C/EBPS was reported to be
responsible for the induction of PPARy expression in 3T3-L1
mouse pre-adipocytes through dexamethasone-mediated stimu-
lation (Shi et al., 2000) or TNFa-mediated inhibition (Kudo et al.,
2004). In the human hepatocyte cell line HepG2, C/EBPS§ was
found to bind to the PPARG promoter after lipogenic stimulation,
and this activation was accompanied by HDAC1 and HDAC3
binding (Lai et al., 2008). Considering our observation that
C/EBPS can epigenetically regulate PPARG expression in
adipogenic process, it would be interesting to next investigate
whether PHF2 has a biological function in the regulation of the
PPARG promoter activation described earlier.

In summary, we found that the histone demethylase PHF2
controls adipogenesis through binding with the transcription
factors C/EBPS and C/EBPa. We demonstrated a significant
increase in C/EBPS binding on the CEBPA and PPARG promot-
ers and in C/EBPa binding on the FABP4 promoter in the 3T3-
L1 cell line after adipogenic stimulation, which were abolished in
PHF2 knock-down cell lines. Our findings suggest that C/EBP&
and C/EBPa mediate PHF2 binding to their target promoters
during adipogenesis to demethylate the repressive H3K9 histone
methyl marker. As we identified the upstream regulator of
PPARG, the most important transcription factor for fat cell differ-
entiation and a diabetic drug target, it would be useful to next
identify the target molecule of PHF2 activity for regulating its
activity, which might help to improve metabolic and diabetic dis-
ease symptoms.

Note: Supplementary information is available on the Molecules
and Cells website (www.molcells.org).
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