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Specific regulation of target genes by transforming growth
factor-� (TGF-�) in a given cellular context is determined in
part by transcription factors and cofactors that interact with the
Smad complex. In this study, we determined Smad2 and Smad3
(Smad2/3) binding regions in the promoters of known genes in
HepG2hepatoblastoma cells, andwe compared themwith those
in HaCaT epidermal keratinocytes to elucidate themechanisms
of cell type- and context-dependent regulation of transcription
induced by TGF-�. Our results show that 81% of the Smad2/3
binding regions in HepG2 cells were not shared with those
found in HaCaT cells. Hepatocyte nuclear factor 4� (HNF4�) is
expressed in HepG2 cells but not in HaCaT cells, and the
HNF4�-bindingmotif was identified as an enrichedmotif in the
HepG2-specific Smad2/3 binding regions. Chromatin immuno-
precipitation sequencing analysis of HNF4� binding regions
under TGF-� stimulation revealed that 32.5% of the Smad2/3
binding regions overlapped HNF4� bindings.MIXL1 was iden-
tified as anewcombinatorial target ofHNF4� andSmad2/3, and
both theHNF4� protein and its bindingmotif were required for
the induction of MIXL1 by TGF-� in HepG2 cells. These find-
ings generalize the importance of binding of HNF4� on
Smad2/3 binding genomic regions for HepG2-specific regula-
tion of transcription by TGF-� and suggest that certain tran-
scription factors expressed in a cell type-specific manner play
important roles in the transcription regulated by the TGF-�-
Smad signaling pathway.

Transforming growth factor-� (TGF-�) has multiple roles in
growth arrest, apoptosis, differentiation, epithelial-to-mesen-
chymal transition, and extracellular matrix deposition in vari-
ous types of cells and is related to embryonic development and
various human diseases (1). In cancer cells, TGF-� is known
to possess conflicting tumor-suppressive and pro-metastatic
functions; TGF-� inhibits cancer progression by cell cycle
arrest and apoptosis, although it also helps cancer cells to evade
anti-tumor immune response andmetastasize to distant organs
by epithelial-to-mesenchymal transition. Understanding the
precise regulatory mechanisms downstream of this signaling
pathway is required for the control of diseases.
Smad family proteins are the principal and specificmolecules

that transduce signals from the ligand-bound active receptor
complexes on the cell surface membrane to the nucleus (2–4).
Smad2 and Smad3 form hetero-oligomers with Smad4 after
phosphorylation of the C terminus of Smad2 or Smad3 by the
receptor complex, and the Smad complex serves as a transcrip-
tion factor on the genome. The Smad complex was reported to
bind to the sequences containing “GTCT” (Smad-binding ele-
ment) by in vitro screening of the binding sequences and struc-
tural analysis of the Smad complex bound to the DNA (5, 6).
However, this very simple motif is present everywhere in the
genome. It has also been suggested that the binding affinity of
the Smad complex to Smad-binding elements is not high. Inter-
action with other transcription factors and cofactors has been
shown to be important to provide functional specificity of
TGF-� signaling, and these transcription factors and cofactors
facilitate binding of the Smad complex to the favorable posi-
tions in the genome. Expressions of these transcription factors
and cofactors are often regulated in a cell- or tissue-specific
manner, and a subset of thesemolecules indeed has been shown
to be important for the context-dependent Smad binding to the
genome and transcriptional regulation of target genes. Target
genes of TGF-� that are regulated by the same cofactors
are designated as a synexpression group (7), as reported in
the regulation of several genes such as CDKN1A/p21 and
GADD45A by FOXO family proteins (8).
High throughput analyses of transcription factor binding

regions using either an oligonucleotide tiling microarray or
massively parallel sequencing are now widely used to under-
stand the roles of transcription factors (9, 10). We have identi-
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fied Smad2/3 binding regions and Smad4 binding regions using
a promoter tiling array in the HaCaT normal human epidermal
keratinocyte cell line (11, 12). We found Smad2/3 binding
regions at the previously analyzed regions as well as many unrec-
ognized binding regions. Activator protein-1 (AP-1), v-Ets eryth-
roblastosis virus E26 oncogene homolog, and transcription factor
AP-2-binding motifs were identified as enriched motifs in the
Smad2/3binding regions inHaCaTcells (11).However, it remains
to be determinedwhether the identified Smad2/3 binding regions
are shared with those in other cells and tissues.
Hepatocyte nuclear factor 4� (HNF4�)4 is a member of

the hepatocyte nuclear factor family, which includes well
conserved nuclear receptors among mammals. HNF4� is
expressed in the liver, kidney, small intestine, and pancreas and
is essential for the organogenesis of the liver (13, 14). HNF4�
is also required for the differentiation of hepatocytes and is
engaged in hepatocyte-specific gene regulation related to the
synthesis of apolipoproteins, acute phase reactive proteins, and
other secreted proteins. HNF4� is located in the nucleus, forms
a homodimer, and functions as a transcription factor by binding
to DR1 elements in the genome (15).
Several groups have identified a functional relationship

between HNF4� and TGF-� signaling. TGF-� down-regulates
the expression of variant 1 ofHNF4�, one of the transcriptional
variants ofHNF4�, which has anAF1 transcriptional activation
domain in their N terminus (16). On the contrary, the expres-
sion of the transcriptional activation domain lacking variant 8 is
repressed by TGF-� in normal murine mammary gland
(NMuMG) epithelial cells (17). TGF-� has also been reported
to regulate the HNF4� expression by proteasome-dependent
degradation (16). The effect of HNF4� on TGF-�-induced
transcription has also been analyzed for the APOC3 promoter,
where HNF4� interacts with Smad3 and Smad4 to induce the
APOC3 expression (18, 19). The HNF4�-binding motif in the
APOC3 promoter has been shown to be important for TGF-�-
induced transcriptional activity, and a mutant of Smad3 that
lacks theDNAbinding property to Smad-binding elements still
interacts with HNF4� to synergistically transactivate the
APOC3promoter (19). BecauseHNF4�binds to theMH1DNA
binding domain of Smad3 through both its N and C termini
(19), Smads may indirectly bind to the APOC3 promoter
through HNF4�. However, it is still unclear whether the
reported interaction with Smads andmechanisms of transcrip-
tional regulation are generally important for the function of
both HNF4� and Smads in hepatocytes.
Here, we identified Smad2/3 binding regions in the HepG2

hepatoblastoma cell line and compared them with the binding
regions in HaCaT cells and hepatocellular carcinoma Hep3B
cells to elucidate the mechanisms of context-dependent regu-
lation of TGF-�-induced transcription.We foundHNF4� as an
important factor for HepG2-specific Smad2/3 binding regions
and analyzed its regulatory mechanism using a new target gene
of HNF4�,MIXL1, under TGF-� stimulation.

EXPERIMENTAL PROCEDURES

Cell Culture—Human hepatoblastomaHepG2 cells and hep-
atocellular carcinoma Hep3B cells were obtained from the
American Type Culture Collection and were cultured in mini-
mum essential medium (Invitrogen) supplemented with 10%
fetal bovine serum (FBS) (Thermo Scientific, Rockford, IL), 0.1
mM nonessential amino acids, 1 mM sodium pyruvate, 100
units/ml penicillin G, and 100 �g/ml streptomycin. HaCaT
cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM; catalog no. 11965; Invitrogen) supplemented with
10% FBS, 100 units/ml penicillin G, and 100 �g/ml streptomy-
cin. Cells were grown in a humidified atmosphere with 5% CO2

at 37 °C.
Antibodies and Chemicals—We used the following com-

mercially available antibodies: mouse anti-Smad2/3 (BD
Biosciences), anti-�-tubulin (DM1A) (Sigma), rabbit anti-
phospho-Smad2 (Cell Signaling Technology, Beverly, MA),
anti-phospho-Smad3 (Cell Signaling Technology), and anti-
HNF4� (Santa Cruz Biotechnology, Santa Cruz, CA). TGF-�3
was from R & D Systems (Minneapolis, MN).
RNA Interference and Oligonucleotides—Stealth small inter-

feringRNA(siRNA) targetingHNF4� (5�-AAAGCGGCCACGC-
GAGUCAUACUGG-3�) was purchased from Invitrogen. As a
negative control, we used a predesigned siRNA (12935–200,
sequence not available). siRNAs were introduced into HepG2
cells using the Lipofectamine RNAi MAX reagent (Invitrogen)
according to the manufacturer’s instructions (reverse transfec-
tionmethod), using 3 nM siRNA per 1� 105 cells/ml per well of
12-well plates.
Immunoblotting—SDS-gel electrophoresis and immunoblot-

ting were performed as described, using a LAS-4000 lumino-im-
age analyzer (Fujifilm, Tokyo, Japan) (20). RIPA buffer (1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 150 mM

NaCl, 50 mM Tris-HCl (pH 8.0), 5 mM EDTA) was used for cell
lysis.
Chromatin Immunoprecipitation (ChIP), ChIP-chip, and

ChIP Sequencing (Seq)—Sample preparation for ChIP-chip
analysis was performed as described previously, using anti-
Smad2/3 (BD Biosciences) (11, 21, 22). Briefly, ChIP and con-
trol input DNA samples were amplified by two cycles of in vitro
transcription and hybridized on separate Affymetrix human
promoter 1.0R oligonucleotide tiling arrays (Affymetrix, Santa
Clara, CA). Enrichment values (ChIP/control input DNA)were
calculated using the MAT algorithm, and Smad2/3 binding
regions were determined using detection p values of 10�4 (23).
For conventional quantitative anti-Smad2/3 ChIP-quantitative
PCR (ChIP-qPCR) analyses, cells were cross-linked with 10mM

dimethyl adipimidate (Thermo Scientific) for 30 min at room
temperature before formaldehyde fixation. Bioruptor UCW-
301 (output: H, 2 cycles of 30 s of sonication with 30-s intervals;
Cosmobio, Tokyo, Japan) was used for sonication of ChIP-
qPCR samples. Sample preparation for ChIP-seq was per-
formed according to themanufacturer’s instructions (Illumina,
San Diego). The obtained read tags were mapped on the NCBI/
hg18 human genome assembly using ELAND (Illumina). Cis-
Genome was used for the calculation of significant HNF4�

4 The abbreviations used are: HNF4�, hepatocyte nuclear factor 4�; qPCR,
quantitative PCR; ChIP-seq, ChIP sequencing; FDR, false discovery rate;
CEAS, cis-regulatory element annotation system.
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binding regions (one-sample analysis, with default parameters
and a false discovery rate (FDR) of less than 0.1%) (24).
Motif Prediction and Mapping—CisGenome was used for

both de novo motif prediction and motif mapping of Smad2/3
ChIP-chip and HNF4� ChIP-seq binding regions. Cis-regula-
tory element annotation system (CEAS) was also used for iden-
tification of known motifs in Smad2/3 and HNF4� binding
regions (25).
Quantitative PCR Analysis—Quantitative real time PCR

analysis was performed as described previously (26). Amplifi-
cation data were quantified using the standard curve method.
Detected signals were confirmed to be specific by a dissociation
protocol. All sampleswere run in duplicate or triplicate, and the
results were averaged. Sequences of the primers are available in
supplemental Tables S1 and S2.
Reverse Transcription-PCR and Expression Microarray

Analysis—Total RNAs were extracted as described previously
(26). First strand cDNAs were synthesized using the Prime-
Script2 reverse transcriptase (TakaraBio, Shiga, Japan). The

experimental procedures for GeneChip (Affymetrix) were per-
formed as described previously (11) using theGeneChip human
U133 plus 2.0 oligonucleotide array (Affymetrix). Microarray
Suite software 5.0 (Affymetrix) was used with a target intensity
of 100. Data from one array were obtained for each sample.
Promoter Reporter Constructs and cDNA Constructs—The

human MIXL1 promoter reporter (MIXL1-WT-luc, �583
to �8) and its mutants were constructed by a PCR-based
approach and cloned into the pGL4.10 (Promega, Fitchburg,
WI) vector with a minimal luciferase promoter sequence
(11). Primer sequences used for the construction of MIXL1-
mut1-luc were 5�-GCAGGGGTGGTAAATAAATTTAGGGT-
TATCGGGACAGACGGGAC-3� and 5�-GTCCCGTCTGTC-
CGATAACCCTAAATTTATTTACCACCCCTGC-3�. The
primer sequences for the construction of MIXL1-mut2-luc
were 5�-TCCCCGAGCCCTTAGGGTATTACACCGCCCC-
GCCTTC-3� and 5�-GAAGGCGGGGCGGTGTAATAC-
CCTAAGGGCTCGGGGA-3�. MIXL1-luc reporters with
mutations in Smad-binding elements were also constructed by

FIGURE 1. Identification of Smad2/3 binding regions in HepG2 cells. A, Smad2/3 binding to the SERPINE1/PAI-1 locus in HepG2 cells. MAT scores were
plotted at the SERPINE1 and HPRT1 loci to obtain a graphical representation of Smad2/3 binding in these regions. Significant Smad2/3 binding regions as
determined by detection of p values of 10�4 are shown by black bars. B, percent input values of Smad2/3 binding compared with input genome as determined
by ChIP-qPCR. Cells were treated with 120 pM TGF-� for 1.5 h. Cells were cross-linked sequentially with dimethyl adipimidate and formaldehyde. Error bars
represent S.D.
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PCR (see Fig. 6D for sequences of the mutants). HNF4� and its
C115R mutant were constructed by a PCR-based approach
using the first strand cDNA of HepG2 cells as a template. The
sequences of all cDNAs constructed were verified by
sequencing.
Luciferase Assay—Cells in 24-well plates were transfected

with different combinations of promoter reporter constructs
and expression plasmids by using Lipofectamine LTX (Invitro-
gen). The total amount of transfected DNAwas adjusted to the
same amount using an empty vector. Twenty four hours later,
cells were treated with TGF-� for an additional 24–48 h and
lysed. Luciferase activities in the lysates were measured using
the Dual-Luciferase� reporter system (Promega) as described
previously. For normalization, cells were co-transfected with
pGL4.75-SV40-hRluc. Where indicated, siRNAs were trans-

fected 24 h before reporter transfection. All samples were pre-
pared in triplicate, and results were averaged.
Statistical Analysis—The Tukey-Kramer test of R program

was used for multiple comparisons of data. The t test was used
for two-sample analysis. p values of less than 0.05 were consid-
ered to indicate significance for each experiment.

RESULTS

Identification of HNF4�-binding Motif in HepG2-specific
Smad2/3 Binding Regions—To determine Smad2/3 binding
regions in HepG2 hepatoblastoma cells, we stimulated the cells
with TGF-� for 1.5 h and fixed them with formaldehyde to
cross-link genome-bound molecules to DNA. ChIP on
microarray analysis (ChIP-chip) was performed according to
the established protocol using an Affymetrix human promoter

FIGURE 2. Comparison of the Smad2/3 binding regions among different cell lines. A, Venn diagrams showing the overlaps of Smad2/3 binding regions in
HaCaT, HepG2, and Hep3B cells. Numbers in the circles indicate percentages of the Smad2/3 binding region of each cell line (red, HaCaT; black, HepG2; blue,
Hep3B). B, identification of a motif conserved in HepG2-specific Smad binding regions. Partial genomic sequences within 250 bp from the peak positions of
HepG2-specific Smad2/3 binding regions (n � 2,955) were analyzed using the CisGenome Gibbs motif sampler. Default parameters were used for the
calculation, except for the numbers of motifs to be identified (n � 10). Matrix datum of the motif calculated by CisGenome was graphically shown using the
SegLogo function of the R software. C, HNF4�-binding motif that matched the predicted motif in HepG2-specific Smad2/3 binding regions. The JASPAR CORE
data base was used to identify known transcription factor binding motifs similar to the calculated matrix data in B. An HNF4� motif (ID: MA0114.1) was
identified as the most similar motif with a comparison score of 21.3, which reached 96.9% of the potential maximal score. D, frequencies of the HNF4�-binding
motif in Smad2/3 binding regions. Presence of the HNF4�-binding motif in each Smad2/3 binding region (within 250 bp from the peak signal position) was
determined using CisGenome. Frequencies of the motif in either HepG2- or HaCaT-specific Smad2/3 binding regions were then calculated. As a control,
matched genomic regions to HaCaT-specific Smad2/3 binding regions were obtained using CisGenome, and the frequency of the HNF4� motif was deter-
mined. E, expression of the HNF4� protein and phosphorylation of Smad2/3 in HaCaT and HepG2 cells. Cells were treated with TGF-� for 1.5 h, and the
expression of each protein was determined by immunoblotting (IB).
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array (22). Obtained image data were analyzed using the MAT
algorithm, which provided enrichment values of the ChIP sam-
ples for every promoter region, compared with the input
genomic sample. There was significant Smad2/3 binding to the

promoter region of the SERPINE1/PAI-1 gene as observed pre-
viously in the ChIP-chip analysis of Smad2/3 bindings in
HaCaT cells (Fig. 1A, upper panel) (11). In contrast, there was
no significant Smad2/3 binding to theHPRT1 locus that served
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as a negative control region (Fig. 1A, lower panel). We con-
firmed significant enrichment of Smad2/3 binding to the SER-
PINE1, SERPINA1/�-antitrypsin, and APOA1 loci using ChIP-
qPCR (Fig. 1B). We identified 3,636 significant Smad2/3
binding regions that had detection p values of less than 10�4

within the promoter regions of known genes.
Next, we compared the identified Smad2/3 binding regions

in HepG2 cells to those in HaCaT cells (11). We also obtained
1,270 Smad2/3 binding regions in Hep3B hepatocellular carci-
noma cells to determine their overlaps (Fig. 2A).We found that
only 25.2% of the Smad2/3 binding regions in HaCaT cells (n�
682) were shared with those in HepG2 cells. In contrast, 58.3%
of the binding regions in Hep3B cells overlapped with those
identified in HepG2 cells, although the number of overlapping
binding regions (n � 741) was similar to that between HaCaT
and HepG2 cells. Many of the Smad2/3 binding regions were
thus unique to each cell type. We determined the candidate
target genes of Smad2/3 using the dataset of Smad2/3 bind-
ing regions that were either common to HepG2 and HaCaT,
HepG2-specific, or HaCaT-specific (supplemental Tables
S3-S5), and performed gene ontology analysis of each category
by DAVID (27). We did not observe remarkable differences in
the top five enriched annotation clusters between the common
Smad2/3 binding regions andHepG2-specific Smad2/3 binding
region. Conversely, enrichment of cell death and cytoskeleton-
related annotations was found in HaCaT-specific binding
regions (supplemental Table S6).
To identify specific motifs in the Smad2/3 binding regions in

HepG2 cells, de novomotif prediction was performed using the
CisGenome Gibbs motif sampler (supplemental Fig. S1A). We
searched for known motifs that had similarity to the calculated
motifs using the JASPARdata base (28). As shown in Fig. 2C, we
found that one predicted motif (Fig. 2B) was strongly similar to
theHNF4�-bindingmotif (Fig. 2C, 96.9% score). The frequency
of the HNF4� motif in HepG2-specific Smad2/3 binding
regions was 41.2%, although that in HaCaT-specific Smad2/3
binding regions and its matched random genomic regions was
23.7 and 17.6%, respectively (Fig. 2D). We also analyzed the
sequences in Smad2/3 binding regions using the CEAS analysis
tool as we did in our previous report (11, 12, 25), and the
HNF4�-binding motif was identified as one of the top three
enriched motifs in the binding sequences (supplemental Fig.
S1B) (25). It should be noted that canonical Smad-binding ele-
ment (M00974.SMAD, “CAGAC”) was also identified as
enriched motif through CEAS analysis and present in 40.6% of
theHepG2-specific Smad2/3 binding regions (data not shown).
These findings suggested that theHNF4�motif was enriched in
HepG2-specific Smad2/3 binding regions and had roles for cell

type specificity of Smad2/3 binding and TGF-�-induced tran-
scription inHepG2 cells. HNF4� is one of the “master genes” of
hepatocytes and is essential for hepatocyte-specific gene
expressions and functions. Because HNF4� was not expressed
inHaCaT cells (Fig. 2E), we decided to determineHNF4� bind-
ing regions in vivo in the presence of TGF-�.
HNF4� Binding to Its Binding Regions Is Not Extensively

Altered by TGF-�—ChIP-chip and ChIP-seq studies of HNF4�
binding regions have been reported usingHepG2 cells (29–31).
We retrieved data (30) from the data base and found that 20.7%
of the Smad2/3 binding regions were common toHNF4� bind-
ing regions in vivo. However, no reports have yet determined
the changes in the binding of HNF4� by extracellular stimula-
tions, including that by TGF-�. We therefore acquired the
HNF4� binding data using the newly available ChIP-seq tech-
nology to compare the Smad2/3 binding with theHNF4� bind-
ing under TGF-� stimulation. We identified 25,105 significant
HNF4� binding regions in the absence of TGF-� and 23,368
regions in the presence of TGF-�, at an FDR of less than 0.1%.
The APOA4/APOC3/APOA1 gene cluster that is a known tar-
get of HNF4� is shown in Fig. 3A. We observed significant
HNF4� binding to several of these regions in the absence of
TGF-�, and the binding was not extensively changed following
stimulation. We also found that there was significant Smad2/3
binding to the APOA1 promoter, which was absent in HaCaT
cells. Our data showed that Smad2/3 binding to the APOC3
promoter was not significant.
We then examined the changes inHNF4� binding by TGF-�

stimulation. More than 80% of the HNF4� binding regions
overlapped between TGF-�-treated and untreated cells. How-
ever, there were also specific binding regions for both TGF-�-
treated and untreated cells (Fig. 3B). In addition, we calculated
the changes in the normalized read numbers within theHNF4�
binding regions by TGF-� stimulation and found that some
regions indeed had either decreased or increased sequence
reads following TGF-� stimulation (data not shown). Percent
input values of HNF4� binding to the APOC3 and APOA1 loci
were also up-regulated to some extent (Fig. 3C), suggesting that
there were some, if limited, roles of TGF-� for HNF4� binding.
Using the HNF4� binding data with TGF-� stimulation, we
determined the frequency of HNF4� binding in Smad2/3 bind-
ing regions in vivo. We found that 32.5% of the Smad2/3 bind-
ing regions in HepG2 cells were indeed common to HNF4�
binding regions. In contrast, only 13.2% of Smad2/3 binding
regions in HaCaT cells were common, and the frequency
decreased to 7.7% when HaCaT-specific Smad2/3 binding
regions were examined (Fig. 3D). These results suggested that
HNF4� and Smad2/3 binding regions are located in close prox-

FIGURE 3. Identification of HNF4� binding regions in the presence and absence of TGF-� stimulation. A, graphical representation of HNF4� binding to the
APOA4/APOC3/APOA1 gene loci. Sequence read numbers of 100-bp sliding window were plotted for HNF4� ChIP-seq samples. Smad2/3 bindings as deter-
mined by ChIP-chip analysis were shown in the upper two panels as in Fig. 1A. Black bars represent significant binding regions (FDR, �0.1%). B, Venn diagrams
showing overlap between TGF-�-treated and untreated HNF4� binding regions. HNF4� binding regions were determined for each sample (FDR, �0.1%).
HNF4� binding regions that have overlapping regions within 500 bp from their positions of maximum read numbers were considered as shared binding
regions. C, changes in the HNF4� binding to APOC3 and APOA1 loci were quantitatively determined by ChIP-qPCR analysis. Error bars, S.D. D, frequencies of in
vivo HNF4� binding to the Smad2/3 binding regions. Percentages of HNF4� binding within 250 bp from the peak signal position of Smad2/3 binding regions
were calculated for the indicated Smad2/3 binding groups. E, frequencies of canonical Smad-binding elements in HNF4� binding regions compared with Smad
binding regions in HepG2 cells. A Smad-binding element, M00974.SMAD that was identified as an enriched motif in HepG2-specific Smad2/3 binding regions
using CEAS (see text), was selected for calculation. CisGenome was used for mapping of the motif. Presence of the motif for each HNF4� binding region and
Smad2/3 binding region was determined using PerlScript.
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imity to each other in HepG2 cells, although we could not
determine whether HNF4�- and Smad2/3-binding “elements”
overlapped within the binding regions because of the limited
resolution of ChIP-chip- and ChIP-seq-based assays. We then

calculated the frequency of Smad-binding element CAGAC in
HNF4� binding regions. 40.4% of the binding regions common
to HNF4� and Smad2/3 had Smad-binding elements, com-
pared with 24.3% in the total HNF4� binding regions (Fig. 3E).

FIGURE 4. Effect of knockdown of HNF4� on TGF-�-induced gene expression in HepG2 cells. A, confirmation of HNF4�-knocked down samples for
microarray analysis. HepG2 cells were transfected with HNF4� siRNA and treated with 120 pM TGF-� for the indicated times and harvested. Expression of HNF4�
was determined by RT-qPCR and normalized by glyceraldehyde-3-phosphate dehydrogenase (GAPDH). siNC, negative control siRNA. B, down-regulation of
HNF4� protein expression by siRNA. C, phosphorylation levels of Smad2/3 by using HNF4� siRNA. The top two panels show phosphorylation of Smad2 and
Smad3. The 3rd panel indicates the expression of total Smad2/3, and the bottom panel is a loading control. IB, immunoblot. D, heat map of the TGF-�-induced
expression of target genes of Smad2/3 and HNF4� and effect of HNF4� siRNA. Target genes that have overlapping binding regions of Smad2/3 and HNF4�
were sorted by their induction of probe signal values by TGF-� stimulation for 1.5 h and are represented by color bars in the 1st column, using the TM4
microarray software (60). Relative expression of these genes in HNF4� siRNA samples to the control siRNA is shown in the 2nd column. In addition, a list of genes
whose expressions changed more than 1.5-fold is shown in the right panel with their expression changes. E, heat map of target genes of TGF-� with Smad2/3
binding regions common to HNF4� at 24 h after TGF-� stimulation are shown as in D. Genes whose expressions were changed more than 2-fold are shown in
the right panel.
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Effect of HNF4� on the Expression of Smad2/3 Target
Genes—To elucidate the effect of HNF4� on TGF-�-induced
transcriptional regulation, we knocked down HNF4� by using
siRNA (Fig. 4, A and B). The phosphorylation of Smad2 and
Smad3 was not affected by the siRNA under the applied condi-
tion (Fig. 4C). We obtained expression microarray data and
calculated the changes in the expression of genes with binding
regions shared by Smad2/3 and HNF4� in the presence of
TGF-� and siRNA. We first analyzed the data of cells trans-
fected with control siRNA. Twenty four hours after TGF-�
stimulation, 4.3 and 21.1% of the genes with Smad2/3 binding
regions were regulated (either up- or down-regulated) more
than 2- and 1.5-fold, respectively (Table 1). We observed that
Smad2/3 binding regions were weakly enriched in the genes up-
regulated by TGF-� at 1.5 h (supplemental Fig. S2). Many of the
genes with Smad2/3 binding regions were not transcriptionally
regulated by TGF-�, and these findings were essentially similar to
those in our previous analysis inHaCaT cells (11).We then found
that HNF4� siRNA inhibited the expression changes of common
target genes of HNF4� and Smad2/3 by TGF-� 1.5 h after stimu-
lation (Fig. 4D). This result underscored the general roles of
HNF4� in hepatocyte-specific transcriptome regulation by
TGF-�. In contrast, the effect ofHNF4� silencingwasnot so obvi-
ous in the TGF-�-induced expression changes 24 h after stimula-
tion, compared with the setting after 1.5 h of TGF-� stimulation,
although TGF-�-induced expression changes of a subset of genes
appeared to be rather enhanced by HNF4� knockdown (Fig. 4E).
We focused on the changes at 1.5 h, when we obtained Smad2/3
andHNF4�binding data, andwe listed target genes ofTGF-� and
the effect of HNF4� knockdown (Table 2). We identifiedMIXL1
as both TGF-�- and HNF4�-regulated gene with no Smad2/3
binding regions in HaCaT cells.
HNF4� Provides a New Mechanism of TGF-�-induced

MIXL1 Expression—As shown in Fig. 5A, significant binding of
Smad2/3 and HNF4� to the MIXL1 promoter was observed
(Fig. 5A). We confirmed the binding of these transcription fac-
tors by ChIP-qPCR (Fig. 5, B and C) and changes in the expres-
sion of MIXL1 by HNF4� siRNA by RT-qPCR (Fig. 5D). We
then determined the sequence of theMIXL1 promoter bound by
Smad2/3 and HNF4�. We first found two possible HNF4�-bind-
ing motifs (Fig. 6A). Using a promoter reporter assay, we found

that the transcriptional activity of the reporter containing the
Smad2/3-HNF4� binding regions was up-regulated by TGF-�,
which was significantly repressed by mutations in the HNF4�-
binding sequences (Fig. 6B). We next searched for canonical
Smad-binding elements conserved between mouse and human.
We identified three Smad-binding elements between the two
HNF4� motifs, and one just upstream of the distal HNF4� motif,
termed SBE1 to -4 (Fig. 6C).Of them, only amutation in SBE2 lost
TGF-�-induced transcription (Fig. 6D). These results suggested
that both HNF4�-binding motifs and SBE2 are required for
MIXL1 reporter activity induced by TGF-�.
The transcriptional activity of the reporter was inhibited by

HNF4� siRNA, which was observed even without TGF-�, sug-
gesting that preceding binding of HNF4� to its binding motifs
as observed in Fig. 5A was important both for the basal and
TGF-�-induced transcriptional activation ofMIXL1 promoter
(Fig. 7A). We also investigated the effect of forced HNF4�
expression in HaCaT cells to determine whether HNF4� was
able to activate theMIXL1 transcriptional activity in these cells.
As shown in Fig. 7B, HNF4� induced the transcriptional activ-
ity of the MIXL1 promoter reporter in HaCaT cells. We then
examined the effect of a mutant of HNF4� that cannot bind to
DNA (HNF4� CR mutant) (32) and found that DNA binding

TABLE 1
TGF-�-induced changes in gene expression in relation to Smad2/3 binding
Expression array data transfected with control siRNA and stimulated with TGF-� were compared with Smad2/3 ChIP-chip data. A total of 8,653 genes that had values of
more than 100 at least at one time point for one of their probes (n � 13,720) was used for the analysis. Up-regulated or down-regulated genes were determined compared
with 0-h values. The positions of peak signals of Smad binding regions (SBRs) relative to the nearby RefSeq genes were first determined, and regions within 5 kb upstream
from the transcription start site and the first intron were selected. *a indicates number of genes analyzed by microarray. *b indicates number of genes which have Smad2/3
binding regions.

All genes Genes with SBRs
*b/*a (%)*a % *b %

Total 8653 100.0 1941 100.0 22.4
Increase

�2-Fold 1.5 h 25 0.3 14 0.7 56.0
24 h 223 2.6 59 3.0 26.5

�1.5-Fold 1.5 h 273 3.2 89 4.6 32.6
24 h 837 9.7 250 12.9 29.9

Decrease
�2-Fold 1.5 h 16 0.2 2 0.1 12.5

24 h 174 2.0 25 1.3 14.4
�1.5-Fold 1.5 h 217 2.5 47 2.4 21.7

24 h 877 10.1 160 8.2 18.2

TABLE 2
TGF-�-induced genes with Smad2/3 and HNF4� binding at 1.5 h
Target genes of TGF-� in HepG2 cells that were induced more than 2-fold at 1.5 h
and that have common binding regions for Smad2/3 and HNF4� were sorted by
their expression changes in the presence or absence of HNF4� siRNA. Presence of
Smad2/3 binding regions in HaCaT cells is also shown in the 2nd column.

Gene symbol
Smad2/3 binding
in HaCaT cells

Relative expression
(siNC/siHNF4�)

Induction by
TGF-�

-fold -fold
CMIP � 0.3 2.1
REPIN1 � 0.3 2.2
MIXL1 � 0.3 2.3
ERRFI1 � 0.4 2.7
FASTK � 0.5 2.1
ZNF48 � 0.5 2.6
CBX4 � 0.6 2.2
TMEM49 � 0.8 2.1
ZFP36L2 � 0.9 2.6
JUNB � 1.0 9.8
DDIT4 � 1.1 5.6
GADD45B � 1.3 4.9
RND1 � 1.4 5.5
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activity was required for its TGF-�-induced transcriptional
activation (Fig. 7C). Finally, the effect of HNF4� siRNA on
Smad2/3 binding to the MIXL1 promoter was determined.
HNF4� siRNA inhibited the TGF-�-induced Smad2/3 binding
to the MIXL1 promoter, indicating that the recruitment of
Smad2/3 was one of the mechanisms of transcriptional regula-
tion by HNF4� under TGF-� stimulation (Fig. 7D).
Taken together, these findings propose that the preceding

binding of HNF4� on MIXL1 promoter enables the recruit-
ment of Smad2/3 to this promoter after TGF-� stimulation and
confers TGF-�-mediated HepG2-specificMIXL1 induction.

DISCUSSION

Recent technological advances, including ChIP-chip and
ChIP-seq, provide a functional platform for comprehensive

understanding of transcriptional regulation. This study revealed
that Smad2/3 binding regions specifically observed in HepG2
cells were enriched inHNF4� binding regions. HNF4�was also
expressed in Hep3B cells, and HNF4�-binding motif was iden-
tified in Smad2/3 binding regions inHep3B cells by CEAS anal-
ysis (data not shown), which suggests that the functional rela-
tion between Smad2/3 and HNF4� is commonly observed in
hepatocyte-derived cells. Based on the findings on the HNF4�-
Smad interaction (18), physical interaction between HNF4�
and Smads is important, at least in part, for TGF-�-induced
Smad2/3 binding and transcriptional activation inHepG2 cells.
It is also possible thatHNF4�has additional indirect interactive
functions for TGF-� signaling. Many regulatory mechanisms
control the expression of a proper set of genes in various cells
and tissues. At the genome level, CpGmethylation plays a cen-

FIGURE 5. Smad2/3 and HNF4� bindings in the MIXL1 locus. A, Smad2/3- and HNF4�-enriched regions in the MIXL1 locus are shown as in Fig. 3A. B, HepG2
cells were treated with 120 pM TGF-� for 1.5 h, fixed in formaldehyde, and harvested. Smad2/3 binding to the MIXL1 locus was verified by ChIP-qPCR. HPRT1
served as a negative control. C, HepG2 cells were treated with or without 120 pM TGF-� for 1.5 h, and ChIP-qPCR analysis of the MIXL1 locus using anti-HNF4�
was performed as in B. n.s., not significant. D, effects of knockdown of HNF4� on TGF-�-induced expression changes of MIXL1. HepG2 cells were transfected
with control siRNA (siNC) or siHNF4�, treated with 3 ng/ml TGF-� for the indicated times, and harvested. HNF4� expression was quantified by RT-qPCR. *, p �
0.05; error bars, S.D.
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tral role to avoid unintended expression of genes that are not
suitable for the given tissue (33).Modification of the histone tail
is also well known to lead to the formation of either euchroma-
tin or heterochromatin. These modifications of the genome or
histones allow transcription factors and cofactors to access the
cell- and tissue-specific genomic loci to exert their actions.

Modifications of the genome and histones are sometimes
induced by trans factors during differentiation of the cells and
tissues (34, 35). HNF4� physically interacts with the histone
acetyltransferase complex and chromatin remodeling complex
(29), and it is thus possible that HNF4� induces such epi-
genomic changes in the liver and indirectly provides Smad2/3
to access to hepatocyte-specific binding regions.
Identification of Smad binding regions downstream of the

TGF-�/activin signaling by ChIP-chip analysis has been per-
formed using several cell lines. Recently, Fei et al. (36) reported
promoter analysis of Smad2 binding regions in mouse embry-
onic stem cells by ChIP-chip. We and Qin et al. (12, 37) ana-
lyzed Smad4 binding regions under TGF-� stimulation using
HaCaT and ovarian surface epithelial cells, respectively. It has
been reported that transcription factor binding regions in the
same target gene loci differ among the five vertebrate species
(38); it is thus difficult to compare the ChIP-chip or ChIP-seq
data obtained frommouse and human. Differences in the ChIP
efficiencies of the antibodies also make the comparison of the
data difficult (12). Importantly, we used the same antibody and
sample preparation procedures for HaCaT cells and HepG2
cells. Our present analysis thus revealed for the first time that
Smadbinding regions greatly differ among cell lines. Analysis of
HaCaT-specific trans factors will facilitate our understanding
of cell type-specific TGF-�-induced transcription in the future.
However, comparison of the number of binding regions in dif-
ferent cell types is still difficult. We found a greater number of
Smad2/3 binding regions in HepG2 cells than in HaCaT cells.
Because the phosphorylation of Smad3wasweaker and the per-
cent input value of the Smad2/3 ChIP sample was smaller in
HepG2 thanHaCaT cells, we cannot conclude thatHepG2 cells
havemore Smad2/3 binding regions thanHaCaT. It should also
be noted that we cannot fully exclude that the antibody recog-
nizes unknown genome-bound molecules in addition to
Smad2/3.
Comparison of ChIP-chip and ChIP-seq data of the same

transcription factor has been reported (39). In general, ChIP-
seq is reported to be more sensitive and specific than ChIP-
chip. Oligonucleotide-based array analysis has a potential risk
of cross-hybridization and false discovery. Conversely, ChIP-
seq also has difficulty in identifying GC-rich sequences (10, 39).
We primarily focused on the comparison of our previously
reported Smad2/3 binding regions to those of different cell
types by the same platform. However, based on the known
problems as described above, comparison of the Smad2/3-
HNF4� binding regions will be more accurately performed by
the ChIP-seq in the future.
Interaction of several transcription factors at the same

enhancer positions has been recognized, and the complex is
called “enhanceosome.” Structure of such complex and their
binding DNA motifs have been analyzed in the interferon-�
promoter as reviewed by Panne (40). In enhanceosome, each
transcription factor physically interacts with others to provide
its adequate surface that can bind to the series of their corre-
sponding DNA motifs. Several reports have identified HNF4�
binding regions by ChIP-chip and ChIP-seq analyses (29–31,
38, 41–43). Many transcription factors, e.g. FOXA2, GABP,
HNF1�, HNF4�, HNF6, cohesin, and CDX2, were identified to

FIGURE 6. Identification of regulatory elements important for TGF-�-in-
duced transactivation of the MIXL1 promoter. A, schematic representation
of HNF4�-binding motifs in the Smad2/3 and HNF4� binding region of the
MIXL1 promoter. Promoter reporters with mutations in their HNF4�-binding
motifs are shown in the lower panel. B, activation of the MIXL1 gene promoter
by TGF-� and effects of mutations in putative HNF4�-binding motifs. HepG2
cells were transfected with the MIXL1 promoter and its mutants and treated
with TGF-� for 24 h. C, conserved Smad-binding elements (SBEs) of the MIXL1
promoter. Four Smad-binding elements that were conserved between
mouse and human (SBE 1– 4) are shown with their relative positions from the
transcription start site. Nucleotide sequences of Smad-binding elements and
their mutations used in D are also shown. WT, wild-type; mut, mutant. D, effect
of mutations in Smad-binding elements on TGF-�-induced transcriptional
activity of MIXL1 promoter. Cells were treated as in B, and luciferase activities
were determined. *, p � 0.05 compared with WT without TGF-�; **, p � 0.05
compared with SBE4 mutant, without TGF-�; n.s., not significant compared
with WT and SBE2 mutant, without TGF-�; error bars, S.D.

Smad2/3 and HNF4� Binding Regions in HepG2 Cells

AUGUST 26, 2011 • VOLUME 286 • NUMBER 34 JOURNAL OF BIOLOGICAL CHEMISTRY 29857



co-localize with HNF4� through these analyses. Other reports
also revealed interaction of FOXO1 or retinoic acid receptor/
retinoid X receptor withHNF4� on specific promoters (44, 45).
These findings clearly revealed steady-state binding regions of
HNF4� on the genome and suggested that transcription factors
that co-localize or interact with HNF4� may form enhanceo-
some with HNF4�. Changes in the HNF4� binding regions
were found during differentiation of an intestinal epithelial cell
line CaCo2 (43); however, to our knowledge, the effect of single
extracellular stimulation on genome-wide HNF4� binding
regions has not yet been elucidated. Our present analysis pro-
vides the data of HNF4� binding regions following TGF-�
stimulation, which were compared with the Smad2/3 binding
regions in HaCaT cells that lack the expression of HNF4�. We
have found that large proportions of HNF4� binding regions in
HepG2 cells were unchanged by TGF-� stimulation. However,
some changes in HNF4� binding regions were observed with
regard to their positions and their strength, suggesting that
TGF-� might regulate a subset of HNF4� binding regions. de
Boussac et al. (46) reported that hepatocyte growth factor
inhibited HNF4� binding to the ABCC6 promoter, which
together suggest the importance of changes in the HNF4�
binding positions by external stimuli. We also found that the
effect of HNF4� on the TGF-�-induced gene expression after
24 h of TGF-� stimulation was different from that after 1.5 h of
TGF-� stimulation. Studies on the changes in the genome-wide
HNF4� and Smad2/3 binding after TGF-� stimulation at sev-
eral time points and ChIP-seq analysis of HNF4� with other

interactive factors in relation to their binding DNA sequences
will reveal new mechanisms of the regulation of HNF4�-in-
duced transcription in the context of the enhanceosome.
MIXL1 is an ortholog of XenopusMix.1, a transcription fac-

tor rapidly induced by activin during the early stage of Xenopus
development (47). There are six known homologs that have
been identified in Xenopus to engage in the formation of mes-
oderm and endoderm (48, 49). However, only one ortholog of
Mix.1 is known in human and mouse (50). MIXL1 is required
for the development of the chordamesoderm, heart, and gut in
mouse (51). Forced expression of MIXL1 in embryonic stem
cells resulted in the differentiation of the cells to endoderm
(52). TGF-� is reported to induce Mix.2 promoter activity by
formation of a Smad2/Smad4/FAST-1 (FoxH1) complex (53).
In mouse, Smads and FAST-1 interact to up-regulate the tran-
scriptional activity of the MIXL1 promoter (54, 55). However,
FAST-1 is not expressed in HepG2 cells (56). Our finding of
TGF-�-induced MIXL1 expression in HepG2 cells suggests a
previously unrecognized regulatory mechanism of its expres-
sion byHNF4� in the absence of FAST-1. During development,
HNF4� is expressed in the visceral endoderm during the gas-
trulation stage and plays a role in the differentiation of the
embryonic mesoderm (57). MIXL1 is also expressed in the
visceral endoderm and induces migration of the embryonic
endoderm. HNF4�-null mice embryo showed impaired
development of mature visceral endoderm, indicating that
HNF4� acts upstream of MIXL1, at least in the visceral
endoderm. Notably, both HNF4� and MIXL1 positively reg-

FIGURE 7. Roles of HNF4� on Smad2/3 binding and transcriptional activity of MIXL1 promoter. A, effects of HNF4� knockdown on transactivation of the
MIXL1 promoter. HepG2 cells were transfected with siRNAs 1 day before transfection with the reporter constructs. siNC, negative control siRNA. B, effects of
exogenous HNF4� on transactivation of the MIXL1 promoter. HNF4� was exogenously expressed in HaCaT cells, and transcriptional activity of MIXL1 reporter
was determined. The lower panel shows the protein expression of HNF4�. IB, immunoblot. C, HNF4� (variant 2, RefSeq ID: NM_000457) or its C115R (CR) mutant,
which does not bind to DNA, was overexpressed in HepG2 cells. The lower panel shows the protein expression of HNF4� and its mutant. D, effect of HNF4�
siRNA on Smad2/3 binding to the MIXL1 locus. HepG2 cells were transfected with siRNAs 24 h before TGF-� stimulation. Cells were fixed 1.5 h after treatment,
and ChIP-qPCR was performed as in Fig. 1B. Error bars, S.D.; *, p � 0.05; n.s., not significant.
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ulate the E-cadherin expression (52, 58), and the HNF4�
expression was repressed in a model of progression of hepa-
tocellular carcinoma (59). Functional analysis of MIXL1 in
liver fibrosis and hepatocellular carcinoma in relation to
TGF-� signaling might reveal the roles of MIXL1 in the adult
liver in the future.
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