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Differential Effects of Hepatocyte Nuclear Factor 4� Isoforms on
Tumor Growth and T-Cell Factor 4/AP-1 Interactions in Human
Colorectal Cancer Cells

Linh M. Vuong,a Karthikeyani Chellappa,a* Joseph M. Dhahbi,b Jonathan R. Deans,a Bin Fang,a* Eugene Bolotin,a* Nina V. Titova,a

Nate P. Hoverter,c* Stephen R. Spindler,b Marian L. Waterman,c Frances M. Sladeka

Department of Cell Biology and Neurosciencea and Department of Biochemistry,b University of California, Riverside, Riverside, California, USA; Department of
Microbiology and Molecular Genetics, University of California, Irvine, Irvine, California, USAc

The nuclear receptor hepatocyte nuclear factor 4� (HNF4�) is tumor suppressive in the liver but amplified in colon cancer, sug-
gesting that it also might be oncogenic. To investigate whether this discrepancy is due to different HNF4� isoforms derived from
its two promoters (P1 and P2), we generated Tet-On-inducible human colon cancer (HCT116) cell lines that express either the
P1-driven (HNF4�2) or P2-driven (HNF4�8) isoform and analyzed them for tumor growth and global changes in gene expres-
sion (transcriptome sequencing [RNA-seq] and chromatin immunoprecipitation sequencing [ChIP-seq]). The results show that
while HNF4�2 acts as a tumor suppressor in the HCT116 tumor xenograft model, HNF4�8 does not. Each isoform regulates the
expression of distinct sets of genes and recruits, colocalizes, and competes in a distinct fashion with the Wnt/�-catenin mediator
T-cell factor 4 (TCF4) at CTTTG motifs as well as at AP-1 motifs (TGAXTCA). Protein binding microarrays (PBMs) show that
HNF4� and TCF4 share some but not all binding motifs and that single nucleotide polymorphisms (SNPs) in sites bound by
both HNF4� and TCF4 can alter binding affinity in vitro, suggesting that they could play a role in cancer susceptibility in vivo.
Thus, the HNF4� isoforms play distinct roles in colon cancer, which could be due to differential interactions with the Wnt/�-
catenin/TCF4 and AP-1 pathways.

Hepatocyte nuclear factor 4� (HNF4�) (NR2A1) is a highly
conserved member of the nuclear receptor superfamily found

in all metazoans (1, 2) and best known as a master regulator of
tissue-specific gene expression in the adult liver (3–5). HNF4�
binds specific DNA sequences as a homodimer and regulates ex-
pression of genes involved in metabolism, homeostasis, differen-
tiation, and immune response (4, 6, 7). It also plays a role in early
development (8), as well as in the adult kidney, pancreas, and gut
(9–15). Mutations in the HNF4A gene or HNF4� binding sites
have been linked to various human diseases, including an inher-
ited form of type 2 diabetes (maturity-onset diabetes of the young
1 [MODY1]) and hemophilia (6, 16). Recently, HNF4� was
shown to be involved in colon cancer, but its precise role remains
elusive (11, 12, 17, 18).

Several splice variants of HNF4� are generated via two alter-
native promoters (proximal promoter P1 and distal promoter P2)
and two distinct 3= splicing events (19). P1-driven HNF4�1/2,
which includes the full-length N-terminal A/B domain, was
cloned from adult rat liver (1), while the P2-driven HNF4�7/8
with a distinct N-terminal domain was cloned from an embryonic
cell line (20) (see Fig. 1A). HNF4�2 and HNF4�8 are the predom-
inant forms in most tissues (21). The promoter-driven HNF4�
isoforms exhibit tissue-specific expression patterns: the P1-driven
HNF4�1/2 is expressed in the fetal and adult liver and kidney,
whereas the P2-driven HNF4�7/8 is expressed in the fetal liver
and the adult stomach and pancreas; both isoforms are expressed
in the large and small intestines (18, 19, 22, 23). The HNF4� gene
structure, promoter sequences, and expression patterns are highly
conserved between humans and mice (19), suggesting that P1-
and P2-driven HNF4� play important yet distinct functional
roles. Indeed, exon-swap mice that express just a single HNF4�

N-terminal isoform show subtle yet significant metabolic differ-
ences in unstressed animals (22).

P1-HNF4� acts as a tumor suppressor in the liver (24), inhib-
iting hepatocyte proliferation and inflammation (25–27). Several
key players in proliferation, including p53, c-Myc, T-cell factor 4
(TCF4 [TCF7L2]), lymphoid enhancer factor 1 (LEF1 [LEF1]),
and cyclin D1, have all been shown to physically interact with and
antagonize P1-HNF4� (12, 28–33).

The role of P2-HNF4� in cancer is less clear. Immunohisto-
chemical staining for HNF4� in liver, colon, and stomach cancers
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showed that there is a dysregulation of the HNF4� isoforms, with
P2-HNF4� typically being expressed at higher levels than P1-
HNF4� (18, 34, 35). Additionally, in a large cohort of 450 human
colon cancer samples, we found a loss of nuclear P1-HNF4�,
which we attributed to Src tyrosine kinase preferentially phosphor-
ylating P1- but not P2-driven HNF4� (17). The Cancer Genome
Atlas (TCGA) recently identified the region encompassing
HNF4A (20q13.12) as being one of several amplified loci in over
255 human colon cancers (36) and found an overexpression of the
HNF4� protein in a subset of those samples (37). HNF4� has also
been shown to exhibit oncogenic activity in gastric cancer (38).
While these findings suggest that the HNF4� gene may act as an
oncogene, as well as a tumor suppressor, the relative contributions
of the different HNF4� isoforms were not determined.

While HNF4�, especially the P1-HNF4� isoform, is known to
drive differentiation, the Wnt/�-catenin/TCF signaling pathway
is well known to promote cell proliferation. There are an increas-
ing number of reports that indicate a potential cross talk between
HNF4� and the Wnt pathway in liver zonation, hepatocellular
carcinoma (HCC) development, and colorectal cancer: Physical
interactions between HNF4� and TCF4 have been reported in
soluble nuclear extracts (NE) as well as in chromatin-bound frac-
tions on isolated promoters (12, 39–42). LEF1/TCF binding mo-
tifs have also been found enriched in HNF4� chromatin immu-
noprecipitation sequencing (ChIP-seq) peaks and vice versa (40,
42–45), suggesting a potential coregulation by these two tran-
scription factors (TFs). The nature of that coregulation, however,
is not yet clear.

To distinguish the roles of P1- and P2-HNF4� in colon cancer
and to examine their interaction with the Wnt/�-catenin/TCF
pathway, we established an inducible system in the human colon
cancer cell line HCT116 that expresses either P1-HNF4�2 or P2-
HNF4�8 under the control of doxycycline (DOX). Xenograft as-
says indicate that HNF4�2 is more effective at suppressing tumor
growth than HNF4�8 in vivo. Transcriptome sequencing (RNA-
seq) and ChIP-seq analyses revealed differences in gene expression
and binding locations between HNF4�2 and HNF4�8, while
TCF4 ChIP-seq indicated that HNF4� recruits, colocalizes, and
competes with TCF4 on a substantial number of promoters. Our
results also indicate that the HNF4� isoforms interact with TCF4,
as well as the AP-1 complex, in a differential fashion. Finally, com-
mon and unique TCF4 and HNF4� binding motifs were identified
using protein binding microarrays (PBMs), which also showed
that single nucleotide polymorphisms (SNPs) in TCF4/HNF4�
binding sites can affect DNA binding. Overall, our results indicate
that there are specific, potentially important functional differ-
ences in the HNF4� isoforms, some of which involve distinct in-
teractions with the Wnt/�-catenin/TCF and AP-1 pathways.

MATERIALS AND METHODS
Plasmid constructs. The full-length human HNF4�2 (NM_000457) and
HNF4�8 (NM_175914) cDNAs in pcDNA3.1 were gifts from Christophe
Rachez at Pasteur Institute, Paris, France (14, 46). The human ApoB.-
85.-47.E4.Luc luciferase reporter construct and Flag-dnTCF1E1
(Flag.dnTCF1) and Flag-TCF4E2 (Flag.TCF4) expression vectors have
been described previously (29, 47).

The doxycycline (DOX)-inducible expression vectors pTRE-HNF4�2
and pTRE-HNF4�8 were constructed by amplifying the human HNF4�2
and HNF4�8 cDNA from the respective pcDNA3.1 vectors with primers
that contained an EcoRI site and a Kozak sequence (forward) or BamHI
site (reverse) and cloning the PCR products into a EcoRI/BamHI-digested

pTRE.Tight vector (Clontech). The sequences of the primers are as fol-
lows (with restriction sites underlined): 5=-HNF4�2_Koz.EcoRI, 5=-GGA
ATTCCCCACCATGGATATGGCC-3=; 5=-HNF4�8_Koz.EcoRI, 5=-GG
AATTCCCCACCATGGTCAGCGTG-3=; and 3=-N1C465.BamHI, 5=-GC
GGGATCCCGCTAGATAACTTCCTGCTT-3=.

All oligonucleotides were synthesized by Integrated DNA Technolo-
gies (IDT).

The expression vector containing the reverse tetracycline transcrip-
tional activator (rtTA) pCAG-rtTA (pCAG-rtTA-IR-PURO) and the Tet-
responsive red fluorescent protein (RFP) reporter construct pTRE-RFP
were gifts from Chee-Gee Liew (48, 49).

Cell culture and generation of the Tet-On-inducible stable cell lines.
The human colorectal cancer cell line HCT116 (American Type Culture
Collection [ATCC], CCL-247) was maintained in McCoy’s 5A medium
(Iwakata and Grace modification, with L-glutamine) (Corning Cellgro
catalog no. 10-050-CV) supplemented with 10% fetal bovine serum (FBS)
(BenchMark catalog no. 100-106) and 100 U/ml penicillin-streptomycin
(1% P/S). Cells were passaged every third or fourth day at 85 to 95%
confluence. HEK 293T (ATCC, CRL-11268) and COS-7 (ATCC, CRL-
1651) cells were cultured in DMEM (Dulbecco’s modified Eagle’s me-
dium with 4.5 g/liter glucose, L-glutamine, and pyruvate) supplemented
with 10% FBS or bovine calf serum (BCS), 100 U/ml nonessential amino
acids (1% NEAA), and 1% P/S. All cell lines were maintained at 37°C and
5% CO2.

To generate the stable lines, HCT116 cells were seeded at 3 � 106 cells
per well in a 6-well plate and transfected 24 h later with 1 �g of linearized
pCAG-rtTA using Lipofectamine 2000 (Invitrogen). The following day,
cells were trypsinized and transferred to a 150-mm plate; 24 h later, cells
were selected in medium containing 0.50 �g/ml puromycin. Puromycin-
resistant colonies were screened for DOX inducibility by transiently trans-
fecting in pTRE-HNF4�2 and an HNF4� reporter construct (ApoB.-85.-
47.E4.Luc). Parental clone (clone 11) was transfected with linearized
pTRE-HNF4�2 or pTRE.HNF4�8 plus an XhoI fragment containing the
NeoR gene (10:1) from the pTet-On vector (Clontech) and the final
HNF4�2- and HNF4�8-expressing Tet-On-inducible lines were selected
with 50 �g/ml and then 70 �g/ml G418, along with 0.50 �g/ml puromy-
cin. The HCT116rtTA stable parental line (PL) was maintained in modi-
fied McCoy’s 5A medium supplemented with Tet-free 10% fetal bovine
serum (FBS), 1% P/S, and 0.53 �g/ml puromycin. The HCT116rtTA
HNF4�2- and HNF4�8-expressing lines were maintained in a similar
fashion with the addition of 70 �g/ml G418.

Migration and invasion assay. Tet-On-inducible HCT116 (PL,
HNF4�2, or HNF4�8) clones were seeded at 1.5 to 2.3 � 106 cells in a
100-mm-diameter plate and 24 h later treated with or without 0.5 �g/ml
of DOX (Clontech). Then 48 h after induction, cells were trypsinized,
counted, and resuspended in serum-free medium supplemented with
0.1% bovine serum albumin (BSA), with or without hydroxyl urea (2
mM), and transferred (5 � 104 cells) to the upper chamber of an invasion
or migration Transwell plate (BD Biocoat). McCoy 5A medium supple-
mented with 20% FBS was added to the lower chamber. Forty-eight hours
later, the top chambers were removed, stained with hematoxylin, and
viewed under a microscope. Images were taken at �20 magnification and
printed out for visual counting of the cells that had invaded or migrated to
the other side of the upper chamber. Invasive indexes were calculated by
dividing the number of cells invaded over the number of cells migrated.

Xenograft assay. Tet-On-inducible HCT116 cells (PL, HNF4�2, or
HNF4�8) were seeded in 150-mm plates. The following day, the cells were
trypsinized and subcutaneously injected (3 � 106 cells) into the flank of
�8-week-old athymic nude male mice (National Cancer Institute, strain
01B74). Eight days later, after the tumors reached about 48 mm3 (mea-
sured with calipers), mice were switched to a diet either lacking DOX
(7012 Teklad LM-485; Harlan Laboratories) or with 625 mg/kg DOX
(TD.05125; Harlan Laboratories). Food was changed every other day, and
tumor size was monitored weekly for �3 weeks, at which point the mice
were sacrificed via CO2 asphyxiation. Tumors were removed from the
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inner side of the skin with a scalpel, and the interior of the mouse was
checked for any visible metastasis. Tumors were weighed and snap-frozen
for subsequent analysis. Xenografts using Matrigel were performed in a
similar fashion except that high-concentration BD Matrigel matrix (BD
Biosciences catalog no. 354248) was added to the cells at a 25% final
volume immediately prior to injection. The care and handling of the mice
were in accordance with the guidelines from the University of California,
Riverside, Institutional Animal Care and Use Committee (IACUC).

IB analyses. For immunoblot (IB) analyses, protein extracts were sep-
arated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) mem-
brane (Immobilon; Millipore) as previously described (28). Signals were
detected using the SuperSignal West Dura extended-duration substrate
kit (Thermo Fisher Scientific). A Bradford assay (Bio-Rad) was used to
measure the protein concentration: 20 to 60 �g of whole-cell lysates
(WCE) (29) or 20 �g nuclear extracts (NE) (50) was loaded per lane.
Coomassie staining of the blot verified equal loading of protein. The pri-
mary antibodies (Abs) were mouse monoclonal anti-HNF4� P1/P2 (R&D
Systems, catalog no. PP-H1415-00) and affinity-purified anti-�445 (1),
which recognize the C terminus of both the P1- and P2-HNF4� isoforms;
monoclonal anti-HNF4� P1 and P2 (catalog no. PP-K9218-00 and Cat
PP-H6939-00, respectively; R&D Systems), which recognize the different
N termini of HNF4�; and anti-Flag (M2; Sigma-Aldrich), and anti-
TCF7L2 (Millipore catalog no. 6H5-3). The secondary antibodies were
horseradish peroxidase (HRP)-conjugated goat anti-rabbit (G�R-HRP)
or goat anti-mouse (G�M-HRP) Abs from Jackson ImmunoResearch
Laboratories.

HNF4� and TCF1/4 PBMs. Protein binding microarrays (PBMs)
were carried out essentially as previously described (7, 51). In Fig. 6A, the
HNF4�-centric PBM3 design described by Bolotin et al. (105) was used
with NE of human HNF4�2 or dominant-negative TCF1 (dnTCF1) from
transfected COS-7 cells. In Fig. 7, another custom-designed array was
ordered from Agilent (SurePrint G3 Custom GE 1X1M), which contained
an �60-base oligonucleotide corresponding to sequences within 100 bp
of the center of published HNF4� ChIP-seq peaks from HepG2 and
CaCo2 cells (52, 53). A total of �125,000 loci, including SNP alleles from
dbSNP version 132, were spotted in quadruplicate (�125,000 loci � �2
alleles � 4 replicates � 1 million spots of DNA) on the slide as single-
stranded DNA. The DNA was made double stranded using a primer to a
common linker sequence (5=-TCGACCTCTACTCTAATCTCGCTAGC-
3=), deoxynucleoside triphosphates (dNTPs) (GE Healthcare), and
Thermo Sequenase (Affymetrix catalog no. 78500). The binding reactions
were carried out with �6 �g of human HNF4�2 or HNF4�8 in NE from
transfected COS-7 cells diluted 1:10 in desalting buffer (20 mM HEPES
[pH 7.8], 60 mM KCl, 8 mM EDTA, 8 mM EGTA) and processed through
a 30-kDa-cutoff column (Amicon catalog no. UFC503096) to a final con-
centration of 110 mM KCl and then applied to the arrays in PBM binding
buffer (20 mM HEPES [pH 7.8], 110 mM KCl, 8 mM EDTA, 8 mM EGTA,
0.1% Tween 20 plus 20 �g salmon sperm DNA). WCE containing
Flag.TCF4 (�600 ng) were applied directly to the array diluted in buffer
(35 mM Tris-HCl [pH 7.5], 25 mM KCl, 60 mM NaCl, 0.75 mM MgCl2,
2.5 mM �-mercaptoethanol, 0.25% NP-40 plus 20 �g salmon sperm
DNA). Arrays were incubated for 100 min at room temperature (RT),
after being washed three times for 3 min each with phosphate-buffered
saline (PBS) plus 0.1% Tween 20. The bound TFs then were detected using
anti-HNF4� P1/P2 or anti-Flag M2 Ab (Sigma-Aldrich catalog no. F1804)
for dnTCF1 and TCF4 at a 1:100 dilution in 2% low-fat milk plus 0.1%
Tween 20 in PBS overnight (ON) at RT, followed by a conjugated second-
ary Ab (G�M IgG [H�L] DyLight 550; Pierce catalog no. 84540) diluted
1:50 as described above for 90 min and quantification using an Agilent
G2565CA microarray scanner at the UCLA DNA Microarray Core. Ex-
traction and normalization of the data were performed as described pre-
viously (7). Position weight matrices (PWMs) were generated using Se-
qLogo (54) and Weblogo v2.8.2 (55).

HNF4� and TCF reporter constructs and assay. Luciferase reporter
constructs containing one of three HNF4�/TCF binding sites driving a
minimal promoter were generated by cloning the appropriate synthetic
oligonucleotides (Integrated DNA Technologies [IDT]) containing NheI
and HindIII overhangs into pGL4.23[luc2/minP] (Promega); a third site
(AseI) was incorporated to screen for positive clones (5=-CTAGTAGGC
[motif sequence]GCGCGATTAAT.AGCT-3=). (Restriction sites are un-
derlined; see Fig. 6A for motif sequences.) HEK 293T cells were seeded at
1.6 � 105 to 2.0 � 105 cells per well of a 12-well plate and 24 h later
transfected with 80 ng of HNF4�2 or dnTCF1 expression vector, 0.5 �g of
reporter, and 0.1 �g of a �-galactosidase-expressing cytomegalovirus
construct, CMV.�-gal, using Lipofectamine 2000. The following day, cells
were harvested with lysis buffer (25 mM glycylglycine [pH 7.8], 15 mM
MgSO4, 4 mM EGTA, 1% Triton X-100), and luciferase and �-galactosi-
dase activities were measured as previously described (28). All transfec-
tions were performed in triplicate, normalized to �-galactosidase, and
performed at least four times.

HNF4� and TCF fluorescent gel shift. Double-stranded oligonucle-
otides (double-stranded DNA [dsDNA]) (5 �g) with 5=-adenine over-
hangs were fluorescently labeled using a 5-fold molar excess of Cy3-dUTP
(GE Healthcare) and 5 U of Klenow fragment (New England BioLabs) in
a 100-�l reaction mixture. Unincorporated label was removed using Mini
Quick Spin DNA columns (Roche). The shift probes contained the motifs
shown in Fig. 6A (5=-AAAACGCGC[motif sequence]GCCTA-3=). NE
were prepared from COS-7 cells transfected with �12 �g of Flag.dnTCF1
or HNF4�2 via CaPO4 precipitation as previously described (50). IB anal-
ysis was used to normalize the amount of HNF4�2 and dnTCF-1 protein
using as standards recombinant HNF4� ligand binding domain plus F
domain (LBD/F) (56) and the carboxy-terminal Flag fusion protein Flag-
BAP (Sigma-Aldrich).

Gel shifts were performed using a 10% nondenaturing polyacrylamide
gel as previously described (50). Briefly, each shift reaction mixture con-
tained: 1.5 �l 50 mM EDTA, 1 to 2 �l purified, labeled probe at 0.3 to 5.0
ng/�l, 4.0 �l 5� shift buffer, and 1.5 �l poly(dI-dC) or sonicated salmon
sperm DNA at 1 �g/�l. NE (5 to 10 �g total protein) was added to achieve
the indicated amounts of dnTCF1 and HNF4�2 protein; BSA or NE from
mock-transfected (pcDNA3.1) cells was used to bring the volume up to 20
�l and total protein to 10 �g. After 20 to 30 min at RT, 6 �l of the reaction
mixture was loaded per lane, and the gel was run at a constant current of
12 mA for 45 to 60 min. A Typhoon 9410 imager was used to visualize the
bands on the gel.

Transcriptome sequencing (RNA-seq) analysis. Tet-On-inducible
HCT116 clones (PL, HNF4�2, and HNF4�8) were seeded at �5.5 � 105

cells per well of 6-well plates. Six hours later, cells were treated with 0, 0.1,
or 0.3 �g/ml of DOX. Twenty-four hours after induction, cells were har-
vested by adding 700 �l QIAzol lysis reagent (Qiagen) to the adherent
cells. The miRNeasy minikit (Qiagen) was used to extract and purify total
RNA; 4 �g of each RNA sample was used to generate a poly(A)� RNA
library using the TruSeq RNA sample prep v2 kit (Illumina catalog no.
RS-122-2001). Libraries were submitted for 50-bp paired-end sequencing
by Illumina HiSEQ 2000 at the Genomics Core in the UCR Institute of
Integrated Genome Biology (IIGB). A total of 21 samples (seven different
conditions, each condition in triplicate) were multiplexed and sequenced
in two lanes, each of which yielded �442 million reads (�42 million reads
per sample).

Paired-end sequencing reads were aligned to the human reference
genome (GRCh37/hg19) with Tophat v1.2 (57) using the default param-
eters, with the exception of allowing up to 10 alignments to the reference
genome for a given read instead of the default value of 20. The data aligned
by Tophat were processed by Cufflinks (58) to assemble transcripts and to
measure their relative abundance in fragments per kilobase of exon per
million fragments mapped (FPKM). Assembled transcripts from experi-
mental samples were compared with the RefSeq annotated transcriptome
downloaded from the UCSC Genome Browser and examined for differ-
ential expression using the Cuffcompare and Cuffdiff utilities. Cuffdiff
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was run with FPKM upper-quartile normalization and a false discovery
rate (FDR) threshold of 5%. Cufflinks calculates differential expression at
the transcript, primary transcript, and whole-gene levels. Principle com-
ponent analysis showed that all triplicates clustered together within their
treatment group (data not shown). The following criteria were used to
select differentially expressed genes: (i) a fold change (FC) of at least 1.5 or
more, (ii) at least two replicates with an FPKM of �5, and (iii) the tripli-
cates for a given condition with a coefficient of variation (CV) of �0.5.

ChIP-seq analysis. Tet-On-inducible HNF4�2- and HNF4�8-ex-
pressing HCT116 clones were seeded at �8 � 106 cells per 150-mm-
diameter plate and 6 h later treated with 0 or 0.3 �g/ml of DOX. Twenty-
four hours after induction, cells were harvested as previously described
(30, 59), with minor modifications: the cells were fixed with 1% formal-
dehyde in PBS for 10 min at RT, and the cross-linking was stopped with
0.125 M glycine in PBS for 10 min at RT. All subsequent steps were per-
formed at 4°C, using ice-cold buffers. Cells were scraped in PBS plus 1 mM
phenylmethylsulfonyl fluoride (PMSF) and dithiothreitol (DTT) and
centrifuged at 6,000 � g for 5 min. The pellet was resuspended in 0.5 ml
hypotonic buffer (10 mM HEPES-KOH [pH 7.9], 10 mM KCl, 1.5 mM
MgCl2) plus 1 mM PMSF and DTT for 10 min. The nuclei were pelleted
and resuspended in 0.34 ml nuclei lysis buffer (50 mM Tris-HCl [pH 8.0],
10 mM EDTA, 1% Triton X-100) plus 1 mM PMSF and DTT and 2 �g/ml
leupeptin and aprotinin. The samples were sonicated using a model 500
sonic dismembrator (Fisher Scientific) to obtain DNA fragments of about
200 to 500 bp and then diluted 1:1 in immunoprecipitation (IP) dilution
buffer (20 mM Tris-HCl [pH 8.0], 167 mM NaCl, 1.2 mM EDTA, 0.01%
SDS, 1.1% Triton X-100) and precleared with 20 �l of packed protein
G-agarose beads (Pierce) that were preblocked with 1 �g/�l BSA (fraction
V; Thermo Fisher Scientific) for 30 min. The lysates (�1 � 107 to 3 � 107

cell equivalents per IP) were nutated for 2 h with one of the following Abs:
3 to 5 �g of affinity-purified anti-HNF4� (�-445) (1), anti-TCF7L2
(TCF4) (Millipore catalog no. 6H5-3), or mixed equal amounts of mouse
and rabbit IgG controls (Millipore catalog no. 12-371 and Santa Cruz
catalog no. sc-2027, respectively). The preblocked protein G beads (30- to
40-�l slurry in 1:1 IP dilution buffer) were added, and the samples were
nutated ON at 4°C and then washed with three sequential buffers for 5
min each at RT: TSE I (20 mM Tris-HCl [pH 8.0], 150 mM NaCl, 2 mM
EDTA, 0.1% SDS, 1% Triton X-100), TSE II as for TSE I but with 500 mM
NaCl, and TSE III (10 mM Tris-HCl [pH 8.0], 0.25 mM LiCl, 1 mM
EDTA, 1% NP-40, 1% deoxycholate). At the final wash, the IP sample was
washed two times with 1� TE for 5 min at RT. The precipitated material
was eluted with 150 �l IP elution buffer (0.1 M NaHCO3, 1% SDS) at RT
for 20 min. The pellet was transferred to a new tube and eluted a second
time with 1 min of boiling preceding the 20-min incubation. The two
elutions were combined and incubated at 65°C for 4 to 5 h to reverse the
cross-links. The DNA was precipitated with 1 ml 100% ethanol ON at
	20°C, washed with 70% ethanol, and resuspended in 100 �l TE. RNA
and protein digestions were performed by addition of 1 �l of 10 �g/�l
RNase A (Roche) and incubation at RT for 25 min followed by 11 �l of
10� proteinase K buffer (100 mM Tris-HCl [pH 8.0], 500 mM NaCl, 50
mM EDTA) and 1 �g proteinase K (IBI Scientific) for 1 h at 55°C. The
GeneJET PCR purification kit (Thermo Fisher Scientific) was used to
purify the DNA, and a Qubit fluorometer in the UCR Genomics Core was
used to measure the DNA concentration; 5 to 20 ng of ChIP material per
condition (from one 150-mm plate) was used to generate libraries using a
BIOO Scientific ChIP-seq DNA library kit (NEXTflex ChIP-seq kit cata-
log no. 5143-02 and barcodes catalog no. 514122). Libraries were submit-
ted for 50-bp single-end Illumina sequencing as described above. Three
different IPs (TCF4 with DOX [TCF4�DOX], TCF4 without DOX
[TCF4	DOX], and HNF4� with DOX [HNF4��DOX]) for each induc-
ible HCT116 line (HNF4�2 and HNF4�8) were performed in duplicate
(12 samples total). The reads from duplicate samples were pooled and
normalized to one input sample per cell line.

Sequencing reads (�30 million per condition) were preprocessed and
mapped to the human reference genome (GRCh37/hg19) with Bowtie

v1.8 (60) and subsequently analyzed with MACS v2 (61). The callpeak
function was used to generate bedGraph files using the default minimum
FDR cutoff of 0.05 (see Fig. 8A), which were further analyzed with the
bdgdiff function to identify differential binding events between condi-
tions using a log10 likelihood ratio cutoff of 100 instead of the default value
of 1,000 (Fig. 8B). The bdgcmp function was used to deduct noise by
comparing two signal tracks and generate a fold enrichment bedGraph.
The peaks identified by ChIP-seq were further analyzed with the R Bio-
conductor package, ChIPpeakAnno (62), to retrieve Ensembl genes that
are closest to the transcription start site (TSS [�1]).

ChIP-IB analysis. Tet-On-inducible HCT116 HNF4�2- and
HNF4�8-expressing lines were maintained as described above with the
addition of 1% minimal essential medium with nonessential amino acids
(MEM NEAA) (Corning Cellgro catalog no. 25-025-Cl). Cells were pro-
cessed as described above for ChIP. Samples were immunoprecipitated
with the �445 Ab and incubated with beads ON at 4°C. The samples were
washed three times with cold radioimmunoprecipitation assay (RIPA)
buffer (15 mM Tris-Cl, 1% NP-40, 0.7% deoxycholate, 1 mM EDTA, 150
mM NaCl) and once with 200 �l DNase buffer (40 mM Tris-HCl, 1 mM
CaCl2, 20 mM NaCL, 6 mM MgCl2). Samples were incubated in 100 �l of
DNase buffer with or without 24 �g DNase I (Sigma-Aldrich catalog no.
D5319) at 30°C for 20 min with agitation every 5 min. After DNA diges-
tion, samples were rinsed three times with RT RIPA buffer; at the final
wash (0.5 ml), three-quarters of the sample was eluted with 6 �l of SDS
plus �-mercaptoethanol and 24 �l of ddH2O, boiled for 5 min, spun at
18,000 � g for 5 min at RT, and analyzed by IB as described above. The
following primary Abs were used: anti-TCF7L2 (TCF4), anti-P1/P2, and
anti-FRA1 (FOSL1) (Santa Cruz catalog no. sc-183x). These were fol-
lowed by the secondary Abs: mouse and rabbit IgG-HRP Trueblot (Rock-
land catalog no. 18-881731 and 18-8816-31). The other quarter of the
sample was eluted with 50 �l IP elution buffer, boiled for 1 min, and
nutated for 20 min at RT. NaCl (0.3 M final concentration) was added to
the eluted sample, and the mixture was incubated at 65°C for �5 h. Pro-
teins were digested as described above. DNA was purified using a ChIP
DNA Clean & Concentrator (Zymo Research catalog no. D5205), and the
DNA concentration was measured on a Qubit fluorometer. The percent-
age of FOSL1 pulled down by HNF4� (�445) or control IgG was quanti-
fied using Image Lab software (Bio-Rad, version 5.1, build 8). The per-
centage of pulldown was determined using the FOSL1 signal from the
appropriate input lane.

Re-ChIP-PCR. After the first ChIP with the �445 Ab, the sample was
eluted with 100 �l of elution buffer, transferred to a new tube, diluted 1:3
with IP dilution buffer, and then immunoprecipitated with FRA1 or
TCF7L2 Ab as described above. Primers spanning the promoter regions of
the human SIAH2 (forward, 5=-GGGAGAGTGGATAGGTCTGC-3=; re-
verse, 5=-AGTAGGTGGGCGAATGAGAC-3=) and ACSL5 (forward, 5=-
ACACTGCTTCTTCTTACCCCA-3=; reverse, 5=-CAGACATTGGCCAG
TTGAGC-3=) genes were used in the final PCR to yield product sizes of
380 bp and 317 bp, respectively.

Bioinformatics and statistical analyses. VENNY (63) was used to
compare lists of genes in the different cell lines. Gene ontology (GO)
analysis was performed using DAVID Bioinformatics Resources 6.7 (64).
Cisgenome (65) was used to identify HNF4� and TCF4 target genes and to
extract DNA sequence from ChIP peaks. Nearby genes were defined as 50
kb or less from the peak center. The fold enrichment bigwig files of the
ChIP-seq data were uploaded to UCSC Genome Browser (66) and Inte-
grated Genome Viewer (IGV) (67) for visualization. The R program was
used to identify overlapping HNF4�2 and HNF4�8 peaks and DNase-seq
peaks, defined as at least 13 nucleotides (nt), and to generate scatter plots
and heat maps (68, 69). MEME analysis was used to mine motifs (70).
The HNF4 Binding Site Scanner website (http://nrmotif.ucr.edu
/fuzzhtmlform2.html) was used to identify HNF4 binding sites in the
ChIP-seq peaks using the Support Vector Machine (SVM) option (7); any
predicted sites with scores of �1.5 were considered to be potential binders
for HNF4. The following data from the Encyclopedia of DNA Elements

Vuong et al.

3474 mcb.asm.org October 2015 Volume 35 Number 20Molecular and Cellular Biology

http://nrmotif.ucr.edu/fuzzhtmlform2.html
http://nrmotif.ucr.edu/fuzzhtmlform2.html
http://mcb.asm.org


(ENCODE) Project were used: DNase-seq (the J. A. Stamatoyannopoulos
lab from the University of Washington; UCSC accession no. wgEn-
codeEH001162 [GSM736600 and GSM736493]) and ChIPseq TCF7L2
(TCF4) (the P. J. Farnham lab from the University of Southern California;
UCSC accession no. WgEncodeEH000629 [GSM782123]), FOSL1 and
JUND (R. M. Myers lab from HudsonAlpha Institute for Biotechnology,
UCSC accession no. wgEncodeEH003246 [GSM1010756] and UCSC ac-
cession no. wgEncodeEH003216 [GSM1010847]); all sequencing of
which was performed with the HCT116 cell line (71, 72). Line and bar
graphs are plotted as means 
 standard errors of the means (SEM) or
standard deviations (SD) as indicated. Student’s t test was used to calcu-
late P values: P � 0.05 was considered significant.

Microarray data accession numbers. All RNA-seq and ChIP-seq data
have been submitted to GEO under accession no. GSE62889 and
GSE62890, respectively. All PBM data have been uploaded onto The Nu-
clear Receptor DNA Binding Project website (http://nrdbs.ucr.edu; see
PBM Data and aaSNPs columns in Results tab [aaSNP data are also
searchable at http://nrmotif.ucr.edu/aaSNP/]).

RESULTS
Generation and characterization of isoform-specific HNF4�-
expressing inducible cell lines. To distinguish the function of the
HNF4� promoter-driven isoforms (Fig. 1A) in human colon can-

cer, we generated Tet-On-inducible HCT116 cell lines that ex-
press either HNF4�2 or HNF4�8. The parental line, HCT116, is
poorly differentiated, considered to have stem cell-like properties
(73), and does not express endogenous HNF4� (Fig. 1B). It does,
however, contain a mutant allele of the �-catenin gene (CTNNB1)
resulting in a constitutively active Wnt/�-catenin pathway (74);
TCF4 is the primary member of TCF family expressed in HCT116
cells (75) (Fig. 1D). The chromatin occupancies of TCF4 and
�-catenin in HCT116 cells have also been characterized by the
ENCODE project (44, 76). All told, HCT116 cells are a good
model to examine the role of the HNF4� isoforms in colon cancer
and their interaction with the Wnt pathway.

Induction and appropriate expression of the HNF4� isoforms
were verified by immunoblotting (IB) with isoform-specific anti-
bodies (Ab) (Fig. 1A and B). HNF4�8 was detected as early as 2 h
after DOX induction, and the HNF4�2 protein was typically ex-
pressed at somewhat lower levels than HNF4�8 (Fig. 1C). Expres-
sion of both HNF4�2 and HNF4�8 peaked at 24 h (Fig. 1C). The
expression of HNF4� did not significantly affect �-catenin or
TCF4 expression (Fig. 1D).

HNF4�2 is more tumor suppressive than HNF4�8. To deter-

FIG 1 Establishment of stable inducible HCT116 lines expressing human HNF4�2 or HNF4�8. (A) Schematic of the human HNF4A gene and the isoforms
generated by its two promoters (P1 and P2). Epitopes to the P1, P2, and P1/P2 antibodies (Abs) are indicated. DBD, DNA binding domain; LBD, ligand binding
domain. The P1-HNF4� isoforms contain a full-length A/B domain (blue); P2 isoforms contain a truncated A/B domain (orange). (B and C) IB with Abs
described in panel A of NE (B) and WCE (C) from inducible HCT116 lines expressing HNF4�2 (�2) or HNF4�8 (�8) or the parental (PL) line treated with 0.3
�g/ml DOX or not treated with DOX for the indicated times. (D) IB for �-catenin and TCF4 (two splice variants) in the indicated NEs prepared 24 h after the
addition of DOX. Controls 1 and 2 (C1 and C2, respectively) are NEs from HEK293T and HepG2 cells, respectively. Coomassie staining verified equal loading.
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mine the effect of the HNF4� isoforms on tumor growth, we sub-
cutaneously injected the HCT116 HNF4�2- and HNF4�8-ex-
pressing cell lines into immunocompromised mice and allowed
the tumors to develop for 8 days before induction of expression of
HNF4� with a DOX diet (Fig. 2A). Tumor growth was monitored
for another �23 days, at which point the mice were sacrificed. The
HNF4�2-expressing line in the presence of DOX resulted in a
significantly decreased tumor weight, while the HNF4�8-express-
ing line did not (Fig. 2B); HNF4�2 and HNF4�8 were appropri-
ately expressed in the majority of tumors (Fig. 2B, bottom).

To enhance tumor growth, we repeated the xenograft assay
with Matrigel. The HNF4�2-expressing line again resulted in sta-
tistically smaller tumors (P � 0.03) in the presence of DOX (Fig.
2C, top). In contrast, there was no difference in tumor weights
with or without DOX in the HNF4�8-expressing line, despite the
expression of HNF4�8 in the DOX-treated tumors (Fig. 2C, bot-
tom). The parental line lacking the HNF4� transgene (PL) also
showed somewhat smaller, although not statistically significant
(P � 0.07), tumors in the presence of DOX. Finally, the HNF4�2-
expressing line displayed a lower invasive index and the HNF4�8-
expressing line a higher one in an in vitro invasion/migration assay
(Fig. 2D). These results indicate that while HNF4�2 is clearly tu-
mor suppressive in human colon cancer, HNF4�8 is not.

HNF4�2 and HNF4�8 regulate unique sets of genes relevant
to tumor growth. To determine the basis for the difference in

tumor growth between the HNF4�2- and HNF4�8-expressing
lines, we performed RNA-seq on cells treated with DOX for 24 h.
We used two different concentrations of DOX (0.1 and 0.3 �g/ml)
for the HNF4�8-expressing line to more closely match the in-
duced expression of the two isoforms (Fig. 3A and B). IB analysis
verified similar levels of expression of HNF4�2 and HNF4�8,
which were comparable to those expressed in the normal mouse
colon (Fig. 3B). There were many more genes upregulated than
downregulated in both the HNF4�2- and HNF4�8-expressing
lines after DOX induction (P � 0.01) (Fig. 3C), consistent with
HNF4� acting as a positive regulator of gene expression (1, 7, 77).
While roughly 40% of the upregulated genes (156 genes) were
common between the isoforms, a total of 200 genes were uniquely
regulated by the different isoforms (Fig. 3D). Interestingly,
HNF4�8 downregulated more genes than did HNF4�2 (83 versus
10 genes, respectively). A heat map shows some of the most
highly dysregulated genes with their non-log-fold change (FC)
with or without DOX (Fig. 3F). The parental rtTA line had only
six genes dysregulated at the 1.5-fold cutoff (not shown). Since
the two concentrations of DOX used for the HNF4�8-express-
ing line (0.1 and 0.3 �g/ml) showed consistent results (Fig. 3E),
the two data sets were combined for subsequent analysis. (For a
list of all dysregulated genes, see Tables S1 to 4 in the supple-
mental material.).

Gene ontology (GO) analysis revealed that both HNF4�2 and

FIG 2 HNF4�2 is more tumor suppressive than HNF4�8 in colorectal cancer cells. (A) Schematic of the xenograft assay. After injection of the indicated HCT116
lines (PL, parental; �2, HNF4�2 expressing; �8, HNF4�8 expressing), half of the immunocompromised mice were switched to a DOX diet on day 8. (B and C)
Tumor weight at the time of harvest from cells given an injection without (B) or with (C) Matrigel. Error bars are means 
 SEM from each condition. (B)
HNF4�2, n � 5, and HNF4�8, n � 4, each without (	) DOX and with (�) DOX; (C) parental (PL), n � 8 or 9, HNF4�8, n � 7 to 9, and HNF4�2, n � 10 for
each condition. (B and C, bottom) HNF4� IB (P1/P2 Ab) of WCE of individual tumors. �8, HCT116 HNF4�8 line 24 h after DOX. Coomassie staining verified
equal loading (not shown). (D) Invasive index of the parental (PL) and HNF4�2- or HNF4�8-expressing lines in the presence of DOX. Bars are means 
 SD. *,
P � 0.04, and **, P � 0.00001, versus PL.
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HNF4�8 upregulated genes involved in drug metabolism, oxida-
tive stress, negative regulation of phosphorylation, and glycopro-
tein metabolism (Fig. 4A). Wound healing was another common
category, consistent with HNF4� playing a role in protecting the
colonic epithelium from inflammatory bowel disease (10, 11, 13,
27, 78). In contrast, HNF4�2 specifically upregulated genes in-
volved in cell death and response to extracellular stimuli, while the
only category of genes upregulated only by HNF4�8 was cell ad-
hesion, although several of those genes actually promote cell
growth (Fig. 4B).

GO analysis did not yield a distinct category of HNF4�2-only
downregulated genes, but three categories were noted for
HNF4�8 — kidney development (HNF4�8 is not expressed in the
adult kidney), enzyme-linked receptor protein signaling, and an-
tiapoptosis (Fig. 4A). We identified 15 genes involved in growth
inhibition or promotion for which there was a significant differ-
ence between the two lines (Fig. 4B). HNF4�2 upregulated seven
genes involved in growth inhibition to a greater extent than
HNF4�8, while HNF4�8 more greatly upregulated eight genes
involved in growth promotion. The two growth-suppressive genes

preferentially upregulated by HNF4�2 were PLEKHO1 and
MYBPH, both of which suppress tumor progression in vivo (Fig.
4C) (79, 80). Two genes significantly more upregulated by
HNF4�8 than HNF4�2 were RHOU, which regulates focal adhe-
sion formation and cell migration (81), and DKK4, a known
�-catenin/TCF target that enhances migration and invasion po-
tential (82) (Fig. 4D), consistent with the higher invasive index of
HNF4�8 (Fig. 2D). Also more significantly upregulated by
HNF4�8 were PIM1, an oncogenic serine/threonine kinase gene
(83), and ERBB3, a member of the epidermal growth factor recep-
tor (EGFR) family of receptor tyrosine kinase genes (84) (Fig. 4D).
Activation of PIM1 promotes proliferation, inhibits apoptosis,
and leads to upregulation of ERBB3 (85).

Finally, several SNPs associated with a high probability of colo-
rectal cancer were recently identified in the promoters of genes
that are highly expressed in tumor versus normal colon tissue
(86). One such gene, RAD51AP1, which is involved in homolo-
gous DNA repair, was downregulated only by HNF4�2, while
another gene, TERC, which is involved in maintaining telomeres,
is upregulated only by HNF4�8 (Fig. 4E).

FIG 3 Differential expression of genes in HCT116 cells by HNF4�2 and HNF4�8. (A) Schematic of the samples submitted for RNA-seq. Each circle represents
1 well of a 6-well plate. (B) IB of NEs (20 �g) prepared from the same set of cells used for RNA-seq verified the level of HNF4� and TCF4 protein. H, HepG2; Ca,
CaCO2; mColon, mouse colon; lane 1, 40 �g; lane 2, 20 �g. Mouse colon was taken from whole tissue and contained non-HNF4�-expressing cells as well as
HNF4�-expressing cells. (C) Total number of known genes dysregulated in the HNF4�2- and HNF4�8-expressing HCT116 lines with �1.5-fold change (FC)
upon 24 h of DOX. (D) Venn diagram of the genes in panel C. (E) As in panel D but for the two sets of HNF4�8 samples (0.1 and 0.3 �g/ml DOX). (F) Heat map
showing genes with the largest FC. All values are statistically significant (q � 0.05). Zeroes are placeholders for genes without any FC.
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HNF4�2 and HNF4�8 exhibit distinct chromatin occupan-
cies in vivo. Considering that HNF4�2 and HNF4�8 have iden-
tical DNA binding domains (Fig. 1A), it was surprising that they
regulated so many genes in a distinct fashion. To determine how
many of the dysregulated genes in the RNA-seq are direct targets
of the HNF4� isoforms, we performed ChIP-seq analysis 24 h
after DOX induction. Although HNF4�8 continued to be ex-
pressed at a somewhat higher level than HNF4�2 (Fig. 5A), there
were many more peaks in the HNF4�2-expressing line than in the
HNF4�8-expressing line, as well as more genes within 50 kb of
HNF4�2 peaks; there were also �2,200 common peaks associated
with �1,600 genes (Fig. 5B). Cross-referencing the ChIP-seq
with the RNA-seq data showed that among the genes with
unique HNF4�2 peaks, there was considerable overlap in genes

differently upregulated by HNF4�2 (101 genes), although a
substantial number of the HNF4�2 unique genes had peaks for
both HNF4�2 and HNF4�8 (80 genes), and many had no
HNF4� peaks at all (67 genes) (Fig. 5C, top left), suggesting
that they are indirect targets.

Interestingly, for the HNF4�8-upregulated genes, only one
gene (PLXNB1) was occupied solely by HNF4�8, while many
genes had peaks for both isoforms (109 genes) or only for
HNF4�2 (94 genes) (Fig. 5C, top right): some of these genes were
upregulated by HNF4�2 but less than the 1.5-fold cutoff used for
the analysis. Examples of dysregulated genes with HNF4� ChIP
peaks are shown in the lower half of Fig. 5C. One such gene
(IDH1) is the gene coding for isocitrate dehydrogenase 1; a muta-
tion in IDH1/2 was recently shown to inhibit the ability of HNF4�

FIG 4 HNF4�2 and HNF4�8 regulate different biological processes in HCT116 cells. (A) Gene ontology of genes up- or downregulated by the HNF4� isoforms
(�1.5-fold). (B) Dysregulated genes in select biological processes related to proliferation and differentiation. Greater-than signs indicate that one isoform
upregulates the genes statistically more than the other. Underlining indicates cell adhesion genes that promote cell growth. Boldface indicates genes featured in
panels C and D. (C and D) Average FPKM from triplicate samples (mean 
 SD) of select growth-inhibiting (C) and growth-promoting (D) genes in the HNF4�2-
and HNF4�8-expressing lines with or without DOX (0.3 �g/ml). (E) As in panel C but for genes containing SNPs associated with colon cancer. All FCs with or
without DOX within a given line have P values of �0.05. *, P � 0.05 across cell lines.
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to differentiate hepatocytes, thereby causing an increase in biliary
cancer (87). All told, there were many more genes with HNF4�
ChIP-seq peaks than were dysregulated in the RNA-seq. While
this is not uncommon in genomics analysis (40), a lower cutoff
(1.2-fold) and a greater distance between the peak and the putative
target gene showed more overlap (not shown); a longer induction
time (�24 h of DOX) also would have presumably increased the
number of dysregulated genes without significantly altering the
HNF4� peaks. (See Tables S5 and S6 in the supplemental material
for a list of genes bound by HNF4�.).

Identification of shared and unique binding motifs for TCF/
LEF and HNF4�. We next investigated whether TCF factors in
Wnt/�-catenin could play a role in the differential expression by
the HNF4� isoforms. Since the core of the canonical TCF binding
motif (CCTTTGA) is the reverse complement of the center of the
HNF4� consensus sequence (AGGTCAaAGGTCA) (43) (Fig. 6A,
right), we employed a high-throughput DNA binding assay called
the protein binding microarray (PBM) to determine the extent of
the overlap in binding specificity between HNF4� and TCF. We
identified 90 unique DNA sequences (out of �5,000 examined)

FIG 5 Integration of transcriptomic (RNA-seq) with cistromic (ChIP-seq) data in HCT116 HNF4�-inducible cell lines. (A) IB of HNF4� and TCF4 in WCE 24
h after DOX (0.3 �g/ml) induction; shown are representative samples of those used in ChIP-seq. (B, left) Total number of HNF4� ChIP-seq peaks in the �DOX
samples. (B, right) Venn diagram comparing genes within 50 kb of the indicated ChIP peak. Overlapping HNF4�2 and HNF4�8 peaks were defined as those with
�13 overlapping nucleotides. (C) Venn diagram comparing genes upregulated in RNA-seq �1.5-fold to genes within 50 kb of ChIP-seq peaks. Below are
examples of genes with HNF4� ChIP-seq peaks and FC from RNA-seq. NS, no significant change.
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that were bound by both dominant-negative TCF1 (dnTCF1) and
HNF4�2 (Fig. 6A, left). Position weight matrices (PWMs) derived
from sequences bound only by dnTCF1 or HNF4�2 (156 and 523,
respectively), as well as those bound by both factors (90 se-
quences), revealed highly related binding motifs, all of which
contain the CTTTG core with variations in flanking sequence
(Fig. 6A, center). Note that PBM assays with 45,000 unique se-
quences showed that dnTCF1 (TCF7), TCF3 (TCF7L1), and TCF4
(TCF7L2) (all E-tail versions) have nearly identical DNA binding
specificities (data are available at http://nrdbs.ucr.edu).

We selected three sequences that gave a weak (wk) or strong
(strg) signal for HNF4� and TCF in the PBM (Fig. 6A, right) and
designed probes for gel shift analysis. The results confirmed the
relative affinity of these sequences for dnTCF1 and HNF4�2, with
HwkTstrg yielding a more intense shift band for dnTCF1 than

HNF4�2 and, conversely, HstrgTwk yielding an intense band for
HNF4� but not dnTCF1; HstrgTstrg yielded shift bands of similar
intensities for both TFs (Fig. 6B). Further characterization of the
HstrgTstrg site showed that HNF4�2 bound with a higher affinity
than dnTCF1 (Fig. 6C). Similar gel shift results were obtained with
TCF4 (data not shown).

To determine whether dnTCF1 and HNF4�2 can compete for
binding in vivo, we performed transient-transfection assays with lu-
ciferase constructs containing each of the three motifs used in the gel
shift assay. HNF4�2 competed for transcriptional control of the con-
structs containing high-affinity HNF4� sites (HstrgTstrg and
HstrgTwk) but not the one containing the low-affinity site (HwkT-
strg) (Fig. 6D and E), suggesting that competition occurred in vivo. IB
analysis of the transfected cells confirmed appropriate expression of
the two TFs (Fig. 6E, bottom). Interestingly, dnTCF1 activated all

FIG 6 Overlapping DNA binding specificity of and competition between HNF4� and dnTCF1. (A, left) Venn diagram of the number of DNA sequences bound
by TCF1 (dnTCF1) and HNF4� (HNF4�2) in HNF4�-centric PBM3. (A, center) Position weight matrices (PWM) showing the motif derived from the sequences
bound only by TCF, only by HNF4, or by both (overlap). (A, right) Select DNA sequences with different binding strengths (strg, strong; wk, weak) for HNF4�2
(H) and dnTCF1 (T) aligned to their respective consensus sequences (cons) and color coded in green for TCF and red for HNF4�, which is typically presented
in the reverse complement, AGGTCAaAGGTCA. (B) Gel shift assay with probes containing the indicated sequences defined in panel A and NE of transfected COS-7
cells expressing HNF4�2 or dnTCF1. #, nonspecific band. (C) Gel shift as in panel B but with decreasing amount of probe containing HstrgTstrg. (D and E) Luciferase
assay of transiently transfected HEK293T cells with the indicated expression vectors (80 ng) and reporter constructs (0.5 �g) containing a single binding motif driving
expression of the luciferase gene (Luc) from a minimal promoter. Shown are the mean 
 SD relative light units (RLU) normalized to �-galactosidase activity (D, top,
�106, and bottom, �105; E, �104) of triplicate samples from one of four independent experiments. (D) *, P � 0.003 for HNF4�2 versus pcDNA3.1 (top and bottom);
**, P � 0.0004 for other comparisons as indicated. (E) *, P � 0.02 for condition 3 compared to conditions 1, 2, and 4; **, P�0.008 for condition 2 compared to conditions
1 and 4. (E, lower panel) IB of WCE showing expression of dnTCF1 (Flag tagged) and HNF4�2 in the transfected cells.
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three of the luciferase constructs: while dnTCF1 typically acts as a
repressor of transcription since it lacks the �-catenin binding do-
main, others have noted that it can also activate transcription (88–
90). Taken together, these results indicate not only that HNF4� and
TCF recognize many of the same DNA sequences but also that they
can compete in vivo to regulate gene expression.

To identify additional binding motifs shared by HNF4� and
TCFs, we designed a second PBM that contained �1 million spots
of DNA corresponding to 250,000 sequences (in four replicates)
that we mined from published HNF4� ChIP-seq data from a hu-
man liver cancer cell line, HepG2 (52), which expresses predom-
inantly P1-HNF4�, and the colon cancer line, CaCO2 (53), which
expresses predominantly P2-HNF4� (17). We found 741 DNA
sequences bound by both TCF4 and HNF4�8, the majority of
which also bound HNF4�2 (Fig. 7A, red spots). When we divided
the sequences bound by all three TFs into three categories—TCF4
preferred (green), HNF4� preferred (red), and similar affinity
(blue)—the CTTTG core was the defining feature for all catego-
ries, with some variations in the flanking nucleotides (Fig. 7A, top
right). We next examined all 40,233 sequences on the PBM that
contained a CTTTG motif and found �1,100 sequences that both
HNF4�2/8 and TCF4 bound well (blue spots) but nearly three
times as many sequences (�3,200) that were preferred by HNF4�
(red spots) and about 7,900 sequences that bound only TCF4 well
(green spots). The vast majority of the 40,233 spots bound neither
HNF4� nor TCF4 (gray spots), indicating that the CTTTG core is
not sufficient for either TF to bind DNA in the PBM (Fig. 7B).
Furthermore, a heat map of the top 1,000 TCF4 binders among the
40,233 CTTTG motifs revealed that relatively few are good
HNF4� binders and vice versa (Fig. 7C). There were also relatively
few qualitative differences between the HNF4� isoforms, al-
though overall HNF4�8 tended to bind DNA with a higher affinity
than HNF4�2 (Fig. 7C). (See Table S13 in the supplemental ma-
terial for a list of the SNPrs numbers pertaining to the 40,233
CTTTG motifs and associated binding scores.).

The specificity and complexity of the HNF4� and TCF4 sites
were further demonstrated when we examined the effect of SNPs
incorporated in the PBM design. Of the 741 sequences bound by
both HNF4� isoforms and TCF4, there were 107 SNPs that altered
the affinity of either TCF4 or HNF4� (Fig. 7D, black spots). Of
those, 35 SNPs prevented both HNF4�2 and TCF4 from binding
DNA (dual nonbinders [red spots]), while the remaining 72 inter-
fered only with TCF4 binding (HNF4�-only binders [purple
spots]). Interestingly, the majority of the dual nonbinders (22/35)
had the SNP in the CTTTG core, while only 10 out of 72 of
HNF4�-only binders did (Fig. 7D, lower left). In fact, the majority
of the HNF4�-only binders (45/72) did not contain a CTTTG
anywhere in the sequence. In contrast, both groups had a similar
proportion of SNPs in the flanking sequence (6/35 and 17/72,
respectively). Examples of individual SNPs and associated genes
shown in Fig. 7D include six SNPs that had notably different ef-
fects on the TCF4 and HNF4� Z-scores (bold). They also included
six genes that were dysregulated by the HNF4� isoforms (RHOU,
SPTBN1, OAF, COBL, GLCE, and DKK1) (Fig. 7D, right). These
results suggest that TCF4 cannot tolerate any mutations in the
CTTTG core, while HNF4� can, depending on the flanking se-
quence, and reveal subtle yet important differences in DNA bind-
ing specificity between TCF4 and HNF4�. (See Tables S11 and S12
in the supplemental material for a complete list of binding motifs
altered by SNPs.).

HNF4� recruits, colocalizes, and competes with TCF4 in
vivo. To examine HNF4� and TCF4 binding in vivo, we deter-
mined TCF4 occupancy in the absence or presence of HNF4�
(with or without DOX) in the HCT116 HNF4�2- and HNF4�8-
expressing lines (Fig. 8A). We identified all differential binding
peaks between TCF4	DOX and TCF4�DOX and divided them
into three categories: (i) the TCF4	DOX peak is significantly
smaller than the TCF4�DOX peak, (ii) the TCF4	DOX peak is
roughly equal to that of TCF4�DOX peak, and (iii) the
TCF4	DOX peak is larger than that of TCF4�DOX peak (Fig.
8B). When we queried how many of those peaks contained an
HNF4� overlapping peak in the samples with DOX (�DOX sam-
ples), we identified three distinct binding patterns: HNF4� re-
cruits, colocalizes, or competes with TCF4 (Fig. 8C). There were
42 TCF4 peaks that appeared only when an HNF4�2 peak was
present but 78 peaks when HNF4�8 was, suggesting a preferential
recruitment of TCF4 by HNF4�8. There were many more TCF4
peaks that colocalized with either of the HNF4� isoforms (485
and 126, respectively) and a difference in the function of the
nearby genes: GO analysis showed that HNF4�2-unique re-
cruiting and colocalizing peaks are associated with genes in-
volved in metabolism and apoptotic mitochondrial changes,
whereas HNF4�8-unique recruiting and colocalizing peaks
regulate genes involved in cellular signaling, including the Wnt
signaling pathway, underscoring a functional difference be-
tween how the HNF4� isoforms interact with TCF4 see Tables
S7 and S8 in the supplemental material for a list of genes bound
by TCF4 in the presence and absence of HNF4�2/HNF4�8).

An even more remarkable difference was observed between the
HNF4� isoforms in the competed peaks, where the TCF4 peak
was reduced in the �DOX sample at the same location that an
HNF4� peak appeared. There were 60 such peaks in the HNF4�2
line, but only two were called by the MACS program in the
HNF4�8 line.

Interestingly, when we cross-referenced the HNF4�/TCF4
overlapping peaks to DNase-seq data in HCT116 from ENCODE,
only about half of the recruited peaks were in regions of open
chromatin, while �90% of the colocalizing and competing peaks
were (except for the two HNF4�8-competed peaks) (Fig. 8C).
Furthermore, the majority of the recruited peaks (32/42 for
HNF4�2 and 70/78 for HNF4�8) had either more than one
CTTTG site or a CTTTG site as well as a non-CTTTG HNF4� site
(identified by SVM), leaving open the possibility that HNF4�
binds one site and TCF4 binds another.

The vast majority of the overlapping peaks in all three catego-
ries were found close to the TSS (Fig. 8D), suggesting potential
functional relevance in regulating gene expression. (See Tables S9
and S10 in the supplemental material for a list of overlapping
peaks and associated genes.)

Cross-referencing the genes with TCF4/HNF4� overlapping
ChIP-seq peaks with the RNA-seq data (�1.2 FC) revealed nearly
100 dysregulated genes within 50 kb of the overlapping peak (Ta-
ble 1). For the HNF4�2-competed peaks, there were six such
genes, one of which was SSH1, a member of the slingshot homolog
family of phosphatases that are important for directional cell mi-
gration (91). It was downregulated in the HNF4�2 (but not
HNF4�8) RNA-seq, consistent with the HNF4�2 line having a
lower invasive index (Fig. 2D). The only HNF4�2 ChIP peak in
the vicinity of the SSH1 gene is one where HNF4�2 competes with
TCF4 (see Fig. 10C). In contrast, HNF4�2 appears to compete
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with TCF4 to activate FGGY, a member of a kinase family that
phosphorylates carbohydrates (92) (see Fig. 10C). There were also
dysregulated genes near recruited peaks (�34% of the 86 total
genes) and colocalized peaks (�15% of the 408 total genes), in-
cluding several in the Wnt pathway (WNT3, DKK1, and LRP5)
(Table 1).

Interplay between HNF4�, TCF4, and AP-1 in vivo. MEME
analysis found the canonical CTTTG core motif as the most en-
riched sequence in the recruited and colocalized peaks (Fig. 9A
and B), consistent with the PBM analysis (Fig. 7). Surprisingly,
however, the CTTTG core was not found to be enriched in the
HNF4�2-competed peaks by MEME: the only significantly en-

FIG 7 PBM analysis of TCF4 and HNF4� show differences in binding motifs and SNPs that alter DNA binding. (A) Scatter plots of PBM DNA binding scores
for TCF4 and the HNF4� isoforms. Each of the 250,000 spots represents a unique DNA sequence and the average score of four replicates on the PBM. Red lines
represent the threshold of binding, set at 2 SD above background. Red spots represent sequences bound by both HNF4�8 and TCF4. (Right) Relative binding
affinity: TCF4 � HNF4�, green; TCF4 
 HNF4�, blue; and HNF4� � TCF4, red. Shown are the top-scoring PWM generated by MEME for each color group
in quadrant II with the e-value and number of sites (sequences) used to generate the PWM. (B) As in panel A but for 40,233 sequences that contain a CTTTG
motif. Blue spots represent sequences bound by both HNF4� and TCF4, red spots represent those bound preferentially by HNF4�, and green spots represent
those bound preferentially by TCF4. (C) Heat maps of the top 1,000 highest binding scores among the 40,233 CTTG-containing sequences for either TCF4 (left)
or HNF4� (right). (D) Scatter plot showing spots in quadrant II for which the alternate SNP allele significantly reduced DNA binding (black spots [107 total]).
Red spots represent SNPs that resulted in nonbinders for both TCF4 and HNF4�2 (dual nonbinders), and purple spots represent SNPs that resulted in
nonbinders for TCF4 only (HNF4�-only binders). (Bottom left) The 107 black spots are categorized based on the presence/absence of a CTTTG and whether the
SNP is in the CTTTG core or flank. (Right) Examples of SNPs in each category along with the PBM score and Z-score (difference between the two alleles). rs
numbers of SNPs are color coded to match the spots in the scatter plot. Boldface indicates notable differences in Z-scores.
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riched motif was TGAXTCA (1.3e	14) (Fig. 9C). Nonetheless,
visual inspection revealed that 47 out of the 60 competing peaks
do in fact contain a CTTTG motif and that 38 have one or more
TGAXTCA motifs in the vicinity of a CTTTG motif. The TGA
XTCA motif was also significantly enriched in the colocalized
peaks for both HNF4�2 and HNF4�8 (Fig. 9B). MEME detected
the AP-1 motif only in the HNF4�8 recruited peaks, but the E
value was not significant (7.1e�0).

Since TGAXTCA is an AP-1 motif, we compared the HNF4�
and TCF4 ChIP-seq data with JUND and FOSL1 ChIP-seq in
HCT116 cells from ENCODE and found that 50 to 60% of
colocalized peaks and 70% of the competed peaks overlap AP-1
peaks (Fig. 9B and C, AP-1 ChIP). The HNF4�2 recruited
peaks harbor CTTTG but not TGAXTCA motifs (e.g., OAF and
WNT3), while the HNF4�8 peaks often contain both motifs
(e.g., SIAH2 and ACSL5) (Fig. 10A). Interestingly, while

HNF4�2 binds the same region of SIAH2 and ASCL5 as
HNF4�8, the ChIP-seq did not reveal any recruitment of TCF4
by HNF4�2 (Fig. 10A). This was confirmed by a re-ChIP ex-
periment in which HNF4�8, but not HNF4�2, cooccupied the
DNA with TCF4 (Fig. 9D and E, lane 12). In contrast, the
re-ChIP showed that HNF4�2, but not HNF4�8, interacts with
FOSL1 on ACSL5 (Fig. 9E lane 11). A co-IP using cross-linked
samples also showed an interaction between HNF4�2 and FOSL1 in
both the absence (Fig. 9F) and presence (data not shown) of DNase
treatment, while HNF4�8 seemed to interact less well with FOSL1.
We only once observed a very weak TCF4 signal in the co-IP with
HNF4� in the absence of DNase: a parallel sample treated with
DNase gave no signal at all (data not shown).

On some genes, TCF4 colocalized with both HNF4�2 and
HNF4�8 (e.g., ALK and DKK1), while on others, TCF4 colo-
calized with either HNF4�2 (e.g., ACSL1) or HNF4�8: CTTTG

FIG 8 Overlapping TCF4 and HNF4� ChIP-seq peaks in HCT116 HNF4�-inducible cell lines. (A) Schematic of samples analyzed in ChIP-seq with the total
number of HNF4��DOX and TCF4�DOX and TCF4	DOX peaks in the HNF4�8 and �2 lines. (B) Three distinct categories of TCF4�DOX and TCF4	DOX
are shown with the corresponding total number of peaks; each category was queried for an overlapping HNF4� peak. (C) Absolute numbers of HNF4� and TCF4
overlapping peaks in each category (recruited, colocalized, and competed) and percentage of peaks compared to total overlapping peaks. DNase-seq results in the
HCT116 cells (from ENCODE) were compared to peaks in each category to determine the percentage of peaks in open or closed chromatin. (D) Histograms of
all overlapping peaks for the HNF4�2 and HNF4�8 lines plotted relative to TSS (�1).
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and TGAXTCA motifs could be found in all of these peaks and
coincided with the FOSL1/JUND peaks on ALK and ACSL1
(Fig. 10B). In the TCF4 peaks competed by HNF4�2 there are
TGAXTCA motifs, as well as CTTTG motifs (NUDT13, FGGY,
and ABHD2) (Fig. 10C). Interestingly, on ABHD2, HNF4�8
colocalized with TCF4, while HNF4�2 modestly competed
with TCF4. On SSH1, HNF4�2 but not HNF4�8 binds well and
there is a single TGAXTCA motif.

DISCUSSION

In order to elucidate apparently contradictory roles of HNF4� in
cancer in different tissues, we examined the effects of the two
major HNF4� isoforms driven by the P1 and P2 promoters,
HNF4�2 and HNF4�8. While there are a few reports on the dif-
ferential activity of the HNF4� isoforms (22, 93–95), to our
knowledge, this is the first in-depth functional comparison of the
HNF4� isoforms in a colon cancer line. Likewise, while there are
reports of interactions between HNF4� and TCF4 (12, 31, 40–45),
this is the first report to examine the effect of the presence of the
HNF4� isoforms on TCF4 chromatin binding, identify a potential
three-way interaction between HNF4�, TCF4, and AP-1, and ex-
amine in great depth the DNA binding specificity of the HNF4�
isoforms and TCF4.

Using a human colon cancer cell line (HCT116) with inducible
expression of a single HNF4� isoform, we show that while P1-
driven HNF4�2 clearly suppresses the growth of tumors in colon
cancer cells, P2-driven HNF4�8 does not (Fig. 2). RNA-seq anal-
ysis suggests that this functional difference is due to differential
expression of certain target genes, with HNF4�2 upregulating
genes involved in growth suppression and cell death and HNF4�8
upregulating genes involved in cell proliferation and antiapopto-
sis (Fig. 3 and 4).

A high-throughput in vitro DNA binding assay (PBM) of 250,000
distinct human genomic sequences identified 741 unique DNA se-
quences that were bound by both HNF4� and TCF4 (Fig. 7A). Nearly
all contained the common CTTTG core found in the TCF and
HNF4� consensus sequences (Fig. 6A and 7A), as did an even larger
number of sequences bound by either TCF4 or HNF4� alone (Fig.
7B). Analysis of individual sequences revealed 107 instances in which

a SNP significantly altered the binding of one or both TFs (Fig. 7D),
indicating that DNA binding specificity is remarkably complex and
can be exquisitely sensitive to sequence alterations.

Comparison of HNF4� and TCF4 chromatin binding in vivo
identified �793 TCF4/HNF4� overlapping peaks that could be
grouped into three categories: HNF4� (i) recruits, (ii) colocalizes,
or (iii) competes with TCF4 (Fig. 8 to 10). There were notable
differences in the enriched motifs in the peaks in the different
categories as well as the relative distributions of overlapping
peaks—HNF4�8 recruited TCF4 more frequently than HNF4�2,
but HNF4�2 competed with TCF4 more frequently. The overlap-
ping peaks are relatively close to genes (Fig. 8D), many of which
were dysregulated in the RNA-seq (Table 1), suggesting that the
interaction is indeed functional. Luciferase assays confirmed a
competition between HNF4� and TCF4 at the level of transacti-
vation (Fig. 6D and E).

HNF4� recruits TCF4 to the chromatin. The TCF4-recruited
peaks for both HNF4�2 and HNF4�8 harbor the common CTTTG
core, which raises two issues: why does TCF4 not bind these se-
quences on its own, and can HNF4� and TCF4 bind the same site at
the same time? Since �50% of the TCF4-recruited peaks are in re-
gions of closed chromatin, one possibility is that HNF4� acts as a
pioneering factor, binding first to the chromatin and subsequently
making the site more accessible to TCF4 (Fig. 11A). In regions of
open chromatin, binding by HNF4� to a high-affinity site may some-
how enhance binding by TCF4 to a nearby low-affinity site (assisted
loading model): the PBM analysis revealed many sites containing the
CTTTG motif that have high affinity for HNF4� but low affinity for
TCF4 (Fig. 7B, red spots). A third possibility (not shown) is that
HNF4� and TCF4 actually do bind the same site at the same time:
TCF4 is known to bind in the minor groove and nuclear receptors in
the major groove, and both TCF4 and HNF4� have been shown to
bend DNA (96–99). While we did not observe a trimeric complex
between HNF4�, TCF4, and DNA in our gel shift experiments, we
only assayed a couple of different sequences. Additional studies will
be required to determine whether any of the 3,000 or more sequences
that are high affinity for HNF4� and low affinity for TCF4 could
possibly bind both TFs at the same time.

TABLE 1 Genes with overlapping HNF4� and TCF4 peaks dysregulated in RNA-seq

Characteristic (total no. of
genes)

Genesa

Upregulated Downregulated

Competition: HNF4�2 (33) FGGY, MICAL2 CPOX, LRRTM4, SSH1, TIAM1

Recruitment
HNF4�2 (33) ALDH3A2, EPDR1, FAM169A, NFE2L3, OAF*, PFKP, PRKAG2, WNT3
HNF4�8 (53) ACSL5, CBLB*, CLEC16A, EPDR1, FAM169A, FRMD6, GPD2, HDGF,

IRF2BP2, KIAA1671, LRP5, NSMCE1, PPAP2B, PRKAG2, SIAH2,
SLC2A1, SPTBN1*

C16orf45, CENPF, EFHD2, PHGDH

Colocalization
HNF4�2 (324) ACSL1, AMOTL1, ASS1, CD59, COBL*, CTSB, EVPL, F2RL1,

FAM129B, GLCE*, GRK5, HMGCL, ITGB5, ITPKA, LDLR, NEK6,
OSBP, PDE2A, PFKP, PTPRH, SERINC2, SERPINB1, SLC2A1

ATP6AP1L, DKK1*, ETV1, IER3, KIAA1430, LRP6,
MAP2, MET, MID1, PCDH7, PPP3CA,
PRKACB, RAP2B, SASS6, SCG2, STEAP1,
SYTL3, TEAD1, TNIK, TSPANS, WDR62

HNF4�8 (84) ABHD2, AMN1, AMOTL1, CDC14B, ETFB, GRK5, IRF2BP2, LPCAT3,
MICAL2, MLEC, SERINC2, SLC35D2

DKK1*, IER3, MOSPD1, MSRB3, TEAD1, TIAM1,
ZNRF3

a Boldface indicates genes shown in Fig. 10. Total genes with a TSS within 50 kb of the peak center are indicated. Asterisks indicate genes identified in Fig. 7 that contain a binding
site bound by both HNF4� and TCF4.
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HNF4�2 competes with TCF4 for chromatin binding: a role
for AP-1? While the recruitment of TCF4 by HNF4� at CTTTG
sequences was unexpected, even more surprising were the TCF4
peaks that were competed by HNF4�2: none contained the
CTTTG core by computational analysis. Rather, the HNF4�2-
competed peaks were highly enriched for AP-1 binding motifs
(TGCxTCA) and were frequently bound by both FOSL1 and
JUND in HCT116 cells (Fig. 9, 10, and 11B). Further visual inspec-
tion showed that there was indeed one or more CTTTG motifs in
the majority of the competed peaks, underscoring a limitation of
motif mining algorithms.

While we could find only one report in the literature of HNF4�

interacting with AP-1 (100), other nuclear receptors, such as the glu-
cocorticoid and estrogen receptor, have long been known to interact
with AP-1 bound to DNA (101, 102). Both TCF4 and �-catenin have
also been shown to interact with AP-1 at TGAXTCA motifs (103,
104). Here, we showed that HNF4�2 also interacts with FOSL1, while
HNF4�8 interacts less well (Fig. 9E and F), which could explain why
we did not see more HNF4�8-competed peaks (Fig. 8C). We propose
that HNF4�2, but not HNF4�8, displaces TCF4 in the AP-1 complex
(Fig. 11B, top). It is also possible that there is a direct competition by
TCF4 and HNF4� for shared binding motifs, although those motifs
would have to be specific to HNF4�2 and not bind HNF4�8 (Fig.
11B, bottom).

FIG 9 CTTTG and TGAXTCA motifs in TCF4/HNF4� overlapping CHIP-seq peaks and evidence of HNF4�2 and HNF4�8 differential interactions with TCF4
and AP-1. Shown are PWMs along with the E values and number of sites (sequences) used to generate the PWMs mined from the TCF4 recruited peaks (A),
colocalized peaks (B), and competed peaks (C) described in the legend to Fig. 8. Peaks in each category containing a TGAXTCA motif were manually
cross-referenced to FOSL1 and JUND ChIP-seq in the HCT116 ENCODE database. Given is the number of TCF4/HNF4� peaks that overlap both FOSL1 and
JUND (AP-1) ChIP-seq peaks divided by the total number of peaks examined. (D and E) Snapshot from IGV of HNF4� (�DOX) and TCF4 (�DOX and 	DOX)
ChIP-seq peaks for SIAH2 (D) and ACSL5 (E). (D, left) FOSL1 ChIP-seq and DNase-seq peaks from ENCODE in HCT116 cells are shown as gray bars and blue
peaks, respectively. (E) ChIP–re-ChIP followed by PCR with primer sets that amplify the region in red in the IGV. The first ChIP for IgG (Ig), FOSL1 (�F), or
TCF4 (�T) (
DOX) and HNF4� (�H and �445) (�DOX) was followed by a second ChIP for IgG, FOSL1, or TCF4 (�DOX) after the HNF4� ChIP. In, input;
M, molecular weight marker. Shown is one of two or three PCRs from one ChIP–re-ChIP experiment. (F, left) IB of DOX-induced HNF4� (0.3 �g/ml DOX for
24 h) followed by IB for endogenous FOSL1 in NEs from cross-linked �2 and �8 lines. The input was 1 to 2% of the total amount used in IP. Shown are the results
from one of four independent experiments. (Right) Percentage of FOSL1 pulled down by the indicated Ab using the Image Lab software system (Bio-Rad).

HNF4�/TCF4/AP-1 Interplay

October 2015 Volume 35 Number 20 mcb.asm.org 3485Molecular and Cellular Biology

http://mcb.asm.org


We found at least 12 examples of HNF4�2-competed peaks
where TCF4 colocalizes with HNF4�8 (e.g., ABHD2 in Fig.
10C), suggesting that the interaction between HNF4�8 and
TCF4/AP-1 may be fundamentally distinct from that of
HNF4�2. Finally, since the components of AP-1 (FOS and
JUN) are potent proto-oncogenes, a differential interaction
with the HNF4� isoforms could lead to differences in tumor
growth (Fig. 2). In addition, interactions between the HNF4�
isoforms and TCF4 and AP-1 on the DNA could affect interac-
tions with coregulators and hence alter transcription, as we
observed in the RNA-seq (Fig. 3 to 5). (It is not clear at this
point whether the TCF4 coactivator �-catenin is present in any
of these complexes nor what its effect on transactivation might
be: we found examples of genes with competing peaks both up-
and downregulated in the RNA-seq [Table 1].)

HNF4� colocalizes with TCF on the chromatin. The final
category of overlapping HNF4� and TCF4 peaks (colocaliza-
tion) appears to be a combination of the recruitment and com-
petition scenarios as both the CTTTG core and the TGAXTCA
motif are observed in the majority of the peaks (Fig. 9B). There
are two features, however, that distinguish the colocalization
and recruitment categories. The first is that there were many
more genes downregulated in the colocalization category than
in the recruitment category (28 versus 4, respectively) (Table
1). The second is that we observed a smaller percentage of
HNF4�8 peaks than HNF4�2 peaks in the colocalized category
(7.2% versus 14.2%, respectively), in contrast to the competi-
tion category, where we found nearly exclusively HNF4�2
peaks and the recruitment category that had more HNF4�8
than HNF4�2 peaks (Fig. 8C). The colocalized peaks for both

FIG 10 Examples of TCF4 peaks recruited, colocalized, and competed by HNF4�. Snapshots from IGV of HNF4� (�DOX) and TCF4 (�DOX and 	DOX)
ChIP-seq peaks (recruited [A], colocalized [B], and competed [C] as defined in Fig. 8) from HCT116 HNF4�2- and HNF4�8-inducible lines and FOSL1/JUND
ChIP-seq peaks in HCT116 from ENCODE with the corresponding Refseq genes. The CTTTG and/or TGAXTCA motifs with surrounding nucleotide sequence
are given below the peaks.
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HNF4�2 and HNF4�8 frequently contained TGAXTCA motifs
and overlapping AP-1 peaks, as well as CTTTG motifs (Fig.
9B), making it difficult to determine which of the motifs is
relevant for the colocalization.

Another unanswered question is why, given the remarkable
consensus of the common CTTTG core, are there not more
HNF4� and TCF4 overlapping peaks? One potential answer is that
the CTTTG core is not sufficient for DNA binding: the flanking
sequence is still very important, as demonstrated by the wide
range in DNA binding scores for CTTTG-containing sequences in
the PBM (Fig. 7C). Furthermore, even a 1-nt change can abolish
DNA binding, at least in vitro (Fig. 7D). This sort of fine tuning
ensures that even though both HNF4� and TCF regulate many
hundreds of genes, they will interact on only a subset of them
and in any one of three distinct fashions, thereby allowing the
cell to maintain tight control of gene expression and hence
homeostasis.

In summary, this study shows that the HNF4� isoforms driven
by the P1 and P2 promoters show subtle yet significant differences
in chromatin binding and gene expression as well as tumor
growth, suggesting that an imbalance of the isoforms may be not
just a consequence of cancer, as has been observed previously (17,
18), but also a cause. Novel interactions between HNF4� and the
Wnt/�-catenin/TCF pathway as well as AP-1, and a staggering
complexity in DNA binding specificity, which can be affected by
SNPs, were also revealed. Additional studies will be required to
elucidate the molecular basis of those interactions and determine
whether the results from the inducible model system employed
here will translate to human colon cancer in vivo.
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