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Whnt signaling activates gene expression through the induced formation of complexes between DNA-binding
T-cell factors (TCFs) and the transcriptional coactivator (-catenin. In colorectal cancer, activating Wnt
pathway mutations transform epithelial cells through the inappropriate activation of a TCF7L2/TCF4 target
gene program. Through a DNA array-based genome-wide analysis of TCF4 chromatin occupancy, we have
identified 6,868 high-confidence TCF4-binding sites in the LS174T colorectal cancer cell line. Most TCF4-
binding sites are located at large distances from transcription start sites, while target genes are frequently
“decorated” by multiple binding sites. Motif discovery algorithms define the in vivo-occupied TCF4-binding
site as evolutionarily conserved A-C/G-A/T-T-C-A-A-A-G motifs. The TCF4-binding regions significantly cor-
relate with Wnt-responsive gene expression profiles derived from primary human adenomas and often behave
as B-catenin/TCF4-dependent enhancers in transient reporter assays.

Physiological Wnt signaling is required for the maintenance
of the crypt progenitor phenotype and controls the prolifera-
tion/differentiation switch in the adult, self-renewing intestinal
epithelium (33). A constitutively active Tcf/B-catenin tran-
scription complex, resulting from mutations in adenomatous
polyposis coli (APC), Axin, or B-catenin, is the primary trans-
forming factor in colorectal cancer (CRC) (25, 26, 32); aber-
rant Tcf/B-catenin activity results in a transcriptional profile in
CRC cells similar to that which is physiologically driven by
Tcf/B-catenin in the crypt stem/progenitor cells of the intestine
(49). Through candidate gene approaches and microarray
technology, a large number of genes have been uncovered
whose expression levels are altered upon abrogation or activa-
tion of the Wnt pathway (for references, see http://www
.stanford.edu/~rnusse/pathways/targets.html). It remains un-
clear whether the affected genes are direct or indirect targets
of the Tcf/B-catenin transcription factor complex. cis-regula-
tory elements directly bound by Tcf have been identified for
only a few candidate genes. Such studies have been mostly
limited to regulatory regions close to the transcription start site
(TSS) of candidate genes (e.g., see reference 17). A compre-
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hensive identification of regulatory elements is essential for a
more complete understanding of the transcriptional repertoire
driven by the Wnt pathway and the elucidation of the molec-
ular mechanisms by which Tcf and B-catenin control the tran-
scription of their target genes.

A recent approach taken to achieve such goals is chromatin
immunoprecipitation (ChIP)-coupled DNA microarray analy-
sis (ChIP-on-chip), which couples the immunoprecipitation of
chromatin-bound transcription factors with the identification
of the bound DNA sequences through hybridization on DNA
microarrays (35). This approach has been used to generate,
among others, a comprehensive map of active, preinitiation
complex-bound promoters in human fibroblast cells (24). Mi-
croarrays covering the nonrepetitive sequence of chromo-
somes 21 and 22 have allowed the study of histone H3 meth-
ylation and acetylation patterns in human hepatoma cells (5)
and estrogen receptor binding sites in breast cancer cells (8).
The latter study revealed selective binding of estrogen receptor
(ER) to a limited number of sites, most of which were distant
from the TSSs of ER-regulated genes (8). Similar conclusions
were put forth by work examining the in vivo binding of tran-
scription factors Spl, c-Myc, and p53 along chromosomes 21
and 22: most binding sites identified do not correspond to the
proximal promoters of protein-coding genes but rather lie
within or immediately 3’ to well-characterized genes or are
significantly correlated with noncoding RNAs (10). Collec-
tively these studies point to the necessity of interrogating entire
genomes for the comprehensive determination of in vivo-oc-
cupied binding sites (9, 23, 52, 54).

In the present work, we used a combination of ChIP and
location analysis with genome-wide tiling arrays to generate a
genome-wide binding profile of TCF4, the T-cell factor (TCF)
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family member most prominently expressed in the mammalian
intestine (1, 26).

MATERIALS AND METHODS

ChIP. LS174T cells were cross-linked with 1% formaldehyde for 20 min at
room temperature. The reaction was quenched with glycine at a final concen-
tration of 0.125 M. The cells were successively washed with phosphate-buffered
saline, buffer B (0.25% Triton-X 100, 10 mM EDTA, 0.5 mM EGTA, 20 mM
HEPES [pH 7.6]) and buffer C (0.15 M NaCl, 1 mM EDTA, 0.5 mM EGTA, 20
mM HEPES [pH 7.6]) at 4°C for 10 min each. The cells were then resuspended
in ChIP incubation buffer (0.3% sodium dodecyl sulfate [SDS], 1% Triton-X 100,
0.15 M NaCl, 1 mM EDTA, 0.5 mM EGTA, 20 mM HEPES [pH 7.6]) and
sheared using a Bioruptor sonicator (Cosmo Bio Co., Ltd.) with six pulses of 30 s
each at the maximum setting. The sonicated chromatin was centrifuged for 15
min and incubated for 12 h at 4°C with either a polyclonal anti-TCF4 antibody
(sc-8631; Santa Cruz Biotechnology, Inc.) or a monoclonal anti-TCF4 antibody
(1) (05-511; Upstate) at 1 pg of antibody per 10° cells with protein G beads
(Upstate). The beads were successively washed 2 times with buffer 1 (0.1% SDS,
0.1% deoxycholate, 1% Triton-X 100, 0.15 M NaCl, 1 mM EDTA, 0.5 mM
EGTA, 20 mM HEPES [pH 7.6]), one time with buffer 2 (0.1% SDS, 0.1%
sodium deoxycholate, 1% Triton-X 100, 0.5 M NaCl, 1 mM EDTA, 0.5 mM
EGTA, 20 mM HEPES [pH 7.6]), one time with buffer 3 (0.25 M LiCl, 0.5%
sodium deoxycholate, 0.5% NP-40, 1 mM EDTA, 0.5 mM EGTA, 20 mM
HEPES [pH 7.6]), and two times with buffer 4 (1 mM EDTA, 0.5 mM EGTA, 20
mM HEPES [pH 7.6]) for 5 min each at 4°C. The precipitated chromatin was
eluted by incubation of the beads with elution buffer (1% SDS, 0.1 M NaHCO3)
at room temperature for 20 min, de-cross-linked by incubation at 65°C for 5 h in
the presence of 200 mM NaCl, extracted with phenol-chloroform, and precipi-
tated.

For sequential ChIP, the eluted chromatin was diluted with ChIP incubation
buffer without SDS to the incubation conditions of the first ChIP. Half the
amount of antibody was added to the second ChIP and processed as for the first.

Ligation-mediated PCR amplification, labeling, and hybridization. The ChIP
material was amplified for labeling as described previously (35). Labeling of the
material, hybridization, and scanning of the arrays were performed by Nimble-
gen, Inc.

Quantitative PCR (qPCR). ChIP experiments were analyzed with quantitative
PCR in an iCycler iQ real-time PCR detection system (Bio-Rad), using iQ Sybr
green supermix (Bio-Rad). Specific primers were designed using Beacon De-
signer software (Premier Biosoft International) and verified for specificity by in
silico PCR (http://genome.cse.ucsc.edu/cgi-bin/hgPcr). ChIP values were normal-
ized as a percentage of input. The specificity of ChIP values was expressed as the
change from respective values for control regions (i.e., exon 2 of the nonex-
pressed myoglobin gene). Based on TCF4 occupancy values over a number of
such negative control regions, we defined as positive those regions whose change
in occupancy over the control region was greater than threefold.

Reporter assays. Genomic fragments encompassing typically about 1 kb of
genomic sequence encompassing a TCF4 peak were amplified by PCR from
human genomic DNA and cloned in front of the firefly luciferase gene in pGL3b
or pGL4.10, in the case of TSS-proximal regions, or in front of a minimal
fragment encompassing the TATA box of the adenovirus major late promoter
cloned in front of the firefly luciferase gene in pGL3b or a minimal TATA box
cloned in front of the firefly luciferase gene in pGL4.10, in the case of non-TSS-
proximal regions. For the control experiment, human genomic DNA was di-
gested with Kpnl and 15 fragments of approximately 1 kb cloned in front of the
firefly luciferase gene in pGL3b and 15 fragments cloned in front of a minimal
fragment encompassing the TATA box of the adenovirus major late promoter
cloned in front of the firefly luciferase gene in pGL3b were used in the reporter
assays. The reporters were transfected with Fugene 6 (Roche Diagnostics) in
LS174T or LS174T/ANTCF4 cells (the latter inducibly overexpress ANTCF4
upon doxycycline treatment) with Renilla luciferase as a transfection control and
appropriate expression vectors, and their activity was measured using a dual-
luciferase reporter assay system (Promega).

Array design. The genome-wide hybridization was performed on a NimbleGen
Systems, Inc., set of 36 arrays containing a total of 13,787,634 oligonucleotides of
50 bp covering the repeat-masked portion of the human genome for chromo-
somes 1 to 22p at 100-bp resolution (NCBI35/HG17 genome build).

To verify the peaks obtained by the genome-wide array, two sets of triplicate
experiments were performed, a dedicated array for chromosomes 1 to 22p and
the tiling array for chromosomes 22q/X/Y. The dedicated array contained
1,251,695 oligonucleotides covering the putative TCF-4-bound sequences ex-
tracted from the genome-wide array (chromosomes 1 to 22p), plus a tiled region
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from chromosome 21 (chromosome 21: 33206900 to 46800000) at 100-bp reso-
lution for normalization purposes. The dedicated array was divided over two
slides, both containing the full tiled region. The replicates for the tiling array for
chromosomes 22q/X/Y contained 769,784 oligonucleotides on two slides.

Identification of TCF-4-binding regions. Three different peak identification
software packages were used to extract putative peaks from the genome-wide
scans, Mpeak (MP) (http://www.stat.ucla.edu/~zmdl/mpeak), TileMap (TM)
(21), and NimbleGen Peakdetection (NP) (NimbleGen, Inc.), to maximize the
inclusion of putative TCF-4-binding regions on the dedicated array. MP (version
2.0) was used with default settings and a threshold of 2.5S.D.; TM was used with
HMM (posterior probability of >0.5; maximal gap allowed, 100; UMS on; G0
p%, 0.01; G1 q%, 0.05; selection offset on; grid size, 1,000; expected hyblength,
50; no repeat filter; no test statistics) to combine neighboring probes. The
Nimblegen program (version 2) was used with a 1% FPR cutoff. Identified peaks
were extended 1,000 bp on either site from the center of the peaks, resulting in
67,838 peak areas. Probes for inclusion on the dedicated array were filtered using
BLAT software (22), excluding probes aligning more than 10 times in the ge-
nome. Following three replicate hybridizations on the dedicated arrays and on
the array covering chromosomes 22q, X, and Y, application of Tukey’s biweight
analysis on the chromosome 21 tile path was used to normalize and scale each
slide (http:/mathworld.wolfram.com/tukeysbiweight.html). The mean ratio sig-
nal and variance were calculated for each probe, and peak recognition with the
same peak recognition algorithms as described above was performed with the
mean ratio signal track. The gap parameter for both MP and TM was set to 250
bp, i.e., allowing a maximum of 250 bp between probes that constitute a peak.
The rest of the parameter settings for the programs were adjusted to call ap-
proximately the same number of peaks with each method. Using a 2.5-standard-
deviation cutoff for MP, a total of 15,282 or 1,176 peaks were called in the
dedicated design or the chromosome 22q/X/Y set, respectively. Using these
numbers as a reference, both NP and TM were tried iteratively with increasing
or decreasing thresholds for peak detection to achieve a peak set of approxi-
mately 15,000 peaks in the dedicated design set and 1,100 peaks in the chromo-
some 22q/X/Y set. The final peak thresholds for NP were 0.14 (dedicated design)
and 0.02 (chromosome 22q/X/Y). The final peak thresholds for TM were 0.10
(dedicated design) and 0.95 (chromosome 22q/X/Y). The overlap of peaks found
with the different programs was determined by defining overlaps as peaks posi-
tioned within 1,000 bp of each other. The set of peaks found by TM which
overlapped with both MP and NP peaks was chosen as the final peak set. The
final peak set contains 11,912 peaks in the regions of the dedicated design set and
555 peaks in chromosome 22q/X/Y set (see Table S8 in the supplemental ma-
terial). The final peak set was divided in four confidence groups by the mean
signal and variance of the probes within a peak. A total of nine probes around the
peak position were used to calculate the mean signal and variance for each peak.
The peak confidence sets were divided around the median mean signal and the
median variance of the dedicated array (set A, mean peak signal of >1.5 and
mean peak variance of <0.5; set B, mean peak signal of >1.5 and mean peak
variance of >0.5; set C, mean peak signal of <1.5 and mean peak variance of
>0.5; set D, mean peak signal of <1.5 and mean peak variance of <0.5).

Comparison between TCF-bound region and random genomic regions. A
randomization test was preformed in order to compare properties of TCF-bound
regions with those of other genomic regions. One hundred or 250 (where indi-
cated) random sets were sampled from the human genome assembly to retain the
same region size and distribution between chromosomes as with the original
6,868 TCF-bound sites. All random peaks were chosen from the unmasked
sequence that was interrogated by the ChIP-on-chip experiment. The analyses of
TCF-bound region properties with respect to gene structure, CpG islands,
capped analysis of gene expression (CAGE) tags, clustering of sites around TSS,
presence of the TCF motif, and evolutionary conservation were performed for
real and random sets.

Evolutionary conservation of TCF-bound regions and motifs. Pairwise nucle-
otide BlastZ-net human-mouse, human-rat, human-chicken, and human-dog
alignments were taken from the Ensembl database (19). Total conservation at
consensus TCF motifs, TCF-bound regions, and random regions (200 bp around
the center of the peak in both cases) were calculated. Insertions/deletions and
unaligned segments were excluded from this calculation.

Identification of transcription factor-binding sites in TCF4-binding regions.
Matrices from the Transfac database (version 11.1) were searched for using the
matrix scanning program Storm (37) with a per-match P value cutoff of 0.0001
and an Hgl7 intergenic 8mer word table. The matches for each matrix were
tabulated across the foreground (500 bp around peak centers) and background
(1,000-bp flanking sequence around peak centers) sets. A proportion test was
then performed using the statistical computing language R, specifically, the
prop.test function of R version 2.6.1. To derive sequence logos from Transfac
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matrices, a custom program was used. To generate logos from the Storm output,
the WebLogo software program, version 2.8.2 (http://weblogo.berkeley.edu/),
was used.

Biological function of TCF-bound genes. Genes upregulated in human primary
adenomas and bound by TCF4 within 100 kb of their TSSs were interrogated for
gene ontology category and KEGG (Kyoto encyclopedia of genes and genomes)
pathway enrichment using the web-based tool g:Profiler (http://biit.cs.ee
/gprofiler/) (34).

Microarray data accession numbers. The microarray data can be accessed at
http://www.ebi.ac.uk/arrayexpress/, experiment code E-TABM-402.

RESULTS

Genome-wide profile of TCF4 binding in CRC cells. To
identify in vivo TCF4-binding sites in a comprehensive man-
ner, we optimized sequential chromatin immunoprecipitations
using a goat polyclonal antibody raised against the N terminus
of the TCF4 protein. The increase in specific enrichment at-
tained by the sequential immunoprecipitations (12) should al-
low the comprehensive identification of even “weak” TCF4-
binding sites in the genome of CRC cells. All experiments were
performed with the diploid, B-catenin mutant human colon
cancer cell line LS174T, which expresses a TCF4-dependent
transcriptional program similar to that which is physiologically
driven by Tcf/B-catenin in the proliferative compartment of
intestinal crypts (49). As shown in Fig. la (see also Fig. S1 in
the supplemental material), the proximal promoter of the SP5
gene, a previously described Wnt target (41, 43), was enriched
>100-fold after one round of immunoprecipitation and was
enriched >1,000-fold after two sequential immunoprecipita-
tions using the anti-TCF4 antibody. Consistent with c-Myc
being Wnt responsive in LS174T cells (49), the previously
described TCF response element in the c-Myc promoter (17)
was also enriched (Fig. 1a) (see Fig. S1 in the supplemental
material), albeit to a lower extent. These observations were
independently confirmed using an anti-TCF4 monoclonal an-
tibody raised in our laboratory (1) (not shown).

DNA (either from input chromatin or from sequential ChIP
material) was amplified by ligation-mediated PCR and labeled
with Cy3 and Cy5, respectively. The probe samples were then
hybridized to a set of 36 microarrays covering the repeat-
masked regions of the human genome at 100-bp resolution
(NimbleGen Systems, Inc.) (apart from the q arm of chromo-
some 22 and chromosomes X and Y; see below). Three differ-
ent algorithms, MP (http://www.stat.ucla.edu/~zmdl/mpeak),
TM (21), and NP (NimbleGen Systems, Inc.), were used to
predict a total of 67,838 putative TCF4-binding sites. The ap-
plication of all three programs redundantly aimed at the in-
clusion in the peak count of the greatest possible number of
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putative TCF4-binding sites and the minimization of false neg-
atives. To verify the binding sites predicted from the genome-
wide hybridization, we designed dedicated arrays covering re-
gions of 2 kb around each detected peak (chromosomes 1 to 21
and 22p). ChIP-on-chip experiments were performed on the
dedicated arrays with three biological replicates (independent
TCF4 chromatin immunoprecipitates, independently amplified
and labeled). The same replicates were used to probe in trip-
licate the 100-bp-resolution tiling path array covering the
remaining chromosomes, 22q, X, and Y.

The peak detection procedure performed for both the rep-
licates of the dedicated arrays and the replicates of the chro-
mosome 22q/X/Y tiling path array was the following: The three
biological replicates were merged into one data set by calcu-
lating the mean ratio signal for each probe. The three peak
recognition algorithms were applied to the mean ratio signal
track, and only peaks found by all three algorithms were re-
tained to extract 11,912 binding regions from the dedicated
arrays and 555 binding regions from the chromosome 22q/X/Y
array. By requiring three out of three programs to detect each
peak, we increased the stringency of peak prediction to mini-
mize the inclusion of false positives in the final set of TCF4-
binding sites. Prior to validation by quantitative PCR analysis,
the detected peaks were further subdivided into four groups
according to mean peak signal values and mean peak variance
over a region of nine probes surrounding the peak center (set
A, mean peak signal of >1.5 and mean peak variance of <0.5;
set B, mean peak signal of >1.5 and mean peak variance of
>(0.5; set C, mean peak signal of <1.5 and mean peak variance
of >0.5; set D, mean peak signal of <1.5 and mean peak
variance of <0.5). For both the dedicated and chromosome
22q/X/Y binding sites, 15 randomly selected peaks from each
of the 4 groups were validated by quantitative PCR. All 60
peaks from both sets A and B from the dedicated design, as
well as chromosome 22q/X/Y, were positive. Only 8/15 and
6/15 peaks from set C and 7/15 and 9/15 peaks from set D for
the dedicated design and chromosome 22q/X/Y, respectively,
were positive in the qPCR assays (see Fig. S2 and S3 and Table
S1 in the supplemental material). The accuracy rate for both
the dedicated design and the chromosome 22q/X/Y sets of
binding sites is 75%; this indicates that the three biological
replicates on our dedicated design maintain the same specific-
ity as the three biological replicates on the chromosome 22q/
X/Y tiling array, validating the dedicated array approach, in
agreement with other studies (23, 24).

Sets A and B gave an accuracy rate of 100%. Since sets C
and D yielded accuracy rates between 40% and 60% and con-

FIG. 1. ChIPs over regions bound by TCF4 and genomic distribution of TCF4-bound regions. (a) Association of TCF4 with the proximal
promoters of SP5 and c-Myc was determined by single (light blue) or sequential (dark blue) ChIP followed by qPCR and expressed as relative
enrichment over the nonbound exon 2 of the myoglobin gene. Error bars represent standard deviations for three independent experiments. (b)
Schematic illustration delineating the criteria for binding-site classification with respect to a gene locus. (¢) Localization of TCF4-binding sites in
relation to annotation to nearest transcription units. Shown are percentages of binding sites in the different location categories as defined in panel
b. (d) Distribution in categories, defined as in panel b, of TCF4-bound regions (light blue) or random genomic regions (dark blue). Error bars
represent standard deviations of 100 random groups. (e) Distribution in 100-bp intervals of TCF4-bound regions located within 10 kb of annotated
TSSs. (f) Venn diagrams depicting the number of TCF4-bound regions within 1 kb of CpG islands, annotated transcription start sites of
protein-coding genes, or both (top) and the number of TCF4-bound regions within 1 kb of CAGE tags, annotated transcription start sites of
protein-coding genes, or both (bottom). (g) Distribution, in categories defined as in panel f, of TCF4-bound regions (light blue) or random genomic
regions (dark blue). Error bars represent standard deviations of 250 random groups.
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tained peaks of mostly lower levels of specific enrichment than
A and B, we continued our analyses with the binding regions of
sets A and B only. Merging of peaks within 1,000 bp of each
other in these two groups resulted in 6,868 high confidence
TCF4-binding sites (see Table S2 in the supplemental mate-
rial). We estimated that this approach may miss up to 2,150—
mostly low-enrichment—binding sites but should increase the
specificity of subsequent analyses.

As expected, the high-confidence peak set included promi-
nent binding sites over the proximal promoters of the SP5 and
c-Myc genes (not shown). An additional 44 TCF4-binding sites
from peak sets A and B near known target genes of the path-
way (45, 48, 49) were all confirmed by qPCR (see Fig. S4 and
Table S3 in the supplemental material), further underscoring
the specificity of the generated TCF4-binding profile.

We also proceeded to investigate the presence of validated
TCF4-binding sites in other CRC cell lines. To this effect,
chromatin immunoprecipitations with the goat polyclonal an-
tibody against TCF4 were performed with HCT116 and DLD1
cells, and 25 randomly selected binding sites were tested by
gPCR (see Fig. S5 in the supplemental material). Of the 25
tested binding regions, 20 (80%) were positive in HCT116 cells
and 24 (96%) were positive in DLD1 cells. The high percent-
age of TCF4-binding sites bound in all three cell lines further
stresses the relevance of the generated TCF4-binding profile
for the investigation of TCF4-mediated transcriptional regula-
tion in CRC.

Distribution of TCF4-binding sites with respect to gene
structure. To evaluate the distribution of the TCF4-binding
sites along the genome, we annotated these with respect to the
TSS of the nearest gene (based on Ensembl v34 (6). Peaks
were defined as either 5'-proximal (10 kb upstream of the
TSS), TSS 3’ (10 kb downstream of the TSS), intragenic
(within gene bodies, from 10 kb 3" from the TSS to the gene
end), 3’ proximal (within 10 kb downstream of the gene), or
distal “enhancer” (10 to 100 kb either up- or downstream of
gene boundaries). Peaks located more than 100 kb away from
the nearest gene were annotated as unclassified (Fig. 1b).

Eight hundred thirty-nine (12%) of peaks were found within
5'-proximal locations, 941 (14%) were located in TSS 3’ posi-
tions, and 117 (2%) within 3’-proximal locations. One thou-
sand two hundred nine (18%) peaks were found within genes,
further than 10 kb from the TSS. Two thousand ninety-eight
(31%) peaks were located in putative long-range “enhancer”
positions (up to 100 kb up- or downstream of a gene). One
thousand six hundred sixty-four (24%) peaks were not located
within 100 kb of the boundaries of the nearest gene (unclassi-
fied) (Fig. 1c). When this distribution of peaks was compared
to that of random genomic fragments, it became apparent that
there was a striking bias for TCF4-binding sites within 10 kb
both up- and downstream of TSSs (Fig. 1d). The pronounced
clustering of TCF4-bound regions around TSSs can be prom-
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inently observed in Fig. le, a plot of the distribution of binding
sites relative to the distance from the TSS. Despite this con-
spicuous pattern observed for peaks near TSS, more than 70%
of TCF4-bound regions are located at distances greater than 10
kb from the nearest annotated transcription starts, a distribu-
tion which is similar to that determined using similar global
approaches for other sequence-specific DNA-binding tran-
scription factors, such as Oct4 and Nanog (29), p53 (51), and
ER (8).

We also analyzed the overlap of TCF4-bound regions with
respect to CpG islands and found 809 of them to be within
1,000 bp of annotated CpG islands (Fig. 1f), a number much
greater than that observed for random genomic regions (Fig.
1g). Significantly, 285 (35%) of the TCF4-bound regions over-
lapping CpG islands were not in similar proximity (within 1 kb)
to TSSs of protein coding genes (Fig. 1f).

Visual inspection of the distribution of the TCF4-binding
regions revealed another interesting observation: peaks fre-
quently cluster around putative target genes. An extreme ex-
ample was provided by AXIN2, a well-known target gene of the
Wnt pathway (31), which associates with no fewer than 11
peaks within 100 kb of its TSS (Fig. 2a). We explored whether
this clustered distribution of peaks around genes was nonran-
dom by comparing it to the distribution expected for randomly
selected genomic regions. The analysis shown in Fig. 2b dem-
onstrates that the distribution was indeed not random, since
there were significantly more genes that associate with three or
more TCF4-binding sites than expected, providing statistical
validation to this striking phenomenon.

Determination and conservation of the TCF4-binding DNA
motif. In in vitro selection-based assays, we have previously
defined the optimal TCF-binding motif as AAGATCAAAGG
(44, 46). Using a different in vitro approach, Hallikas and
colleagues defined a slightly shorter optimal TCF4 binding
motif: CATCAAAGG (14). We proceeded to mine the under-
lying sequence of the TCF4-bound peaks to determine the cis
element(s) which mediates TCF4 binding in vivo. We applied
MDscan, a de novo motif discovery algorithm (28), using ran-
dom samples of the peaks validated by qPCR for program
training. The most common motifs discovered within windows
of different lengths bore a strong resemblance to the consensus
motif identified in the in vitro studies. Three examples of
these—the most common motif within a 7-bp, 11-bp, or 15-bp
window—are depicted in Fig. 3a. Seventy percent (4,793/6,868)
of the sites bound by TCF4 contained at least the shortest (7
nucleotides) motif uncovered by our method, and this ratio was
much greater than that expected for random genomic frag-
ments. This statistical significance held true also for the occur-
rence of the longer motifs (Fig. 3b). We further examined the
evolutionary conservation of the TCF4-binding regions and
DNA-binding motifs with respect to the genomes of rat and
mouse (Fig. 3c), as well as dog and chicken (not shown): Both

FIG. 2. TCF4-binding-site clustering around target genes. (a) TCF4-binding-site distribution around the AXIN2 gene. Depicted is the binding
pattern of TCF4 around AXIN?2 as revealed by the genome-wide experiment and the three independent biological replicates on the dedicated array,
including the mean and variance tracks from the three replicates. High-confidence peaks are highlighted in magenta and numbered 1 to 11,
low-confidence peaks in light blue. (b) Numbers of genes bound within 100 kb of their TSSs by three, four, or five or more TCF4-binding sites (light
blue) or random genomic regions (dark blue). Error bars represent standard deviations of 100 random groups.
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FIG. 3. (a) Sequence logos illustrating the nucleotide distribution for the in vivo TCF4 consensus sites of 7, 11, and 15 bp, as defined by
MDscan. (b) Number of TCF4-bound (light blue) or random genomic (dark blue) regions containing the indicated TCF4-binding motif, as depicted
in panel a. Error bars represent standard deviations of 100 random groups. (c) Percent identities of TCF4-bound regions (light blue), random
genomic regions (dark blue), and the 7-mer TCF4-binding motif (red, as depicted in panel a) for mouse-human and rat-human pairwise genomic
comparisons. Error bars represent standard deviations of 100 random groups.

the sequences surrounding the centers of the peaks and the regions (chi-square, P < 0.01). These observations further un-
TCF4-binding motifs contained within the sequences were sig- derscored the validity of our TCF4-binding sites.

nificantly more conserved compared to random genomic seg- We further mined the sequences encompassing the TCF4-
ments, as expected for functional transcriptional regulatory binding regions to identify binding sites for other transcription
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TABLE 1. Transfac matrices enriched around TCF4 binding-site centers”

Binding factor
(accession no.)

Transfac-derived sequence
logo used in search

Sequence logo of motifs actually
present in TCF4 binding

% of TCF4 binding
sites containing
at least 1 instance

P value for
enrichment relative

region peak centers to flanking regions

of motif
NE-1 (M00806) 'rl- ci TT ATA i cc 131E—53 218
HNF4 (M00411) T A .= 146E—50 214
A Ic ? P CAAA ¢ _CA
q:..lc AR R RS S ]
AP-1 (M00199) 3.62E—48 14.6
qT...As;TQA; - TGASTCA.
PPARy (M00512) 7.77E-33 14.6
A y
Elk-1 (M00025) gc A A cc ; AA 5.46E—31 19.8
TT o‘_";'?gg- ol Mgtenals -
RAFLOA cn ' LR £
GATA-3 (M00351) A 6 A ATg A ; AT A 9.38E—26 13.1
J:CI :A’:‘A o A gé‘?j"a
c-Ets-1 (M00032) A cc A A C A 3.16E—24 16.7
h 2 A
Fs. B &"g R é ey ‘?L?f_z
FoxD1 (M00292) CIl A A TT 4.97E-22 135
T et e "xe”l&ﬂﬁ@ﬂ, s,
Bachl (M00495) c 5.16E—19 16.4
&t L TOAGTCA,
CAx. LR o ir,

“ Depicted are sequence logos of transcription factor binding sites identified as significantly enriched when sequences surrounding TCF4 binding-site centers (500
bp around each center) are compared to the 1,000-bp regions flanking the binding-site centers on either side.

factors using the Transfac database. Matrices were searched
for using the program Storm (37) in the 500-bp genomic
regions surrounding the TCF4-binding-region centers, and
their incidence was compared to incidence in the 1,000-bp
genomic regions flanking the peak centers on either side.
This analysis revealed the presence of a number of motifs
for transcription factors, such as NF1, HNF4, PPARY, and
others, specifically enriched in TCF4-binding regions (Table 1).
These factors potentially coregulate transcription of TCF4 tar-
get genes.

Correlation between TCF4 occupancy and Wnt-dependent
transcriptional regulation. We have previously described the
global transcriptional program driven by the Wnt pathway in
CRC (36, 45, 48, 49). In references 36 and 45, we and collab-
orators performed an exhaustive array-based comparison of

the Wnt target gene program with colorectal cell lines and
primary human adenomas. These expression data sets were
used to investigate the potential correlation between Wnt-
mediated transcriptional effects and the genome-wide TCF4
binding profile. A stepwise differential expression rank analysis
showed a significant correlation between TCF4 occupancy of
target-gene regulatory regions and genes upregulated in hu-
man primary adenomas compared to normal colonic mucosa;
genes with TCF4-binding regions within 100 kb of their TSS
were more likely to show significantly upregulated expression
than genes without (Fig. 4). Significant correlation between
TCF4 occupancy and expression profile changes was also ob-
served in LS174T cells inducibly overexpressing an N-termi-
nally truncated dominant-negative mutant form of TCF4
(ANTCF4) (see Fig. S6 in the supplemental material). These
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FIG. 4. Correlation of TCF4 binding and TCF4/B-catenin-controlled gene expression. Differential expression rank analysis for genes bound
within 100 kb of TSS by TCF4 or random groups from genes upregulated in human primary adenomas, using a step size of 100. Error bars represent

standard deviations of 100 random groups.

data demonstrate that Wnt-dependent transcriptional changes
correlate strongly with direct TCF4 occupancy of regulatory
regions, even when the sources of the binding and expression
profiles are different (CRC cell lines versus primary adeno-
mas).

To examine the possibility that TCF4-binding sites have the
potential to regulate RNA species not profiled by the above
expression microarray experiments, we overlapped our TCF4-
bound regions with CAGE tags, generated by the FANTOM3
(functional annotation of mouse 3) consortium (http://fantom
.gsc.riken.go.jp/) (7), to define often previously unknown TSSs.
We found that 1,224 TCF4-bound regions were within 1 kb and
3,324 were within 10 kb of human CAGE tags, a colocalization
much greater than expected for random genomic regions (Fig.
1f and g; also data not shown). Significantly, 614 of the 1,224
(50%) and 1,729 of the 3,224 (54%) of TCF4-bound regions
overlapping CAGE tags within 1 and 10 kb, respectively, did
not overlap TSSs of known protein coding genes within the
same distances (Fig. 1f; also data not shown). This provides an
indication that many TCF4-bound regions may regulate tran-
scription of novel RNA species not profiled by conventional
expression microarrays.

Biological functions of TCF4 target genes. Functional cate-
gorization of TCF4 target genes (genes upregulated in human
primary adenomas and bound by TCF4 within 100 kb of TSSs)
revealed enrichment of genes involved in a broad spectrum of
functions, such as cell proliferation (P = 4.34 X 10’9), tran-
scription (P = 5.3 X 1077), cell adhesion (P = 6.19 X 10~°),
and the proteasome complex (P = 5.09 X 10~%) (see Table S4
in the supplemental material). Further examination of genes
bound by TCF4 within 10 kb of TSS (irrespective of whether
they were upregulated in human adenomas) revealed addi-
tional enriched categories, including negative regulation of
programmed cell death (P = 9.6 X 10 °) and establishment
and maintenance of chromatin (P = 7.7 X 10~7) (see Table S4
in the supplemental material). Promotion of cell proliferation
and the negative regulation of apoptosis are functions consis-
tent with the activity of a transcription factor at the end point
of the Wnt pathway, which is involved in maintaining the

proliferative compartment of the mammalian intestinal
crypt and in carcinogenesis. The list of bound genes also
contains a large number of sequence-specific transcription
factors, many of which were not previously known to be
targets of the Wnt signaling pathway. The abundance of
sequence-specific transcription factors among the TCF4-
bound genes should clarify regulatory relationships that will
help distinguish direct from indirect targets of the pathway.
It is noteworthy that these targets include three members of
the TCF family, LEF1, TCF7 (TCF1), and TCF7L2 (TCF4)
itself. It should further be noted that KEGG (Kyoto Ency-
clopedia of Genes and Genomes) pathways with compo-
nents enriched in the TCF4-bound gene set included the
Wnt pathway itself (P = 7.7 X 10~°) and axon guidance (P
= 8.9 X 10~°) (see Table S4 in the supplemental material).
The latter contains the previously identified targets EPHB2
and EPHB3 (3, 4), which serve to position cells in the
intestinal epithelium along the crypt/villus axis. Other genes
in this category may be also involved in similar processes.
Transcriptional regulatory activity of TCF4-bound regions.
We next investigated whether the identified TCF4-bound
genomic regions exert transcriptional regulatory activity. Frag-
ments of approximately 1,000 bp surrounding 22 peaks (see
Table S5 in the supplemental material) were cloned either as
promoters (in the case of peaks that were located in the vicinity
of the TSSs of target genes) or as enhancers upstream of a
minimal fragment encompassing the TATA box of the adeno-
virus major late promoter. The resulting plasmids were tran-
siently transfected into LS174T cells. Ten of the 22 regions
enhanced transcription of the luciferase reporter in this assay.
These included the proximal promoter of SP5, a region far
downstream of the ADRA2C gene, which was the strongest
enhancer tested at more than 90-fold the activity of the control,
as well as the 3" and intronic peaks associated with the BMP7
gene. Cotransfection of ANTCF4 led to downregulation of the
activity of nine elements (Fig. 5a). As a control experiment, we
cloned 15 random genomic regions as promoters and 15 ran-
dom genomic regions as enhancers in front of the same lucif-
erase reporter. Of these, only three were transcriptionally ac-
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FIG. 5. Transcriptional activity of TCF4-bound regions in CRC cells. (a) TCF4-binding regions were cloned into the pGL3b or pGL3/
AdMLTATA vector, in the case of TSS-proximal or non-TSS-proximal regions, respectively, and transfected into Ls174T with cotransfection of
the CMV-Renilla vector as the normalizing control and with or without cotransfection of ANTCF4. Values are expressed as activity relative to
that of the respective empty pGL3 vectors. Error bars represent standard deviations for three independent experiments. (b) Eleven
TCF4-binding regions surrounding the AXIN2 gene within 100 kb of the TSS were cloned into the pGL4.10 or pGL4.10/TATA vector, in
the case of TSS-proximal or non-TSS-proximal regions, respectively, and transfected into LS174T/ANTCF4 cells with cotransfection of the
CMV-Renilla vector as the normalizing control and with or without doxycycline treatment to induce ANTCF4 expression. Values are
expressed as activity relative to that of the respective empty pGL4.10 vectors. Error bars represent standard deviations for three independent

experiments.

tive and none was regulated by cotransfection of ANTCF4
(data not shown).

We further investigated the transcriptional activity of all
peaks surrounding the AXIN2 gene. The latter is a well-known
target of the pathway (31) and is surrounded by at least 11
TCF4-binding regions within 100 kb of its TSS (Fig. 2a) (see
Table S5 in the supplemental material). Using a similar strat-
egy to that described above, we found that of those 11 peaks,
4 enhanced the transcriptional activity of a luciferase reporter
and were downregulated by overexpression of ANTCF4 (Fig.
5b). The regions active in these experiments include a peak
near the TSS of the gene (peak 6) in a region previously shown
to display Wnt-regulated transcriptional activity (20), two
peaks 5’ of the TSS, and 1 peak 3’ to the end of the transcrip-
tion unit.

These experiments demonstrated that a significant subset of
TCF4-bound regions uncovered by the ChIP-on-chip approach
score as Wnt-responsive transcriptional regulatory regions in
transient reporter gene assays. The subset of Wnt-regulated
regions included both peaks near TSSs (i.e., the SP5, SP§, and
AXIN?2 proximal promoters and an EPHB2 5’ peak) and bind-
ing regions further away from TSS (i.e., an ADRA2C 3’ peak,
the AXIN2 far-upstream peaks, and the BMP7 and ETS2
intronic peaks), consistent with the Wnt pathway having the
ability to regulate transcription of target genes from large
distances.

DISCUSSION

Genome-wide approaches for the identification of transcrip-
tion factor-binding sites are increasingly becoming the tools of
choice for the elucidation of the transcriptional circuitries gov-
erning development, homeostasis, stem cell biology, or the
genesis of cancer (9-11, 29, 51). The ChIP-on-chip approach
we have employed here has allowed us to comprehensively
map genome-wide chromatin occupancy by TCF4, the tran-
scription factor at the end point of Wnt signaling in the mam-
malian intestine. Our experiments reveal that the binding pro-
file of TCF4 resembles that of other studied transcription
factors, such as ER and p53 (29, 51), in that TCF4 binding is
observed both in the vicinity and also at sites located at great
distances from the TSSs of annotated genes. An interesting
and novel observation to emerge from our results is that TCF4-
binding sites frequently cluster in the vicinity of putative target
genes. AXIN2 is a characteristic example, with TCF4-binding
sites located in intronic, far-upstream, and downstream loca-
tions. This multitude of binding sites around genes like AXIN2
may serve multiple regulatory purposes; while as demonstrated
in this study, some of the binding sites identified act as classical
transcriptional regulatory elements, including regions both up-
stream and downstream of the gene, the multiple TCF4-bind-
ing regions around AXIN2 may serve other purposes, such as
maintaining an open chromatin domain or providing a more
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accurate sensor for the intranuclear B-catenin concentration. It
should in the least provide a source of mechanistic insight in
future studies of Wnt-dependent transcriptional regulation.

Our study correlates the global profile of TCF4 binding with
differential expression array-based data to provide a view of
the direct targets of the Wnt pathway in the mammalian intes-
tine. The correlation between the primary adenoma-derived
expression data and the cell-line-derived TCF4-binding pat-
tern is particularly striking in that the two data sets are derived
from different, albeit both Wnt-driven, sources. It should be
noted here that only 12.5% (282/2,248) of the genes upregu-
lated in adenomas were bound by TCF4 within 10 kb and only
20.5% (462/2,248) were bound within 100 kb of the transcrip-
tion start, the limit of annotation applied to these analyses.
Many indirect targets are likely to exist in the upregulated
genes, since a number of genes bound by TCF4 encode tran-
scription factors themselves, as well as more-direct targets,
with TCF4-binding sites further away from the TSS. Con-
versely, only 12.5% (462/3,676) of the genes bound by TCF4
within 100 kb of the transcription start site were significantly
upregulated in adenomas. This is in line with what has been
reported in previous studies (52, 54) and most likely has both
technical and biological reasons: slight expression level
changes below the limit of detection of these analyses may
contribute to the underdetection of valid TCF4 targets.
Furthermore, functional redundancy in enhancer and tran-
scription factor action may contribute to the lack of detectable
transcriptional changes at some TCF4-occupied genes. Addi-
tionally, TCF4-binding sites located at greater distances from
transcription start sites and annotated to the closest gene may
in fact be exerting their regulatory function elsewhere, includ-
ing on other genes further away or even on other chromosomes
(40) or on noncoding regulatory RNAs not profiled in these
studies; the last is also suggested by the significant overlap
between TCF4-binding sites and CAGE tags.

Our approach has also allowed us to use the sequence un-
derlying the TCF4 peaks to determine the in vivo TCF4-bind-
ing motif. The motif thus generated is very similar to motifs
determined through in vitro experiments. Moreover, the motif
is statistically overrepresented in the TCF4 peaks compared to
occurrence in random genomic fragments, as expected for
functional TCF4-binding sites, and both the TCF4-binding mo-
tifs and the underlying sequence of the TCF4-bound regions
are evolutionarily conserved. It should be noted that some
TCF4-binding regions do not contain a recognizable TCF mo-
tif (2,075/6,868; 30%). TCF4 may be recruited to these sites by
an atypical binding motif not identified by our analyses or
through protein-protein interactions with other factors directly
recruited to these regions. More likely, TCF4 association with
these sites may be indirect, mediated by enhancer “looping”
effects: recruitment may be mediated by physical association of
distinct genomic regions in cis looping out the intervening
DNA (15, 16, 39) or between regions located on other chro-
mosomes (30, 40). Additional experiments are under way to
distinguish between these possibilities.

In a previously published study, the Enhancer Element Lo-
cator (EEL) computational tool developed by Hallikas and
colleagues integrated conservation of in vitro-determined
binding sites along with affinity and clustering information to
predict TCF4-controlled enhancers (14). EEL predicted 130
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putative Wnt-responsive enhancers containing 2 or more
TCF4-binding sites, only 10 of which overlap (are within 1,000
bp of each other) with our experimentally validated set of 6,868
peaks. This overlap is slightly greater than random coincidence
would allow (see Fig. S7 and Table S6 in the supplemental
material). In order to exclude the possibility that the limited
overlap between our data sets was caused by a failure of our
ChIP-on-chip approach to uncover these binding sites, 10 ran-
domly selected EEL-predicted enhancers (see Table S6 in the
supplemental material) were tested by quantitative PCR on
TCF4-ChIP material from LS174T cells. All sites tested were
negative (enriched <2-fold over a control region in qPCR
assays; data not shown), excluding the possibility that EEL-
predicted enhancers are missed as false negatives. This means
that the EEL bioinformatics tool predicts <0.15% of sites
occupied by TCF4 in CRC cells, despite the significantly
higher-than-random sequence conservation of our peaks. Of
course, it is not unlikely that some of the remaining predicted
enhancers not occupied in our CRC cells may represent au-
thentic Wnt-responsive regulatory elements in other contexts.
Comparison of the two studies does, however, underscore the
fact that current computational tools are limited in their ability
to predict the full complement of sites occupied by a transcrip-
tion factor in a tissue of interest.

While this article was in preparation, a study was published
identifying B-catenin-binding sites in the human CRC cell line
HCT116, using serial analysis of chromatin occupancy (53). Of
the 412 binding sites identified by Yochum et al., 293 binding
sites are represented on the NimbleGen genome-wide arrays
used in this study and are possible candidates for overlap with
the TCF4-binding sites identified here. Of those 293 B-catenin-
binding sites, 52 (18%) overlapped with our 6,868 TCF4-bind-
ing regions, a proportion which, albeit relatively small, was
much greater than that determined for random genomic se-
quences (see Fig. S8 and Table S7 in the supplemental mate-
rial). The overlap calculated for the 252 B-catenin-binding sites
that contained a consensus TCF4-binding motif within 5 kb
and the 4,793 TCF4-binding regions containing =1 TCF4 mo-
tif within 1 kb was similar (38 binding regions; 16%) and still
significant (see Fig. S8 in the supplemental material). The
incomplete overlap between the two sets of locational infor-
mation may be due to the different experimental approaches
(ChIP-on-chip versus serial analysis of chromatin occupancy,
immunoprecipitations against TCF4 versus B-catenin, respec-
tively).

A number of TCF4-binding regions act as Wnt-responsive
promoters or enhancers in transient-transfection experiments,
including regions both in the vicinity of and at great distances
from transcription start sites. However, more than half (20/33)
of TCF4-bound regions were inactive or nonregulated in this
assay. Some regions may exert their regulatory activity through
effects on the surrounding chromatin template, effects that may
be difficult to recapitulate on transiently transfected templates.
In the case of the 5" hypersensitive sites of the B-globin locus
control region, the enhancer activity of only 5" HS2 is detect-
able in transient-transfection experiments whereas that of HS3
and -4 only becomes apparent when these are integrated into
chromatin (27). In this respect, the binding of TCF4 may serve
to regulate histone modifications and/or chromatin structure
over these regions, since it has been demonstrated to interact
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through B-catenin both with chromatin remodelers, such as
Brgl (2), and with the histone modifiers MLL and p300/CBP
(18, 38, 42). Interestingly, TCFs have also been shown to exert
potent intrinsic DNA-bending activity (13, 47, 50). These ac-
tions, rather than impinging directly on preinitiation complex
formation on promoters of regulated genes, may serve a chro-
matin opening function, maintaining chromatin domains in a
“poised” conformation and facilitating subsequent events in-
volved in transcriptional activation. This model would be com-
patible with the multiplicity of sites, only some of which act as
classical transcriptional regulatory elements, surrounding some
target genes, such as AXIN2. Intriguingly, these potential ac-
tivities of the TCF4/B-catenin complex might be modulated—
facilitated or repressed—by other transcription factors which
may bind with them on the same genomic regions, as predicted
by the enrichment of the TCF4-binding regions in relevant
transcription factor-binding matrices.

In conclusion, the current study provides a genome-wide
binding profile of TCF4, the major transcription factor at the
end point of Wnt signaling in the intestine. Combination of this
locational information and differential expression data allows
the delineation of the direct transcriptional targets of TCF4 in
the human intestine and unveils Wnt-responsive cis elements
by which their expression is controlled.
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