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iverse cellular interactions in animals are served by remarkably few signaling pathways: transforming growth factorβ, Wnt, and ﬁbroblast growth-factor ligands, for example, signal in
most tissues. Although different combinations of ligands and
receptors may enable some of the diversity, ligands are often interchangeable and their receptors redundant with one another.
Furthermore, signals feed into common intracellular pathways
that impinge on homologous transcription factors with similar or
identical DNA sequence preference. The wide variety of transcriptional outcomes that follow activation of the same signaling
pathway in different tissues thus remains poorly explained. Our
investigation of genome occupancy of the homeodomain transcription factor CDX2 led to previously unexplored insights into
mechanisms for signal speciﬁcity.
CDX2 expression in adult mammals is restricted to intestinal
epithelium (1). Forced CDX2 expression drives maturation of
cultured gut epithelial cells (2) and intestinal differentiation in
transgenic mouse stomachs (3, 4) or cultured human esophageal
cells (5). Conversely, Cdx2 loss converts mouse intestinal epithelium into an esophageal type (6); CDX2 thus behaves as
a dominant regulator of intestinal fate. However, its direct activity
has been demonstrated only at the proximal promoters of a
few intestine-expressed genes (7–10) and its modes of interaction
with the intestinal cell genome are unknown. We mapped
CDX2 associations with chromatin in the human colon cell line
Caco-2 using ChIP-chip: chromatin immunoprecipitation (IP)
followed by hybridization of DNA to tiled whole-genome arrays.

www.pnas.org/cgi/doi/10.1073/pnas.1003822107

Analysis of CDX2-bound cis-regulatory modules revealed highly
signiﬁcant overrepresentation of binding sites for transcriptional
effectors of the Wnt signaling pathway, a prime determinant of
intestinal cell proliferation and differentiation (11). Experimental
and computational approaches subsequently conﬁrmed CDX2
and TCF4 co-occupancy at hundreds of genomic sites and
revealed their signiﬁcance in tissue-speciﬁc gene expression. Such
partnering between signaling-effector and cell-restricted transcription factors at cis-regulatory regions likely accounts in part
for tissue-speciﬁc effects of ubiquitous signaling pathways.
Results and Discussion
Genome Binding Sites for CDX2. Caco-2 cells constitute a reliable

model for intestinal epithelial function and differentiation (12, 13)
and express CDX2 far in excess of its homolog CDX1 (14). Modelbased analysis of tiling arrays (MAT) (15) from three ChIP-chip
replicates revealed ~1,100 regions of CDX2 interaction at a false
discovery rate (FDR) of zero (Fig. 1A), 1,400 sites at FDR < 0.01,
and 2,500 sites at FDR < 0.1. In independent ChIP isolates with
CDX2 antibody (Ab) compared with IgG, quantitative PCR conﬁrmed 5- to >100-fold enrichment at all 24 sites selected from highconﬁdence ChIP-chip data (Fig. 1B); a second CDX2 Ab conﬁrmed
association with the same regions (Fig. S1A). The known target
locus CDH17 illustrates that ChIP-chip veriﬁed published results
on CDX2 binding to the promoter (9) and uncovered an additional
distant interaction (Fig. S1C). CDX2 binding occurred mainly in
intergenic regions and introns (Fig. S1B), and although nearby
genes were not appreciably enriched in particular protein classes
(Fig. S1D), they showed enrichment for Gene Ontology (GO)
terms for developmental and transcriptional processes (P values <
1e−7) (Table S2). Newly identiﬁed CDX2 binding sites generally
gave stronger ChIP signals than the few previously reported sites
(examples in Fig. 1B), which tend to lie in promoters. Aggregate
analysis of CDX2-binding regions indicated sequence conservation
across multiple vertebrate species, with highest average conservation at the center of the binding site (Fig. 1C); strong evolutionary
conservation is one reliable indicator of function.
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Surprisingly few pathways signal between cells, raising questions
about mechanisms for tissue-speciﬁc responses. In particular, Wnt
ligands signal in many mammalian tissues, including the intestinal
epithelium, where constitutive signaling causes cancer. Genomewide analysis of DNA cis-regulatory regions bound by the intestinerestricted transcription factor CDX2 in colonic cells uncovered highly
signiﬁcant overrepresentation of sequences that bind TCF4, a transcriptional effector of intestinal Wnt signaling. Chromatin immunoprecipitation conﬁrmed TCF4 occupancy at most such sites and cooccupancy of CDX2 and TCF4 across short distances. A region spanning the single nucleotide polymorphism rs6983267, which lies
within a MYC enhancer and confers colorectal cancer risk in humans,
represented one of many co-occupied sites. Co-occupancy correlated
with intestine-speciﬁc gene expression and CDX2 loss reduced TCF4
binding. These results implicate CDX2 in directing TCF4 binding in
intestinal cells. Co-occupancy of regulatory regions by signal-effector
and tissue-restricted transcription factors may represent a general
mechanism for ubiquitous signaling pathways to achieve tissuespeciﬁc outcomes.
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Fig. 1. CDX2 binding in the Caco-2 genome. (A) Histogram showing CDX2 ChIP-chip binding sites identiﬁed by MAT (15) at different MAT scores. Sites outside
the normal distribution were assigned conﬁdence scores to impute FDRs. (B) Representative validation of unique sites in independent CDX2 IPs, followed by
quantitative PCR (qPCR) analysis of selected genomic regions. Mean fold-enrichment in ChIP is expressed relative to input or IgG IPs and control regions. Sites are
named according to the nearest locus; genome coordinates are listed in Table S1. (C) Composite plot of multispecies conservation at CDX2-occupied regions,
showing peak conservation at the centers (blue); random regions (red) show background conservation. (D) Oncomine was used to identify genes coexpressed
with CDX2 in cancer samples (16). Genes coexpressed with CDX2 in colon tumors are more likely to have nearby CDX2 binding than genes not coexpressed with
CDX2; gene coexpression in leukemia showed no correlation with intestinal CDX2 binding. (E) RNA expression data from 55 mouse tissues (18) were correlated
with CDX2 occupancy within 60-kb windows. Human orthologs of genes highly expressed in mouse small and large intestine are much more likely to have
nearby CDX2 occupancy in Caco-2 cells than genes not expressed in mouse intestine. (F) Immunoblot demonstration of CDX2 depletion in Caco-2 cells following
lentiviral delivery of shCDX2. (G) Genes dysregulated upon CDX2 depletion are more likely to have nearby CDX2 binding sites than unaffected genes.

To judge the relevance of CDX2 occupancy, ﬁrst we used
Oncomine analysis (16) of transcripts that are coexpressed with
CDX2 mRNA in multiple colon cancers, including 184 coexpressed genes determined from data from the International
Genomics Consortium (GEO accession GSE2109). This group
carried signiﬁcantly higher probability of nearby CDX2 binding in
Caco-2 cells than genes that are not coexpressed with CDX2 in
colon tumors. The relationship held true for CDX2-binding
regions at least as far as 100 kb from transcriptional start sites
(TSSs, P-value range 1.7e−9–1.1e−10) (Fig. 1D) and for other colon
15158 | www.pnas.org/cgi/doi/10.1073/pnas.1003822107

cancer expression datasets (Fig. S2A). CDX2 occupancy also correlated highly with genes that respond to forced CDX2 expression
in cultured esophageal cells (5) (Fig. S2C). Although CDX2 is
aberrantly expressed in human acute myeloid leukemia (17), genes
coexpressed with CDX2 in leukemia samples did not show frequent nearby CDX2 binding in Caco-2 cells (Fig. 1D and Fig. S2B).
Second, we interrogated a catalog of gene expression in 55
adult and embryonic mouse tissues (18). CDX2-occupied sites
appear at a higher frequency near the loci for 286 transcripts most
highly expressed in the small or large intestine, compared with
Verzi et al.
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Conﬁrmation of CDX2 and TCF4 Co-Occupancy. The principal effector
of Wnt/β-catenin signaling in the intestine is TCF4 (26). To determine whether TCF4 binds DNA near CDX2 sites, as the motif
distributions implied, we ﬁrst compared CDX2 occupancy in Caco2 with 6,900 TCF4-binding regions (FDR = 0) identiﬁed in LS174t
colon cancer cells (27). Of 1,100 CDX2-binding regions in Caco-2,
340 (FDR = 0) overlapped with the TCF4-occupied sites, whereas
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Fig. 2. Computational prediction that intestinal transcription factors cooccupy CDX2 binding regions. (A) Position-weighted matrices demonstrating
that the most centered sequence motif identiﬁed de novo (P < 1e−30, Upper)
within CDX2-occupied regions closely resembles the consensus motif attributed to CDX2 (Lower) (19). (B) TRANSFAC motifs identiﬁed using CEAS
(21), with the corresponding P value for enrichment in CDX2-bound regions
over the genomic background. Each of these motifs is associated with
transcription factors known to regulate intestinal genes. (C) Density plots of
motif occurrences at CDX2 ChIP regions shows disproportionate enrichment
of CDX2 and TCF/LEF motifs at the centers of CDX2-occupied regions, suggesting functionality; the estrogen-response element (ERE) is not enriched or
centered. Motif matrices used in the analysis are shown on the right.

only 11 regions were found in common with 6,900 random intergenic regions (Fig. 3A). Although TCF4-occupied regions comprise about 0.2% of the genome and CDX2-interacting regions
about 0.075%, nearly one in every three CDX2 regions also binds
TCF4, with >91% of the overlapping regions sharing >50%
common sequence; the probability of this occurring by chance is
almost 0 (P < 4.94e−324, one-side binomial test).
To conﬁrm regional co-occupancy in the same cells, we conducted ChIP-chip analysis for TCF4 in Caco-2 cells and detected
476 binding sites (P < e−5) on tiled microarrays covering all nonrepetitive sequences from chromosomes 8, 11, and 12 (Fig. 3B). On
these three chromosomes, 169 of the 318 CDX2-bound regions
(53.1%) also showed TCF4 occupancy (P < 4.94e−324, one-side
binomial test). Similar to CDX2 sites, TCF4-bound regions were
mostly located far from TSSs (Fig. S4A), evolutionarily conserved
(Fig. S4B), and enriched in consensus motifs for other intestinal
factors (Fig. S4C). We also performed independent ChIP-chip
analysis in LS174t cells and detected similar concordance in CDX2
and TCF4 occupancy, conﬁrming binding of the two factors close
together (P < 1.76e−227, one-side binomial test) (Fig. 3B). This
extraordinary and unexpected degree of overlap in ChIP signals
suggests that CDX2 and TCF4 may act on many of the same cisregulatory regions.
Of particular interest for human disease, a SNP located on
chromosome 8q24 confers increased risk for colorectal cancer, and
three groups place this SNP within a TCF4-bound enhancer that
PNAS | August 24, 2010 | vol. 107 | no. 34 | 15159
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CDX2 might commonly regulate intestinal genes in conjunction
with other proteins, we searched for consensus motifs for other
sequence-speciﬁc proteins within the central 100 bp of CDX2occupied regions, where conservation is highest (Fig. 1C). CEAS
(cis-regulatory element annotation system) (21) and SeqPos (22),
two algorithms designed to seek motifs present in the TRANSFAC
database (http://www.gene-regulation.com), uncovered high enrichment for sequences corresponding to GATA, FOXA1, HNF1,
TCF/LEF, and HNF4A transcription factors (Fig. 2B and Table
S3). As expected, this analysis also identiﬁed the core CDX2 motif
at high frequency (P < 1.3e−93). In contrast, 100-bp stretches from
the 3′ edges of the same CDX2-ChIP regions lacked signiﬁcant
enrichment of any motifs, including the short t/aGATAa/g sequence recognized by the GATA family (Fig. 2B). These results
are striking because GATA proteins, HNF1, FOXA1, and
HNF4A are among the few factors known to regulate genes in
tissues derived from the embryonic endoderm. GATA proteins,
for example, control expression of certain mouse intestinal
markers, interact physically with CDX2, and affect CDX2dependent reporter constructs (23–25). Elucidation of CDX2occupied regions hence offers one explanation for recurrent
observation of intestinal gene control by a small group of tissuerestricted factors. By contrast, CDX2 or other intestine-restricted
proteins have not previously been associated with TCF/LEF proteins, the transcriptional effectors of canonical Wnt signaling. A
distribution analysis of their respective motifs across CDX2occupied regions revealed signiﬁcant enrichment of both near the
centers of binding regions, with a short distance between their
peaks; as a control, estrogen-responsive motifs are evenly distributed across CDX2-occupied areas and hardly enriched over the
genomic background (Fig. 2C). As examples, both CDX2-binding
regions in the CDH17 locus show close proximity of consensus
CDX2 and TCF/LEF motifs (Fig. S1C). Together, these results
suggested that CDX2 and TCF proteins may commonly interact
with the same cis-regulatory regions in colonic cells.
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inactive loci in those organs (Fig. 1E). These associations were
not evident near genes expressed in tissues where CDX2 is
absent and, in the intestine, persisted at nearest-gene distances extending >100 kb from CDX2-binding sites (Fig. S3). Third, we
proﬁled transcripts in Caco-2 cells depleted of CDX2 by lentiviral
shRNA. Total CDX2 removal caused cell death and we could not
achieve more than ~70% reduction in the protein level in viable
cells (Fig. 1F). As a result, we detected residual CDX2 occupancy
at many sites, albeit with reduced signal strength. Nevertheless,
the levels of 148 transcripts were signiﬁcantly altered (P < 0.05)
and the loci encoding these transcripts showed a higher frequency
of nearby CDX2 occupancy compared with loci unaffected by
CDX2 depletion (P-value range 2e−4–6.9e−10 for CDX2 occupancy between 20 and 100 kb from the TSS) (Fig. 1G). Whereas
luciferase reporter assays gave inconclusive results for different
binding regions, probably because the assay fails to replicate native chromatin and gene regulation, the strong associations with
expressed genes indicate that ChIP-chip accurately mapped
CDX2-occupied regions with probable cis-regulatory function.
Furthermore, CDX proteins in several species bind the sequence
a/cATAAAa/t (19, 20) and de novo motif discovery identiﬁed
a highly similar string as the most-centered motif among CDX2
ChIP-chip regions in Caco-2 cells (Fig. 2A).
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Functional Signiﬁcance of CDX2 and TCF4 Co-Occupancy. We next
asked if CDX2 binding is required for TCF4 to bind nearby. To
overcome incomplete CDX2 depletion by shRNAs (Fig. 1F), we
used the colon cell line LoVo as an alternative model. Endogenous CDX2 expression in LoVo cells has been ablated by targeted
recombination (31), providing an opportunity to examine effects
in paired cell lines with and without CDX2 expression (Fig. 4B).
ChIP assays in parental and derivative LoVo lines conﬁrmed
CDX2 and TCF4 co-occupancy at several representative sites we
had originally identiﬁed as co-occupied in Caco-2 cells (Fig. 4C).
Absence of CDX2 abrogated CDX2 occupancy, as expected, and
also disrupted TCF4 binding at several but not all such sites. By
contrast, absence of CDX2 did not affect TCF4 binding at representative sites where ChIP-chip had revealed TCF4 but not CDX2
occupancy (Fig. 4C). These results corroborate cis-regulatory region co-occupancy and suggest that CDX2 is required for TCF4
binding at certain sites.
Canonical Wnt signaling is central to intestinal epithelial homeostasis (11) but also functions in other organs; it is unclear how
the pathway elicits distinct transcriptional responses in different
tissues or developmental stages. In light of CDX2 and TCF4 cooccupancy at many sites in gut epithelial cells, intestine-restricted
CDX2 expression might account in part for a tissue-speciﬁc Wnt
response. To test this idea, we extended the analysis that had
revealed strong association between CDX2 occupancy and intestinespeciﬁc gene expression (Fig. 1E). Compared with CDX2-binding
sites, those occupied by TCF4 but not CDX2 in Caco-2 cells showed
measurable but lesser association with intestine-enriched genes
(Fig. 4D). Regions that bound both CDX2 and TCF4 showed
the most robust association with intestine-speciﬁc transcripts (P <
5.5e−7, logistic regression model), much greater than TCF4 alone
(P < 0.077). Signiﬁcant association between cobinding and tissuespeciﬁc gene expression was conﬁned to the small and large intestine; gene expression in three tissues lacking CDX2 showed
no correlation. Co-occupancy is thus a signiﬁcant predictor of intestinal gene expression.

rs6983267

Fig. 3. The cis-regulatory region co-occupancy by CDX2 and the Wnteffector transcription factor TCF4. (A) Extensive overlap between 6,900
TCF4-binding regions previously identiﬁed (FDR = 0) in Ls174t colon cancer
cells (27) and CDX2-occupied regions in Caco-2. Nearly 1 in 3 CDX2-binding
sites (FDR = 0) falls within a TCF4-occupied region, compared with <1%
that overlap with 6,900 random 1-kb regions. (B) TCF4 ChIP-chip on
chromosomes 8, 11, and 12 in Caco-2 (Left) and Ls174t (Right) cells
revealed TCF4 occupancy of 26% (Ls174T) to 53% (Caco-2) of CDX2binding regions on these chromosomes. (C ) Raw traces of CDX2 (blue) and
TCF4 (red) ChIP-chip data in Caco-2 (Upper) and LS174t (Lower) cells,
demonstrating precise co-occupancy at an upstream MYC enhancer that
encompasses the colon cancer risk SNP rs6983267.

controls MYC transcription (28–30). In both Caco-2 and LS174t
cells, binding of CDX2 and TCF4 coincided precisely over the implicated region (Fig. 3C), with the next nearest occupancy in either
direction occurring >350 kb away. To determine if the two factors
occupy target loci simultaneously, we precipitated LS174t chromatin ﬁrst with TCF4 Ab and, after extensive washing, again with
CDX2 Ab; in reciprocal experiments, we precipitated ﬁrst with
CDX2 Ab and then with TCF4 Ab. In both cases, sequential precipitation retained signiﬁcantly more target DNA than mouse or
goat IgG controls, which did not enrich for target DNA in either
primary or sequential precipitation (Fig. 4A and Fig. S4 D and E).
These results indicate that both factors occupy the same chromatin
and provide further evidence for co-occupancy of regulatory
regions in intestinal epithelial cells.
15160 | www.pnas.org/cgi/doi/10.1073/pnas.1003822107

Conclusions. Inactivating APC or activating CTNNB1 mutations
are found in nearly all colon cancers (32, 33) and the role of
constitutive Wnt signaling in intestinal tumorigenesis is well
established (11). In contrast, the role of CDX2 in colon cancer is
unclear. Heterozygosity at the Cdx2 locus reduces small intestine
adenomas almost 10-fold in APC+/Δ716 mice, suggesting cooperation between Cdx2 and Wnt signaling; however, colonic
polyp numbers are increased in the compound mutant strain (34).
CDX2 is usually expressed but rarely mutated in the human disease, and manipulation of CDX2 levels in cancer cell lines
increases or decreases malignant behavior (35), without a clear
pattern. Although many CDX2 properties likely occur independent of TCF4, our results are compatible with such experimental variability, as the combined activity of the two proteins at
given cis-regulatory regions may be cooperative or antagonistic.
In summary, this study reveals that CDX2 binds many of the
same cis-regulatory regions as TCF4 in intestinal epithelial cells,
that CDX2 is required for TCF4 binding in some regions, and that
TCF4 and CDX2 co-occupancy predicts intestinal gene expression better than occupancy by either factor alone. Caudal and
TCF/LEF proteins may also cooperate during development;
combined deﬁciency of TCF4 and TCF1 in mice causes severe
caudal truncation and anteriorizes the digestive tract (36), defects
similar to those reported in Cdx2 mutants (37). We propose that
cis-regulatory region co-occupancy by a Wnt effector protein and
a tissue-restricted transcription factor represents a means for
tissue-speciﬁc response to Wnt signaling in the intestine, as shown
in this study, and probably also in other tissues.
Verzi et al.
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Small Hairpin RNA Depletion, Immunoblotting, and RNA Preparation. Lentiviral
delivery of Mission TRCN13684 shRNA (Sigma) was used to deplete CDX2 in
Caco-2 cells and compared with cells infected with shGFP control virus (SH005,
Sigma). To generate virus, 95% conﬂuent 10-cm plates of 293 cells were
cultured in DMEM containing 10% FBS and transfected with a mixture of the
hairpin-containing plasmid pLKO.1-puro and the packaging vectors pMISSIONgagpol and pMISSIONvsvg (all from Sigma), using Lipo293 (Signagen).
Virus-containing supernatants were collected in 4 mL of DMEM supplemented
with 30% FBS, ﬁltered, supplanted with 8 μg/mL polybrene, and used to infect
30% conﬂuent 6-cm plates of Caco-2 cells. After 2 d of infection (6 h each day),
cells were selected for hairpin expression in the presence of Puromycin
(2 μg/mL) and cultured in 1 μg/mL Puromycin until harvest for RNA analysis
and immunoblotting with CDX2 (Bethyl 3194) or GAPDH (Abcam ab9485-200)
Ab. For transcriptional proﬁling of Caco-2 cells treated with shCDX2 or shGFP,
RNA was extracted using TRIzol (Invitrogen), labeled, and hybridized to
Affymetrix Human Genome U133A 2.0 Arrays. Data were deposited for public
accession at GEO (accession no. GSE22572) and analyzed using dChip (38).
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Computational and Statistical Analyses. To identify overrepresented sequence
motifs de novo, we applied the Motif Decoder component of the SeqPos
algorithm. SeqPos weights the occurrence of binding motifs according to
their locations within a binding region and gives higher scores to motifs near
the centers, based on the assumption that insigniﬁcant DNA motifs will be
uniformly distributed whereas functional motifs will lie closer to the center
(22). SeqPos and CEAS (21) were also used to identify enrichment of
TRANSFAC motifs, and CEAS to score the distribution of binding sites and
multispecies conservation plots using PhastCons conservation scores from
University of California Santa Cruz Genome Bioinformatics, based on
alignment of human, chimpanzee, mouse, rat, dog, chicken, fugu, and
zebraﬁsh genomes. Density plots of motif enrichment across ChIP-chip
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Fig. 4. Demonstration and functional signiﬁcance of cis-regulatory region
co-occupancy by CDX2 and TCF4. (A) Sequential ChIP with antibody against
TCF4 followed by antibody against CDX2 and vice versa reveals the presence
of both transcription factors on the same chromatin binding region near
EPHB2. The chromatin eluted from the ﬁrst ChIP was immunoprecipitated
again (reChIP) with CDX2, TCF4, or mouse or goat IgG controls. Enrichment is
calculated based upon qPCR relative to the IgG control, which is set to 1.
Enrichments are indicated with SEM and are the results of three independent experiments. The asterisk represents P < 0.001 (t test). Similar
results at a region near ADRA2C are shown in Fig. S4D. (B) Immunoblot
evidence of CDX2 expression in parental and modiﬁed LoVo cells. (C) ChIP
analysis of representative individual and co-occupied sites in paired CDX2+
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Chromatin Immunoprecipitation. Caco-2 and LS174t cells were cultured in
DMEM and LoVo cells in F-12K medium, each supplemented with 10% FBS.
Next, 15 × 106 cells were cross-linked with 1% formaldehyde for 10 min at
37 °C, washed in cold PBS, resuspended in lysis buffer [50 mM Tris-HCl, pH 8.1,
10 mM EDTA, 1% SDS, complete protease inhibitors (Roche)], and sonicated
to obtain chromatin fragment lengths between 200 and 1,200 bp. This
chromatin was diluted in IP buffer (20 mM Tris-HCl, pH 8.1, 150 mM NaCl,
2 mM EDTA, 1% Triton X-100) and incubated overnight at 4 °C with magnetic
beads (Dynal) conjugated to either CDX2 (mix of Bethyl BL3194 and Biogenex
CDX2-88), TCF4 (Santa Cruz Biotechnology, sc-8613), or control rabbit IgG
(sc-2027) antibodies. Immunoprecipitates were washed six times with RIPA
buffer (50 mM Hepes, pH 7.6, 0.5 M LiCl, 1 mM EDTA, 0.7% Na deoxycholate,
1% Nonidet P-40) and DNA recovered over 8 h by incubation in 1% SDS, 0.1 M
NaHCO3 at 65 °C. DNA was puriﬁed and quantiﬁed by Picogreen (Invitrogen).
A total of 700 pg of DNA was used per qPCR reaction (Applied Biosystems) or
6 to 10 ng were used for ChIP-chip.
For ChIP-chip, DNA immunoprecipitated with speciﬁc Ab or IgG control was
prepared for array hybridization, as described previously (22). Brieﬂy, DNA was
treated with Proteinase K and RNaseA, ends were repaired and blunted with
End-It (Epicenter), and adapter oligos were ligated onto the library for
ligation-mediated PCR. The ampliﬁed library was fragmented with DNase,
labeled according to the manufacturer’s instructions, and hybridized to
GeneChip Human Tiling 2.0R array sets (Affymetrix), or Human tiling array
2.0R F only. Each experiment consisted of at least three independent ChIP
assays pooled. Binding sites were detected by MAT, as described previously
(15). Data are publicly available at GEO (accession no. GSE22572).

USP12 SOX9 TCF7L2 FGF1 JUN CDH17 PSD3 NCOR2
Control sites
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and CDX2− LoVo lines, with fold-enrichment relative to input DNA determined by qPCR. ChIP enrichment is shown relative to the parental, CDX2expressing LoVo line. The average ChIP enrichment in the parental line for
each region is listed below the graph. CDX2 binding showed dependence on
CDX2. TCF4 ChIP revealed that binding at certain co-occupied sites also
depends on the presence of CDX2, whereas binding at sites without demonstrable CDX2 occupancy does not. Sites are named according to the
nearest locus and genome coordinates are listed in Table S1. (D) Comparison
of the ratios of tissue-speciﬁc versus nonspeciﬁc loci bound by each transcription factor. TCF4- and independent CDX2-binding sites show signiﬁcant
but relatively modest correlation with transcripts expressed in the mouse
intestine, whereas co-occupancy of CDX2 and TCF4 is much better associated
with intestinal gene expression. Breast, kidney, and testis transcripts showed
no association with TCF4 or CDX2 binding near expressed genes.

PNAS | August 24, 2010 | vol. 107 | no. 34 | 15161

GENETICS

Enrichment over IgG

A

regions and association of trends in gene expression with transcription
factor binding sites were determined as reported previously (22). Positionweighted motif logos were generated by enoLOGOS (39). For association
between gene expression and CDX2 occupancy, we assigned each binding
site to the gene with the nearest annotated transcriptional start site within
the indicated distance.
To calculate the signiﬁcance of whole-genome binding-site overlaps, the
null probability of CDX2 binding to the genome was estimated as the ratio of
the binding sites with respect to the whole genome. The fraction of TCF
binding sites residing in CDX2-binding regions and the signiﬁcance of this
overlap was estimated using the one-side binomial test. Fisher’s exact test was
used to calculate the signiﬁcance of association between gene expression
datasets and nearby CDX2 or TCF4 binding sites. Student’s t test was used to
calculate the signiﬁcance of binding determined in ChIP-reChIP assays
between the speciﬁc Ab and no-Ab controls. To assess the effect of cobinding

of CDX2 and TCF4 on tissue-speciﬁc gene expression, we applied a logistic
regression model to each group of binding sites and their associated genes.
The log-odds ratio between expressed and unexpressed genes in each tissue
was considered as the response variable; cobinding of CDX2 and TCF4 and
solitary binding of TCF4 were the explanatory variables. The P values of the
explanatory variables were estimated using their Pearson residuals.
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