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ABSTRACT

Transcriptional regulation by Wnt signalling is pri-
marily thought to be accomplished by a complex of
�-catenin and TCF family transcription factors (TFs).
Although numerous studies have suggested that ad-
ditional TFs play roles in regulating Wnt target genes,
their mechanisms of action have not been investi-
gated in detail. We characterised a Wnt-responsive
element (WRE) downstream of the Wnt target gene
Axin2 and found that TCFs and Caudal type home-
obox (CDX) proteins were required for its activation.
Using a new separation-of-function TCF mutant, we
found that WRE activity requires the formation of
a TCF/CDX complex. Our systematic mutagenesis
of this enhancer identified other sequences essen-
tial for activation by Wnt signalling, including sev-
eral copies of a novel CAG DNA motif. Computa-
tional and experimental evidence indicates that the
TCF/CDX/CAG mode of regulation is prevalent in
multiple WREs. Put together, our results demonstrate
the complex nature of cis- and trans- interactions re-
quired for signal-dependent enhancer activity.

INTRODUCTION

The Wnt/�-catenin signalling pathway is highly conserved
across the animal kingdom, plays numerous essential roles
in animal development, and is required for the homeosta-
sis of many tissues in adult organisms (1,2). While it is well
known that the Wnt pathway affects cell behaviour by tran-
scriptionally regulating gene expression, many questions re-
main about how Wnt signalling controls gene expression in
a cell-specific manner (3–6).

The prevalent model of transcriptional regulation by the
Wnt pathway is centred upon the regulation of �-catenin
protein levels and the activity of transcription factors (TFs)
of the TCF/LEF family (TCFs). In the absence of Wnt sig-
nals, �-catenin protein levels are kept low in cells by a ‘de-
struction complex’, which targets �-catenin for proteasomal
degradation. The binding of Wnt ligands to their extracellu-

lar receptor complexes inactivates the destruction complex,
allowing �-catenin to accumulate (7). �-catenin then com-
plexes with TCFs, which are bound to specific TCF bind-
ing sites in cis-regulatory regions named Wnt-responsive el-
ements (WREs) (8). Subsequently, �-catenin recruits a vari-
ety of co-factors to regulate the transcription of Wnt target
genes (9,10).

The view of TCFs as the major transcriptional effec-
tors of Wnt signalling is supported by genetic studies in
vertebrates and invertebrates (11,12). More recently, stud-
ies in Drosophila and mammalian cell culture systems have
confirmed that the majority of Wnt target genes fail to
be activated in the absence of TCFs (13–15). Functional
TCF binding sites have been identified in many WREs, and
synthetic reporters containing multimers of TCF sites are
specifically activated by Wnt/�-catenin signalling (3,8). In
light of this, TCFs are often considered necessary and suf-
ficient for WRE activity. In addition to the High Mobility
Group (HMG) domain that all TCFs possess which binds
to TCF binding sites (16), invertebrate TCFs and some ver-
tebrate TCF isoforms also contain an additional DNA-
binding domain, the C-clamp (17,18). C-clamps recognize
GC-rich motifs termed Helper sites (19,20), which are es-
sential for activation of multiple Wnt targets in Drosophila,
C. elegans and mammalian systems (19,21–23).

The idea that WRE activity is solely mediated by TCFs
is inconsistent with broader studies of enhancers, which
suggest that these cis-regulatory elements are primarily
regulated by combinatorial TF activity. Enhancers tend
to contain clusters of binding sites for multiple TFs that
vary in their number and relative orientation (24,25). In
this manner, several TFs can be recruited to an enhancer
through their cognate binding sites. There is evidence of
protein-protein interactions between many TFs known to
co-regulate enhancers. This has led to the idea of enhancer
regulation by TF collectives, groups of TFs formed by
protein-protein and protein-DNA interactions that act to-
gether to regulate transcription (26). Although theoretical
frameworks suggest that a model of gene regulation involv-
ing TFs working in distinct collectives to activate enhancers
can explain the observed specificity of gene regulatory net-
works, there are few examples of studies which have directly
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identified and tested the role of TF-TF interactions on gene
expression (25).

Consistent with the aforementioned view of enhancer
structure, there are several lines of evidence that WREs
are more complex than previously thought. While synthetic
WREs consisting of high affinity TCF binding sites up-
stream of a minimal promoter (e.g. TOPflash) provide sen-
sitive readouts for the Wnt pathway in cell culture, they
do not faithfully recapitulate patterns of Wnt signalling at
the organismal level (8,19). Reporters knocked into endoge-
nous Wnt target genes such as Axin2 have proven to be bet-
ter markers for Wnt signalling (27), suggesting that the en-
dogenous WREs regulating them contain additional infor-
mation and are not just collections of TCF binding sites.
Similarly, recent studies in Xenopus found that �-catenin re-
cruitment to chromatin was insufficient for the activation of
nearby genes, leading the authors to suggest that additional
TFs are required at WREs to act as spatio-temporal speci-
ficity cues (28,29).

Correlative experiments using chromatin immunopre-
cipitation (ChIP) based techniques have identified several
TFs that show significant levels of chromatin co-occupancy
with TCFs (6,30). Some of these TFs also directly inter-
act with TCFs, suggesting that they could be part of a
Wnt/TCF TF collective. For instance, TCF7L2 and CDX2
(Caudal type homeobox 2) show significant levels of chro-
matin co-occupancy in colorectal cancer cells (31), and
protein-protein interactions have been observed between
other members of the TCF and CDX families (32). Sim-
ilarly, the TFs Sp5 and Sp8 interact with multiple TCFs
and bind to several WREs in mouse embryonic stem cells
(33). Co-occupancy at genomic locations and interactions
between TCFs and other TFs have also been reported, in-
cluding Smads and AP-1 (3), as well as TEADs (34). To-
gether, these studies suggest the existence of multiple TCF-
containing TF collectives which contribute to the high cell-
type specificity seen in Wnt target genes. However, the im-
portance of interactions between TCFs and other TFs has
not been rigorously tested, and whether there is a TF ‘bind-
ing site grammar’ shared by WREs has not been systemat-
ically examined.

In this study, we have analysed a novel WRE located
downstream of the Axin2 Wnt target gene in great detail.
We found that in addition to TCF proteins, enhancer activ-
ity was regulated by CDX protein levels and that TCF7L2
and CDX1 are recruited to this WRE. We found evidence
for the existence of a TCF7–CDX1 complex, and our ex-
periments using a specific separation-of-function mutant of
TCF7 support a model where TCF7–CDX1 complex for-
mation is required for enhancer activity. Systematic scan-
ning mutagenesis of the WRE revealed that as is typical
for WREs, it contains four TCF binding sites that are ab-
solutely required for activation. In addition, it identified
other sequences required for WRE activity, including two
sequence motifs resembling the CDX consensus sequence
and a previously unidentified orphan DNA motif we re-
fer to as the CAG site. Functional TCF, CDX and CAG
sites are also present in a WRE linked to human cancers
located upstream of the c-Myc oncogene. Computational
analysis of chromatin bound by TCF7L2 and CDX2 re-
vealed an enrichment of CAG motifs, suggesting that a

TCF/CDX/CAG cassette exists in other WREs. Using syn-
thetic reporters, we also saw that the CDX and CAG sites do
not respond to Wnt/�-catenin signalling, but these motifs
can potentiate the ability of TCF sites to respond to path-
way activation in a cell-type specific manner. These results
define a binding site grammar for a subset of WREs and
provide a more detailed view of their structure beyond the
simplistic model of WREs as clusters of TCF sites.

MATERIALS AND METHODS

Cell culture and transfection

All cell lines were grown at 37◦C and 5% CO2. HEK293T
(ATCC, CRL-3216) and HeLa (ATCC, CCL-2) were
grown in DMEM (Dulbecco’s modified Eagle’s medium,
Gibco, 11995065) supplemented with 10% fetal bovine
serum (FBS) and penicillin/streptomycin/glutamine (PSG,
Gibco, 10378016). LS174T cells (ATCC, CL-188) were
cultured in MEM (minimum essential medium, Gibco,
11095080) containing 10% FBS and PSG. Cells were trans-
fected using Lipofectamine 2000 (Invitrogen, 11668030) or
PEI MAX (Polysciences, 24765–1) according to manufac-
turer instructions.

Plasmids

The CREAX fragment was amplified from human
genomic DNA with the following primers: 5′-CTT
GCTCGAGGGAACCCGCTGAATGGCTGG-3′,
5′-ACTCAGATCTCAACACAGCGCTCCTGTCCA-3′,
and cloned into upstream of the minimal promoter in
pGL4.23 (Promega, E841A) with XhoI and BglII. Mu-
tations were made in the CREAX reporter using the
Quickchange II Kit (Stratagene, 200518). The mutated
regions are shown in Supplementary Figure S1 and
details of the mutations are shown in Supplementary
Tables S1 and S2. The TOPflash and Ax2 reporters (35)
along with the �-catenin* (S33Y mutation, cloned into
pcDNA3.1) expression plasmid were a kind gift from
Dr Eric Fearon, University of Michigan. Expression
constructs for shRNAs were generated by cloning in the
appropriate oligonucleotides into the pSUPER vector
(OligoEngine, VEC-PBS-0002) according to the manufac-
turer’s instructions. Targeting sequences for the shRNA
constructs are listed in Supplementary Table S3.

The TCF7 open reading frame (ORF) was ampli-
fied with PCR (primers: 5′-GAATTCGAGCACTGT
CATCGGAAGGAAC-3′ and 5′-GGTACCATGCC
GCAGCTGGACTCC-3) and cloned into pcDNA3.1
with KpnI and EcoRI. The CDX1 ORF was sim-
ilarly amplified and cloned (primers: 5′-GGTAC
CATGTATGTGGGCTATGTGCTGGAC-3′ and
5′-GAATTCTGGCAGAAACTCCTCTTTCACAG-3′).
The HA tag was generated by annealing two oligonu-
cleotides (5′-AATTCTACCCATACGATGTTCCAGATT
ACGCTTACCCATACGATGTTCCAGATTACGCTTA
CCCATACGATGTTCCAGATTACGCTTAAT-3′ and
5′-CTAGATTAAGCGTAATCTGGAACATCGTATG
GGTAAGCGTAATCTGGAACATCGTATGGGTAA
GCGTAATCTGGAACATCGTATGGGTAG-3′) which
were then cloned into protein expression plasmids using
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EcoRI and XbaI. Flag tags were added in a similar manner
using different oligos (5′-AATTCGACTACAAGGATGA
CGATGACAAAGACTACAAGGATGACGATGACA
AAGACTACAAGGATGACGATGACAAATAAT-3′
and 5′-CTAGATTATTTGTCATCGTCATCCTTGTA
GTCTTTGTCATCGTCATCCTTGTAGTCTTTGT
CATCGTCATCCTTGTAGTCG-3′). GST-CDX1 was
generated by PCR cloning the CDX1 ORF into pGEX-
6P-1 (Cytiva, 28-9546-48) using the following primers:
5′-CGCGGATCCATGTGCTGGACAAGGATTCG-3′
and 5′-ATAGTTTAGCGGCCGCTTATGGCAGAA
ACTCCTCTTTCACAG-3. His-TCF7 was PCR cloned
into pET52b (Millipore, 71554–3) using the primers
5′-CGGGGTACCTCATGCCGCAGCTGGACTCC-3′
and 5′-ATAGTTTAGCGGCCGCGAGCACTGTCATC
GGAAGGAAC-3′. Site-directed mutagenesis was per-
formed using the primers 5′-GAAGAGGCGGTCGGA
GGAAGAGCACCAAGAATCCAC-3′ and 5′-GTGGA
TTCTTGGTGCTCTTCCTCCGACCGCCTCTTC-3′ to
generate HA- and His-tagged basic tail mutant versions of
TCF7.

The synthetic TCF/CDX/CAG reporter was cre-
ated by annealing the following oligos: 5′-GATCT
CCAACAGTCACGGTACCTTTGATCTTGTAG
TTTATGCGTACCAACAGTCACGGTACCTTT
GATCTTGTAGTTTATGCGTACCAACAGTCA
CGGTACCTTTGATCTTGTAGTTTATGCC-3′ and
5′-TCGAGGCATAAACTACAAGATCAAAGGTACC
GTGACTGTTGGTACGCATAAACTACAAGATCA
AAGGTACCGTGACTGTTGGTACGCATAAACTA
CAAGATCAAAGGTACCGTGACTGTTGGA-3′, and
cloning into pGL4.23 with BglII and XhoI. The other syn-
thetic reporters were generated by site-directed mutagenesis
of this reporter using primers shown in Supplementary
Table S4.

Luciferase assays and analysis

Luciferase assays were performed with firefly-luciferase re-
porter plasmids and either �-galactosidase (LacZ) or re-
nilla luciferase as an internal transfection control. Activi-
ties of LacZ and luciferase were measured using the Tropix
Galacto-Star (Applied Biosystems, T1056) and Tropix
Luc-Screen systems (Applied Bisosystems, T1035). Exper-
iments with firefly and renilla luciferase were assayed using
Promega’s Dual-luciferase reporter assay system (Promega,
E1910) as per the manufacturer’s protocol. For each well
assayed, the firefly/LacZ or firefly/renilla ratio was used as
the measure of luciferase activity. All luciferase assays were
done in triplicates except for the mutagenesis screen, which
was done with duplicates of each data point. The mean and
standard deviation of the firefly/LacZ or firefly/renilla ra-
tios were calculated. Data from the luciferase assays are ex-
pressed in terms of relative luciferase activity (RLA) or fold
activation. To calculate RLA, a basal condition was selected
(specified in each figure). The mean and standard deviation
of the ratios of all conditions were then proportionally ex-
pressed in terms of the mean of the ratios of the basal con-
ditions. Fold activation was calculated as the quotient of the
luciferase activity under the specified Wnt-activated condi-
tion to the activity without Wnt signalling. Both Wnt on

and Wnt off conditions were done in triplicate with appro-
priate error propagation used to calculate the standard de-
viation in the quotient.

Measurement of transcript levels by RT-qPCR

Cells were lysed with TRIzol (Invitrogen, 15596026) and
RNA extraction was performed using the Rneasy mini
kit (Qiagen, 74104). Reverse transcription was performed
using SuperScript III Reverse Transcriptase (Invitrogen,
18080093). Quantitative PCR was then performed on a
CFX Connect Real-Time PCR Detection System (Bio-Rad,
1855201) using the Power SYBR Green PCR Master Mix
(Applied Biosystems, 4368577). The mean and standard de-
viation of transcript levels were quantified using the Pf-
fafl method (36) with Axin2 transcript levels normalised to
G6PD transcript levels.

Gel shift assay

EMSA was performed as described previously (19) using a
6% native gel. GST-tagged CDX1 and 20 fmol biotinylated
DNA probe (5′- Bio-GGCCAACAGTCACGGTACC
TTTGATCTTGTAGTTTATGCGTACCAACAGTCAC
GGTACCTTTGATCTTGTAGTTTATGCGT-3′) were
incubated with 50�g/ml poly (dI-dC), 0.05% NP-40, 5 mM
MgCl2 and 2�l of 50% glycerol in the presence of binding
buffer (10 mM Tris–HCl, pH 7.5, 50 mM KCl, 1 mM DTT)
for 5 min on ice and 20 min at room temperature. For com-
petition assays, unlabelled CDX binding probe (5′-TCT
TGTAGTTTATGCGTACGTAGTTTATGCGTACC-3′)
was incubated with the reaction mixture containing protein
for 10 min prior to adding the labelled probe.

CAG site enrichment analysis

A list of CAG sites identified in the CREAX and c-Myc
WREs was generated and converted into a MEME motif
file using the sites2meme utility from the MEME suite (37).
To calculate an appropriate p-value threshold to search for
CAG sites across the genome, the FIMO utility (38) was run
with the CAG site motif file to identify CAG sites in the c-
Myc-335 WRE. The CAG site with the highest p-value in
the c-Myc-335 WRE had a P-value of 0.003611, and this
was set as the threshold.

Data files analysed came from a previously published
study examining the binding of TCF7L2 and CDX2 using
ChIP-chip (31). Raw data from the original study are pub-
licly available online (GEO accession no. GSE22572). Files
containing the coordinates of regions bound by TCF7L2
and CDX2 were kindly provided to us by Dr. Michael
P. Verzi. The bedtools intersect program (39) was used
with the ‘-wa’ option to generate a BED file containing
the coordinates of the overlapping TCF7L2 and CDX2
peaks and with the ‘-v’ option to generate files contain-
ing locations of peaks bound exclusively by TCF7L2 or
CDX2. The twoBitToFa utility from the UCSC genome
browser (40) was then used to obtain the sequences of
each of the regions bound by TCF7L2 and CDX2. FIMO
was then run to identify CAG sites using the follow-
ing command: ‘fimo –thresh 0.003611 CAG-sites-meme.txt
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tcf7l2-cdx2-common.fasta’. Shuffled versions of these se-
quences were generated using the fasta-shuffle-letters util-
ity from the MEME suite: ‘fasta-shuffle-letters -dna tcf7l2-
cdx2-common.fasta LS174T-shuffle-001.fasta’. This com-
mand was run 100 times to generate 100 different shuf-
fles. Random genomic loci were selected for comparison
using the shuffle functionality from bedtools as follows:
‘bedtools shuffle -i LS174T TCF4 CDX2 intersect wa.bed
-g hg18.chrom.sizes -seed 1 -chrom > Random 1.bed’. 10
shuffled versions were generated by running the command
with seed values from 1 to 10 and the resulting files were
concatenated to generate a file with 1180 randomly selected
sequences. The number of CAG sites in each of the original
and shuffled peaks were tabulated and the number of sites
per kb was calculated.

Antibodies

Western blots were probed with the following antibodies:
Anti-Flag-HRP (Sigma-Aldrich, A8592), Anti-HA (Roche,
11867423001), Anti-His (Cytiva, 27-4710–01), and Anti-
GST (Invitrogen, A-5800). Anti-Flag immunoprecipita-
tions were carried out using magnetic beads pre-conjugated
with the antibody (Millipore, M8823). Anti-TCF7L2 (Cell
Signaling Technology, 2569S) antibodies were also used for
ChIP.

Generation of a Flag-tagged cell line using CRISPR/Cas9
and CRISPRi

A guide RNA targeting a site immediately downstream
of the human CDX1 stop codon (atgcccaccctgtgcccc
gg) was designed using CRISPOR (41). This was then
cloned into PX458, a plasmid expressing Cas9 protein
(42). pSpCas9(BB)-2A-GFP (PX458) was a gift from
Feng Zhang (Addgene plasmid # 48138). The homology-
directed repair template was designed based on the
pFETCh Donor plasmid from the CETCh-seq protocol
(43). pFETCh Donor (EMM0021) was a gift from Eric
Mendenhall & Richard M. Myers (Addgene plasmid #
63934). Since HEK293T cells are G-418 resistant, the
neomycin resistance gene in the plasmid was changed to
puromycin resistance. The puromycin resistance gene from
sgOpti (44) was PCR amplified using the following primers
– 5′-atcgtttcgcatgacagaatacaaaccaaccgtgc-3′ and 5′-gtata
agaagacatgatgttcgaatcaagcaccaggttttcgtgtc-3′. sgOpti was
a gift from Eric Lander & David Sabatini (Addgene plasmid
# 85681). pFETCh Donor was digested with AleI-v2 and
BstBI (NEB). The 3x-Flag-P2A cassette was amplified from
pFETCh Donor (primers: 5′-atactctgtaatcctactcaataaacg
tgtcacg-3′, 5′-attctgtcatgcgaaacgatccaggtccagggttc-3′). The
fragments were then joined by Gibson assembly to cre-
ate pFETCh Puro, in which the neomycin resistance cas-
sette was replaced with puromycin resistance. HEK293T
genomic DNA was purified using the Dneasy Blood &
Tissue kit (Qiagen, 69504). Homology arms were am-
plified using the following primers––arm 1 with 5′- ctga
cgtcgacggatcgggaTCCCCGACCTGCAGCCCA-3′ and 5′-
CCGGAACCTCCTCCGCTC-3′ and arm 2 with 5′- ttcg
aacatcCTCGGGTGCTGGGAGTGT-3′ and 5′- actgtgct
ggatatctgcagGCTCTGCTTGGTCCGAATAAAG-3′. The

3xFlag-P2A-Puromycin construct was amplified using the
following primers: 5′- gggagcggaggaggttccggTGGAGGTG
GTTCTGGAGATTAC-3′ and 5′- agcacccgagGATGTT
CGAATCAAGCACC-3′. The pcDNA3.1 plasmid (Invit-
rogen, V79020) was digested with EcoRI-HF and BglII
(NEB) and the homology arms and flag-tagging constructs
were assembled into the plasmid using Gibson assembly to
generate the repair template for genome editing.

HEK293T cells were co-transfected with the
Cas9/gRNA expressing plasmid and the repair tem-
plate. Puromycin selection was performed 48 hours
post-transfection using 500 ng/ml puromycin. Over
150 distinct puromycin-resistant colonies of cells could
be seen, and these were allowed to grow under selec-
tion to create a polyclonal cell population. Cells were
subsequently grown with 250 ng/ml puromycin to main-
tain selection. Genomic DNA was purified using the
Dneasy blood & tissue kit to confirm the presence of
the edits. PCRs were set up with primers specific to the
Flag construct (5′-caatgcctgtgaaagaggagtttctg-3′ and
5′-CAATCTTTCATAAAAAGGCAGATTTCG-3′)
and primers flanking the insertion site, which
would generate a 450 bp amplicon from the
unedited locus (5′-tcttgcactctctctttcactctctcc-3′ and
5′-tttatccaacaggcttactgcacagat-3′). The sequence of the
edited locus was confirmed by Sanger sequencing the
product from the Flag-specific PCR.

For CRISPRi experiments, oligonucleotide sequences to
express four gRNAs targeting the CREAX locus were iden-
tified using CRISPOR and cloned into sgOpti after diges-
tion with Esp3I (NEB). The gRNA target sites and oligo
sequences are listed in Supplementary Table S5. The dCas9-
KRAB construct was expressed from pHR-UCOE-SFFV-
dCas9-mCherry-ZIM3-KRAB (45), which was a gift from
Mikko Taipale (Addgene plasmid # 154473; http://n2t.
net/addgene:154473; RRID:Addgene 154473). Cells were
transfected with the dCas9-KRAB construct and either the
gRNA expression plasmids or sgOpti as negative control.

Chromatin immunoprecipitation (ChIP)

Cells were fixed in 0.75% formaldehyde at room tempera-
ture for 10 min. They were then incubated for 5 minutes
with 125 mM glycine to quench the formaldehyde. Follow-
ing this, they were rinsed thrice with PBS and resuspended
in RIPA buffer (Sigma-Aldrich, R0278). The cell suspen-
sion was sonicated using a Covaris M220 focused ultrasoni-
cator. Cell debris was pelleted by high-speed centrifugation.
One fraction of the supernatant was saved as the input frac-
tion and the rest was used for the immunoprecipitation (IP).
The cell lysate was pre-cleared with 30 �l Protein A agarose
beads (Millipore, 16-156) for 1 h at 4◦C and then incubated
overnight on a rotor with antibody coated beads. The beads
were then washed once in low salt buffer (0.1% SDS, 1%
Triton X-100, 2 mM EDTA, 20 mM Tris–HCl pH 8.0, 150
mM NaCl), high salt buffer (0.1% SDS, 1% Triton X-100, 2
mM EDTA, 20 mM Tris–HCl pH 8.0, 500 mM NaCl) and
LiCl wash buffer (0.25 M LiCl, 1% NP-40, 1% sodium de-
oxycholate, 1 mM EDTA, 10 mM Tris–HCl pH 8.0). DNA
was eluted by gentle shaking in elution buffer (1% SDS, 100
mM NaHCO3) for 15 min. Decrosslinking was performed

http://n2t.net/addgene:154473;
https://scicrunch.org/resolver/RRID:A
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by adding NaCl to a final concentration of 0.2 M. RNA was
digested with Rnase A (Invitrogen, 12091021) followed by
treatment with Proteinase K (Sigma-Aldrich, 3115879001).
DNA fragments from the input and IP fractions were puri-
fied using a PCR purification kit (Qiagen, 28104) and mea-
sured with qPCR.

Three sets of primers were used for qPCR––one tar-
geting the CREAX locus (5′-TCCATAGCCAACAGTCA
CGC-3′ and 5′-GCAATCCTGCCAGCAATCTC-3′) and
one targeting a flanking region located 1.3 kb away from
CREAX (Control 1: 5′-CGTCATCCTGCAACAAGCT
G-3′ and 5′-TCTCCATCCACCCTGACCTT-3′). Quanti-
tative PCR was then performed on a CFX Connect Real-
Time PCR Detection System (Bio-Rad, 1855201) using the
Power SYBR Green PCR Master Mix (Applied Biosystems,
4368577). The percent input was determined for each of 3
replicates and the mean and standard deviation were calcu-
lated.

Nuclear extract preparation and co-immunoprecipitation

Cells were rinsed with ice-cold PBS and then collected into
1 ml of cold PBS. Cells were pelleted and resuspended with
400 �l buffer A (10 mM HEPES pH7.9, 1.5 mM MgCl2,
10 mM KCl, 0.5 mM DTT, 0.5% NP-40) supplemented with
a protease inhibitor cocktail (Roche, 11873580001). This
suspension was incubated on ice for 15 min followed by
vigorous vortexing for 10 seconds to lyse cell membranes.
Nuclei were pelleted by centrifugation. The pellet was re-
suspended in 100�l buffer B (20 mM HEPES pH 7.9, 25%
glycerol, 420 mM NaCl, 1.5 mM MgCl2, 0.2mM EDTA,
0.5 mM DTT) supplemented with protease inhibitor cock-
tail on ice for 20 minutes to lyse nuclei. Cell debris was re-
moved by high-speed centrifugation and the supernatant
was used for co-immunoprecipitation.

Three-fold diluted nuclear extracts were pre-cleared with
50 �l Protein-G agarose beads (Millipore, 16–266) for 1 h
at 4◦C and then incubated overnight on a rotor with 3 �l
anti-FLAG antibody (Sigma, F3165). Each reaction was
incubated with Protein-G agarose beads (50 �l) for one
more hour. Beads were washed four times with 3-fold di-
luted buffer B. Proteins were eluted in 2x SDS sample buffer
(0.125 M Tris–HCl pH 6.8, 4% (w/v) SDS, 20% (v/v) glyc-
erol and 0.01% (w/v) Bromophenol blue) and analysed us-
ing western blotting.

Western blotting

Cell lysates or protein samples were lysed and denatured in
hot 2× SDS sample buffer. Protein samples were separated
by SDS-PAGE and transferred onto a PVDF membrane
(Bio-Rad, 162-0177) and blocked in 5% bovine serum al-
bumin (BSA, Dot Scientific, DSA30075-100). Protein blots
were incubated with the appropriate concentration of pri-
mary antibody diluted in 5% BSA overnight at 4◦C. They
were then washed thrice with Tris-buffered saline contain-
ing 1% Tween-20 (TBS-T). Blots were incubated with the
secondary antibody diluted in 5% BSA for 1 h. After wash-
ing thrice in TBS-T, they were developed using a chemilu-
minescence substrate (Pierce, 32109) and imaged in a LI-
COR Odyssey CLx imager. Images were processed using the
GNU Image Manipulation Program.

Recombinant protein expression and purification

Plasmids expressing GST- and His- tagged proteins were
transformed into BL21(DE3) competent cells (Thermo Sci-
entific, EC0114) and grown in LB media at 37◦C. Protein
expression was induced by the addition of IPTG when the
OD reached 0.6. After 3–4 h, cells were collected by cen-
trifugation and resuspended in the appropriate lysis buffer.
Cells were lysed using sonication and proteins were purified
using standard protocols (46,47).

GST pull-down assays

5 �g each of the recombinant GST-tagged bait and His-
tagged prey proteins were incubated for 1.5 h in 200 �l of
pull-down buffer (20 mM Tris–HCl pH7.6, 150 mM NaCl,
1% Triton X-100) at 4◦C. Glutathione Fast Flow Sepharose
4 beads (GE Healthcare, 17-5132-01) that had been pre-
washed in binding buffer were then added to the binding
reaction and it was incubated in a rotor for 2 h at 4◦C. The
supernatant was then removed and the beads were washed
5 times with 600 �l of binding buffer. Proteins were then
eluted using 20 �l of 2× SDS sample buffer and analysed
using western blotting.

RESULTS

Identification and characterisation of CREAX, a highly Wnt-
regulated enhancer of Axin2

To test the features of the TF collective model in the context
of Wnt signalling, we looked for highly responsive WREs
which could be studied under cell culture conditions. Axin2
is a robustly activated Wnt target gene in several mam-
malian tissues (27,48–50) and cell lines (35,51,52). A recent
�-catenin ChIP-seq study found two TCF-dependent �-
catenin-bound regions near the Axin2 gene locus (13), one
near the promoter and one located about 45 kb downstream
of the TSS (Figure 1A). Previous studies found peaks of
TCF7L2 binding at both loci (53). The promoter-proximal
region, termed Ax2, was found to be responsive to Wnt sig-
nalling in a reporter assay in HEK293T cells (51). The distal
enhancer, which we named CREAX (CDX Regulated En-
hancer of Axin2), was shown to be active in the LS174T col-
orectal cancer cell line (54). We cloned both elements into
pGL4.23 vectors upstream of a minimal TATA-box pro-
moter and luciferase (luc) gene and examined their activity
in HEK293T cells with and without Wnt signalling.

Activating the Wnt/�-catenin pathway in HEK293T cells
using the GSK3 inhibitor CHIR-99021 (CHIR) resulted
in a 10-fold increase in Axin2 transcript levels as detected
by RT-qPCR (Figure 1B). The same treatment caused a
modest increase in activity of the Ax2-luciferase reporter
but a much stronger increase in the CREAX-luciferase
reporter (Figure 1C). CREAX-luc activity increased in a
dose-dependent manner with increasing concentrations of
CHIR (Figure 1D). Similarly, CREAX-luc showed dose-
responsive activation when co-transfected with increasing
amounts of a plasmid expressing �-catenin containing the
stabilising S33Y mutation (�-catenin*, Figure 1E) which
prevents it from being targeted by the destruction complex
(7). We then performed a CRISPR inhibition assay (44) us-
ing a construct expressing a catalytically inactive Cas9 fused
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Figure 1. Characterisation of CREAX (CDX Regulated Enhancer of Axin2), a highly Wnt-responsive enhancer near Axin2. (A) Position of CREAX (CDX
Regulated Enhancer of Axin2) relative to the Axin2 gene locus. Blue boxes represent exons and red bars are regions bound by �-catenin in LS174T cells
(Mokry et al., 2010). Known TCF7L2-bound regions in HEK293T cells are denoted by asterisks (Doumpas et al., 2018). Black bars denote regions cloned
to generate the Ax2 and CREAX reporters. Positions are shown with respect to the hg18 assembly. (B) RT-qPCR measurement of Axin2 transcript levels
showing an increase upon treatment with CHIR-99021 (CHIR) in HEK293T cells. (C) Activity levels of luciferase reporters of the previously identified
Ax2 promoter-proximal WRE (Jho et al., 2002) and CREAX with CHIR treatment shows that CREAX is more sensitive to Wnt signalling. (D) CREAX-
luciferase reporter activity increases in a dose-dependent manner to CHIR concentration in HEK293T cells. (E) CREAX-luciferase reporter activity
increases in a dose-dependent manner upon transfection of increasing amounts of a plasmid expressing stabilised �-catenin containing the S33Y mutation
(�-catenin*). (F) Cartoon showing positions of guide RNAs used to recruit the dCas9-KRAB construct to the CREAX locus for CRISPRi experiments.
(G) RT-qPCR results showing that the increase in Axin2 transcript levels upon CHIR treatment is suppressed by the recruitment of dCas9-KRAB to
the CREAX locus. (H) Activation of the CREAX-luciferase reporter by �-catenin* is not affected by orientation, meeting the classical definition of an
enhancer. In (B-E,G, and H), data are presented as mean ± SD from three replicates (N = 3) for each condition. *P < 0.05; **P < 0.005; ***P < 0.001;
****P < 0.0001; n.s. P > 0.05.
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to the KRAB transcriptional repressor domain (dCas9-
KRAB) to examine whether CREAX contributed to the
Wnt-dependent upregulation of Axin2 mRNA. As previ-
ous studies using dCas9-based constructs to perturb gene
expression have shown stronger and more robust responses
to a mixture of multiple gRNAs targeting a locus than a
single gRNA (45,55,56), we identified 4 gRNAs targeting
the CREAX locus (Figure 1F) and pooled them for the
assay. When co-transfected with the four gRNAs and the
dCas9-KRAB construct, we found that CHIR treatment re-
sulted in significantly lower Axin2 mRNA levels, suggest-
ing that the CREAX locus is a regulator of Wnt-dependent
Axin2 transcription (Figure 1G). Finally, we found that
CREAX activity was not affected by reversing its orien-
tation, meeting the standard requirement for an enhancer
(Figure 1H). The high amplitude of response to Wnt/�-
catenin signalling provided a strong starting point for a de-
tailed analysis of the TFs and cis-regulatory sequences that
regulate the activity of this WRE.

TCF and CDX family proteins bind to and regulate CREAX
and a distal enhancer of c-Myc

To identify the TFs that regulate CREAX activity, we com-
putationally scanned the sequence of the enhancer for pu-
tative binding sites of TFs known to co-localise with TCFs
at WREs. We used motif information from the JASPAR
database (57) along with the FIMO utility from the MEME
suite (38) to perform this search. This preliminary analysis
identified potential binding sites for TCF and CDX family
TFs in CREAX. We found no sequences resembling Helper
sites, the DNA motif recognized by TCF7 and TCF7L2
isoforms containing the C-clamp DNA binding domain
(17,20,23). A similar scan of the Ax2 WRE sequence identi-
fied putative TCF binding sites, but none for CDX. To con-
firm a role for CDX proteins in regulating CREAX, we ac-
tivated Wnt signalling in HEK293T cells with �-catenin*
and examined the effect of RNAi against CDX and TCF
TFs on CREAX-luc reporter activity. RNAi against CDX1
or the TCFs LEF1 and TCF7 reduced CREAX reporter ac-
tivity (Figure 2A). Similarly, RNAi against LEF1 or CDX1
also reduced the upregulation of Axin2 mRNA levels upon
CHIR treatment (Figure 2B).

After examining previously studied WREs to find ones
that might be co-regulated by TCF and CDX TFs, we iden-
tified c-Myc-335, a distal upstream enhancer of the c-Myc
oncogene (31,58). This WRE had been of interest in can-
cer biology since it can contain a naturally occurring SNP
(rs6983267) linked to increased colorectal and prostate can-
cer risk (59,60). This polymorphism was found to reside
in a TCF binding site and increase its affinity to TCF7L2
(61–63). To test whether this WRE was regulated in a sim-
ilar manner to CREAX, we constructed a c-Myc-335 lu-
ciferase reporter. We tested it in both HEK293T cells and
in LS174T colorectal cancer cells, the latter of which have
mutations in �-catenin that result in constitutively active
Wnt signalling (64). In these cancer cells, RNAi against
TCF7L2, CDX1 and CDX2 reduces the activity of the
c-Myc-335 reporter (Figure 2C). Similarly, RNAi against
LEF1, TCF7l2 or CDX1 reduced the activation of c-Myc-
335-luc by �-catenin* in HEK293T cells (Figure 2D).

Most previous literature on the subject of TCF/CDX
co-occupancy focuses on CDX2 in colorectal cancer cells
(31,58). Since CREAX activity in HEK293T cells was sen-
sitive to CDX1 protein levels, we were interested in whether
CDX1 was also capable of co-occupying WREs along with
TCFs. To this end we used ChIP-qPCR to test the bind-
ing of CDX1 to CREAX in HEK293T cells. Since we were
unable to find ChIP-quality antibodies against CDX1, we
generated a polyclonal HEK293T cell line expressing C-
terminally flag-tagged CDX1 protein from the endogenous
gene locus. To create this line, we adapted the previously re-
ported CETCh-seq protocol (43) to generate a polyclonal
HEK293T cell population using CRISPR/Cas9 mediated
genome editing that express a Flag-tagged CDX1 protein.
The edit replaced the endogenous stop codon with a cas-
sette containing a 3xFlag epitope upstream of the cod-
ing sequences for the P2A self-cleaving peptide and the
puromycin resistance gene (Figure 2E). After selecting for
puromycin resistance, we obtained a population of edited
HEK293T cells which expressed a flag-tagged CDX1 de-
tectable on a western blot (Figure 2F). PCR using combina-
tions of primers located inside and outside the Flag epitope
showed that the polyclonal cell population contains a mix-
ture of both the tagged and untagged alleles (Figure 2E,G).

Using the CDX1-Flag cell line, we performed ChIP using
antibodies against TCF7L2 and the Flag tag (for CDX1).
We conducted the experiments both under control condi-
tions and after activating Wnt signalling using CHIR to ex-
amine chromatin state under conditions in which the en-
hancer was active. To detect the binding of TCF7L2 and
CDX1, we used qPCR with primers located in the enhancer
and compared the results to the signal from primers in
a flanking region outside the enhancer (Figure 2H). Both
TCF7L2 and CDX1 were enriched at the CREAX locus
in the presence and absence of CHIR. However, while the
CDX1 peak was stronger in the presence of CHIR, there
was no significant change in the strength of the TCF7L2
signal from the enhancer (Figure 2I,J).

Direct TCF–CDX protein-protein interactions are required
for enhancer function

Previous reports indicated that LEF1 and CDX1 could
form a complex and showed that residues on the basic tail
of LEF1 were required for this interaction (65). The basic
tail is a short stretch of basic amino acid residues found in
all TCFs located immediately C-terminal to the HMG do-
main (3) (Figure 3A). These residues are conserved in other
TCFs (Figure 3B). To test the role of TCF–CDX interac-
tions in enhancer activity, we attempted to generate TCF
proteins with mutations preventing their interaction with
CDX TFs. As the N-terminal portion of the basic tail is
involved in contacting DNA (66), we focused on residues
at the C-terminal end of the motif. We made charge-swap
mutations in two residues (R350E, K352E) of a TCF7 iso-
form lacking a C-clamp to generate a variant we named BT-
mut (basic tail mutant). We transfected HEK293T cells with
plasmids expressing Flag-tagged CDX1 and HA-tagged
WT TCF7 or BTmut. We found that TCF7 robustly co-
immunoprecipitated CDX1 and BTmut did so much more
weakly (Figure 3C), suggesting that the mutations severely
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compromised the ability of BTmut to complex with CDX1.
This result was also confirmed by a pulldown assay with
recombinant GST-tagged CDX1 protein and His-tagged
TCF7 or BTmut (Figure 3D). These results suggested that
BTmut could be a useful tool for testing the importance of
TCF–CDX interactions in WRE activation.

For BTmut to be an informative reagent for probing the
importance of TCF7–CDX1 binding in transcriptional reg-

ulation, we needed to ensure that the mutations in the basic
tail did not interfere with other essential functions of TCF7.
To this end, we compared the activity of WT and BTmut
TCF7 proteins using the TOPflash reporter in HEK293T
cells, a synthetic reporter containing 6 multimerised TCF
sites (67). RNAi against LEF1 reduced the activation of
TOPflash by �-catenin*. Consistent with previous work in
the field which suggests that the 4 mammalian TCFs bind
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Figure 3. TCFs bind to CDX proteins through highly conserved residues
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His WB.

to very similar DNA motifs and can be functionally re-
dundant (3,15), we found that in the case of TOPflash, the
LEF1 RNAi effect could be rescued by the overexpression
of TCF7 (Figure 4A).

BTmut was also similarly competent for rescuing
TOPflash activity (Figure 4A), strongly suggesting that the
BTmut protein still retained its ability to enter the nucleus
and bind to DNA and �-catenin. Strikingly, in marked
contrast to TOPflash, BTmut overexpression failed to res-
cue CREAX-luc activity (Figure 4B). These results sup-
port a model of TCF–CDX protein-protein interactions
having an essential role in activating CREAX. Similarly,
Axin2 mRNA levels lowered by LEF1 RNAi were rescued
by WT TCF7 overexpression by not by BTmut, suggest-
ing that TCF–CDX interactions were important for the
Wnt-dependent expression of Axin2 (Figure 4C). In the
case of the c-Myc-335 enhancer, BTmut only partially res-

cued the loss of activity caused by LEF1 RNAi while WT
TCF7 completely rescued it (Figure 4D). In LS174T cells,
we found that the effect of TCF7L2 RNAi on c-Myc-335 re-
porter activity could be fully rescued by TCF7 overexpres-
sion, while BTmut displayed limited rescuing activity (Fig-
ure 4E). Finally, overexpression of �-catenin* along with
WT TCF7 in HEK293T cells caused a synergistic upreg-
ulation of CREAX-luc reporter activity that was not seen
with BTmut (Figure 4F). In sum, these experiments provide
strong evidence that TCF–CDX interactions play an essen-
tial role in activating multiple WREs.

Identification of TCF/CDX/CAG site clusters in CREAX

One of the key ideas of the TF collective model is that en-
hancers are bound by a variety of TFs, implying the ex-
istence of several distinct, functionally important regula-
tory motifs in these enhancers (26). We wondered whether
there were factors in addition to TCF and CDX pro-
teins that regulated CREAX activity. We sought to identify
which portions of the CREAX sequence were important for
Wnt-responsive activity by systematic mutagenesis of the
CREAX-luc reporter plasmid. First, we looked for TCF-
binding sites in the enhancer using the FIMO utility from
the MEME suite (38) and a list of functionally validated
TCF-binding sites (21). Based on this search, we flagged
four potential TCF-binding sites identified by FIMO with
a P-value threshold of <0.001 and designated these regions
T1-T4. We then divided up the remaining regions in the
enhancer into blocks of roughly 10 nucleotides each, split-
ting the 420 bp enhancer into 42 blocks. We then gener-
ated 42 constructs, each containing mutations in a different
block and tested their ability to be activated by �-catenin* in
HEK293T cells (see Supplementary Table S1 for details). In
order to compare results across independent experiments,
we performed each experiment with the WT CREAX-luc
reporter as a control and expressed the fold activation of
the mutant constructs as a percentage of the WT reporter.

We found that mutations in the four annotated TCF sites
reduced the fold activation to at least 55% of the WT re-
porter. To identify additional regions of regulatory impor-
tance, we examined constructs which showed less than 55%
of WT activation and those showing more than 100% of WT
activity levels (red and blue lines, Figure 5A). Twenty eight
out of 42 constructs fell outside these thresholds. Sixteen of
them showed lower activity upon mutation, suggesting that
they contained motifs required for activating the enhancer,
while 12 mutant constructs showed higher activity, implying
a repressive function (Figure 5B).

To understand the requirements for the transcriptional
activation of CREAX by the Wnt pathway, we examined
the 16 sequence blocks containing activating information.
In these, we looked for the existence of recurring motifs be-
sides the TCF sites we had already flagged. Among the non-
TCF site regions, we found 2 nearly identical sequences (TT-
TATGC and TTAATGC), which fit the consensus binding
site for CDX family proteins (68). Additionally, we found
five copies of a novel motif centred around the consensus
sequence CAG, which we named ‘CAG sites’ (Figure 5C).
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Figure 4. TCF–CDX interactions are important for the activation of natural WREs and Wnt target genes. (A) Luciferase assay showing that TOPflash
activity can be driven by both WT TCF7 and BTmut. HEK293T cells were transfected with TOPflash reporter, �-catenin*, and plasmids expressing HA-
tagged TCF7, BTmut, and shRNA against LEF1 as indicated. (B) Luciferase assay showing that BTmut cannot drive CREAX-luc activity. HEK293T
cells were transfected similarly to the TOPflash experiment above. (C) RT-qPCR assay showing that LEF1 depletion by RNAi in HEK293T cells causes
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TCF, CDX, and CAG sites are functionally important for the
activity of CREAX and the c-Myc-335 WRE

To confirm the role of TCF, CDX and CAG sites in CREAX
activity, we generated reporter constructs with targeted mu-
tations in the respective sites (see Supplementary Figure S1
and Table S2 for details). Strikingly, we found that abrogat-
ing the function of any of the three sets of motifs caused a se-
vere reduction in CREAX reporter activation by �-catenin*
(Figure 6A). To confirm that the putative CDX sites we had
identified were specifically recognized by CDX protein, we
performed gel-shift assays with recombinant GST-CDX1
and a probe containing a TTTATGC sequence. GST-CDX1
caused a gel mobility shift in the biotinylated probe, and
the addition of excess unlabelled probe decreased the shift
intensity in a manner consistent with competition (Figure
6B). These results provided support that the sites we identi-
fied were indeed CDX sites.

Similarly, our examination of the c-Myc-335 enhancer
identified four potential TCF binding sites, 6 CDX sites,
and 10 CAG sites (Figure 6C; Supplementary Figure S1).
To examine their role in WRE regulation, we constructed
reporters with each class of motif mutated. As was the case
for CREAX in HEK293T cells, we found that all three mu-

tant reporters displayed a dramatic reduction in activity in
LS174T cells (Figure 6D) and in HEK293T cells (Figure
6E).

CAG sites are enriched in regions bound by both TCF7L2 and
CDX2

After establishing the functional importance of CAG sites
in two WREs, we were interested in whether regulation by
TCF, CDX and CAG sites was a feature of other WREs
as well. Looking through the sequences of previously stud-
ied WREs, we identified TCF, CDX and CAG sites in the
Wnt-responsive promoters of DEFA5 and DEFA6 (defensin
alpha 5 and 6), which have been shown to be active in
Paneth cells of the small intestine (69) (Supplementary Fig-
ure S2). To examine this at a larger scale, we analysed data
from a previous ChIP-chip study that had identified 118
loci bound by both TCF7L2 and CDX2 in chromosomes
8, 11 and 12 of LS174T cells (31). We generated a position-
weighted matrix using the 15 CAG sites from CREAX and
c-Myc-335 (site logo in Figure 7A) and used it to look for
CAG sites in the 118 doubly-bound loci using the FIMO
utility.
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(C) The cartoon depicts the 420 bp CREAX fragment with the activating regions annotated. In addition to TCF binding sites (red), CREAX activity is
regulated by multiple CDX binding sites (green) and CAG sites (teal), which are shown with their site logos.

The ChIP-chip peaks common to TCF7L2 and CDX2
range in length from 695 to 1594 bp with a mean length of
1090 bp. On average, we found that the common peaks con-
tained 9.93 CAG sites per kb (Figure 7B). Since the iden-
tity of the TF(s) that bind to the CAG sites is currently un-
known, we had to generate a negative control dataset to test
whether they were significantly enriched in the TCF7L2 and
CDX2 bound loci. Using an algorithm similar to that used

in DREME and other motif scanning programs (37,70,71),
we compared the number of CAG sites found in each peak
to the number that would be expected due to random
chance. For each peak, we shuffled the peak’s sequence 100
times to generate comparison sequence of identical length
and nucleotide composition. We then calculated the number
of CAG sites in each of the 100 shuffled controls and com-
puted the mean and standard deviation to estimate of the
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TCF, CDX, or CAG sites in the c-Myc-335 enhancer decreases its activ-
ity in LS174T cells. Cells were transfected with the indicated reporters and
their relative activity was analysed by a luciferase assay. (E) Luciferase as-
say showing that the mutation of TCF, CDX, or CAG sites in the c-Myc-
335 enhancer decreases its �-catenin*-driven activity in HEK293T cells.
Data in (A, D, E) are shown as mean ± SD from three replicates (N = 3).
P < 0.05; **P < 0.005; ***P < 0.001; ****P < 0.0001; n.s. P > 0.05.

number of CAG sites expected from a random distribution
(Figure 7C). Surprisingly, 99/118 (83.9%) common peaks
had more CAG sites than expected from chance, with the
number of CAG sites in 66 (55.9%) peaks exceeding the ex-
pectation value by more than one standard deviation. Only
5 loci contained significantly fewer CAG sites than expected
(Figure 7D).

After determining that CAG sites were enriched in loci
bound by both TCF7L2 and CDX2, we examined their
prevalence in loci bound by just one or neither of the
TFs. For each TCF7L2 and CDX2 bound loci, we ran-
domly selected 10 regions of identical length on the same

chromosome to generate a set of 1180 random DNA se-
quences. While the number of CAG sites/kb was 9.93 for
the TCF7L2/CDX2 common peaks, it was 10.10 for re-
gions bound by TCF7L2 but not CDX2, 8.89 for regions
bound exclusively by CDX2, and 8.71 in the random DNA
sequences. This represents a statistically significant enrich-
ment of CAG sites in all regions bound by TCF7L2 irre-
spective of CDX2 binding. At the same time, CAG sites
are not enriched in loci bound exclusively by CDX2 com-
pared to the background levels in the genome (Figure 7E).
Put together, our analysis suggests that CAG motifs are
widespread in several WREs, a subset of which contain the
tripartite TCF/CDX/CAG regulatory logic.

CDX and CAG sites sensitise WREs to Wnt signalling in a
cell-type specific manner

Having identified the importance of TCF, CDX and CAG
sites in WREs, we then attempted to generalise our find-
ings using synthetic WREs based on the design principles of
CREAX and c-Myc-335. We generated 5 reporters with dif-
ferent combinations of TCF, CDX and CAG sites. The first
reporter contained three TCF binding sites alone, similar
to the TOPflash reporter corresponding to the conventional
model of WREs. The second and third reporters consisted
of TCF and either CDX or CAG sites respectively. The
fourth reporter contained a combination of CDX and CAG
sites without TCF sites, and the fifth contained TCF, CDX,
and CAG sites, reflecting the composition of CREAX and
c-Myc-335 (Figure 8A). The spacing between the sites were
kept constant to discount any effects caused by changes in
relative positions between TF binding sites. We then tested
all 5 reporters in three cell lines––HEK293T cells, HeLa
cells and LS174T cells. HEK293T and HeLa cells have low
basal levels of Wnt signalling, so we compared the fold ac-
tivation shown by each reporter upon transfection with �-
catenin* (Figure 8B, C). Since LS174T cells have a constitu-
tively active Wnt pathway, we compared the relative activity
of each reporter to the empty vector (Figure 8D).

These experiments yielded three main conclusions.
Firstly, we found that the TCF/CDX/CAG construct was
more active than the construct containing only TCF sites
in all 3 cell lines. From this we concluded that CDX
and CAG sites play a general role in sensitising WREs
to Wnt signalling. Secondly, the construct lacking TCF
sites and containing only CDX and CAG sites did not
show Wnt-responsive activity, supporting a model of them
supporting WRE activation through TCFs. Thirdly, the
best-performing WREs were different in each cell type
– while the TCF/CDX/CAG was the clear winner in
HEK293T cells, it showed a similar level of activity as
the TCF/CAG reporter in LS174T cells. Similarly, while
both the TCF/CAG and TCF/CDX/CAG were more
sensitive than the TCF-only reporter in HeLa cells, the
TCF/CDX construct was more than twice as sensitive as
the TCF/CDX/CAG construct. When looked at simulta-
neously, the contributions of TCF, CDX, and CAG sites to
WRE activity across cell types paint a picture of a TF col-
lective containing TCF and CDX proteins whose activity is
modulated by additional cell type specific factors.
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Figure 7. CAG sites are enriched at loci bound by TCF7L2 and CDX2. (A) Site logo of functionally validated CAG sites identified in the CREAX and
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there was an enrichment of the CAG site motif in these sites. (C) CAG sites are enriched in loci bound by TCF7L2 and CDX2. Actual number of CAG
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and the blue line shows the average number of CAG sites in these variants. The shaded region represents the standard deviation in the number of CAG
sites (N = 100). (D) 99 (83.9%) of loci bound by both TCF7L2 and CDX2 had more than the expected number of CAG sites. The CAG site count was
more than one standard deviation above the mean in 66 of those loci. (E) Box plots showing the number of CAG sites in loci bound by both TCF7l2 and
CDX2, only TCF7l2, only CDX2, and randomly selected genomic regions in colorectal cancer cells. P < 0.05; **P < 0.005; ***P < 0.001; ****P < 0.0001;
n.s. P > 0.05.

DISCUSSION

The question of what makes certain regions of the genome
act as enhancers has long been of interest in the field of
gene regulation. It is widely accepted that enhancers con-
tain clusters of binding sites for multiple TFs. However, un-
derstanding the ‘binding site grammar’ of enhancers––the
rules governing the composition, distribution, and orienta-
tion of TF binding sites that allow them to drive expres-
sion under specific conditions––remains a challenge (25,72).
The problem of enhancer composition is typically discussed
using two overarching models, the enhanceosome and the
flexible billboard. The enhanceosome is best exemplified by
the Interferon-β promoter (73,74) and models enhancers as
consisting of specific TF binding sites organised in a specific
order and orientation. The flexible billboard model portrays
enhancers as collections of TF binding sites which vary in
their composition and arrangement. Enhancer activation
occurs when a sufficient number of TF binding sites are oc-
cupied (24). While there is experimental evidence of some
constraint in binding site order and orientation on some en-
hancers (75–77), other studies support the flexible billboard
view (78,79). The TF collective model adds a further level
of complexity to the billboard model by invoking protein-
protein interactions between TFs as an additional means of

recruiting TFs to enhancers (26). While computational ef-
forts to understand this enhancer grammar have had some
success incorporating aspects of all three aforementioned
models (80), our results with WREs demonstrate the need
for additional bottom up experimental approaches to un-
derstand the logic of enhancer composition.

Here, we report on two WREs whose binding site gram-
mar is consistent with the billboard rubric of enhancer func-
tion. A combination of ChIP and binding site mutagenesis
indicate that the CREAX and c-Myc-335 WREs are direct
targets of TCF and CDX TFs (Figures 2 and 5). Systematic
mutagenesis of CREAX revealed the presence of multiple
copies of another motif, which we have termed CAG sites
(Figure 5). These CAG sites are required for Wnt respon-
siveness of the CREAX and c-Myc-335 WREs (Figure 6).
CAG motifs are also enriched in the vast majority of regions
bound by TCF7L2 in a colorectal cell line (Figure 7). While
TCF/CDX/CAG site-based regulation appears to define a
significant class of WREs, the arrangement of the binding
sites is highly variable. For example, in CREAX, the TCF
and CAG sites are roughly evenly spread out, while in the
c-Myc-335 enhancer, three out of four TCF sites and five of
the CAG sites form separate clusters (Figures 5C and 6C).
In the 118 sites bound by TCFL2 and CDX2, there is also
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Figure 8. CDX and CAG sites sensitise WREs to Wnt signalling. (A) Cartoons of the five synthetic WREs with different combinations of TCF, CDX and
CAG sites. Constructs shown were cloned upstream of a minimal promoter to generate luciferase reporters. (B–D) Relative activity levels of the synthetic
WREs in HEK293T, LS174T and HeLa cells. HEK293T (B) and HeLa cells (C) were transfected with indicated reporters and an empty vector or �-catenin*
expression plasmid. Fold activation by �-catenin* was compared. LS174T cells were transfected with indicated reporters, and activity was normalised to
that of the empty vector with only the minimal promoter (D). Each bar represents mean ± SD from three replicates (N = 3) P < 0.05; **P < 0.005;
***P < 0.001; ****P < 0.0001; n.s. P > 0.05.

a great flexibility of motif composition, with the density of
CAG sites ranging from 1.3 to 21.3 sites per kb. While all
these sites have not been functionally tested, the systematic
analysis of CREAX supports a model where all the TCF,
CDX and CAG sites contribute to activation by Wnt sig-
nalling (Figure 5A).

In addition to supporting the billboard model for WRE
function, our data demonstrating the importance of TCF–
CDX physical interactions also fits with the TF collective
vision of enhancer activation. Our work extends previous
findings demonstrating an interaction between the basic tail
of TCFs and the homeodomain of CDXs (32). We found
that mutation of two residues in the basic tail of TCF7 (BT-
mut), resulting in a decreased binding to CDX1, did not af-
fect its ability to activate a TCF-site reporter. However, BT-
mut was dramatically crippled in supporting CREAX acti-
vation and showed a significant defect in regulating c-Myc-
335 (Figure 4). The arginine and lysine residues that mediate
TCF7–CDX1 interactions are conserved among all 4 mam-
malian TCFs as well as in several vertebrate TCFs (Supple-
mentary Table S6), suggesting a broad role for TCF–CDX
associations in gene regulation.

Our data provide compelling support for the importance
of TCF–CDX interactions in WRE activation, but the pre-
cise mechanism remains to be elucidated. A previous study
identified the recruitment of CDX1 and LEF1 to CDX1
regulatory DNA, and the absence of CDX binding sites in
this sequence led the authors to surmise that TCFs could
recruit CDX proteins to DNA (32). Another study found

that the binding of TCF7L2 decreased upon CDX2 deple-
tion by RNAi at loci bound by both TCF7L2 and CDX2,
suggesting that CDX2 could recruit TCFs to chromatin
(31). CDXs have also been reported to act as pioneer fac-
tors, making chromatin more accessible to binding by other
TFs (81,82). However, since our data suggest that CREAX
is bound by TCF and CDX proteins even in the absence
of Wnt signalling, experiments in TCF or CDX knockout
backgrounds will be required to distinguish between the
various models. It is also possible that TCFs recruit CDXs
to some loci with the reverse happening at others.

Our findings on how CDXs can directly co-regulate
WREs could provide mechanistic insight into previous find-
ings in vertebrate development. Wnt/�-catenin signalling,
TCFs and CDXs have all been demonstrated to be impor-
tant for axial patterning in mammalian development, and
specifying posterior/caudal cell fates (83–85). CDXs are
transcriptional targets of Wnt signalling (86,87) suggest-
ing a hierarchy of action. However, consistent with our re-
sults, there is also evidence that CDXs and the Wnt path-
way function at the same level of the axial patterning hier-
archy (88,89). This suggests that TCF/�-catenin and CDX
may also directly act on enhancers controlling posterior fate
genes. Wnt signalling and CDXs are also known to intersect
in other contexts such as the haematopoietic system (90)
and primordial germ cells (91). Mice engineered to express
the BTmut variant could be a powerful tool to test the im-
portance of WRE activation by CDX proteins in these and
other contexts.
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Our synthetic enhancer experiments demonstrated that
CDX and CAG sites contribute to WRE function across cell
types (Figure 8). The addition of CDX sites increased WRE
activity in HEK293T and HeLa cells, while it had no effect
in LS174T cells. One explanation for this observation could
be that while TCF and CDX TFs directly bind to these
WREs in all three cell types, the TF collectives regulating
these WREs contain additional cell type-specific TFs which
contribute to enhancer activity without binding to DNA.
A similar model has been proposed for TBX3 regulation of
Wnt targets in mammalian limb development. Interestingly,
a enhancer corresponding to CREAX is known to be bound
by TBX3 and BCL9 in developing mouse forelimbs (92).
Similarly, the addition of CAG sites increases WRE activ-
ity in LS174T and HeLa cells but decreases it in HEK293T
cells. Since the identity of the CAG site binding protein is
still unknown, this could imply the existence of multiple
TFs capable of binding CAG sites expressed at different lev-
els in various cell types. In addition to the cis-regulatory
information that recruits TFs to an enhancer, the trans-
regulatory environment of the cell can dictate the identity
of the TF collective which binds to the enhancer. Transcrip-
tional regulation supplementing the direct binding of TFs
to DNA provides additional control over enhancer activity
to produce the exquisite spatio-temporal specificity of tran-
scription seen throughout animal development.

The systematic mutagenesis of the CREAX enhancer
provides a dramatic illustration that naturally occurring
WREs consist of more than clusters of TCF binding sites.
Our identification of CDX and CAG sites in WREs re-
fines our understanding of the binding site grammar un-
derlying some WREs. It is important to note that the iden-
tified TCF, CDX and CAG sites only account for 11 of
the 16 regions required for activation of CREAX (Figure
5C). In addition, there are 12 regions with repressive activ-
ity. These functional regions don’t contain consensus AP-
1 sites, which have been implicated in WRE function (93).
Nor do they contain the repressive motif recently identified
in several WREs (94). Future experiments will explore how
these sequences interact with the TCF/CDX/CAG cassette,
to more fully understand the multiple layers of regulation in
WREs.
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