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Deregulated Wnt/b-catenin signaling promotes colorectal cancer (CRC) by activating expression of the c-MYC proto-
oncogene (MYC). In the nucleus, the b-catenin transcriptional co-activator binds T-cell factor (TCF) transcription factors,
and together TCF/b-catenin complexes activate MYC expression through Wnt responsive DNA regulatory elements
(WREs). The MYC 3’ WRE maps 1.4-kb downstream from the MYC transcription stop site and binds TCF4/b-catenin
transcription complexes to activate MYC. However, the underlying mechanisms for how this element operates are not
fully understood. Here, we report that the TCF family member, TCF3, plays an important role in regulating MYC
expression in CRCs. We demonstrate that TCF3 binds the MYC 30 WRE to repress MYC. When TCF3 is depleted using
shRNAs, the MYC 30 WRE is more available to bind TCF4/b-catenin complexes. Stimulating downstream Wnt/b-catenin
signaling by inhibiting GSK3b causes an exchange of TCF3 with TCF4/b-catenin complexes to activate MYC. Finally, this
transcription factor switch at the MYC 30 WRE controls MYC expression as quiescent cells re-enter the cell cycle and
progress to S phase. These results indicate that a dynamic interplay of TCF transcription factors governs MYC gene
expression in CRCs.

Introduction

Colorectal cancer (CRC) is the third leading cause of cancer-
related deaths in the US, and it is predicted that approximately
50,000 individuals will die from this disease in 2014.1 Mutations
in components of the Wnt/b-catenin signaling pathway are prev-
alent in spontaneous CRCs with up to 80% of the cases contain-
ing a lesion in the Adenomatous polyposis coli (APC) gene and
another 5% containing a lesion in the CTNNB1 gene that enco-
des b-catenin.2 The consequence of these mutations is inappro-
priate accumulation of the b-catenin transcriptional co-activator
in the nucleus and misexpression of b-catenin target genes.3,4

As a transcriptional co-activator, b-catenin lacks a DNA bind-
ing domain, and it must therefore interact with sequence-specific
transcription factors to activate gene expression. The T-cell fac-
tors/Lymphoid enhancer-binding factors (TCF/Lefs; hereafter
referred to as TCFs) are a major class of transcription factors that
control the nuclear response to Wnt/b-catenin signaling. In the
presence of extracellular Wnt ligand, TCF/b-catenin complexes
bind Wnt responsive DNA elements (WREs) and recruit histone
aceytltransferases to modify the chromatin architecture of target

gene promoters into a transcriptionally permissive state.5,6 In the
absence of Wnt, TCFs instead bind transcriptional corepressor
complexes, such as Groucho/Transducin-like enhancer of split
(Gro/TLE; hereafter TLE), that utilize associated histone deace-
tylases (HDACs) to repress target gene expression.5,7 Thus,
according to a transcriptional switch model, TCFs function as a
platform, which exchange co-repressors with co-activators to reg-
ulate expression of Wnt/b-catenin target genes.

The 4 TCF family members in vertebrates are TCF1 (also
known as TCF7), LEF1, TCF3 (also known as TCF7L1), and
TCF4 (also known as TCF7L2).5,7 TCF4 is highly expressed in
intestinal epithelial cells, and deletion of Tcf4 in mice ablates the
proliferative compartment of the intestinal crypts.8-10 In human
colorectal cancer cells, expression of a dominant negative form of
TCF4, which retains its HMG box DNA binding domain but
lacks its amino-terminal b-catenin interacting domain, causes
cell cycle arrest.11 These studies indicate that TCF4 functions to
promote cellular proliferation, although it is not clear whether it
functions as a tumor suppressor or an oncogene.9,11-13 TCF3 has
been most studied in embryonic stem cells and in the adult skin
where it has been shown to primarily repress expression of Wnt
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target genes.14,15 Deletion of Tcf3 within the intestinal epithe-
lium of juvenile mice lacked an apparent phenotype, indicating
that this TCF family member is not required for intestinal devel-
opment or homeostasis.16 Outside of one report that found that
TCF3 contributed to the butyrate-resistant phenotype of a CRC
cell line,17 the role for TCF3 in human CRCs has not been
extensively studied.

The c-MYC proto-oncogene (MYC) is a critical downstream
effector of oncogenic Wnt/b-catenin signaling in the intes-
tines.18-25 To identify WREs that control MYC expression in
human CRC cells, we previously conducted 2 genome-wide
screens to map b-catenin binding sites.26,27 These screens found
a robust b-catenin binding site 1.4-kb downstream from the
MYC transcription stop site, which we showed demarcated a
600-bp WRE that overlapped a previously identified DNAse I
hypersensitivity site in CRC cells.26-29 Using the human
HCT116 cell line as a model, we showed that TCF4/b-catenin
complexes assembled at this MYC 30 enhancer and coordinated a
chromatin loop with the MYC proximal promoter to activate
MYC expression.30 When these cells were synchronized and then
released into the cell cycle, TCF4/b-catenin complexes bound
the MYC 30 WRE, and induced histone acetylation to activate
MYC expression.28 As cells transitioned into S phase, both TCF4
and b-catenin vacated the MYC 30 WRE and MYC expression
was repressed.28 Because we did not detect significant TCF4
occupancy at the MYC 30 WRE in quiescent cells or cells in S
phase, the underlying mechanisms accounting for MYC repres-
sion through this element were unknown at that time.

In the present study, we hypothesized that TCF3 functions as
a repressor of MYC expression in CRC cells, and that an
exchange of TCF3 with TCF4/b-catenin complexes accompanies
activation of MYC expression. In asynchronously growing cells,
depletion of TCF3 stimulated TCF4/b-catenin binding to the
MYC 30 WRE. When CRC cells and normal intestinal epithelial
cells were treated with lithium to activate downstream Wnt/
b-catenin signaling, an exchange of TCF3 with TCF4/b-catenin
complexes at the MYC 30 WRE accompanied the increase in
MYC expression. Finally, in quiescent CRC cells cultured in
serum-deprived media, TCF3 complexes bound the MYC 30

WRE to repress MYC expression. When these cells were stimu-
lated with media-containing serum, an exchange of TCF3 with
TCF4/b-catenin accompanied the increase of MYC expression.
As cells progressed to S phase, TCF3 replaced TCF4/b-catenin
complexes at this WRE to repress MYC expression. Thus, for the
first time, these findings indicate that a dynamic interplay of
TCF family members controlsMYC expression in CRC cells.

Results

TCF3 is a transcriptional repressor in CRC cells
Depending on the target gene and cell type analyzed, TCF3

has been shown to function either as an activator or repressor of
gene expression.31 To study the function of TCF3 in the
HCT116 human CRC cell line, we generated 5 independent len-
tiviruses containing shRNAs that targeted non-overlapping

regions of the TCF3 transcript. We infected HCT116 cells with
these lentiviruses and 3 days after transduction, RNAs were iso-
lated, cDNAs were synthesized, and TCF3 levels were assessed
using quantitative PCR (qPCR). Cells expressing TCF3 shRNA1
or TCF3 shRNA2, contained a 90% or greater reduction in
TCF3 transcripts relative to levels seen in control cells that were
transduced with lentiviruses expressing a scrambled shRNA con-
trol sequence (Fig. 1A). Western blot analysis demonstrated that
this reduction was also seen at the protein level (Fig. 1B). TCF4
protein levels were stable in these cells, indicating that the TCF3
shRNAs do not target TCF4 (Fig. 1B). In addition, we analyzed
b-catenin levels in purified cytoplasmic and nuclear fractions iso-
lated from TCF3-depleted cells. Reduction of TCF3 levels did
not affect b-catenin levels in either compartment or in whole cell
extracts (Fig. 1C).

To determine how TCF3 regulated Wnt/b-catenin-
dependent transcription, we first conducted luciferase reporter
assays. In comparison to cells expressing the control shRNA
sequence, knocking down TCF3 activated luciferase expression
driven from the TOPflash reporter (Fig. 1D). TOPflash contains
6 TCF consensus binding sites inserted upstream of the thymi-
dine kinase minimal promoter that drives luciferase. Luciferase
levels driven from the control FOPflash reporter, containing
mutations in the TCF binding sites, were not affected by TCF3
depletion (Fig. 1D). To confirm these findings on a more physio-
logic target, we conducted assays using a luciferase reporter
driven by theMYC 30 WRE. 28 This construct contains theMYC
30 WRE inserted downstream from the luciferase gene, and
TCF3 knock-down activated expression from this reporter in
transiently transfected cells (Fig. 1D). TCF3 knock-down did
not affect luciferase expression from the MYC 30 WRE (mut)
construct that contains mutations in the 2 TCF binding sites
within the 30 WRE (Fig. 1D).28 In converse experiments, trans-
fecting cells with a mammalian expression plasmid harboring
TCF3 cDNA decreased luciferase expression from TOPflash and
the MYC 30 WRE-luciferase construct, while not influencing
expression from the TCF-mutant controls (Figs. 1E). These find-
ings indicate that TCF3 functions as a transcriptional repressor in
HCT116 cells.

TCF3 directly repressesMYC gene expression
The results from the luciferase experiments suggested that

TCF3 might directly bind the MYC 30 WRE to repress MYC
gene expression in HCT116 cells. To investigate this possibility,
we first measured MYC transcript levels in cells transduced with
lentiviruses expressing control or TCF3-specific shRNAs. Rela-
tive to control cells, RT-qPCR analysis indicated that cells
expressing TCF3 shRNA1 or TCF3 shRNA2 contained 3- and
4-fold higher levels of MYC transcript levels, respectively
(Fig. 2A). We found using Western blot analysis that TCF3-
depletion also increased MYC protein levels 1.7-fold (Fig. 2B).
To determine whether TCF3 occupied the MYC 30 WRE at the
MYC gene locus, we conducted chromatin immunoprecipitation
(ChIP) assays. We used primers designed against this element,
and a control sequence that maps 290-kb upstream from the
MYC transcription start site, to amplify precipitated DNAs in
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real-time qPCR reactions (Fig. 2C). In addition, we evaluated
TCF4 as a positive control, which we have previously shown to
bind the MYC 30 WRE in these cells. 28,30 We detected TCF3
binding to the MYC 30 WRE, although levels of occupancy were
lower than that of TCF4 (Fig 2D). Together, these findings sup-
port the hypothesis that MYC gene expression is negatively regu-
lated, in part, through direct binding of TCF3 to a downstream
regulatory element.

TCF3 and TCF4 compete for binding to theMYC 30 WRE
We next tested whether altering levels of TCF3 affected TCF4

binding to the MYC 30 WRE. Using ChIP assays, we found that
TCF3 depletion enhanced TCF4 binding to this element
(Fig. 3A). We detected no difference in background levels of
binding to the control sequence (Fig. 3A). Because b-catenin
binds TCF4 to activate transcription driven from

WREs,27,28,30,32,33 we asked whether TCF3 depletion also stimu-
lated b-catenin binding to the MYC 30 WRE. Indeed, ChIP
assays with b-catenin-specific antibodies detected higher levels of
b-catenin binding to this element when TCF3 was knocked
down (Fig. 3B). Given that TCF3 knock-down does not affect
TCF4 protein levels (Fig. 1B) and that depleting TCF3 increases
MYC gene expression (Fig. 2A), these results suggest that in the
absence of TCF3, the MYC 30 WRE is more readily available to
bind TCF4/b-catenin complexes to activateMYC expression.

To test whether TCF4 depletion likewise stimulates TCF3
binding, we generated lentiviral particles expressing 4 indepen-
dent shRNA sequences that targeted TCF4 transcripts. Western
blot analysis indicated that 3 days after infection, TCF4 shRNA
constructs 1 and 2 were most effective in reducing TCF4 protein
levels in transduced HCT116 cells (Fig. 3C). We then conducted
ChIP assays with TCF3-specific antibodies and found that TCF4

Figure 1. TCF3 functions as a transcriptional repressor. (A) qPCR analysis of cDNAs synthesized from RNAs isolated from HCT116 cells 3 days after they
were infected with lentiviruses expressing a scrambled sequence (Ctrl.) or 2 independent shRNAs targeting TCF3. TCF3 levels are normalized to GAPDH.
(B) Western blot analysis of TCF3 and TCF4 protein levels in HCT116 cells expressing the indicated shRNAs. Tubulin served as a loading control. (C) West-
ern blot analysis of b-catenin and TCF3 levels in whole cell [W], cytoplasmic [C], and nuclear [N] lysates prepared from HCT116 cells transduced with lenti-
viruses expressing control or TCF3-shRNA2. The blots were reprobed with tubulin antibodies or histone H3 antibodies to analyze the purity of the
cytoplasmic and nuclear extracts, respectively. (D) Luciferase reporter assays conducted in HCT116 cells transduced with control or TCF3 shRNA2 lentivi-
ruses. Two days after infection, the cells were transfected with the indicated luciferase reporter constructs along with a construct expressing Renilla lucif-
erase to control for transfection efficiency. The data are normalized to levels detected in control cells. (E) As in D except cells were transfected with
pCMV-Tag2B-TCF3 or vector alone as a control. Inset, Western blot analysis showing levels of TCF3 expression in transfected cells. All experiments were
repeated at least 3 times and error bars are § SEM.
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depletion stimulated TCF3 binding to the MYC 30 WRE
(Fig. 3D). Together, these findings suggest that TCF3 and
TCF4/b-catenin transcription complexes compete for binding to
this downstreamMYCWRE.

Activation of the downstream Wnt/b-catenin signaling
pathway induces a TCF3/TCF4 exchange

HCT116 cells have one mutant allele of CTNNB1 that con-
tains a deletion in the codon for serine 45.34 This lesion impairs
proteasomal degradation of the pool of b-catenin encoded by
this allele. The other CTNNB1 allele is wild-type and levels of
b-catenin encoded by this allele are turned over by the APC/
GSK3b destruction complex. Others and we have shown that
inhibiting the activity of GSK3b in these cells using lithium chlo-
ride (LiCl), stabilizes b-catenin levels and further activates Wnt/

b-catenin signaling. 26,33,35,36 FHs 74 Int is
a cell line derived from normal human intes-
tinal epithelia. 37 Treatment of HCT116
and FHs 74 Int cells with 25 mM LiCl for
6 hours increased MYC transcript and pro-
tein levels relative to those seen in control
cells (Fig. 4A and B). Using ChIP assays, we
found that LiCl treatment increased TCF4/
b-catenin binding to the MYC 30 WRE and
decreased TCF3 binding to this element
(Fig. 4C–E). Thus, lithium treatment indu-
ces an exchange of TCF3 with TCF4 tran-
scription factors at the downstream
enhancer to increaseMYC gene expression.

A dynamic exchange of TCF3 and
TCF4/b-catenin transcription complexes
at theMYC 30 WRE controlsMYC
expression during the cell cycle

As an immediate early gene,MYC expres-
sion is silenced in quiescent cells and is sub-
sequently induced as cells are stimulated to
enter the G1 phase of the cell cycle.38 When
HCT116 cells are grown to confluence and
deprived of serum for 48 hours, the cells
enter G0/G1 and silence MYC expres-
sion.28,39 When these cells are treated with
media containing serum, they reenter the
cell cycle andMYC expression is induced. In
our prior study, we found MYC expression
was induced after 2 hours in serum, and its
maximal expression was seen at 4 hours of
serum treatment.28 At the 8 hour time
point, when the cells fully transitioned into
S phase, MYC expression returned to levels
that were slightly above those seen in quies-
cent cells. We used these synchronized cells
to test whether there was an exchange of
TCF3 with TCF4 at times when MYC was
repressed or actively transcribed. Confirm-
ing our published results, using ChIP assays

we detected very little TCF4 binding to the MYC 30 WRE in
serum-starved cells and high levels of TCF4 binding as cells tran-
sition into G1 (0 versus 1h, respectively, Fig. 5A). 28 Likewise,
TCF4 binding to the MYC 30 WRE decreased as cells progressed
through G1 when treated with serum for one, 2 and 4 hours and
was absent when cells transitioned into S phase after 8 hours of
serum treatment (Fig. 5A). In contrast, TCF3 binding to the
MYC 30 WRE displayed the opposite pattern with highest levels
in quiescent cells and cells in S phase and lowest levels in G1 cells
(Fig. 5B). A Western blot analysis indicated that the levels of
nuclear TCF3 and TCF4 remained relatively constant during
treatments, although levels were slightly reduced in cells at 4 and
8 hours of serum treatment (Fig. 5C). Together, these findings,
coupled with those from our previous study,28 indicate that an
exchange of TCF3 with TCF4/b-catenin complexes, and vice

Figure 2. TCF3 represses MYC gene expression. (A) qPCR analysis of cDNAs prepared from
HCT116 cells expressing control or TCF3-specific shRNAs. The values presented are normalized to
GAPDH levels. (B) Western blot analysis of MYC protein levels in HCT116 cells expressing control
or TCF3-specific shRNAs. The blots were reprobed with anti-a-tubulin antibodies to control for
equal loading. (C) Diagram of the MYC gene locus. Exons and UTRs are depicted by black rectan-
gles with an arrow marking the major transcription start site. The gray box marks the position of
the MYC 30 WRE. Opposed arrows indicate the positions of the PCR primers used for the chroma-
tin immunoprecipitation (ChIP) assays depicted in D. The control region maps approximately
290-kb upstream from the MYC transcription start site. (D) qPCR analysis of DNA fragments pre-
cipitated using TCF4- or TCF3-specific antibodies in ChIP assays conducted in HCT116 cells. All
experiments were repeated at least 3 times and error bars are § SEM (*P < 0.05, **P < 0.01,
***P < 0.001).
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versa, governsMYC expression as cells transition from quiescence
to G1 and from G1 to the S phase of the cell cycle.

To extend this analysis, we conducted similar assays in
HCT116 cells that were transduced with lentiviruses harboring
control or TCF3 shRNAs. Two days after delivery of the
shRNAs, cells were deprived of serum for 48 hours and then
released into the cell cycle with media-containing serum. Using
qPCR analysis of cDNAs prepared from these cells, we found
that TCF3 depletion increased MYC expression in quiescent cells
and in cells as they entered the G1 and S phases of the cell cycle
(Fig. 6A). This increase in MYC expression was accompanied by
an increase in TCF4 binding to the MYC 30 WRE at each and
every time point examined (Fig. 6B). In addition, TCF3 knock-
down increased b-catenin binding to the MYC 30 WRE through-
out the time course (Fig. 6C). These findings suggest that in the
absence of TCF3, TCF4/b-catenin complexes inappropriately
activate MYC expression through the downstream WRE during
G1 and S phase.

As summarized in our model, TCF3 binds the MYC 30 WRE
in quiescent cells to repress MYC expression (Fig. 7). Treating
cells with media-containing serum induces an exchange of TCF3
with TCF4/b-catenin transcription complexes to activate expres-
sion of MYC. As the cells progress into S phase, TCF3 binding is
restored at the MYC 30 WRE to repress MYC gene expression.
Thus a dynamic exchange of TCF3 and TCF4/b-catenin tran-
scription factor complexes governs MYC expression during the
cell cycle.

Discussion

Expression of the MYC proto-oncogene is deregulated in over
50% of all cancers.40 In colorectal cancers, mutations in the
Wnt/b-catenin signaling pathway drive oncogenic MYC expres-
sion through TCF/b-catenin transcription complexes bound to

MYC WREs.25,30,41-44 However, high levels of MYC induce an
apoptotic program, which is disadvantageous to tumor growth.45

Thus, a “just right” amount of MYC expression is required to
promote colorectal carcinogenesis. Others and we have shown
that TCF4/b-catenin complexes bound to proximal and distal
MYC WREs induce MYC expression in human CRC cell
lines.27,28,30,46 In previous reports, we extensively characterized
the MYC 30 WRE and its role in regulating MYC expression in
the human CRC cell line HCT116.28,30 Using this WRE and
these cells as a model in this report, we uncovered a critical role
for the TCF3 transcription factor in repressing MYC expression.
Therefore, our results suggest one mechanism for how oncogenic
MYC levels are sustained without inducing apoptosis.

According to a transcription factor switch model, TCFs func-
tion as a platform that bind TLEs to repress target gene expres-
sion in the absence of a Wnt signal, and then bind b-catenin to
activate target gene expression when the Wnt/b-catenin signaling
pathway is engaged.7 Our findings indicate that TCF3 represses
MYC, and that under conditions where MYC expression is
induced, TCF4/b-catenin complexes displace TCF3. We pro-
pose that TCF3 and TCF4 transcription factors compete to bind
the MYC 30 WRE; however, the highly conserved HMG DNA
binding domain of TCF family members binds the consensus
TCF recognition element with the same relative affinities.47

Moreover, we have shown that these 2 factors are expressed to rel-
atively equivalent levels in asynchronous cells and that nuclear
levels of these factors are comparable in synchronous cells
(Figs. 1B and 5C). While our ChIP analysis suggests that TCF4
binds theMYC 30 WRE more strongly than TCF3, differences in
the antibodies used for precipitation do not allow a direct com-
parison of TCF occupancy by ChIP. One potential mechanism
that might account for differential binding involves post-
translational modification. TCF factors can be acetylated, phos-
phorylated and sumoylated.47 Additional work is required to
determine whether such post-translational modifications account

Figure 3. TCF3 and TCF4 compete for binding to the MYC 30 WRE. (A) qPCR analysis of DNA fragments precipitated using anti-TCF4 antibodies in ChIP
assays conducted from HCT116 cells 3 days after they were infected with lentiviruses expressing control or TCF3-specific shRNAs. (B) As in A, except
ChIP assays were conducted with anti-b-catenin antibodies. (C) Western blot analysis of TCF4 protein levels in HCT116 cells 3 days after they were
infected with lentiviruses expressing a scrambled sequence (Ctrl.) or 4 independent shRNAs that targeted TCF4. Tubulin served as a loading control.
(D) qPCR analysis of DNA fragments precipitated using anti-TCF3 antibodies conducted from HCT116 cells expressing control or TCF4-specific shRNAs.
All experiments were repeated at least 3 times and error bars are § SEM (*P < 0.05, **P < 0.01).
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for the differential occupancy of TCF3 and TCF4 at the MYC 30

WRE.
Our model suggests that TCF3 represses MYC expression by

blocking binding of TCF4/b-catenin complexes; however, the
mechanistic details for how TCF3 represses transcription remain
to be fully defined. We detect TCF3-binding to the MYC 30

WRE in quiescent cells and cells in S-phase (Fig. 5B). At these
stages in the cell cycle, we previously showed that nucleosomes
within this element contain deacetylated histones.28 This finding
suggests that TCF3 may be tethering an HDAC-containing com-
plex to repress MYC. While the TLE/HDAC complex is an
attractive candidate to fulfill this function, our attempts to detect
this interaction using co-immunoprecipitation and ChIP assays
have thus far been unsuccessful. It is therefore possible that
TCF3 is interacting with CtBP or another, yet unknown HDAC
complex to repress MYC expression. As an alternative, by simply

blocking TCF4/b-catenin
binding, TCF3 occupancy at
this element may prevent
aberrant MYC expression
and this keeps the MYC gene
locus poised to respond to
the appropriate extracellular
cues. In this scenario, the
absence of b-catenin-associ-
ated histone acetyltransferase
complexes, such as CBP,
would explain the presence
of deacetylated histones
within the MYC 30 WRE
that we noted in our previous
report.28

Currently it is unclear
how TCF3 is being removed
from the MYC 30 WRE.
b-Catenin has been shown
to interact with TCF3 in
embryonic stem cells (ESCs)
and target it for proteasomal
degradation.48 Our results in
synchronized cells indicate
that levels of TCF3 in the
nucleus are unchanged when
quiescent cells are stimulated
to enter the cell cycle
(Fig. 5C), suggesting that
b-catenin is not targeting
TCF3 for degradation in
CRC cells.48 In addition,
Chiaro et al. failed to detect
a TCF3/b-catenin complex
in HCT116 cells.17 In
another study, TCF3 was
found to be a substrate of the
homeodomain-interacting

protein kinase (HIPK2).49 When TCF3 was phosphorylated by
HIPK2, it was displaced from a subset of WREs.49 It will be
interesting to test whether this HIPK2 pathway functions to
remove TCF3 from theMYC 30 WRE in CRCs.

The vast majority of colorectal cancers contain mutations in
components of the Wnt/b-catenin pathway and these mutations
cause de-regulated MYC expression. Therefore, it is imperative to
understand how MYC is controlled at the transcriptional level in
human CRC cell lines that harbor these mutations. TCF4/b-cat-
enin complexes bound to distal and proximal WREs drive MYC
expression in these cells.28,30,41-44,46 In this report, we find that
the TCF3 transcription factor plays a critical role in repressing
MYC gene expression. Therefore, small molecules designed to
promote TCF3 function as a transcriptional repressor could offer
an effective therapeutic approach for treatment of individuals
afflicted by colorectal cancer.

Figure 4. Lithium induces a TCF3/TCF4 exchange at the MYC 30 WRE. (A) qPCR analysis of MYC expression in cDNAs
prepared from HCT116 and FHs 74 Int cells that were untreated or treated with 25 mM LiCl for 6 hours. MYC levels
are normalized to GAPDH. (B) Western blot analysis of MYC protein levels in control and LiCl-treated cells. (C) qPCR
analysis of DNA fragments precipitated using anti-TCF4 antibodies in ChIP assays conducted in cells treated with
LiCl as indicated. Shown are levels of TCF4 binding at the MYC 30 WRE. (D) As in C except anti-b-catenin antibodies
were used in the ChIP assays. (E) As in C except anti-TCF3 antibodies were used in the ChIP assays. All experiments
were repeated at least 3 times and error bars are § SEM (**P < 0.01, ***P< 0.001).
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Materials and
Methods

Cell lines
The HCT116 (ATCC,

CCL-247) and HEK293FT
(Invitrogen, R700-07) cell
lines were maintained in
DMEM and the FHs 74 Int
cells (ATCC, CCL-241)
were maintained in Hybri-
Care Media (ATCC 46-x).
The growth media was sup-
plemented with 10% FBS,
50 units/ml penicillin,
2 mM Glutamax, and
0.1 mg/ml streptomycin
and the cells were cultured
at 37�C in 5% CO2.
HEK293FT media was sup-
plemented with 500 mg/ml
neomycin and FHs 74 Int
media was supplemented with 30 ng/ml epidermal growth factor
(Peprotech, 315-09).

Plasmids
TOPflash and FOPflash luciferase reporters were purchased

from Millipore (21-170 and 21-169, respectively). Generation of
the MYC 30 WRE- and MYC 30 WRE (mut)-luciferase reporters
was described previously. 28 The MYC 30 WRE luciferase
reporter contains the 615-bp MYC 30 WRE inserted downstream
from the luciferase gene in the pGL3 promoter vector (Promega,
E1761). The MYC 30 WRE (mut)-luciferase reporter contains
mutations within the 2 consensus TCF recognition sites that
have been shown to abolish
TCF-dependent transcrip-
tional activity. To generate
the mammalian TCF3
expression vector, TCF3 was
amplified from cDNAs pre-
pared from HCT116 cells in
standard PCR reactions with
Phusion DNA polymerase
(New England Biolabs). The
primers used in this reaction
were 50-CGG AAT TCC
CCC AGC TCG GCG
GCG GG-30 and 50-CCC
AAG CTT TTA GTG GGC
AGA CTT GGT GAC C-30,
which contain 50 EcoRI and
HindIII sites, respectively.
The amplified products were
cloned as EcoRI-HindIII
fragments into the pCMV-
Tag2B vector, which

provided an amino-terminal FLAG tag on TCF3 expressed from
this plasmid (Agilent Technologies, 211172).

shRNA knockdown of TCF3 and TCF4
Lentiviral plasmids (pLKO.1) containing TCF3 and TCF4

shRNAs were obtained from Open Biosystems (GE Healthcare).
The pLKO.1 plasmid harboring the scrambled sequence, 50-
CCT AAG GTT AAG TCG CCC TCG-30 was previously
described and this plasmid is also available from Addgene (plas-
mid 1864, deposited by D. Sabatini).30 The following lists the
sequences and clone identification numbers of the TCF3

Figure 6. TCF3 knockdown alters proper regulation of MYC expression in synchronized cells. (A) qPCR analysis of
MYC expression in cDNAs prepared from HCT116 cells expressing control or TCF3-specific shRNAs that were syn-
chronized in the cell cycle. MYC transcripts were measured in quiescent cells (time 0), and in cells treated with
media-containing serum for one, 2, 4, or 8 hours. At each time point, the data is normalized to GAPDH. (B) qPCR
analysis of DNA fragments precipitated with anti-TCF4 antibodies in ChIP assays conducted in quiescent cells
(time 0) or quiescent cells that were treated with media-containing serum for the number of hours indicated. TCF4
binding was assessed at the MYC 30 WRE using oligonucleotides specific to the element in the qPCR reactions.
(C) As in B, except ChIP assays were conducted with anti-b-catenin-specific antibodies. All experiments were
repeated at least 3 times and error bars are § SEM (*P < 0.05, **P < 0.01, **P < 0.001).

Figure 5. Serum induces an exchange of TCF3 with TCF4 occupancy at the MYC 30 WRE in synchronized cells.
(A) HCT116 cells were synchronized in the cell cycle by culturing confluent cells in the absence of serum for 48 h.
The cells were released into the cell cycle by culturing them in media-containing serum for one, 2, 4, and 8 hours.
ChIP assays were conducted using anti-TCF4 antibodies in cells at each time point, with zero indicating starved
cells, and qPCR assays were used to detect TCF4 binding to the MYC 30 WRE (30 WRE) and the control element
(Ctrl.). (B) As in A, except ChIP assays were conducted with anti-TCF3 antibodies. (C) Western blot analysis of protein
lysates prepared from isolated nuclei in starved cells (time 0) or cells treated for the indicated times with media-
containing serum. Blots were probed with the indicated antibodies with PCNA serving as a loading control. All
experiments were repeated at least 3 times and error bars are § SEM (*P < 0.05, **P < 0.01, ***P < 0.001).
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shRNAs: TCF3 shRNA1; 50-TTT CTT ACC ATA GTT GTC
CCG-30 (TRCN0000021704), TCF3 shRNA2; 50-TTT ATT
AGA CAA GTG TGC TGG-30 (TRCN0000021705), TCF3
shRNA3; 50-TTG TGC CAC TTT CTT CCA AGG-30

(TRCN0000021706), TCF3 shRNA4; 50-TAA TGG CTG
CAC TTT CCT TCA-30 (TRCN0000021707), and TCF3
shRNA5; 50-ATT CCT GTC TTT GGA TCG ATC-30

(TCRN0000021708). The following lists the sequences and
clone identification numbers of the TCF4 shRNAs: TCF4
shRNA1; 50-TTC TTT CCA TAG TTA TCC CGC-30

(TRCN0000061893), TCF4 shRNA2; 50-TTT CAT CTG
GAG ATA GGT TCG-30 (TRCN0000061894), TCF4

shRNA3; 50-TTG CTG TAC GTG ATA AGA GGC-30

(TRCN0000061896), and TCF4 shRNA4; 50-TAA GAG GTT
TCT TTA TGT GGG-30 (TRCN0000061897). Lentiviruses
were generated by transfecting 5 £ 106 HEK293FT cells, seeded
in a 10 cm dish, with 3.0 mg of the pLKO.1 shRNA plasmid,
3.0 mg each of pLP1 and pLP2 packaging plasmids and 3.0 mg
of the pLP/VSVG envelope plasmid using Lipofectamine 2000
(Life Technologies, 11668019). Media containing the virus par-
ticles was harvested at 24 and 48 h after transfection and centri-
fuged at 1500 £ g for 5 min at room temperature. The media
was supplemented with 6.0 mg/ml hexadimethrine bromide and
then added to HCT116 cells. Transcripts and proteins were ana-
lyzed 3 days after infection.

Cellular fractionation and western blot analysis
Approximately 5 £ 106 HCT116 cells were fractionated into

nuclear and cytoplasmic protein lysates as described previously.33

Whole cell protein extracts were prepared using RIPA buffer and
Western blot analysis was conducted as described previously.41

The blots were probed with the following primary antibodies:
anti-TCF3 (Cell Signaling, 2883, 1:1000), anti-a-tubulin
(Sigma, T9026, 1:1000), anti-PCNA (Santa Cruz, sc-28250,
1:500), anti-TCF4 (Millipore, 05–511, 1:1000), anti-MYC
(Santa Cruz, sc-764, 1:200) and anti-b-catenin (BD Transduc-
tion, 610154, 1:1000).

Luciferase reporter assays
Luciferase assays were conducted as described previously.28

For the TCF3- knock-down experiments, 1.2 £ 105 HCT116
cells were seeded in each well of a 24-well plate one day after they
were infected with control or TCF3-specific shRNAs. The cells
were seeded in quadruplicate for each experimental condition
tested. After 24 h, the cells were transfected, using Lipofectamine
2000, with 100 ng of the firefly luciferase reporter plasmid, 2 ng
pLRL-SV40 Renilla luciferase (Promega, E2231), and pBlue-
Script SKC to obtain a 1mg final DNA concentration. For
experiments involving overexpression of TCF3, the cells were
seeded and transfected as above, except transfection complexes
also contained 150 ng of pCMV-Tag2B vector or pCMV-
Tag2B-TCF3 expression plasmids per well. Luciferase levels were
measured 24 h after transfection using a firefly and Renilla lucif-
erase assay kit (Biotium, 30005) and a GloMax 20/20 luminom-
eter (Promega).

Reverse transcription and quantitative PCR (RT-qPCR)
RNA isolation, cDNA synthesis, and qPCR were performed

as described except that cDNA was diluted 1:50 for qPCR. 26

The following primer sequences were used to detect expression of
the indicated genes: TCF3; 50-CT CGT CTC CCC CAT CGT
CAA G-30 and 50-GGC TTC TTT TCC TCC TCC TTT TTC
AC-30, MYC; 50-GCA AAC CTC CTC ACA GCC CAC-30 and
50-AAC TTG ACC CTC TTG GCA GCA-30, and GAPDH; 50-
CCA GCA AGA GCA CAA GAG GAA GAG-30 and 50-CAA
GGG GTC TAC ATG GCA ACT GTG-30. Relative expression
was measured with the 2DCT method using GAPDH as the refer-
ence transcript. 50

Figure 7. Model depicting the interplay between TCF3 and TCF4/b-
catenin complexes in controllingMYC expression in CRC cells.
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Chromatin immunoprecipitation (ChIP)
ChIP analysis was performed as previously described26 using

3 mg each of anti-TCF3 (Santa Cruz, sc-8635), anti-b-catenin
(BD Transduction, 610154), and anti-TCF4 (Millipore, 05–
511) antibodies. The precipitated DNA was amplified by qPCR
using the primer set 50-GCT CAG TCT TTG CCC CTT TGT
GG-30 and 50-TAA CAC CTT CCC GAT TCC CAA GTG-30

to interrogate the MYC 30 WRE, or the primer set 50-AAA AAC
GGG GTC AGA AGT CAG GAA-30 and 50-AGG TAA AGA
TTG GGG AAG CAG CAA-30, which anneals to a control site
290-kb upstream from the MYC transcription start site that we
previously demonstrated to lack TCF4 and b-catenin binding.41

A standard curve that was generated with serial dilutions of puri-
fied input DNA was used as a reference to quantify the precipi-
tated DNA to ensure that the ChIP signal was within the linear
range of detection. Specifically, these reactions contained 50 ng,
10 ng, 2 ng, 0.4 ng, or 0.08 ng of sonicated and purified input
DNA. The data is presented as relative levels obtained using the
standard curve. For the TCF3 knock-down experiments,
HCT116 cells were transduced with control or TCF3 shRNA
lentiviral particles and ChIP was performed 48 hours after
transduction.

Synchronizing HCT116 cells in the cell cycle
We used the serum-deprivation protocol that we previously

described to synchronize the cells in the cell cycle.28 Briefly,
HCT116 cells were grown to confluence on a 10-cm dish and

then cultured in media lacking serum for 48 hours. Media-con-
taining serum was then added for one, 2, 4, or 8 hours. Cells
were collected and processed for transcript analysis, Western blot
analysis, and ChIP assays as described above. To synchronize
TCF3 knockdown cells, serum was withdrawn from the media
48 h after infection with the lentiviruses harboring control or
TCF3-specific shRNAs.

Statistics
Each experiment was repeated at least 3 times and statistical

significance was calculated using Student’s t-test.
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