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Wnt signaling is crucial in the organization and maintenance of the human intestinal epithelium, and
somatic mutations that result in deregulated Wnt signaling are an early event in the development of colorectal
cancer. The Wnt ligand ultimately results in the stabilization of cytoplasmic 3-catenin, which is then free to
enter the nucleus and activate transcription through its interaction with the transcription factor TCF4. Our
laboratory recently found that KLF4, a transcription factor highly expressed in the adult intestine and critical
for intestinal differentiation, interacts with (3-catenin and inhibits Wnt signaling. In this study, we characterize
the molecular mechanisms of KLF4-mediated inhibition of Wnt/B-catenin signaling. We find that the KLF4
directly interacts with the C-terminal transactivation domain of 3-catenin and inhibits p300/CBP recruitment
by 3-catenin. KLF4 inhibits p300/CBP-mediated (3-catenin acetylation as well as histone acetylation on Wnt
target genes. In addition, we observe that KLF4 directly interacts with TCF4 independently of (3-catenin and
that KLLF4 and TCF4 are expressed in similar patterns within the large intestine, with greatest staining near
the epithelial surface. These results provide a deeper understanding of the regulation of B-catenin in the

intestine and will have important implications in cancer and stem cell research.

The Wnt/B-catenin signaling pathway plays important
roles in early development (19, 31), stem cell renewal (22,
34), and tumorigenesis (20, 35). In addition, Wnt signaling is
crucial in the organization and maintenance of the human
intestinal epithelium (46, 51), and somatic mutations that
result in deregulated Wnt signaling are an early event in the
development of colorectal cancer (37, 39, 47). In this path-
way, many different components work together to transduce
an external signal into changes in gene expression within the
target cell. Upon binding its receptor, the Wnt ligand ulti-
mately results in the stabilization of cytoplasmic B-catenin
(44), which is then free to enter the nucleus and activate
transcription through its interaction with the TCF/LEF fam-
ily of transcription factors (1, 18, 36).

In the adult intestine, TCF4 is the primary TCF/LEF family
member involved in mediating active Wnt/B-catenin signaling
(25, 26). In contrast, TCF1 and TCF3 are primarily transcrip-
tional repressors (14, 49), whereas LEF1 is not expressed in the
adult intestine (59). In the absence of B-catenin, TCF4 recruits
corepressors such as CtBP (4), HDACI (3, 24), and Groucho/
TLE (5, 28, 50), in order to silence expression of target genes.
However, binding of B-catenin results in displacement of these
corepressors (7). B-Catenin then recruits coactivators through
its N-terminal and C-terminal transactivation domains. Its N-
terminal transactivation domain interacts with BCL9/Legless,
which in turn recruits Pygopus (2, 27, 45, 55), whereas its
C-terminal domain recruits p300/CBP. p300 and CBP are

* Corresponding author. Mailing address: Markey Cancer Center,
Department of Molecular and Cellular Biochemistry, University of
Kentucky, Lexington, KY 40506. Phone: (859) 323-4558. Fax: (859)
257-6030. E-mail: chunming.liu@uky.edu.

# These authors contributed equally to this work.

¥ Published ahead of print on 9 November 2009.

372

closely related proteins that promote transcriptional activation
through several mechanisms, including recruitment of the
basal transcriptional machinery and acetylation of nearby his-
tones (12, 41). Notably, recruitment of p300/CBP by B-catenin
is required for Wnt signaling in vivo (17, 54).

Kriippel-like factor 4 (KLF4) is a transcription factor
highly expressed in the adult intestine (52) and is critical in
the process of differentiation (21). Our laboratory recently
found that KLF4 interacts with B-catenin and inhibits Wnt
signaling (61). Given the critical role of B-catenin in medi-
ating Wnt signaling and in the development of colorectal
cancer, a better understanding of the mechanism of KLF4-
mediated inhibition will lead to novel therapies for colorec-
tal cancer. However, the precise molecular mechanisms of
how KLF4 inhibits B-catenin are not entirely clear. In this
study, we aim to more fully characterize the interactions
between KLF4 and B-catenin. Earlier work demonstrated
that KLF4 interacts with the C-terminal transactivation do-
main of B-catenin, the same domain known to interact with
p300/CBP. Thus, we hypothesize that KLF4 inhibits Wnt/B-
catenin signaling by blocking the recruitment of the tran-
scriptional coactivator p300/CBP.

MATERIALS AND METHODS

Plasmid DNA constructs. pCS2-KLF4 (N-terminal Flag tag), pCS2-B-cate-
nin (N-terminal Flag tag), pcDNA3-Myc-B-catenin-C, pRC-CMV-mCBP-
HA, SuperTOPFlash, Myc-TCF4, and glutathione S-transferase (GST)-p300
(CH3) have been described previously (9, 32, 61). Truncation mutants
KLF4A155-399(AM), KLF4A402-483(AC), KLF4-N(1-157), KLF4-M(157-
401), KLF4AM1(1-157;351-483), KLF4(300-483), KLF4(350-483), KLF4
(350-459), KLF4(350-429), and KLF4(350-401) were generated by PCR and
cloned into the pCS2 vector. HA-TCF4 was generated by subcloning the
Myc-TCF4 plasmid by PCR. pcDNA4-Flag-ICAT was generated by cloning
the ICAT open reading frame from an SW480 cDNA library using PCR and
then inserting the resultant DNA sequence into the pcDNA4-TO-2xFLAG
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vector. KLF4, B-catenin, TCF4(1-65), and TCF4(265-496) were subcloned
into the pMBP-C5x vector (purchased from NEB) by PCR. GST-B-catenin,
GST-B-catenin-N(14-150), and GST-B-catenin-C(594-781) were generated by
PCR and cloned into the pGEX-6P3 vector. All constructs were verified by
DNA sequencing. Primers for these constructs are available upon request.

Cell culture and transient transfection. HEK293T and HCT116 cells were
grown in Dulbecco modified Eagle medium (DMEM) (Mediatech) supple-
mented with 10% fetal bovine serum and 1% penicillin/streptomycin. LS174T
cells were grown in RPMI medium (Mediatech) supplemented with 5% fetal
bovine serum and 1% penicillin/streptomycin. Stable cell line LS174T-tet/on-
KLF4 has been described previously (61). HEK293T cells were transiently trans-
fected using the calcium phosphate method as described previously (61).

Western blotting and immunoprecipitation (IP). Western blotting and immu-
noprecipitation were performed as described previously (61). For acetylation
experiments, 5 mM sodium butyrate and 5 mM nicotinamide (Acros Organics)
were added to cells 6 h prior to harvest and to lysis buffer to inhibit deacetylases.
KLF4 and its mutants were immunoprecipitated, eluted with 0.2 mg/ml Flag
peptide, and analyzed by Western blotting with an antibody that specifically
recognizes acetylated lysine (catalog no. 9441; Cell Signaling) or acetyl-K49-B-
catenin (catalog no. 9534S; Cell Signaling). Other antibodies used include mouse
anti-Flag (catalog no. F1804; Sigma), rabbit anti-Flag (catalog no. F7425; Sigma),
rat anti-HA (catalog no. 3F10; Roche), B-catenin (catalog no. C2206; Sigma),
and p300 (catalog no. sc-584; Santa Cruz).

GST pull-down. Cells were lysed in the appropriate volume of lysis buffer (50
mM HEPES, 150 mM NacCl, 100 puM ZnSO,, 10% glycerol, 1 mM dithiothreitol
[DTT], 1% Triton X-100, with protease inhibitors, pH 7.4). GST-tagged expres-
sion vectors were expressed in Escherichia coli, and the resultant protein was
purified with GST beads (glutathione Sepharose; Sigma). GST beads containing
purified GST-tagged protein were then incubated with cell lysate at 4°C for 1 h;
then, beads were washed three times with lysis buffer and boiled in 1X sodium
dodecyl sulfate (SDS) sample buffer, followed by analysis via Western blotting.

RT-PCR. LS174T-tet/on-KLF4 cells were plated at approximately 1 X 10° cells
per plate in a 10-cm? dish. The following day, doxycycline (1 pg/ml) was added
to the culture medium. After 48 h of incubation, RNA was isolated using the
RNeasy kit (Qiagen). Reverse transcriptase PCR (RT-PCR) was performed as
described previously (61). The following primers were used: B-actin, 5'-CAAC
CGCGAGAAGATGAC-3" and 5'-AGGAAGGCTGGAAGAGTG-3'; survivin,
5'-CATTCGTCCGGTTGCGCTTTCC-3' and 5'-GCGCACTTTCTCCGCAGT
TTCC-3'; and c-myc, 5'-TGGGCTGTGAGGAGGTTTG-3" and 5'-TATGTGG
AGCGGCTTCTCG-3'.

Luciferase assays. HEK293T cells were transiently transfected in a 12-well
plate with 0.2 pg of the Super8xTOPFlash reporter, 0.05 pg of Renilla luciferase,
and 0.5 pg of each plasmid DNA. Total DNA transfected in each well was
normalized using pCS2 DNA as needed. Two days later, cells were harvested and
luciferase activity was measured. All conditions were done in triplicate, and each
experiment was carried out at least two times.

Adenovirus construction. Ad-GFP and Ad-KLF4 adenoviruses were prepared
according to the protocol described in reference 16. Briefly, pCS2-Flag-KLF4
was cut by HindIIl and Xbal and inserted into the pAdTrack vector. The
GFP-KLF4 cassette was then transferred into the pAdEasy vector via homolo-
gous recombination in the E. coli BI5183 cell line after electroporation and
selection on kanamycin agar plates. Resistant colonies were then grown in 200 ml
LB/Kan™ plates, and pAdEasy-GFP-KLF4 DNA was harvested using a MidiPrep
(Qiagen). DNA was then transfected into 293-Ad cells using the calcium phos-
phate method. Several days later, adenovirus-containing medium was harvested
and used to reinfect fresh 293-Ad cells. After several rounds of enrichment,
high-titer adenovirus was collected and stored at —80°C. Viral titers were de-
termined based on the percentage of infected cells expressing green fluorescent
protein (GFP) and estimated to be 1 X 10® PFU/ml. HCT116 cells were infected
at a multiplicity of infection of 10.

Interference RNA and immunohistochemistry. Interference RNA and immu-
nohistochemistry were tested as described previously (61). For staining, the
following antibodies were used: KLF4 (61) and TCF4 (catalog no. C9B9; Cell
Signaling).

Chromatin immunoprecipitation (ChIP). ChIP assays were performed accord-
ing to the protocol developed by Nowak et al. (40) with some modifications.
HEK293T cells (1 X 10°) were plated on 10-cm? dishes. The following day,
doxycycline was added to a final concentration of 1 wg/ml, and cells were grown
for an additional 36 h. The cells were cross-linked with disuccimidyl glutarate
(catalog no. 20593; Pierce) and formaldehyde at room temperature. Cells were
pelleted at 3,000 rpm for 1 min and resuspended in 900 .l L1 buffer (50 mM Tris,
2 mM EDTA, 0.1% IGEPAL, 10% glycerol, 1 mM DTT, 1 mM phenylmethyl-
sulfonyl fluoride, protease inhibitor cocktail, pH 8.0) and allowed to sit on ice for
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15 min. After centrifugation at 4,000 rpm for 5 min, the supernatant was removed
and the nuclear pellet was resuspended in 500 .l of ChIP lysis buffer (1% SDS,
10 mM EDTA, 50 mM Tris, pH 8.0, protease inhibitor cocktail). Cell lysate was
sonicated four times for 10 s at setting 5 on a Branson Sonifier 150 on ice, with
a 30-s break between sonications. After centrifugation at 13,200 rpm for 10 min
at 4°C, the supernatant was transferred to a fresh tube. The A,4, of a 1:50
dilution of each sample was measured using a spectrophotometer to estimate
DNA content. For each assay, 100 pl of the most dilute sample was used, and the
more concentrated samples were diluted in lysis buffer so that each condition
received the same amount of total DNA. Lysate was diluted and incubated with
4 pg of the appropriate antibody overnight, followed by incubation with 100 .l
of protein A-agarose-salmon sperm DNA 50% slurry (catalog no. 16-157;
Upstate) for 3 h at 4°C. Beads were then washed with a series of washes, and
bound DNA-protein complexes were eluted and de-cross-linked. DNA was then
purified by phenol-chloroform extraction and ethanol precipitation. Pelleted
DNA was resuspended in 20 wl TE buffer (10 mM Tris-HCI, 1 mM EDTA, pH
8.0), and 1 pl was used for PCR. Optimal cycling parameters to ensure operation
in the linear range were primer specific, but typically 32 to 40 cycles were done.
The following primers were used: SuperTOPFlash, 5'-CAACGCGTGTACGG
GAGGTACTTGGAG-3" and 5'-CAGGATCCGTGGCTTTACCAACAGTA
C-3'; survivin, 5'-GGGGCGCTAGGTGTGGG-3' and 5'-TTCAAATCTGGCG
GTTAATGGC-3'; and c-myc, 5'-TATGTGGAGCGGCTTCTCG-3' and 5'-TG
GGCTGTGAGGAGGTTTG-3'. For ChIP assays, antibodies used include
preimmune rabbit immunoglobulin G (IgG) and acetylated histone H3 (catalog
no. 06-599; Millipore).

RESULTS

KLF4 levels are decreased in intestinal adenomas from
Apc™™'* mice. We and others have shown that KLF4 levels are
reduced in a subset of human cancers (6, 42, 60, 61). However,
KLF4 levels are increased in other cancers, such as breast
cancer (10, 43). To further examine KLF4 expression in a
genetically defined tumor model, we performed immunohisto-
chemistry on intestinal tissue from Apc™”/* mice (38). In the
normal intestine, KLF4 is expressed in the nuclei of differen-
tiated epithelial cells. In adenomas, KLF4 levels were signifi-
cantly decreased (Fig. 1B). In contrast, B-catenin levels were
significantly increased in the nuclei of adenomas (Fig. 1A).
These results demonstrate an inverse relationship between the
expression levels of B-catenin and KLF4 in both normal and
adenomatous epithelia. We previously demonstrated that
KLF4 inhibits Wnt/B-catenin signaling (61), and others have
shown that hemizygous deletion of the Kif4 gene resulted in an
increased size and number of adenomas in Apc™”/* mice (11).
Collectively, these data suggest that KLF4 represses the devel-
opment of B-catenin-induced colorectal tumors. However, the
mechanism delineating precisely how KLF4 inhibits B-catenin
is unclear. This is the primary aim of our current study.

KLF4 directly interacts with the C terminus of (3-catenin.
Previous work in our lab demonstrated that KLF4 interacts
with the C-terminal transactivation domain of B-catenin (61).
To further characterize this interaction, we used various do-
mains of KLF4 and individually tested their ability to immu-
noprecipitate the B-catenin C-terminal transactivation domain
(see Fig. 2A for all KLF4 mutants used in this article). As
shown in Fig. 2B, both full-length KLF4 and KLF4AC interact
with B-catenin, suggesting that KLF4 without its C-terminal
zinc fingers is sufficient for B-catenin binding. To more finely
map the interacting region of KLF4, we designed several ad-
ditional mutants. The N-terminal transactivation domain of
KLF4 (amino acids 1 to 157) does not interact with B-catenin,
whereas the middle region of KLF4 (amino acids 157 to 401)
is sufficient for this interaction (Fig. 2C). To confirm these



374 EVANS ET AL.

[-catenin

MoL. CELL. BIOL.

FIG. 1. KLF4 expression in the intestine of the Apc™”* mouse. (A) B-Catenin levels are increased in the nuclei of adenomas (arrow)
compared with their levels in adjacent normal intestine. (B) KLF4 levels are decreased in adenomas (arrow) compared with their levels in adjacent

normal intestine.

results, we performed an in vitro binding assay using GST-
tagged KLF4 mutants and incubated each mutant with colon
cancer cell lysate containing endogenous B-catenin (SW480
cells). We found that KLF4(350-401) was sufficient for inter-
acting with B-catenin (Fig. 2D). To test if KLF4 directly or
indirectly binds B-catenin, we performed an in vitro binding
assay using purified B-catenin and KLF4 (Fig. 2E). We found
that both full-length B-catenin and the C terminus of B-catenin
bind directly KLF4. As a control, the N terminus of TCF4
binds only the full-length B-catenin but not the N terminus or
C terminus of B-catenin (Fig. 2E).

The N-terminal and C-terminal domains of KLF4 are
required for inhibition of the TOPFlash reporter. We next
addressed the functional significance of these interactions
using the TOPFlash reporter assay, which provides an index
of the overall level of B-catenin/TCF activity within a cell (61).
As previously demonstrated, full-length KLF4 represses
TOPFlash activity (Fig. 2F) (61). Deletion of the N-terminal
region, the middle region, or the three C-terminal zinc fingers
effectively abolished the ability of KLF4 to repress the
TOPFlash reporter. Moreover, the N terminus of KLF4 or a
fragment containing amino acids 350 to 483 alone was unable
to repress the TOPFlash reporter (not shown). However, a
fusion of these two domains (amino acids 1 to 157 and 350 to
483, labeled as AM1) effectively repressed the TOPFlash re-
porter. KLF4AC(1-401) is able to interact with B-catenin (Fig.
2B) but cannot repress the TOPFlash reporter. These data
collectively suggest that the N-terminal transactivation do-
main, the C-terminal portion of the middle domain, and the
C-terminal DNA-binding domain are all required for KLF4-
mediated inhibition of the TOPFlash reporter, whereas region
158 to 349 appears to be dispensable.

Expression patterns of KLF4 and TCF4 in the mouse intes-
tine overlap. Since KLF4 and B-catenin clearly interact, and it
is well known that B-catenin also interacts with TCF4 in order
to activate target genes (26), we decided to test whether all
three proteins could be found in the same complex. We im-

munoprecipitated endogenous KLF4 from HCT116 cells and
then performed Western blotting for B-catenin and TCF4. We
detected both B-catenin and TCF4 in the immunoprecipitate,
suggesting that KLF4, B-catenin, and TCF4 coimmunoprecipi-
tate (Fig. 3A). Next, we decided to investigate whether these
proteins are expressed in similar compartments in the mouse
small and large intestines. In the small intestine, KLF4 was
most strongly expressed at the tips of villi, with decreasing
expression along the crypt-villus axis toward the crypts (Fig.
3B). Expression in the large intestine followed a similar pat-
tern, with the most intense staining at the epithelial surface
and the weakest at the base of the crypts. Expression of TCF4
followed a similar pattern to that of KLF4 in the colon. How-
ever, we observed a few exceptions to these general patterns in
the small intestine. First, we noted that in the small intestine,
in a seemingly random pattern, a cell would stain intensely for
KLF4. Presumably these represent goblet cells, given the role
of KLF4 in goblet cell differentiation (21). Second, cells at the
base of small intestinal crypts stained intensely for TCF4, pos-
sibly representing stem cells that typically reside there.

KLF4 directly binds TCF4. To delineate the mechanisms of
KLF4-mediated inhibition of B-catenin, we tested whether KLF4
could interfere with binding between B-catenin and TCF4. The N
terminus of TCF4 interacts with B-catenin (48). Thus, we per-
formed a GST pulldown assay using GST-tagged TCF4(1-65),
incubated with cell lysate containing endogenous B-catenin with
or without overexpressed KLF4 (Fig. 4A). We found that B-cate-
nin interacted strongly with the N terminus of TCF4, as expected,
whereas KLF4 did not interact, nor did it modulate interactions
between TCF4(1-65) and B-catenin. These data suggest that
KLF4 does not interfere with TCF4/B-catenin binding. Given that
KLF4, B-catenin, and TCF4 coimmunoprecipitate (Fig. 3A), we
decided to test whether KLF4 and TCF4 could directly interact as
well. To test this, we performed immunoprecipitation using HA-
tagged TCF4 and Flag-tagged KLF4. As shown in Fig. 4B, after
immunoprecipitation of HA-tagged full-length TCF4, we could
detect KLF4 protein in the eluate, suggesting that KLF4 and
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FIG. 2. The N-terminal and C-terminal domains of KLF4 are required for inhibition of the TOPFlash reporter. (A) Diagram of all KLF4
constructs used in this paper. All constructs contain an N-terminal Flag tag. Full-length KLF4 contains 483 amino acids. The open boxes shown
in the C termini represent zinc finger motifs. The binding affinity and activity of each construct are summarized in adjacent columns. (B) HEK293T
cells were transfected with Myc-tagged B-catenin C-terminal transactivation domain and full-length KLF4 or KLF4AC (deletion of C-terminal zinc
fingers). Anti-Flag immunoprecipitation was performed, followed by anti-Myc Western blotting. (C) HEK293T cells were transfected with a
Myc-tagged B-catenin C terminus and either the N-terminal (amino acids 1 to 157) or middle (amino acids 157 to 401) domain of the full-length
KLF4 protein. After anti-Flag immunoprecipitation, a Myc Western blot assay was performed (top row). Western blotting was performed on cell
lysate as a control. (D) SW480 cell lysate was incubated with various GST-tagged KLF4 constructs as shown. After several washings, bound protein
was eluted and an anti-B-catenin Western blot assay was performed. Coomassie staining demonstrates the expression level of each GST-tagged
protein (lower panel). (E) KLF4 directly interacts with B-catenin. The GST-tagged B-catenin N terminus, B-catenin, and B-catenin C terminus were
incubated with MBP-tagged KLF4 or TCF4(1-65). B-Catenin proteins were pulled down with GST beads, and KLF4 and TCF4 were analyzed by
Western blotting with an anti-MBP antibody. Coomassie staining demonstrates expression level of each purified protein (lower panel).
(F) HEK293T cells were plated in 12-well plates, and each well was transfected with 0.2 pg Super8XTOPFlash, 0.05 wg Renilla luciferase, 0.5 pg
of B-catenin DNA, and 0.5 pg of one of the various KLF4 constructs shown. Cells were harvested 48 h later and analyzed for luciferase activity.
Renilla was used as a control for transfection efficiency and used to normalize raw luciferase data. Data points were performed in triplicate, and
values are expressed as fold increases relative to controls (empty vector only). Western blotting demonstrates similar levels of expression of
-catenin between conditions and of expression levels of various KLF4 constructs (lower panel).

TCF4 indeed interact. To elucidate the necessary domains for this
interaction, we performed a GST pulldown assay using either the
B-catenin-interacting domain of TCF4 (amino acids 1 to 65) or
the DNA-binding HMG domain of TCF4 (amino acids 265 to
496), and incubated it with either full-length KLF4 or various
deletion mutants. Full-length KILF4 interacts with the DNA-bind-
ing domain of TCF4 but not the N-terminal -catenin binding
domain (Fig. 4C). Moreover, deletion of the three C-terminal
zinc fingers of KLLF4, but not other domains, effectively abolished
interactions between KLF4 and TCF4. Next, we decided to fur-
ther qualify these results using full-length TCF4 and various GST-

tagged mutants of KLF4. The C-terminal fragment of the middle
domain of KLF4 (amino acids 350 to 401), which lies just N-
terminal to the first zinc finger, is sufficient for interactions with
full-length TCF4 (Fig. 4D). When all three zinc fingers are added
to this GST-tagged peptide (amino acids 350 to 483), KLF4 ap-
pears to interact with TCF4 more strongly. Collectively, these
data suggest that the DNA-binding domain of TCF4 interacts
with the C-terminal region of KLF4. Since KLF4AM1 but not
KLF4AM inhibits TOPFlash activity, we compared their relative
binding affinities with B-catenin. Surprisingly, we found that both
KLF4AM1 and KLF4AM bind the C terminus of B-catenin (Fig.
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FIG. 3. KLF4 and TCF4 interact. (A) Endogenous KLF4 was immunoprecipitated from HCT116 cells, and Western blotting was performed
on the eluate. Both B-catenin and TCF4 were detectable in the eluate. IgG was used as a negative control. (B) Immunohistochemistry of the mouse
small and large intestine. Expression patterns of KLF4 and TCF4 in the mouse intestine overlap, with the strongest expression near the epithelial
surface. Tissue was harvested from the small and large intestines of an adult mouse, embedded in paraffin, and stained using either a KLF4 or TCF4
antibody. The base of the crypts is at the bottom of each photo, whereas the tip of the villus (small intestine) or luminal surface (large intestine)

is at the top of the photo.

4E), raising the question of why they have different activities in
Wnat inhibition. We then compared the bindings of KLF4AM and
KLFAM1 to TCF4 and found that TCF4(265-496) binds
KLF4AM1 more strongly than KLF4AM (Fig. 4E), similar to the
result in Fig. 4C, suggesting that KLF4 needs to interact with both
B-catenin and TCF4 to inhibit Wnt signaling. 3-Catenin and
TCF4 may bind both amino acids 350 to 401 and zinc finger
domains of KLF4 or bind KLF4 indirectly in this experiment. To
test if TCF4 directly or indirectly binds KLF4, GST-TCF4(1-65)
and GST-TCF4(265-496) were incubated with purified KLF4
(Fig. 4F). We found that KLF4 directly binds TCF4(265-496). As
a control, B-catenin binds TCF4(1-65). These experiments con-
firmed that KLF4 directly binds both B-catenin and TCF4.
KLF4 inhibits binding between B-catenin and p300/CBP.
After binding the promoter of a Wnt target gene, TCF4 re-
cruits B-catenin. B-Catenin then recruits transcriptional coac-
tivators such as p300/CBP (17, 54). Since KLF4 does not affect
binding between B-catenin and TCF4 (Fig. 4), we hypothesized
that KLF4 might interfere with the recruitment of coactivators
instead. To test this, we incubated Flag-tagged B-catenin or
KLF4 with the CH3 domain of p300 and performed a GST
pulldown assay. As shown in Fig. SA, B-catenin interacts with
the CH3 domain of p300, as expected. However, overexpres-
sion of KLF4 effectively blocked the ability of B-catenin to
interact with the CH3 domain. We performed a similar exper-
iment using endogenous B-catenin from HCT116 cells and
found that overexpression of KLF4 using an adenoviral con-
struct blocked binding between B-catenin and GST-tagged

p300-CHS3 (Fig. 5B). To test whether KLF4 could inhibit bind-
ing between B-catenin and full-length CBP, we overexpressed
HA-tagged CBP and Flag-tagged B-catenin in 293T cells (Fig.
5C). After immunoprecipitation using an anti-HA antibody,
we were able to detect B-catenin in the eluate (Fig. 5C, second
row, third column). However, overexpression of KLF4 blocked
this interaction without affecting expression of CBP or B-cate-
nin. ICAT, a protein known to interact with B-catenin and
inhibit its interaction with p300 (8), also blocked B-catenin/
CBP interactions in this assay. Finally, we decided to demon-
strate similar results using endogenous B-catenin and CBP. In
this experiment, we immunoprecipitated CBP from LS174T
cells and were able to detect B-catenin in the eluate (Fig. 5D).
Overexpression of KLF4 in these cells effectively blocked bind-
ing between CBP and B-catenin without affecting expression of
either protein. Collectively, these data suggest that KLF4 in-
terferes with binding between B-catenin and p300/CBP.
KLF4 inhibits acetylation of f-catenin by p300/CBP.
B-Catenin is acetylated by p300/CBP (29, 58). Thus, if KLF4
interferes with interactions between B-catenin and p300/CBP,
it follows that KLLF4 should inhibit acetylation of B-catenin as
well. To test this hypothesis, we overexpressed CBP and Flag-
tagged B-catenin, immunoprecipitated B-catenin, and per-
formed a Western blot assay using a general anti-acetyl-lysine
antibody. Under these conditions, B-catenin was indeed acety-
lated (Fig. 6A), and coexpression of KLF4 effectively de-
creased the total level of acetylated B-catenin. KLF4AMI,
which inhibits B-catenin-mediated activation of the TOPFlash



VoL. 30, 2010 KLF4 BLOCKS RECRUITMENT OF p300/CBP BY B-CATENIN 377

A B C

&
_ 3 + & GST-TCF4(265-496)
= | <+ < —
N 36 9Z33
s K = Flag-KLF4 “ME ¢ FFF T
& M F T T TR TR S
T 0 Q E |7, JENS R [k (e |
g & 8 5 [CERVERV IRV IRV,
VR R & =
GST-TCF4(1-65) B 5. catenin . B -
pull-down : e GST pull-down
' ) ] - IP: HA, IB:Flag = -
s -cateni
Lysate L
ysate -
-
D E F &
(=)}
NS = i
$9 % : 8
(=R ] (=3 — —
< < <+ = = < B
5 5 5 = 22 <
MM M Myc-B-Catenin-C =~ GST-TCF4(265-496) ©v o v a5 Q
& S K O O O M
2 2 552 5 S S O
oy

pCS2+
KLF4AM
KLF4AM
pCS2+
KLF4AM
KLF4AM

0 - - MBP-p-Catenin. [N

; . IP: Flag, IB: Myc - -GST pull-down - oo
i IB: Myc —
Coomassie . “” Lysate ¥ _ - Lysate
— . Coomassie -
- o IB: Flag
—
-

FIG. 4. The C-terminal domain of KLF4 and the DNA-binding domain of TCF4 interact. (A) HEK293T cells were transfected with Flag-B-
catenin, Flag-KLF4, or both, and after 48 h, lysate was collected and incubated with GST-tagged TCF4(1-65). After several washings, bound
proteins were eluted and an anti-Flag Western blot assay was performed. (B) HEK293T cells were transfected with Flag-tagged KLF4, with or
without HA-tagged TCF4, lysate was harvested, and anti-HA immunoprecipitation was performed. An anti-Flag Western blot assay was then
performed on the bound proteins. (C) GST-TCF4(1-65) or GST-TCF4(265-496) was incubated with lysate from HEK293T cells overexpressing
various Flag-tagged KLF4 constructs as shown. After several washings, bound proteins were eluted and an anti-Flag Western blot assay was
performed. (D) HEK293T cells were transfected with a Myc-tagged TCF4 construct. Forty-eight hours later, cell lysate was collected and incubated
with various GST-tagged KLF4 constructs. After several washings, bound proteins were eluted and an anti-Myc Western blot assay was performed.
Coomassie staining was performed to demonstrate expression levels of the various GST-tagged proteins used. (E) KLF4AM1 binds both B-catenin
and TCF4. Left: the Myc-tagged B-catenin C terminus was cotransfected with Flag-tagged KLF4AM and KLF4AM1 into HEK293T cells.
3-Catenin was immunoprecipitated with an anti-Myc antibody, and KLF4AM and KLF4AM1 were analyzed by Western blotting with an anti-Flag
antibody. Right: Flag-tagged KLF4AM and KLF4AM1 were transfected into HEK293T cells and then incubated with GST-TCF4(265-496). TCF4
was pulled down with GST beads, and KLF4AM and KLF4AM1 were analyzed by Western blotting. (F) KLF4 directly interacts with TCF4.
GST-tagged TCF4(1-65) and TCF4(265-496) were incubated with MBP-tagged KLF4 or B-catenin. TCF4 proteins were pulled down with GST
beads, and KLF4 and B-catenin were analyzed by Western blotting with an anti-MBP antibody. Coomassie staining demonstrates the expression
level of each purified protein (lower panel).

reporter (see Fig. 2F), also blocks acetylation of B-catenin. In KLF4 inhibits histone acetylation on 3-catenin/TCF4-regu-
contrast, KLF4AM, which cannot inhibit the TOPFlash re- lated promoters. To test the physiologic significance of these
porter, does not block acetylation of B-catenin. interactions using endogenous proteins, we immunoprecipi-

B-Catenin is preferentially acetylated at lysine 49 (57, 58), tated p300 from HCT116 cells and performed a Western blot
and antibodies to B-catenin acetylated at this location are assay for B-catenin. Interestingly, this interaction was more
commercially available. Using this antibody, we found that easily detectable when expression of endogenous KLF4 was
KLF4 effectively blocked CBP-mediated acetylation of B-cate- decreased using RNA interference (RNAI) (Fig. 7A). If KLF4
nin at lysine 49 as well (Fig. 6B) and found similar results for inhibits B-catenin by interfering with binding between B-cate-
KLF4AM1 and KLF4AM, as was seen in Fig. 6A. These data nin and p300/CBP, it follows that overexpression of KLF4
further confirm that KLF4 interferes with interactions between should decrease the relative occupancy of p300/CBP on B-cate-
B-catenin and p300/CBP by demonstrating that overexpression nin/TCF4-regulated promoters as well. To test this hypothesis,
of KLF4 results in decreased B-catenin acetylation as well. we first performed chromatin immunoprecipitation (ChIP) on



378 EVANS ET AL.

MoL. CELL. BIOL.

A T B .
E — -9 23
g <+ X =) —
5 5 = g ¥
o ¥ § 2 2
¥ ¥ 8 i : )
[ S T GST-CH3 4 f-catenin
GST-CH3 - B-catenin am» @ (-caicnin
. .ﬁ-catenin Lysate & KLr4
Lysate
C FLAG-B-catenin D
HA-CBP
g
g o LS174T-tet/on-KLF4
% i;o i‘) Dox = +
@) [ [
IP:HA

FIG. 5. KLF4 inhibits binding between B-catenin and p300/CBP. (A) HEK293T cells were transfected with Flag-B-catenin, Flag-KLF4, or both,
and after 48 h, lysate was collected and incubated with the GST-tagged CH3 domain of p300. After several washings, bound proteins were eluted
and an anti-Flag Western blot assay was performed. (B) HCT116 cells were treated with either control adenovirus (Ad-GFP) or a KLF4-expressing
adenovirus (Ad-KLF4). After 48 h, cell lysate was collected and incubated with the GST-tagged CH3 domain of p300. After several washings,
bound proteins were eluted and an anti-B-catenin Western blot assay was performed. Western blotting against CBP demonstrates that overex-
pression of KLF4 did not affect the expression of CBP. (C) HEK293T cells were transfected with HA-tagged CBP and Flag-tagged B-catenin, with
or without Flag-KLF4 or ICAT. Anti-HA immunoprecipitation was performed on the cell lysate, and bound proteins were analyzed via anti-Flag
Western blotting. (D) Expression of KLF4 was induced in LS174T-tet/on-KLF4 cells via treatment with doxycycline for 48 h. Anti-CBP
immunoprecipitation was performed on cell lysate, and bound proteins were analyzed via an anti-B-catenin Western blot assay.

the TOPFlash promoter. As expected, overexpression of
B-catenin resulted in increased occupancy of p300, as well as
increased localized histone acetylation (Fig. 7B). However,
coexpression of KLF4 effectively blocked p300 occupancy on
the TOPFlash promoter and resulted in decreased localized
histone acetylation. To test whether these results are applica-
ble to endogenous gene targets as well, we first tested the
ability of KLLF4 to inhibit expression of c-myc and survivin, two
known targets of B-catenin/TCF signaling (33, 56). As ex-
pected, overexpression of KLLF4 decreased expression of both
c-myc and survivin (Fig. 7C). Next, we performed ChIP assays
using primers targeting the proximal promoters of these two
genes, and we found that overexpression of KLF4 decreased
localized histone acetylation on these endogenous promoters
as well (Fig. 7D). Collectively, these data suggest that KLF4
inhibits p300/CBP-mediated histone acetylation on B-catenin/
TCF target genes.

DISCUSSION

Our previous study demonstrated that KLF4 interacts with
B-catenin and represses Wnt signaling. In this study, we found
that KLF4 directly interacts with both B-catenin and TCF4.
Via GST pulldown assays and immunoprecipitation, we dem-

onstrate that KLF4 inhibits binding between B-catenin and
p300/CBP (Fig. 5). Using ChIP assays, we find that KLF4
inhibits the recruitment of p300/CBP by B-catenin to the TOP-
Flash promoter, resulting in decreased localized histone acet-
ylation and transcriptional activation of the TOPFlash reporter
gene (Fig. 7B). In addition, we demonstrate that KLF4 blocks
p300/CBP-mediated acetylation of B-catenin (Fig. 6) and in-
hibits histone acetylation on c-myc and survivin genes. Previous
studies have implicated the role of B-catenin acetylation in
stability (57), transcription (58), and protein-protein interac-
tions (29). Thus, we would expect KLF4 to antagonize at least
one of these roles for B-catenin acetylation.

We demonstrated that KLF4 interacts with the C-terminal
transactivation domain of B-catenin, whereas conversely the
middle region of KLF4, extending from amino acid 350 to
amino acid 401, and the zinc finger domains interact with
B-catenin (Fig. 2). These data are physiologically relevant, as
after immunoprecipitation of endogenous KLF4 from HCT116
cells, we could detect endogenous B-catenin (Fig. 3A). In ad-
dition, we found that endogenous KLF4 and TCF4 interact via
immunoprecipitation assays (Fig. 3). Further investigation
demonstrates that the C-terminal region of KLF4, extending
from amino acid 350 to amino acid 483, interacts with
TCF4(265-496), which contains the HMG domain. Note that
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the HMG domain of TCF4 is distinct from the domain that
interacts with B-catenin (the N terminus, amino acids 1 to 65).
Since the N terminus of TCF4 is not required for KLF4 bind-
ing, these data suggest that TCF4 binds to KLF4 independently
of B-catenin. Given that KLLF4 interacts with the HMG domain
of TCF4, a plausible mechanism for KLF4-mediated inhibi-
tion of Wnt signaling might be that KLF4 prevents TCF4 from
binding its consensus sequence. However, our ChIP data found
that overexpression does not affect TCF4 occupancy on the
TOPFlash promoter (Fig. 7B), arguing against this possibility.

The C terminus of B-catenin binds KLF4 independently of
TCF4. We note that the B-catenin and TCF4-binding domain
of KLF4(350-483) is required for repressing Wnt/B-catenin
signaling. However, this domain must be combined with the
N-terminal transactivation domain of KLF4(1-157) in order to
effectively repress B-catenin (Fig. 2E). These results suggest
that multiple domains within KLF4 perform discrete functions
in repressing transcription mediated by B-catenin.

How KLF4 inhibits recruitment of p300/CBP by B-catenin is
not known. Since both KLF4 and p300/CBP bind the C termi-
nus region of B-catenin, KLF4 may compete with p300/CBP
for B-catenin binding. ICAT, a protein previously character-
ized to inhibit Wnt/B-catenin (8), similarly interferes with bind-
ing between B-catenin and p300/CBP. Interestingly, ICAT uses
a three-helix bundle to interact with the C terminus of B-cate-
nin (13). Since the crystal structure of the KLF4 protein has
not yet been determined, it is not clear if KLF4 interfaces with
B-catenin in a similar manner. Recently, it was reported that
WT1, another C,H, zinc finger protein, competes with TCF4
for CBP binding and thus inhibits Wnt signaling (23). Since
KLF4 also binds p300/CBP (9), KLF4 may compete with
B-catenin/TCF4 for p300/CBP binding as well. However, the
roles of p300 and CBP in Wnt signaling are very complicated
in that they are bimodal regulators of Wnt signaling. It has

been reported that p300 and CBP have differential roles in the
expression of the survivin gene (33). They can also inhibit Wnt
signaling by interacting with TCF (30). In addition, KLF4 also
interacts with both p300 and CBP (9). Structural biology ap-
proaches to studying these questions will be required to better
understand the functional interactions between KLF4 and the
B-catenin/TCF4/CBP complex.

In addition, we make several interesting observations re-
garding the expression of KLF4 in the intestine. First, we
analyzed the expression of KLF4 and B-catenin in the normal
large intestine and adenomas from Apc™™/* mice (Fig. 1). We
found that expression of KLF4 and that of B-catenin are in-
versely related, consistent with our model that KLLF4 represses
Wnt signaling by inhibiting B-catenin (61). We observe that
KLF4 is downregulated in adenomas from Apc™”/* mice.
Since these tumors are caused by an Apc truncation that re-
sults in activation of B-catenin, B-catenin may repress KLF4
expression through unknown mechanisms. Further investiga-
tion into the cross talk between B-catenin and KLF4 will pro-
vide more insights into the mechanisms of colon tumorigene-
sis. Second, we observe that KLF4 and TCF4 are expressed in
similar patterns within the large intestine (Fig. 3). The pattern
of immunohistochemical staining that we found for the TCF4
protein in mouse intestine is consistent with in situ hybridiza-
tion data looking at expression patterns of TCF4 mRNA that
have been previously published (15). The function of TCF4 in
intestinal stem cells has been well studied (25). However, its
role in differentiated intestinal epithelial cells is not entirely
clear. Given that KLF4 generally functions as a differentiation-
associated factor within the intestine (21), we speculate that in
the absence of active Wnt signaling, KLF4 interacts with TCF4
in order to maintain the differentiated state. Recently, KLF4
has been found to be one of the four factors that regulate stem
cell reprogramming (53). It will be interesting to examine
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FIG. 7. KLF4 inhibits B-catenin-mediated recruitment of p300/
CBP. (A) HCT116 cells were transfected with either control RNAi or
KLF4 RNAI, and after 48 h, anti-p300 immunoprecipitation was per-
formed on the cell lysate. Bound proteins were washed and analyzed
via anti-B-catenin Western blotting. (B) HEK293T cells were trans-
fected with the Super8xTOPFlash plasmid as well as the expression
plasmids shown. After 48 h, cells were cross-linked and sonicated, and
immunoprecipitation was performed using the antibodies shown at left
as row labels. Bound DNA-protein complexes were eluted and de-
cross-linked, and free DNA was amplified using primers specific to the
promoter region of the Super8xTOPFlash reporter. (C) Expression of
KLF4 was induced in LS174T-tet/on-KLF4 cells via treatment with
doxycycline for 48 h. Total RNA was then harvested, and cDNA was
produced using reverse transcriptase and amplified via PCR using
primers specific to the genes shown. Actin was included as a negative
control. (D) Expression of KLF4 was induced in LS174T-tet/on-KLF4
cells via treatment with doxycycline for 48 h. After 48 h, cells were
cross-linked and sonicated, and immunoprecipitation was performed
using antibodies shown at left as row labels. Bound DNA-protein
complexes were eluted and de-cross-linked, and free DNA was ampli-
fied using primers specific to the promoter region of the genes shown.

whether KLF4 inhibits Wnt signaling in inducible pluripotent
stem cells (iPS cells) or embryonic stem cells.
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