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Aberrant Wnt signaling promotes oncogenesis by increasing
cellular levels of �-catenin, which associates with DNA-bound
transcription factors and activates Wnt target genes. However,
the molecular mechanism by which �-catenin mediates gene
expression is still poorly understood. Here, we show that cell
cycle and apoptosis regulator 1 (CCAR1), which was recently
shown to function as a transcriptional coactivator for nuclear
receptors, also interacts with�-catenin and enhances the ability
of �-catenin to activate expression of transiently transfected
reporter genes. Furthermore, association of CCAR1 with the
promoter of an endogenous Wnt/�-catenin target gene in a
colon cancer cell line depends on the presence of �-catenin.
Depletion of CCAR1 inhibits expression of severalWnt/�-cate-
nin target genes and suppresses anchorage-independent growth
of the colon cancer cell line. Thus, CCAR1 is a novel component
ofWnt/�-catenin signaling that plays an important role in tran-
scriptional regulation by�-catenin and that, therefore,may rep-
resent a novel target for therapeutic intervention in cancers
involving aberrantly activatedWnt/�-catenin signaling.

The Wnt/�-catenin signaling cascade controls a variety of
cell fate decisions during development and is important for cell
proliferation and self-renewal of many types of stem cells,
including intestinal epithelial and hematopoietic stem cells
(1–5). Misregulation of this signaling has been recognized as a
hallmark of many aggressive human cancers (2, 3, 5). Indeed,
genetic alterations of genes involved in �-catenin degradation
have been reported in various tumors (6–12). In addition,
mutational analyses of clinical specimens and experimentswith
transgenic mice have proven the importance of �-catenin sta-
bilization in adenoma formation, which is the earliest event of
colorectal carcinogenesis. Therefore, the Wnt pathway has

been causally linked to various cancers, most notably to colo-
rectal cancers.
Secreted Wnt proteins bind to Frizzled receptors to initiate

the signaling cascade (13). In the absence of Wnt signals, there
is only a small pool of cytosolic �-catenin under normal physi-
ological conditions, due to constitutive phosphorylation of
�-catenin via amultiprotein complex composed of Axin, casein
kinase I �, glycogen synthase kinase-3�, and tumor suppressor
adenomatous polyposis coli (14–16). Phosphorylated �-cate-
nin is then ubiquitinated by �TrCP and destroyed by protea-
some-mediated proteolysis.Wnt signaling inhibits the function
of this complex and thereby stabilizes �-catenin, resulting in
increased cytoplasmic �-catenin, some of which then translo-
cates into the nucleus. �-Catenin has been recognized as a piv-
otal factor for cancer development, because its interaction with
various transcriptional activators such as lymphoid enhancer-
binding factor (LEF)3/T cell factor (TCF) family members (17),
NF-�B (18, 19), Prop1 (20), and nuclear receptors (21–24) are
required for expression of a subset of target genes involved in
regulation of cell proliferation, apoptosis, and tumor metasta-
sis. For example, reported downstream targets of �-catenin-
LEF/TCF-regulated transcription include genes involved in cell
proliferation (e.g. c-myc (25) and c-jun (26)), inhibition of apo-
ptosis (e.g. survivin (27, 28)), and tumor metastasis (e.g.MMP7
(29)). Hence, to better understand the contribution of Wnt/�-
catenin deregulation in cancer, it is crucial to explore how
�-catenin controls and regulates the transcription of these tar-
get genes.
As a potent primary coactivator for LEF/TCF transcription

factors, �-catenin binds directly to DNA-bound LEF/TCF pro-
teins and serves as a platform for recruiting additional second-
ary coactivators to promoters of a variety of LEF/TCF target
genes. Generally, these secondary coactivators assist �-catenin
in mediating transcriptional activation either through modula-
tion of chromatin conformation or recruitment and activation
of RNA polymerase II and its associated basal transcription
machinery (17). To date, several coactivators have been
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reported to interact with �-catenin, including histone methyl-
transferases CARM1 (30) and MLL/Set1 (31); histone acetyl-
transferases p300 and CBP (32–35), and TRRAP/Tip60 (18, 36,
37); the Brg1 ATPase subunit of the SWI/SNF chromatin-re-
modeling complex (38); the MED12 component of the Media-
tor complex, which recruits in RNA polymerase II (39); pygo-
pus (39, 40); casein kinase 2 (41); FLAP1 (42); Bcl9/Legless (43);
GAC63 (44); GRIP1 (45); and CoCoA (46). Although a number
of interacting proteins have been identified, the molecular
details of their cooperationwith�-catenin to control transcrip-
tion are still poorly understood. To further explore the mecha-
nism of coactivator function by �-catenin, it is important to
define the specific functional relationships of �-catenin with
the interacting proteins and to determine their molecular and
physiological roles in Wnt signaling.
Cell cycle and apoptosis regulator 1 (CCAR1) is a regulator of

apoptosis signaling as well as cell proliferation. For example,
CCAR1 triggers apoptosis signaling in a retinoid-dependent
manner (47). Additionally, cell growth-inhibitory and apopto-
sis-promoting effects elicited by inhibition of epidermal growth
factor receptor involve CCAR1 (48). On the other hand,
CCAR1 has also been shown to be important for estrogen-in-
duced gene expression and estrogen-dependent growth of
human breast cancer cells (49). Thus, previous studies suggest
that CCAR1 can serve as a key intracellular transducer of either
proliferation or apoptosis signaling pathways in response to
different signals. Likewise, Wnt ligands are known as critical
stimuli of the cellular communication network controlling
multiple biological processes such as proliferation and cell fate
determination. In addition, several coactivators for estrogen
receptor and other nuclear receptors have also been found to
cooperate with �-catenin in Wnt signaling. Hence, we specu-
lated that CCAR1 may play a role in Wnt signaling. Here, we
report that CCAR1 is a functional binding partner of �-catenin
and assists�-catenin in transcriptional activation ofWnt target
genes, some of which are implicated in proliferation andmetas-
tasis. In addition, depletion of CCAR1 inhibited the anchorage-
independent growth of human colorectal cancer cells. Thus our
results provided a novel insight into �-catenin-mediated
tumorigenesis.

EXPERIMENTAL PROCEDURES

Plasmids—Vectors pGEX-4T1-�-catenin, pGEX-5X1-
CCAR1 (with a BamHI-XhoI insert), and pGEX-5X1-LEF1 for
bacterially expressed glutathione S-transferase (GST) fusion
proteins, and luciferase reporter plasmids pGL3OT (for LEF1)
and GK1-LUC (for Gal4) were described previously (45, 49).
For expression of N-terminal Gal4 DNA binding domain
(DBD) fusion proteins, pM-�-catenin and pM-LEF1 were con-
structed as described previously (45). The following mamma-
lian expression vectors were described in previous publications
as follows: pSG5.HA-LEF1, pSG5.HA-�-catenin, and the same
vector encoding various HA-tagged fragments of �-catenin
(45), pSG5.HA-CoCoA (50), pSG5.HA-CARM1 (51), pCMV-
p300 (52), and pSG5.HA-CCAR1 (49). Plasmids encoding
CCAR1 fragments (amino acids 290–630, 471–630, 631–1146,
670–900, and 955–1146) were created by PCR amplification
and subcloning into EcoRI and XhoI sites of pSG5.HA (51);

CCAR1 1–249 andCCAR1 1–289were cloned into BamHI and
XhoI sites of pSG5.HAb (gift fromMartin A. Privalsky, Univer-
sity of California at Davis). For lentivirus production, the vesic-
ular stomatitis virus envelope protein G expression construct
pMD.G1, the packaging vector pCMV �R8.91 (53), and the
transfer vector pHRCMVpuroSin8 (54) were used. The �-cate-
nin short hairpin RNA (sh-�-catenin) transfer vectors were
produced with PCR products containing the U6 promoter and
sh-�-catenin coding sequence. The PCR products were
inserted into SpeI and PstI sites of pHRCMVpuroSin8. Short
hairpin RNA encoding sequences targeting �-catenin were as
follows: 5�-AAAACTGCAGAAAAAGCTTCCAGACACGT-
ATCATGCGTTTCTCTTGAAAACGCACGATAGCGCGT-
CTGGAAGCGGTGTTTCGTCCTTTCCACAAG-3�. The sh-
CCAR1 transfer vector was described previously (49).
Cell Culture and Luciferase Reporter Gene Assay—HT29

cells were maintained in McCoy’s 5a medium with 10% fetal
bovine serum and penicillin and streptomycin. CV-1, COS-7,
and 293T cell lines were cultured in Dulbecco’s modified
Eagle’s mediumwith 10% fetal bovine serum and penicillin and
streptomycin. For transient reporter gene assay, CV-1 cells
were plated at 105 cells per well in 12-well plates and transiently
transfected by TargeFect F1 reagent (Targeting Systems)
according to the manufacturer’s protocol. Total DNA in every
well was adjusted to a constant amount by adding empty
expression vectors. Forty-eight hours after transfection, lucif-
erase assays on cell extracts were performed with Promega
Luciferase Assay kit. Data shown are the mean and range of
variation of duplicate transfected cultures from a single exper-
iment and are representative of at least two independent exper-
iments. Luciferase activities were not normalized to internal
controls, because expression of so-called constitutive reporter
genes is affected by overexpression of many coactivators.
Instead, multiple independent experiments with multiple plas-
mid preparations were used to demonstrate reproducibility.
GST Pulldown Assay—HA-�-catenin, HA-LEF1, and HA-

CCAR1were synthesized in vitro by using the TNT-Quick-cou-
pled transcription/translation system (Promega, Madison, WI)
according to the manufacturer’s protocol. These in vitro syn-
thesized proteins were then used for GST pulldown assay as
described previously (50). Briefly, in vitro translated proteins
and immobilized GST fusion proteins were mixed with NETN
buffer (200 mM NaCl, 1 mM EDTA, 20 mM Tris-HCl, pH 7.6,
and 0.01% Nonidet P-40) and incubated overnight at 4 °C. On
the next day, beads were washed with NETN three times, and
bound proteins were analyzed by immunoblot with anti-HA
antibodies (Roche Applied Science). The amount of GST used
as a negative control was always higher than that of GST fusion
proteins.
Co-immunoprecipitation—COS-7 cells were grown in 100-

mm-diameter dishes seeded with 106 cells and transfected with
expression plasmids pSG5.HA-CCAR1 and pSG5.HA-�-cate-
nin using TargeFect F2 reagent (Targeting Systems) according
to the manufacturer’s protocol. Two days after transfection
cells were harvested with radioimmune precipitation assay
buffer (50mMTris-HCl, pH 8.0, 150mMNaCl, 1mMEDTA, 1%
Nonidet P-40, and 0.1% SDS) supplemented with protease
inhibitor mixture (Roche Applied Science), and cell extracts
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were used for immunoprecipitation with antibodies against
�-catenin (BD Biosciences), normal mouse IgG (Santa Cruz
Biotechnology), normal rabbit IgG (Bethyl Laboratories), or
CCAR1 (Bethyl Laboratories). Protein A/G beads (Santa Cruz
Biotechnology) were added, and the reaction was incubated for
3 h at 4 °C. Beads were then washed with radioimmune precip-
itation assay buffer, and bound proteins were analyzed by
immunoblot with anti-HA antibody.
Chromatin Immunoprecipitation (ChIP) and Sequential

ChIP Assays—ChIP assays were performed as described previ-
ously (50). Briefly, HT29 cells were grown in 150-mm cell cul-
ture dishes and treated with 1% formaldehyde for 20 min at
room temperature. Cross-linking reactions were quenched
with glycine, and cells were harvested and sonicated. After a
pre-clearing step with Protein A/G beads (Santa Cruz Biotech-
nology), chromatin fractions were subjected to immunopre-
cipitation with 4 �g of �-catenin antibodies (Santa Cruz Bio-
technology) or 8 �g of CCAR1 antibodies (Bethyl Laboratories,
435A unless specified otherwise). Protein A/G beads were
added to capture immune complexes, which were then washed
extensively, eluted, and heated to reverse formaldehyde cross-
linking. Purified immunoprecipitated DNA and total input
DNA were utilized as template in quantitative real-time PCR
(qPCR) using a Stratagene Mx3000P instrument. The qPCRs
contained SYBRGreenQPCRMasterMix (Stratagene) and 150
nM of forward and reverse primers and were incubated through
40 cycles using the following conditions: 95 °C for 30 s, 60 °C for
1 min, and 72 °C for 30 s. After the end of amplification, a
melting curve analysis was carried out to confirm the homoge-
neity of products from each reaction. The primers used were as
follows: hAxin2 3�-untranslated region (nucleotides �31681 to
�31784 relative to transcription start site) (55); hAxin2 WRE
(nucleotides�284 to�384 relative to transcription start site), 5�-
TTTATAAAGTCCTCCAAGCC-3� (forward) and 5�-AAGAA-
CTGCAAGCAAGCAGATT-3� (reverse); DKK1 UpstreamNeg-
ative Control site (nucleotides �4462 to �4559 relative to
transcription start site) (55); DKK1WRE (nucleotides �827 to
�931 relative to transcription start site) (55); c-Myc WRE
(nucleotides �1223 to �1421 relative to transcription start
site) (55); c-Myc open reading frame (nucleotides �2780 to
�2866 relative to transcription start site (55). The relative
standard curve method was utilized to determine the relative
amount of immunoprecipitated DNA and input (unfraction-
ated chromatin) signals. Signals from immunoprecipitated
DNA were normalized to their respective input, and data were
represented as the % of Input. In some experiments relative
recruitment was calculated by dividing specific antibody signal
by the signal from IgG_2 (Bethyl Laboratories). Data shown are
mean and range of variation for twoPCR reactions froma single
experiment.
In sequential ChIP experiments (50), cross-linkedDNA-pro-

tein complexes were eluted from primary immunoprecipitates
by incubation with 10 mM dithiothreitol at 37 °C for 30 min.
Eluates were then diluted 1:50 in immunoprecipitation dilution
buffer and subjected to secondary immunoprecipitation with
the indicated antibodies.
Real-time Reverse Transcriptase-PCR Assays—Total RNA

from cell lines was extracted using TRIzol reagent (Invitrogen),

and first-strand cDNA was synthesized by reverse transcribing
0.1�g of total RNAusing iScript cDNASynthesis kit (Bio-Rad).
1�l of the reverse transcription reactionwas amplified by qPCR
using the following primers: �-actin (49): �-tubulin,
5�-GATCTGGAGCCTACGGTCATTG-3� (forward) and 5�-
GAGCTGCTCTGGGTGGAAGA-3� (reverse); MMP7 (55):
BMP4, 5�-CACTGGTCCCTGGGATGTTC (forward) and 5�-
GATCCACAGCACTGGTCTTGACTA-3� (reverse); c-myc,
5�-CTCTCAACGACAGCAGCCCG-3� (forward) and 5�-
CAACATCGATTTCTTCCTCATCTTC-3� (reverse); Axin2,
5�-CCACACCCTTCTCCAATCCA-3� (forward) and 5�-TGG-
ACACCTGCCAGTTTCTTT-3� (reverse); DKK1, 5�-AAA-
CGCTGCATGCGTCACGCTAT-3� (forward) and 5�-AAAG-
CTTTCAGTGATGGTTT-3� (reverse); and c-jun, 5�-GAAG-
TCGGCGAGCGGCTGCA-3� (forward) and 5�-TTCTCTTG-
CGTGGCTCTC-3� (reverse). Results shown are mean and
range of variation for duplicate PCRs from a single cDNAprep-
aration, and a minimum of two independent experiments were
performed. Relative expression levels of target genes
were determined by the standard curve method. All samples
were corrected for total input RNAby normalizing to�-tubulin
mRNA.
Cell Proliferation Assay—HT29 cells (1000 cells per well)

were seeded in 24-well dishes in McCoy’s 5a medium supple-
mented with 10% fetal bovine serum. Cell numbers were deter-
mined by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium inner salt (MTS)
assay (Promega CellTiter 96�) on the indicated days after plat-
ing. Results shown are the mean � S.D. from triplicate cultures
of a single experiment and are representative of two independ-
ent experiments.
Colony Formation in Soft Agar—0.8% of Noble agar (VWR

International) in McCoy’s 5a medium supplemented with 10%
fetal bovine serum and 1% penicillin and streptomycin was
poured into 60-mmPetri dishes and allowed to solidify at room
temperature. For each cell pool, 4000 cells were suspended in
0.3% molten agar and layered on top of the solidified 0.8% agar
in each dish. These dishes were then placed at 37 °C and 5%
CO2 in a cell culture incubator for 2–4 weeks until colonies
were visible. During that period, 1 ml of medium was added
approximately every 2 days to prevent drying of the agar gel.
Right before colony counting, dishes were fixed with 100% eth-
anol for 15 min and then stained with 0.1% crystal violet (VWR
International) in phosphate-buffered saline (3.2 mMNa2HPO4,
0.5 mM KH2PO4, 1.3 mM KCl, 135 mM NaCl, pH 7.4). The col-
onies in each dish were counted by using theMolecular Imager
Gel Doc XR System (Bio-Rad) and photographed by Leica
microscopy (Plan-Apo 1�). Three dishes were set up for
each cell line, and results shown are mean � S.D. of the
triplicate plates for a single experiment, which is represent-
ative of three independent experiments.
Lentivirus Packaging and Virus Transduction—Lentiviral

particles were generated as described previously (56). Briefly,
for each 100-mm plate of 293T cells, 8 �g of the transducing
vector (pHRCMVpuroSin8-�-catenin or pHRCMVpuroSin8-
CCAR1), 2.5 �g of the envelop plasmid pMD.G1, and 7.5 �g of
the packaging vector pCMV �R8.91 were co-transfected by
Lipofectamine 2000 (Invitrogen), according to themanufactur-
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er’s instructions. The medium was changed the next day, and
viruses were harvested by collecting the culture medium at 48
and 72 h post-transfection. Conditioned medium from 2 days
was pooled, passed through a 0.45-�m filter, and stored at
�80 °C. For lentiviral transduction, target cells were seeded in
12-well plates and reached 80% of confluency at the day of
infection. Conditionedmedium containing the virus was added
to cells along with Polybrene (Millipore) at the final concentra-

tion of 6 �g/ml. Infection was
allowed to proceed for 12–16 h
before the addition of selection
medium containing puromycin
(5 �g/ml). Resistant cells were pool-
ed and used for the indicated
experiments.

RESULTS

Interaction between CCAR1 and
�-Catenin—To investigate a possi-
ble physical interaction between
�-catenin and CCAR1, CCAR1 or
�-catenin synthesized in vitro was
incubated with either GST, GST-�-
catenin, or GST-CCAR1 bound to
glutathione-Sepharose, and the
bound proteins were analyzed by
immunoblot. CCAR1 was bound by
GST-�-catenin, but not by GST,
and �-catenin was bound by GST-
CCAR1 but not by GST alone (Fig.
1A, upper and middle panels).
These data suggest that �-catenin
may bind directly to CCAR1. LEF1
synthesized in vitro also bound spe-
cifically to GST-CCAR1, suggesting
another possible direct interaction
(lower panel).
To examine whether CCAR1

associates with �-catenin in cul-
tured cells, co-immunoprecipita-
tion was carried out with extracts of
COS-7 cells transiently transfected
with plasmids encodingHA-�-cate-
nin and HA-CCAR1. CCAR1 was
specifically co-precipitated by anti-
bodies against �-catenin, but not by
normal IgG (Fig. 1B, upper panel;
supplemental Fig. S1, upper panel).
Conversely, �-catenin was precipi-
tated by antibodies against CCAR1,
but not by IgG (Fig. 1B, lower panel;
supplemental Fig. S1, lower panel).
Thus interaction between CCAR1
and�-catenin can occur in vitro and
in vivo.
To further map the one or more

regions of �-catenin that are
responsible for its interaction with

CCAR1, GST-CCAR1 was incubated in GST pulldown assays
with five �-catenin fragments that were synthesized in vitro
(amino acids 1–140, 1–664, 520–781, 624–781, and 665–781).
Three overlapping C-terminal fragments of �-catenin (amino
acids 520–781, 624–781, and 665–781) bound specifically to
GST-CCAR1 (Fig. 1C), indicating that the C terminus of
�-catenin is the major CCAR1 binding domain. Reciprocal
mapping of the�-catenin-binding region(s) inCCAR1 (Fig. 1D)

FIGURE 1. Binding of CCAR1 to �-catenin and LEF1. A, GST pulldown assays were performed as described
under “Experimental Procedures,” using bacterially produced GST fusion proteins bound to glutathione-
Sepharose beads and HA-tagged proteins translated in vitro. Bound proteins were detected by immunoblot
analysis using antibodies against an HA tag. B, HA-tagged �-catenin and CCAR1 were expressed in COS-7 cells
by transient transfection, and immunoprecipitation (IP) was performed on cell extracts, using the indicated
antibodies against �-catenin or CCAR1, or normal IgG. Precipitated proteins were detected by immunoblot
with antibodies against HA-tag. Uncropped images of the blots are shown in the supplemental materials (sup-
plemental Fig. S1). C, HA-tagged fragments of �-catenin synthesized in vitro were incubated with GST-CCAR1
in GST pulldown assays, and bound proteins were detected by immunoblot using antibodies against the HA
tag, as described in A. The diagram shows the 12 armadillo repeats of �-catenin flanked by N-terminal and
C-terminal domains. D, GST pulldown assays were performed as in C using GST-�-catenin and HA-tagged
fragments of CCAR1. The diagram shows the domains of CCAR1, including regions with a high content of
specific amino acids, an SAF-Acinus-PIAS (SAP) domain, and a poly-A-binding protein (PABP) homology
domain. GST pulldown assays were repeated at least twice, with results equivalent to those shown.
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identified three separate domains of CCAR1 (amino acids
1–249, 471–630, and 670–900) capable of binding to �-cate-
nin. Interestingly, addition of 40 amino acids to the 1–249 frag-
ment of CCAR1 (amino acids 1–289) strongly inhibited the
interaction between CCAR1 and �-catenin, suggesting that
amino acids 250–289 of CCAR1 may regulate this interaction.
CCAR1 Cooperates with �-Catenin as a Coactivator for

LEF1—To address whether binding of CCAR1 to�-catenin can
modulate �-catenin-directed transcriptional activity, we mon-
itored the effect of overexpression of CCAR1 on transcriptional
activation by �-catenin tethered to Gal4 DBD. Compared with
Gal4 DBD alone, Gal4 DBD fused to �-catenin strongly acti-
vated expression from a luciferase reporter plasmid controlled
by Gal4 response elements (Fig. 2A), and this activity was fur-
ther enhanced by CCAR1 in a dose-dependent manner. How-
ever, CCAR1 overexpression had little or no effect on the activ-
ity of Gal4 DBD or Gal4 DBD fused to LEF1. Thus, even though
CCAR1 can bind to LEF1 in vitro (Fig. 1A, lower panel), CCAR1
was unable to enhance transcriptional activation by LEF1.
These results indicate that CCAR1 and �-catenin have a func-
tional as well as a physical interaction.
Members of the LEF/TCF family of DNA-binding proteins

recruit�-catenin, which then serves as a platform for recruiting

additional transcriptional coactivators to activate transcription
of LEF/�-catenin target genes. Because CCAR1 interacts with
LEF1 and �-catenin, we tested whether CCAR1 can function as
a coactivator for LEF1-mediated gene transcription, using the
transiently transfected luciferase reporter plasmid pGL3OT,
which is controlled by LEF/TCF-responsive elements. Overex-
pression of LEF1 alone produced a small enhancement of lucif-
erase activity, and overexpression of �-catenin further
enhanced luciferase activity (Fig. 2B). CCAR1 expression with
LEF1 and �-catenin caused a dramatic additional enhance-
ment. However, without overexpression of �-catenin, CCAR1
had very little effect on transcriptional activation by LEF1. The
weak enhancement of LEF1 activity byCCAR1 in the absence of
overexpressed �-catenin may result from endogenous �-cate-
nin. Thus, although CCAR1 alone is a weak coactivator for
LEF1, CCAR1 can cooperate synergistically with �-catenin to
cause a dramatic enhancement of transcriptional activation by
LEF1.
The very large number of transcriptional coactivators dis-

covered to date suggests that initiation of transcription is a very
complex process. We therefore tested whether CCAR1 can
cooperate with several other coactivators that have been shown
to associatewith and enhance the coactivator activity of�-cate-
nin: CoCoA (46), p300 (32), and CARM1 (30). For these tran-
sient transfection experiments, we used reduced levels of the
plasmid encoding LEF1, becausewe have previously shown that
these conditions are appropriate for observing synergistic
cooperation among multiple coactivators (57). We observed
synergistic cooperation of CCAR1 and �-catenin with CARM1
and p300 (Fig. 1C) andwithCoCoA (Fig. 1D). Furthermore, this
synergy was completely dependent on the co-expression of
�-catenin (data not shown). These results are consistent with
the conclusion that �-catenin associates directly with DNA-
bound LEF1 and recruits additional coactivators, such as
CCAR1, CARM1, p300, and CoCoA, each of which makes a
specific and distinct contribution to the process of transcrip-
tional activity.

�-Catenin RecruitsCCAR1 toaTargetGene ofWnt Signaling—
To investigate whether �-catenin recruits CCAR1 to target
genes of LEF1 and theWnt signaling pathway, we initially used
ChIP to test whether CCAR1 associated with the endogenous
Wnt-responsive enhancers (WREs) of the Axin2 gene (55, 58,
59), DKK1 gene (55, 60), and c-myc gene (31) in HT29 cells.
HT29 is a human colon carcinoma cell line widely used for
studying the Wnt/�-catenin signaling pathway, due to its high
endogenous level of �-catenin and constitutively active intrin-
sicWnt signaling. Both �-catenin and CCAR1 bound preferen-
tially to the WREs of the Axin2 gene, DKK1 gene, and c-myc
gene, compared with other sites within or near these genes,
which lackWRE sequences (Fig. 3A). ChIP performedwith two
different normal IgG preparations showed equally low back-
ground recruitment signals at both WRE and negative control
sites. Thus�-catenin andCCAR1 specifically occupy theWREs
of the Axin2, DKK1, and c-myc promoters. To investigate
whether �-catenin and CCAR1 occupy the Axin2 WRE site
together as part of the same complex, we performed modified
ChIP assays with two sequential immunoprecipitations.
Sequential immunoprecipitations performed on HT29 chro-

FIGURE 2. Cooperation of CCAR1 and �-catenin as coactivators for tran-
scriptional activation by LEF1. A, CV-1 cells were transfected in 12-well
plates with luciferase reporter plasmid GK1-Luc (300 ng) controlled by Gal4
response elements, pM plasmids encoding Gal4-DBD alone or fused to LEF1
or �-catenin (100 ng), and pSG5.HA-CCAR1 (300, 600, or 900 ng). Luciferase
assays were conducted on cell extracts as described under “Experimental
Procedures.” Results shown are from a single experiment and are represent-
ative of three independent experiments. B, CV1 cells were transfected with
luciferase reporter plasmids pGL3OT (200 ng) containing LEF1-responsive
elements, along with pSG5.HA-LEF1 (10 ng), pSG5.HA-�-catenin (200 ng), and
pSG5.HA-CCAR1 (300, 600, or 900 ng). Results are from a single experiment,
which is representative of three independent experiments. C and D, plasmids
used for reporter gene assay were pGL3OT (200 ng) along with pSG5.HA-LEF1
(0.005 ng in C and 5 ng in D), pSG5.HA-�-catenin (200 ng), pSG5.HA-CARM1
(200 ng), pCMV.p300 (200 ng), pSG5.HA-CoCoA (200 ng), and pSG5.HA-
CCAR1 (200 ng), as indicated. Luciferase activity was determined as in A.
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matin with antibodies against �-catenin and CCAR1 indicated
that these two proteins are found together in the same complex
on the Axin2 WRE (Fig. 3B). Sequential ChIP performed by
antibodies against�-catenin followed by normal IgG served as a
negative control.
Next, we explored howCCAR1 is recruited to the Axin2 pro-

moter. Because CCAR1 can interact with both �-catenin and
LEF1 (Fig. 1A), this raised a question as to whether CCAR1
binding to the Axin2 WRE is dependent upon �-catenin.
Therefore, lentiviral vectors that express short-hairpin RNA
(shRNA) against �-catenin or CCAR1 were introduced into
HT29 cells to reduce endogenous levels of these proteins.
Western blots confirmed that the protein levels of �-catenin
and CCAR1 in HT29 cells were substantially reduced by their
respective shRNAs, when compared with nonspecific shRNA
(Fig. 3C). ChIP analysis of the Axin2 WRE demonstrated that
shRNA against �-catenin (compared with the nonspecific
shRNA) almost completely eliminated occupancy of the Axin2
WRE by both �-catenin and CCAR1 (Fig. 3D), indicating that
CCAR1 is targeted to the Axin2 WRE by its interaction with
�-catenin. Surprisingly, the depletion of CCAR1 also partially
inhibited �-catenin binding to Axin2 promoter. Because the
cellular level of �-catenin was not affected by reduction of the

CCAR1 level (Fig. 3C), this observa-
tion suggests that CCAR1 may con-
tribute to the stable occupancy of
the Axin2 promoter by �-catenin.
CCAR1 Is Required for Efficient

Expression of Wnt Target Genes—
The association of CCAR1 with
�-catenin on the Axin2 WRE (Fig.
3) and the cooperative function of
CCAR1 and �-catenin in the activa-
tion of transient reporter genes by
LEF1 (Fig. 2) suggest that CCAR1
may be important for helping
�-catenin to activate endogenous
target genes of Wnt signaling, such
as c-myc, c-jun, BMP4, MMP7,
Axin2, andDKK1. Lentiviral vectors
expressing shRNAs were used again
to reduce endogenous levels of
CCAR1 or �-catenin proteins in
HT29 cells (Fig. 4A). Reduction of
�-catenin levels had a moderate to
dramatic impact on expression of
the six Wnt/�-catenin target genes
listed above. Thus, �-catenin
appeared to play a major role in the
expression of BMP4,MMP7, Axin2,
and DKK1; however, the expression
of c-myc and c-jun appeared to
depend only partially on �-catenin
and thus presumably is driven by
other transcription factor com-
plexes in addition to LEF1/�-cate-
nin (Fig. 4B). Reduction of CCAR1
levels partially compromised the

expression of all six of the Wnt target genes, indicating that
CCAR1 is also important for efficient expression of these
genes. In contrast, depletion of CCAR1 or �-catenin had no
effect on the level of �-actin mRNA, demonstrating gene-
specific requirement of CCAR1 and �-catenin. It is interest-
ing to note that reducing the CCAR1 level had a larger effect
than reducing the �-catenin level on expression of c-myc and
c-jun, but had a lesser effect than reducing the �-catenin level
on expression of the other fourWnt target genes. These results
suggest somewhat different relative roles for CCAR1 and
�-catenin inmediating expression of the two sets ofWnt target
genes (see “Discussion”). Depletion of CCAR1 also reduced the
Wnt3a-dependent expression of the Axin2 gene in RKO cells
(data not shown). RKO is a colon cancer cell line with a normal
adenomatous polyposis coli gene and normal Wnt3a-depend-
ent regulation of �-catenin levels. Thus, CCAR1 is required for
expression of the target genes of Wnt and �-catenin in cells
with normal or abnormal regulation of �-catenin.
Role of CCAR1 and �-Catenin inNeoplastic Transformation—

In colorectal cancers, c-myc, c-jun, and MMP7 are robustly
expressed and play critical roles in tumor growth and pro-
gression (61–63). Because reduction of the endogenous
CCAR1 level compromised the expression of these genes, we

FIGURE 3. Recruitment of CCAR1 to a Wnt target gene depends on �-catenin. A, ChIP assays were per-
formed with HT29 cell chromatin, using antibodies against �-catenin or CCAR1 (CCAR_1 antibody, Bethyl 435A;
CCAR_2 antibody, Bethyl 270A), or with normal IgG (IgG_1, Santa Cruz Biotechnology normal rabbit; IgG_2,
Bethyl normal rabbit). Immunoprecipitated DNA was analyzed by qPCR with primers for the upstream WRE of
the Axin2 c-myc, and DKK1 genes or with primers for the 3�-untranslated region (3�UTR) of the Axin2 gene, an
upstream negative control (UNC) site near the DKK1 gene, and the open reading frame (ORF) of the c-myc gene.
Relative recruitment was calculated by dividing specific antibody signal by the signal for IgG_2 (Bethyl Labo-
ratories). B, sequential ChIP assays for hAxin2-WRE were performed with the indicated antibodies, and results
are expressed relative to input DNA from the unfractionated chromatin. C, HT29 cells were infected with
lentivirus encoding a puromycin resistance gene, and shRNAs against a nonspecific sequence (NS), �-catenin,
or CCAR1, and puromycin-resistant cells were selected. At 7 days after the infection, cell extracts were analyzed
by immunoblot using antibodies against CCAR1, �-catenin, or �-tubulin. D, the infected cells from C were
analyzed by ChIP assay as in A. In A, B, and D, the mean and range of variation from duplicate PCR reactions are
shown. ChIP results shown are from a single experiment, which is representative of two or more independent
experiments.
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assessed the role of CCAR1 in colon cancer cell proliferation.
Indistinguishable growth curves were obtained for HT29 cell
populations stably infected with lentiviral vectors encoding
shRNAs directed against a nonspecific sequence, �-catenin,
or CCAR1 (Fig. 5A). To assess a possible role of CCAR1 and
�-catenin in anchorage-independent growth, which is typi-
cally associated with a tumorigenic phenotype, the same
HT29 cell populations were tested for their ability to form
colonies in soft agar. HT29 cells expressing shRNA directed
against �-catenin or CCAR1 formed fewer and smaller col-
onies than HT29 cells expressing the nonspecific shRNA
(Fig. 5B and supplemental Figs. S2 and S3). Depletion of
�-catenin nearly eliminated colony formation in soft agar,
whereas colony formation was inhibited by �50% by deple-
tion of CCAR1. As a control to test the linearity of the auto-
mated colony counting method, we plated two different
amounts of HT29 nonspecific shRNA cells. As expected,
reducing the number of cells plated by half also reduced by
half the number of colonies detected (Fig. 5B). The result for
depletion of �-catenin confirms previous conclusions that
an aberrant elevated endogenous level of �-catenin is central
to induction of neoplastic and morphological transforma-
tion of human colorectal cancer cells. The result for deple-
tion of CCAR1 is consistent with the conclusion that
CCAR1, along with other coactivators that are recruited to
Wnt target genes by �-catenin, plays an important role in
mediating transcriptional activation by �-catenin.

DISCUSSION

Defects in crucial components of
theWnt signaling pathway, including
�-catenin, adenomatous polyposis
coli, and the Axins, play a predomi-
nant role in the pathogenesis of
human cancers. A proposed conse-
quence of theseWnt pathway-related
mutations is to elevate the levels of
�-catenin both in the cytoplasm and
nucleus, allowing more �-catenin to
bind to LEF/TCF and promote tran-
scription of LEF/TCF target genes.
Proteins encoded by LEF/�-catenin
target genes likely collaborate in exe-
cuting a program leading to and/or
maintaining neoplastic transforma-
tion. However, beyond the recruit-
ment of �-catenin, the mechanism of
activation ofWnt target gene expres-
sion is poorly understood. Here we
extend the current understanding of
Wnt signaling by identifying a novel
�-catenin binding partner, CCAR1
(Fig. 1). Functionally,CCAR1cooper-
ated synergistically with �-catenin to
cause robust enhancement of LEF1-
mediated transcription of a transient
reporter gene (Fig. 2).The coactivator
function of CCAR1 in the transient
reporter gene assayswas almost com-

pletely dependent on co-expression of �-catenin. Thus, although
CCAR1 can bind to LEF1 as well as �-catenin in vitro (Fig. 1), the
requirement for�-catenin suggests that CCAR1may be recruited
to LEF1 target genes by �-catenin, not directly by LEF1. In agree-
ment with this conclusion, depletion of endogenous �-catenin
prevented recruitment of CCAR1 to theWRE associated with the
Axin2 promoter (Fig. 3D). Thus, in the chromatin-based cellular
environment, the LEF1-CCAR1 interaction, if it occurs, is not suf-
ficient for stable recruitment of CCAR1 to the Axin2WRE.
Wnt signaling is important for normal cell proliferation and

differentiation.However, for precise control ofWnt signalingdur-
ing development, normal tissue possesses an auto-regulatory
mechanism to limit the duration or intensity of a Wnt-initiated
signal. Axin2, which binds to �-catenin and induces its degrada-
tion, is a direct transcriptional target of LEF/�-catenin (59). In
addition, the DKK1 gene encoding an extracellular inhibitor of
Wnt signaling is also induced by Wnt signaling (60, 64, 65). By
contrast, during tumorigenesis this negative feedback loop is dis-
rupted by acquisition of oncogenic mutations of �-catenin or cel-
lular components that normally cause regulated degradation of
�-catenin, or by epigenetic silencing of components involved in
the auto-regulatory loop. For example, hyper-methylation of the
DKK1 gene promoter has been reported in human colorectal can-
cer cells (66). Here, our loss-of-function studies provide evidence
for the involvement of CCAR1 in the auto-regulatorymechanism;
depletion of CCAR1moderately reduced expression of Axin2 and

FIGURE 4. Requirement of �-catenin and CCAR1 for expression of Wnt target genes. A, HT29 cells infected
with lentivirus encoding shRNA against �-catenin, CCAR1, or a nonspecific sequence (NS) were analyzed by
immunoblot as in Fig. 3C. B, total RNA from the lentivirus-infected cells in A was examined by quantitative
reverse transcriptase-PCR analysis, using primers specific for the indicated Wnt target genes. Results shown are
normalized to the level of �-tubulin mRNA, are the mean and range of variation for duplicate PCR reactions
from a single experiment, and are representative of at least three independent experiments.
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DKK1 (Fig. 4B). Additionally, depletion of �-catenin essentially
abolished expression of these two genes, thus indicating that these
two components of the Wnt/�-catenin autoinhibitory loop are
regulated primarily byWnt/�-catenin signaling. Loss of�-catenin
at the Axin2 and DKK1 promoters would presumably prevent
recruitment ofmultiple coactivators, includingCCAR1,which are
needed for transcriptional activation. In fact, the dismissal of
�-catenin fromtheWREof theAxin2geneblockedrecruitmentof
CCAR1 (Fig. 3D).
The importance of CCAR1 for Wnt targets is not limited to

genes involved in the auto-regulatorymechanismbut also extends
to genes involved in neoplastic transformation. Depletion of
CCAR1 caused a 30–40% suppression of the expression of the
growth-promoting genes c-myc and c-jun (Fig. 4). It is interesting
to note that depletion of�-catenin caused a stronger inhibition of
Axin2 and DKK1 expression than depletion of CCAR1, whereas
depletion of CCAR1 caused a slightly stronger inhibition of
expression of the growth promoting genes c-myc and c-jun than
depletion of�-catenin. These results suggest two different regula-
tory programs for theWnt auto-regulatory target genes versus the
growth-promotingWnt target genes. Thedramatic loss of expres-
sion of Axin2 and DKK1 upon depletion of �-catenin indicates
that theWnt/�-catenin pathway plays a dominant role in regulat-
ing these genes in HT29 cells. Because �-catenin is expected to

recruit multiple secondary coactiva-
tors (including CCAR1) to the pro-
moter, it is not surprising that deple-
tion of CCAR1 caused less inhibition
of these genes than depletion of
�-catenin. Incontrast, themoremod-
erate loss of c-myc and c-jun expres-
sion observed upon depletion of
�-catenin suggests that Wnt/�-cate-
nin signaling is only one of multi-
ple signaling pathways regulating
expression of these genes. In fact,
c-myc and c-jun are known to be
regulated by signaling through a
variety of transcription factors,
including nuclear receptors (67).
Because CCAR1 can function as a
coactivator for LEF1/�-catenin (this
report) as well as nuclear receptors
and p53 (49), it would not be sur-
prising if CCAR1 also functions as a
coactivator for other classes of tran-
scription factors. Thus, if CCAR1 is
recruited to c-myc and c-jun pro-
moters by multiple transcription
factors, this could explain why
depletion of CCAR1 had a stronger
effect than depletion of �-catenin.

The involvement of CCAR1 as a
mediator of signaling leading to apo-
ptosis (47, 48) as well as proliferation
(49) and aspects of oncogenic trans-
formation (Fig. 5) appears contradic-
tory at first glance.However, the find-

ing that CCAR1 can serve as a coactivator for multiple classes of
transcription factors indicates that the activity of CCAR1 can be
directed by a variety of signaling pathways, which result in recruit-
ment of CCAR1 to specific sets of target genes that depend upon
the nature of the signal. Thus, interactions between two coactiva-
tors may control specific programs of gene expression with spe-
cific physiological outcomes.The fact, that depletionofCCAR1or
�-catenin suppressed one aspect of the neoplastic transformation
of human colorectal cancer cells (i.e. colony formation in soft agar
(Fig. 5 and supplemental Figs. S2 and S3), suggests the possibility
that targeting the interaction betweenCCAR1 and�-cateninmay
be a potential strategy for therapeutic control of aberrantWnt/�-
catenin signaling in colorectal cancer.
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