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Background: It is unclear how YAP gene expression is controlled in colorectal cancer (CRC) cells.
Results: �-Catenin/TCF4 complexes directly regulate YAP gene expression through a novel DNA enhancer element.
Conclusion: YAP is a direct Wnt/�-catenin target gene, and its expression is required for CRC cell growth.
Significance: Aberrant Wnt/�-catenin signaling may account for oncogenic YAP expression in intestinal cells.

Mutations in theWnt/�-catenin pathway occur inmost colo-
rectal cancers (CRCs), and these mutations lead to increased
nuclear accumulation of the �-catenin transcriptional co-acti-
vator. In the nucleus, �-catenin associates with TCF/LEF
sequence specific transcription factors to activate target gene
expression. TheHippo pathway restricts cellular growth by pre-
venting nuclear accumulation of the Yes-associated protein
(YAP) transcriptional co-activator. YAP expression is elevated
in CRCs suggesting that, like Wnt/�-catenin signaling, the
Hippo pathway may contribute to colorectal carcinogenesis.
Regulation of YAP at the post-translational level has been well
studied but the transcription factors that control YAP gene
expression are unknown. Here we demonstrate that �-catenin/
TCF4 complexes bind a DNA enhancer element within the first
intron of the YAP gene to drive YAP expression in CRC cells. As
such, reducing �-catenin expression in CRC cells using shRNAs
leads to decreased YAPmRNA and protein levels. YAP is abun-
dantly expressed in the cytoplasm and nuclei of several estab-
lished human colon cancer cell lines and this localization pat-
tern is insensitive to plating density. Finally, we show that YAP
expression is elevated in the majority of a panel of primary
human colorectal tumors compared with its expression in unin-
volved colonic mucosa, and that YAP and �-catenin localize to
the nuclear compartment of tumor cells. Together, these results
implicate YAP as an oncogene whose expression is driven by
aberrant Wnt/�-catenin signaling in human CRC cells.

The Wnt/�-catenin signaling pathway is critical for homeo-
stasis of the intestinal tract (1–4). The key effector protein in
the canonical Wnt pathway is the transcriptional co-activator,
�-catenin (5). A multiprotein destruction complex that con-

tains the adenomatous polyposis coli protein (APC)3 tightly
regulates �-catenin levels. Mutations in components of the
Wnt pathway, most often in APC, are found in �90% of colon
cancers. Thesemutations lead to heightened�-catenin levels in
the nucleus where it associates with members of the TCF/LEF
(T-cell factor/lymphoid enhancer factor) family of sequence
specific transcription factors. TCF4 is the predominant TCF
family member expressed in colonocytes, and �-catenin/TCF4
complexes activate target gene expression by recruiting multi-
protein complexes that remodel or modify chromatin into a
transcriptionally permissive state (5, 6). To identify Wnt/�-
catenin target genes in human colorectal cancer (CRC) cells, we
previously conducted a ChIP-Seq screen using �-catenin-spe-
cific antibodies (7). One of the targets identified in that screen
was the gene encoding the Yes-associated protein, YAP. YAP is
a transcriptional co-activator and functions in the Hippo sig-
naling pathway.
TheHippo signaling pathway controls organ size inDrosoph-

ila melanogaster and higher eukaryotes (8). The pathway was
discovered in D. melanogaster using screens designed to iden-
tify genes that negatively regulated tissue growth (9–11).Muta-
tions in a Ste-20 family protein kinase resulted in cell over-
growth and decreased cell death, and this protein was named
Hippo because of the phenotype observed in mosaic flies. YAP
is a key effector protein in the Hippo pathway, and its subcellu-
lar localization is controlled by phosphorylation. When the
Hippo pathway is engaged, activation of a core kinase complex
containing Hippo (Mst1/2 in mammals), Lats1/2 kinases, Mob,
and Salvador, leads to YAP phosphorylation, and its retention
in the cytoplasm through interactions with 14-3-3 proteins.
When the Hippo pathway is disengaged, YAP is translocated
into the nucleus where it associates with members of the TEA
domain containing transcription factors (TEADs). YAP/TEAD
complexes activate expression of growth promoting genes
including connective tissue growth factor (CTGF) and the EGF
family member amphiregulin (AREG) (12, 13).* This work was supported, in whole or in part, by National Institutes of Health
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The Hippo/YAP pathway is highly conserved in mammals
and as in D. melanogaster, it is required for proper control of
organ size. In the mouse, YAP overexpression or conditional
deletion of Mst1/2 leads to hepatomegaly (14–16). Removal of
Mst kinases in the mouse gastrointestinal tract leads to
increased numbers of stem cells and proliferative transit ampli-
fying cells and an impairment of epithelial cell differentiation
(17). Moreover, the Hippo pathway is critical for establishment
andmaintenance of the intestinal cryptmicroenvironment and
it is required for repair of the intestinal epithelium following
injury (14, 17, 18).
Deregulation of Hippo/YAP signaling has been implicated in

intestinal tumorigenesis (14, 17, 18). YAP expression is elevated
in human primary colonic tumors compared with its expres-
sion in uninvolved tissue andYAP expression is increased in the
intestinal tumors that arise in the adenomatous polyposis coli
multiple intestinal neoplasia (APCmin) mouse (14, 18, 19).
Whether YAP is required for increased tumorigenesis in the
APCmin mouse model has not been tested; however, YAP is
required for growth of human colon cancer cells in colonies
(17). While these studies indicate that increased YAP expres-
sion correlates with tumorigenesis, mutations in components
of the Hippo pathway have not been identified in the colon
cancers examined to date. Thus, the molecular mechanisms
that explain YAP overexpression in intestinal tumors are
incompletely understood.
Here, we demonstrate that �-catenin/TCF4 complexes

directly associate with the YAP gene locus and that �-catenin is
required for YAP expression in CRC cells. �-Catenin/TCF4
complexes bind a site within the first intron of YAP and a DNA
element that harbors this site increased expression of luciferase
reporter plasmids in transient assays. We show that YAP pro-
motes CRC cell metabolism, anchorage independent growth in
soft agar and tumor growth in a xenograft mouse model. We
also find that YAP expression is elevated in primary and meta-
static human colorectal tumors. Together, our findings suggest
that Wnt/�-catenin and Hippo/YAP signaling pathways con-
verge to promote colon cancer. These results shed light on the
potential to target the Hippo/YAP signaling pathway for the
development of therapeutics to treat individuals affected by this
disease.

EXPERIMENTAL PROCEDURES

Cell Lines—The human CRC cell lines HCT116, SW620,
SW480, RKO, LS174, andHT29were obtained from the Amer-
ican Type Culture Collection (ATCC). HEK293FT cells were
obtained from Invitrogen. Cells were grown in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 50 units/ml penicillin, 2 mM Glu-
tamax, and 0.1 mg/ml streptomycin at 37 °C in 5% CO2.
HEK293FT cells were grown in media supplemented with 500
�g/ml neomycin.
ChIP—ChIP analysis was performed as described (7) using 3

�g of anti-�-catenin (BD Transduction, 610154), anti-TCF4
(Millipore, 05–511), and anti-RNAP (Covance, 8WG16/MMS-
126R) antibodies. Immunoprecipitated DNA was analyzed by
real-time PCR as described (7) using primer sequences listed in
supplemental Table S1. Data are presented as relative levels

obtained using a standard curve generated from formaldehyde
fixed, sonicated, and purified input DNA.
Reverse Transcription-PCR (RT-PCR)—RNA isolation,

cDNA synthesis, and quantitative PCR (qPCR) were performed
as described (7) except that cDNA was diluted 1:100 for qPCR.
Primer sequences are listed in supplemental Table S1. Relative
expression was measured using the 2�CT method, and data are
represented as fold levels over control.
Plasmids and Luciferase Reporter Assays—HCT116 genomic

DNAwas isolated using aDNeasy kit (Qiagen, 69504). A 624 bp
element within the first intron of theYAP genewas amplified in
a standard PCR reaction containing 300 ng of genomic DNA,
and 0.6 �M of the forward and reverse primers listed in supple-
mental Table S1. The PCR products were subcloned into the
pGL3 promoter vector as KpnI- NheI fragments (Promega
E1761) using standard molecular biology techniques. The
pGL3-YAP mutant (Mut.) construct was derived from pGL3-
YAP wild-type (WT) by mutating the TCF motif from CTTT-
GAT to CGCTGAT using the Stratagene Lightning Site-di-
rected Mutagenesis Kit. For luciferase assays, HCT116 cells
were seeded in a 12-well dish in triplicate, and were then trans-
fected the following day using Lipofectamine 2000 (Invitrogen).
Each transfection contained 250 ng of the firefly luciferase
reporter plasmid, 12.5 ng of pRL-SV40 Renilla luciferase, and
the total DNA was adjusted to 2 �g with pBlueScript. Where
indicated, 250 ng of pcDNA3-mycDNTCF4 (Addgene, kindly
deposited by B. Vogelstein) was included in the transfection
mix.Where indicated, 2 �M BIO (6-bromoindirubin-3�-oxime,
Calbiochem 361550) was added for 12 h prior to measuring
luciferase levels. The next day, cells were lysed in 200 �l of 1�
passive lysis buffer (Promega), and luciferase levels were meas-
ured using a Dual-Glo Luciferase kit (Promega, 2920) on a Glo-
Max 20/20 luminometer (Promega).
DNA Binding Assay—A set of 28 bp oligonucleotides that

centered on the TCF4 motif within the YAP DNA enhancer
elementwere synthesizedwith the 5�nucleotide biotinylated. A
second set of oligonucleotides was synthesized and contained a
mutated TCF4 site and the oligonucleotide sequences are avail-
able in supplemental Table S1. The oligonucleotides were
diluted to 1.5 �M in annealing buffer (50 mM NaCl, 10 mM Tris
pH 8.0, 1 mM EDTA pH 8.0), heated to 95° for 5 min and then
slowly cooled to room temperature. Double-stranded DNA
(500 ng) was bound to 50 �l streptavidin-coated magnetic
beads (Promega, Z5481) in 1� binding buffer (1 MNaCl, 10mM

Tris, 1 mM EDTA, pH 8.0) at room temperature. HCT116
nuclear lysates were prepared as described (20), and 100 �g
were preincubated in buffer B (20mMTris pH 7.9, 15% glycerol,
150 mM KCl, 1 mM EDTA, 0.05% Nonidet P-40) supplemented
with 50�g of salmon spermDNA.The proteins were incubated
with the DNA/Bead mixture for 1 h at room temperature in
buffer B, and the complexeswere captured on amagnetic stand.
Following three washes in buffer B, the proteins were eluted in
SDS-PAGE loading buffer and analyzed by Western blotting
using anti-TCF4 or anti-�-catenin antibodies.

�-Catenin and YAP shRNA-mediated Knockdown—Lentivi-
ral plasmids (pLKO.1) encoding the �-catenin shRNA and a
scrambled shRNA control were obtained from Open Biosys-
tems (21). Four independent sequences that target the YAP
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gene were identified using guidelines provided in the pLKO.1
product insert and oligonucleotides corresponding to these
sequences were annealed and subcloned into pLKO.1 (supple-
mental Table S1). To generate lentiviruses, �5 � 106
HEK293FT cells seeded in a 10 cm dish were transfected with
3.0�g of the pLKO.1 shRNAplasmid, 3�g each of the pLP1 and
pLP2 packaging plasmids, and 3 �g of the pLP/VSVG envelope
plasmid using Lipofectamine 2000 (Invitrogen). Media con-
taining virus particles was harvested at 24 and 48 h following
transfection and centrifuged at 1500 � g for 5 min at room
temperature. The media was supplemented with 6 �g/ml
hexadimethrine bromide and was added to HCT116 and
SW620 cells. The next day, 1 �g/ml puromycin was added. The
efficiency of knockdownwas assessed byRT-PCR, andWestern
blot analysis at 3 and 5 days following infection.
Western Blot Analysis—Preparation of protein extracts and

Western blot analysis were conducted as described (22) using
the following antibodies and dilutions: anti-�-catenin (BD
Transduction, 610154, 1:1000), anti-YAP1 (Santa Cruz
SC15407X, 1:1000), anti-�-tubulin (Sigma T9026, 1:1000), and
anti-histone H3 (Millipore 07–690, 1:25,000).
MTT Assays—In each well of a 24-well plate, 10,000 cells

were seeded in 0.5 ml of DMEM containing 0.5% fetal bovine
serum. Cells were seeded into quadruplicate wells for each
experimental condition. At one and 5 days after seeding, 50 �l
of MTT salt solution (5 mg/ml, Sigma M5655) was added and
incubated for 2 h at 37 °C. An equal volume of solubilization
buffer (3% Triton X, 0.008% HCl in isopropanol) was added,
and the samples were incubated on a rocker for 10 min. The
solubilized crystals were collected and measured using a spec-
trophotometer at an absorbance of 570 nm.
Anchorage-independent Growth Assays—In each well of a

6-well dish, 5000 HCT116 or SW620 cells were seeded in 0.3%
agar atop a 0.5% agar underlay. Agar layers contained DMEM
supplemented with 5% fetal bovine serum. The cells were incu-
bated for 21 days and were then fixed with 10% methanol/10%
acetic acid and stained with 0.01% crystal violet. Images were
taken with an EC3 Imaging system (Ultra Violet Products) and
colonies were counted using the particle analyzing function of
ImageJ software. Minimum colony sizes of 50 pixels2 and 20
pixels2 were used to score HCT116 and SW620 colonies,
respectively.
Xenograft Assays—SW620 cells were infected with control

shRNA or YAP shRNA2 lentivirus and transduced cells were
selected by supplementing growth media with 1 �g/ml puro-
mycin. Two days after infection, 5 � 106 cells were suspended
in 200 �l of 1� PBS and injected subcutaneously into both
flanks of athymic nude mice. Tumor growth was monitored
every 3 days and volumes were measured using standard cali-
pers. Upon completion of the experiment (d21), tumors were
isolated, photographed, and weighed.
Immunofluorescence—HCT116 and SW480 cells were

seeded on glass coverslips, fixed with 3.7% paraformaldehyde
for 10 min and then permeabilized with 0.2% Triton X-100 in
1� PBS for 2 min at room temperature. Cells were blocked in
5% goat serum for 30 min at room temperature and then incu-
bated with primary antibody for 1 h at room temperature. Pri-
mary antibodies and dilutions used were �-catenin (BD trans-

duction, BD610154, 1:1000) and YAP (Santa Cruz
Biotechnology SC15407X, 1:100). The slides were rinsed in 1X
PBS and incubated with secondary antibody for 1 h at room
temperature. The secondary antibodies anddilutions usedwere
goat anti-mouse Alexa Fluor 488 (Invitrogen, A11001, 1:2500)
and donkey anti-rabbit Cy3 (Jackson ImmunoResearch, 711–
166-152, 1:1000). Nuclei were stained with DAPI. Slides were
mounted using Fluoro-Gel (Electron Microscopy Sciences,
17983–20) and visualized with a Nikon microscope.
Immunohistochemistry—Colon cancer tumor arrays were

purchased from Imgenex (IMH-359). Immunohistochemistry
was performed as described (19, 23) using anti-�-catenin (BD
transduction, BD610154, 1:50) and anti-YAP (Cell Signaling
Technology, 4912, 1:200), antibodies. Briefly, slides were dew-
axed, and antigen retrieval was performed as described (23).
The samples were blocked in 5% goat serum for YAP or 5%
horse serum for �-catenin and treated with the Avidin/Biotin
blocking kit (Vector Laboratories, SP-2001). Primary antibod-
ies in 5% serumwere added and following an overnight incuba-
tion at 4 °C, the slides were washed in 1� TBST and then incu-
bated with a 1:400 dilution of biotinylated anti-rabbit (Vector
Laboratories, BA-1000) or anti-mouse (Vector Laboratories,
BA-2000) secondary antibodies for 1 h. Slideswerewashedwith
1� TBST and then treated with Vectastain ABC Elite reagents
(Vector Laboratories, PK-6100). Color was developed using a
DAB peroxidase kit (Vector Laboratories, SK-4100), and the
samples were counterstained with hematoxylin (Fisher Scien-
tific, CS401-1D). Slides were dehydrated and mounted with
cytoseal 60 (Thermo Scientific, 8310-16). Images were taken on
a Nikon microscope and two independent investigators scored
cells within tumor sections for nuclear �-catenin or nuclear
YAP staining. Three fields per section were evaluated and each
section was assigned a score of 1–3. Sections with scores of 1–3
were considered positive and the results were used to generate
the pie charts in Fig. 6B. For additional details see supplemental
Table 1.

RESULTS

Identifying YAP as aDirectWnt/�-Catenin Target Gene—To
identify direct Wnt/�-catenin-regulated genes, our laboratory
previously conducted a �-catenin ChIP-Seq screen in the
HCT116 human CRC cell line (7). A peak of 40 read sequences
aligned near the transcript start site of YAP suggesting that this
region harbored a �-catenin binding site (Fig. 1A). To confirm
the ChIP-seq results, we conducted ChIP assays using
�-catenin specific antibodies and an irrelevant immunoglobu-
lin as a control. Oligonucleotides that spanned the YAP proxi-
mal promoter and putative binding site were designed (see gray
bars Y1-Y4, Fig. 1A), and these primer sets were used to detect
�-catenin-precipitated DNA using quantitative and real-time
PCR. Strong �-catenin binding was detected at region Y3 with
little or no binding at regions Y1 and Y4 (Fig. 1B). Intermediate
binding was seen at region Y2, and background levels of
�-catenin binding were observed at control regions in the
GAPDH or Tubulin genes. Because �-catenin is recruited to
chromatin through interactions with TCF4, we next tested
whether TCF4 bound to the YAP gene using ChIP assays. As
was the case for�-catenin, TCF4bindingwas detected at region
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Y3 with little or no binding detected at regions Y1, Y4, or
GAPDH or Tubulin controls (Fig. 1C). To determine whether
�-catenin/TCF4 bound a transcriptionally active YAP gene
locus, we precipitated RNA polymerase II (RNAP) in ChIP
assays and found that RNAPboundYAP (Fig. 1D). These results
suggest that �-catenin/TCF4 complexes associate with a tran-
scriptionally active YAP gene locus in CRC cells.
The �-Catenin/TCF4 Binding Region of YAP Demarcates an

Enhancer Element—InCRC cells, constitutive �-catenin/TCF4
complexes drive target gene expression. Regulatory DNA ele-
ments that assemble �-catenin/TCF complexes and recruit
RNAP have been described as Wnt responsive elements
(WREs) (24). WREs often, but not always, contain a consensus
motif known to bind TCF4 (7, 25, 26). To determine whether
the �-catenin/TCF4 binding site in the YAP gene identified a
putative enhancer element, we first searched a 600 base pair
sequence region centered under the apex of the �-catenin
ChIP-Seq peak for the core consensus TCF binding motif
CTTTG A/T A/T or A/T A/T CAAAG (7, 25). The 600 bp
segment was chosen because it was twice the size of the largest
DNA fragments included in construction of the �-catenin
ChIP-Seq library (7). This search found the sequence CTTT-
GAT.To testwhether aDNA fragment that harbored thismotif
functioned as an enhancer, we first performed luciferase
reporter assays. A 624 base pair fragment of the YAP gene con-

taining the consensus TCF binding site was inserted into the
pGL3 promoter-firefly luciferase plasmid (Fig. 2A).When tran-
siently expressed in humanCRC cells, the pGL3-YAPwild-type
(WT) plasmid yielded 5-fold higher luciferase levels compared
with levels obtained from cells transfected with vector control
(Fig. 2B).
To test whether �-catenin/TCF4 complexes were responsi-

ble for enhancer activity, we mutated the consensus TCFmotif
to CGCTGAT. In transfected cells, levels of luciferase
expressed from the YAP (Mut.) reporter were �60% of the lev-
els observed with the YAP (WT) reporter (Fig. 2B). To test
whether the residual activity of the YAP (Mut.) reporter was
due to a second �-catenin binding site, cells were treated with
theGSK3� inhibitor BIO. BIO treatment increased both pGL3-
YAP (WT) and pGL3-YAP (Mut.) reporter activities suggesting
that the YAP enhancer element contains a second, unidentified
�-catenin binding site (Fig. 2C). To extend these findings, we
co-transfected dominant negative TCF4 (dnTCF4) along with
pGL3-YAP (WT) or control luciferase plasmids into HCT116
cells. Dominant negative TCF4 lacks the amino-terminal
�-catenin interaction domain and competes with the assembly
of functional �-catenin/TCF4 complexes at DNA binding sites
(27). Dominant negative TCF4 reduced YAP (WT) enhancer-
driven luciferase levels (Fig. 2D).

FIGURE 1. �-Catenin, TCF4, and RNAP bind the first intron of the YAP gene in vivo. A, diagram of the YAP gene locus and the �-catenin-enriched regions
identified in a ChIP-Seq screen. Top, gray vertical lines represent peak density plot from the �-catenin ChIP-Seq screen. The arrow indicates the accumulated
ChIP-Seq reads that mapped near the YAP transcription start site. Bottom, enlargement of the 5�-end of the YAP1 gene with Y1, Y2, Y3, and Y4 indicating the
position of the PCR primer sets used in B, C, and D. B, quantitative real-time PCR analysis of DNA fragments isolated in ChIP assays conducted in HCT116 cells
using �-catenin specific antibodies or an irrelevant IgG as a control. The primer sets Y1-Y4 were used to detect �-catenin binding and primers designed against
regions in GAPDH (Ga.) and Tubulin (Tu.) were used as negative controls. C and D, as in B except anti-TCF4 antibodies were used in C and anti-RNAP antibodies
were used in D to detect TCF4 and RNAP binding in ChIP assays, respectively. In B, C, and D, error is S.E.
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We next tested whether �-catenin/TCF4 complexes assem-
bled on the consensus TCF site within the YAP element using a
DNA pull-down assay. Nuclear extracts were prepared from
HCT116 cells, and these proteins were incubated with a bioti-
nylated and double-stranded DNA fragment containing the
wild-type YAP sequences or YAP sequences with a mutated
TCF binding site. DNA/protein complexes were isolated using
streptavidin-coated magnetic beads, and �-catenin and TCF4
binding was assessed by Western blot analysis. �-Catenin and
TCF4 bound the biotinylated wild-type probe, and this binding
was competed when an excess of unlabeled, wild-type YAP
DNA was added to the binding reactions (Fig. 2E). �-Catenin
and TCF4 did not bind the mutant probe (Fig. 2E). Together,
results from these experiments indicate that the DNA ele-
ment within the YAP intron functions as an enhancer ele-

ment that assembles �-catenin/TCF4 complexes to activate
transcription.

�-Catenin Is Required for YAP Expression in CRC Cells—To
test whether �-catenin was required for YAP expression in
CRC cells, we used a lentiviral system to deliver short hairpin
RNAs (shRNAs) designed to reduce CTNNB1 mRNA levels.
CTNNB1 is the gene that codes for�-catenin, and for simplicity
we will refer to mRNA and protein as �-catenin. We used this
system previously and found that �-catenin shRNAs signifi-
cantly reduced �-catenin protein expression in HCT116 cells
(26). As a control, we packaged lentivirus that contained a
scrambled shRNA sequence. Five days after infection with
�-catenin or control shRNAs, whole cell lysates were prepared
and �-catenin protein levels were assessed by Western blot
analysis. Infection with the�-catenin shRNA virus resulted in a
60% reduction of �-catenin protein levels compared with levels
seen in cells that were infected with the control shRNA (Fig.
3A). To test whether chromatin associated �-catenin was also
reducedwe conductedChIP assays and found that cells infected
with the �-catenin shRNA virus contained 50% less �-catenin
bound to theYAP gene (Fig. 3B). shRNA-mediated reduction of
�-catenin also impaired TCF4 binding and RNAP recruitment
to YAP (Fig. 3B). These findings suggest that �-catenin/TCF4
complexes recruit RNAP to transcribe YAP. In support of this
model, we find that �-catenin depletion resulted in a 60%
decrease in YAP mRNA levels (Fig. 3C). Moreover, expression
of CTGF, which is a well-established and direct YAP-regulated
target gene, was also decreased in�-catenin shRNA-expressing
cells (Fig. 3C) (12). To determine whether reduced mRNA
expression was reflected at the protein level, we conducted

FIGURE 2. The �-catenin/TCF4 binding region of YAP enhances SV40-
driven luciferase gene expression. A, diagram of the pGL3-promoter plas-
mids used in luciferase assays with the SV40 minimal promoter and firefly
luciferase gene shown as white rectangles and the 624 bp YAP enhancer in
gray. A black vertical line represents the position of the consensus TCF motif
within the YAP enhancer. The TCF sequence was changed by site-directed
mutagenesis to generate the pGL3-YAP mutant plasmid (Mut.). B, HCT116
cells were transfected with vector control, pGL3-YAP wild-type (WT) or pGL3-
YAP mutant (Mut.) firefly luciferase plasmids and a plasmid expressing Renilla
luciferase. Twenty-four hours later, luciferase levels were measured and firefly
luciferase levels were normalized to Renilla luciferase levels to control for
differences in transfection efficiency between samples. C, cells transfected
with the indicated reporters were untreated (black bars) or treated (gray bars)
with the GSK3� inhibitor BIO for 12 h prior to measuring luciferase levels. D,
cells were transfected with vector control or the pGL3-YAP (WT) luciferase
reporter and, where indicated, the cells were co-transfected with a dominant
negative TCF4 plasmid. Luciferase levels were measured as in B. E, nuclear
proteins prepared from HCT116 cells were incubated with a 28 bp biotiny-
lated and double-stranded DNA probe that contained either the wild-type or
mutant TCF consensus sequence. Where indicated, unlabeled YAP duplexes
were included in the binding reactions. Western blot analysis was used to
detect bound �-catenin or TCF4. In B, C, and D, error is standard deviation.

FIGURE 3. �-Catenin controls YAP expression in HCT116 colon cancer
cells. A, Western blot analysis of �-catenin protein levels in HCT116 cells
expressing a control shRNA or an shRNA targeting �-catenin. HCT116 cells
were infected with lentiviruses and Western blots were conducted 5 days
after infection. B, quantitative real-time PCR analysis of DNA precipitated
using �-catenin, TCF4, or RNAP specific antibodies in ChIP assays conducted
in HCT116 cells expressing the indicated shRNAs. Primer set Y3 listed in Fig. 1A
was used to detect �-catenin, TCF4, and RNAP binding to the YAP gene. C,
quantitative real-time PCR analysis of cDNAs synthesized from RNA isolated
from HCT116 cells expressing control (black bars) or �-catenin shRNA (gray
bars). Specific primers were used to detect expression of YAP, CTGF, and
GAPDH as a control. D, Western blot analysis of YAP protein levels in cells
expressing the indicated shRNAs. Whole cell lysates were prepared and ana-
lyzed 5 days following lentiviral infection. In B and C error is S.E.
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Western blot analysis using YAP specific antibodies and found
that�-catenin knockdown decreased YAP expression 24% (Fig.
3D). Thus, �-catenin/TCF4 complexes assembled at the YAP
gene recruit RNAP to activate YAP gene expression and this
leads to increased YAP protein levels.
YAP Enhances CRC Cell Metabolism and Anchorage-inde-

pendent Growth in Soft Agar—YAP expression is elevated in
several epithelial cancers and its expression is required for
proliferation of ovarian cancer cells and immortalized breast
epithelial cells (19, 28–30). Furthermore, YAP has recently
been shown to promote colony growth of CRC cells (17). To
examine the role for YAP in these CRC cell properties, we
knocked down YAP gene expression in HCT116 cells using
lentiviral delivery of an shRNA that targeted the YAP tran-

script. Five days following infection with the lentivirus con-
taining YAP shRNA1, YAP mRNA levels were measured by
quantitative RT-PCR. HCT116 cells expressing YAP
shRNA1 resulted in an 80% decrease in YAP mRNA relative
to control cells (Fig. 4A). Expression of CTGF was also
decreased significantly by YAP knockdown (Fig. 4A). Similar
results were seen in the highly metastatic SW620 CRC cell
line (Fig. 4B). As an additional control, we designed a second
shRNA, YAP shRNA2, that targeted a different site of the
YAP mRNA sequence and found that both shRNAs signifi-
cantly decreased YAP and CTGF mRNA levels when com-
pared with control (Fig. 4B). Furthermore, expression of YAP
shRNA1 or shRNA2 in HCT116 and SW620 cells caused a
significant decrease in YAP protein levels (Fig. 4C). There-

FIGURE 4. YAP enhances CRC cell metabolism, anchorage-independent growth in soft agar and tumorigenesis. A, quantitative real time PCR analysis of
cDNAs prepared from mRNAs isolated from HCT116 cells 5 days after they were infected with a lentivirus expressing a control (black bars) or YAP specific (gray
bars) shRNAs. Specific primers were used to measure relative expression of YAP, CTGF, and GAPDH. B, as in A, except that SW620 CRC cells were used and a
second YAP specific shRNA (YAP shRNA2) was included as an additional control. C, Western blot analysis of YAP protein levels in HCT116 and SW620 cells
expressing the indicated shRNAs. Blots were reprobed with tubulin antibodies to demonstrate that equivalent amounts of proteins were loaded. D and E, MTT
assays were conducted in HCT116 and SW620 cells expressing the indicated shRNAs. Assays were performed 1 and 5 days after lentiviral infection of the cells.
F and G, anchorage independent growth assays were conducted in HCT116 and SW620 cells expressing the indicated shRNAs. The day following infection with
the indicated lentiviruses, cells were plated in soft agar and colony formation was assessed and quantified after 21 days. H, growth curves of tumors that formed
after injection of control or YAP shRNA2 expressing SW620 cells into the flanks of athymic mice. I, explanted tumors on day 21 following injection. J, tumor
weights at day 21. Error denotes S.E. and *, p � 0.005 and **, p � 0.0005.
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fore the YAP shRNAs specifically and effectively targeted
YAP mRNA in both cell lines.

To examine the effect of YAP knockdown on CRC cell
metabolism, we performed MTT assays using HCT116 and
SW620 cells expressing YAP shRNA1, YAP shRNA2, or a
scrambled shRNA control. The MTT assay measures mito-
chondrial activity and is routinely used to as an indirect meas-
ure of cellular metabolism and viability. In both CRC cell lines,
YAP knockdown resulted in a significant decrease in cell
metabolism after 5 days in culture (Fig. 4, D and E). To deter-
mine whether YAP impacts CRC colony formation in an
anchorage-independent context, HCT116 and SW620 cells
expressing YAP shRNA1, YAP shRNA2, or a scrambled shRNA
control were plated in soft agar and grown for 21 days. YAP
knockdown using either shRNA resulted in a considerable
decrease in colony number in both cell lines (Fig. 4, F and G).
This decrease was especially dramatic in metastatic SW620
cells, which virtually lost the ability to form detectable colonies
when YAP protein levels were reduced (Fig. 4G). These data
indicate that YAP is a positive regulator of metabolism and
anchorage-independent growth in CRC cells, thereby suggest-
ing a role for YAP in promoting colorectal cancer.
To determine the role of YAP in vivo, control or YAP

shRNA2-expressing SW620 cells were injected subcutaneously
into the flanks of athymic nude mice. The tumors were meas-
ured every 3 days and we found that YAP depletion inhibited
tumor growth in this xenograft model (Fig. 4H). At the end of
the protocol (d21), explanted tumors derived fromYAP knock-
down cells were visually smaller and weighed significantly less
than control tumors (Fig. 4, I and J). These results indicate that
YAP promotes tumorigenesis of implanted CRC cells.

Nuclear YAP Expression Is Retained in Densely Grown CRC
Cells—To further examine YAP protein expression in colon
cancer, we screened six CRC cell lines byWestern blot analysis.
YAP protein was readily detectable in all cell lines tested
although protein levels were lower in SW480 and HT29 cells
(Fig. 5A). As a control, the blots were probed with �-catenin
specific antibodies and as expected, �-catenin was expressed at
high levels in CRC cells that contained mutations in the Wnt/
�-catenin signaling pathway; however �-catenin was undetect-
able in RKO cells, which contain a wild-type Wnt signaling
pathway (Fig. 5A) (31).We then sought to confirm theWestern
blot results using indirect immunofluorescence. In HCT116
cells, �-catenin staining was strongest at the membrane with
diffuse staining throughout the cytoplasm and nucleus,
whereas YAP staining was uniform in both compartments (Fig.
5B). In SW480 cells, �-catenin localized predominantly to the
nucleus with weak cytoplasmic staining whereas YAP staining
was largely confined to the nucleus (Fig. 5B). Moreover, several
cells displayed co-localization of YAP and �-catenin in the
nucleus which is especially evident in SW480 cells.
YAP function as a transcriptional co-activator is restricted by

its subcellular localization. When the Hippo pathway is
engaged, YAP is phosphorylated on serine 127 (S127) which
sequesters it in the cytoplasm through interactions with 14-3-3
proteins (8). The fact that YAP protein is detected in the cyto-
plasm of CRC cells suggests that the Hippo pathway is intact in
these cells at least to some degree (Fig. 5B). To determine
whether cytoplasmic YAP was phosphorylated, we separated
HCT116 and SW480 cells into nuclear and cytoplasmic frac-
tions and conducted Western blot assays using anti-phospho-
S127 YAP antibodies. While YAP protein was detected in

FIGURE 5. Nuclear YAP expression is retained in densely grown CRC cells. A, Western blot analysis of YAP and �-catenin expression in six CRC cell lines.
Tubulin served as a loading control. B, immunocytochemical analysis of YAP and �-catenin expression in HCT116 and SW480 cells. C, Western blot analysis of
YAP protein levels in cytoplasmic and nuclear fractions from HCT116 and SW480 cells. Blots were reprobed with anti-histone H3 antibodies and anti-tubulin
antibodies to mark the nuclear and cytoplasmic fractions, respectively. D, immunocytochemical analysis of YAP and �-catenin expression in HCT116 and
SW480 cells that were densely cultured on glass coverslips. E, Western blot analysis of YAP protein levels in cytoplasmic and nuclear proteins prepared from
densely cultured HCT116 and SW480.
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nuclear and cytoplasmic fractions in both cells, phospho-YAP
was found primarily in the cytoplasmic fraction (Fig. 5C). Re-
probing the blots with anti-histone H3 antibodies and anti-
tubulin antibodies, to mark nuclear and cytoplasmic compart-
ments, respectively, attests to the purity of our fractionation
protocols. Recent reports have demonstrated that YAP nuclear
localization is sensitive to cell density (28, 32). When breast
epithelial cell lines reach confluence on the tissue culture dish,
YAP is redistributed from the nucleus to the cytoplasm (28, 32).
To determine whether density affects YAP localization in CRC
cells, HCT116 and SW480 cells were heavily seeded, and YAP
was analyzed by indirect immunofluorescence. Interestingly,
YAP nuclear localization was clearly retained in several cells
(Fig. 5D). Western blot analysis on nuclear and cytoplasmic
fractions isolated from these cells confirmed that cell density
does not affect nuclear YAP localization outright (Fig. 5E).
These findings indicate a defect in the ability of CRC cells to
properly regulate the subcellular localization of YAP.

�-Catenin and YAP Are Expressed in the Nuclear Compart-
ment of Cells Comprising Primary and Metastatic Colorectal
Tumors—�-Catenin is stabilized in the majority of colon can-
cers and previous studies have shown that YAP expression is
increased in colorectal tumors compared with normal tissue
(17, 19, 33). To determine whether �-catenin and YAP localize
to the nucleus in cells within the same tumor, we performed an
immunohistochemical analysis on primary colonic tumors and
uninvolved colonic mucosa using antibodies against �-catenin
and YAP. In uninvolved tissue, �-catenin and YAP localize pri-
marily to the cell membrane and cytoplasm (Fig. 6A). In line
with previous reports, we find that �-catenin and YAP expres-
sion is increased in tumor cell nuclei (17, 19, 33). Importantly,
several tumors contain cells with elevated levels of �-catenin
and YAP in the nucleus (Fig. 6A, white arrows). Of the 36 pri-
mary tumors examined, 86% scored positive for nuclear local-
ization of �-catenin and YAP, while only 3% lacked nuclear
expression of either protein (Fig. 6B). We also examined ten
CRCderivedmetastatic tumors for expression of�-catenin and
YAP and found that both proteins were highly expressed in the
cell nucleus inmetastatic tumors (Fig. 6A). Of the 10metastatic

tumor samples examined, 80% contained regions with nuclear
�-catenin and YAP localization (Fig. 6B). This analysis indi-
cates that elevated and nuclear expression of �-catenin and
YAP is found in cells comprising the majority of primary and
metastatic colorectal carcinomas examined.

DISCUSSION

Wnt/�-catenin signaling is required for proper establish-
ment and maintenance of the colonic crypt microenvironment
(3). Mutations in components of the Wnt/�-catenin signaling
pathway are found in the vast majority of colon cancers, and
these mutations lead to the stabilization and nuclear import of
the �-catenin transcriptional co-activator (34). Because chro-
matin-associated �-catenin complexes drive expression of
underlying target genes,misexpression of these targets contrib-
utes to the pathogenesis of colorectal cancers (5). Therefore,
identification of these targets is paramount to understanding
the mechanisms that initiate cellular transformation and the
progression of these neoplastic cells to adenomas and carcino-
mas. To identify direct �-catenin target genes in human colon
cancer cells, our lab conducted a ChIP-Seq screen using
�-catenin specific antibodies (7). One target identified in that
screen was the gene encoding the YAP transcriptional co-acti-
vator. In the present study, we demonstrate that �-catenin/
TCF4 complexes directly regulate YAP gene expression in
humanCRC cells. These findings suggest that aberrantWnt/�-
catenin signaling directly deregulates the Hippo/YAP pathway
in CRC cells.
Regulation of YAP function at the post-translational level has

been well studied with Hippo signaling serving to retain YAP in
the cytoplasm through direct phosphorylation-dependent
mechanisms (8). At the post-transcriptional level, YAPmRNA
is negatively regulated bymicroRNA-375 in hepatocellular car-
cinoma cells (35). Our report is the first to address how YAP
expression is controlled at the transcriptional level. Results
from our previous ChIP-Seq screen strongly suggested that the
primary �-catenin binding site localized to the first intron of
YAP; however, we noticed that several minor peaks were also
found within the YAP gene body (Fig. 1A). Repeat ChIP assays

FIGURE 6. �-catenin and YAP are expressed in the nuclear compartment of cells comprising primary and metastatic colorectal tumors. A, immunohis-
tochemical analysis of tissue arrays prepared from primary colorectal tumors, normal tissue, and colorectal tumors that metastasized to the lymph node and
liver. Shown are representative images of the 9 uninvolved colonic mucosa samples, the 36 primary tumors, and the 10 metastatic tumors examined.
Hematoxylin staining was used to evaluate tissue architecture and �-catenin, and YAP localization was detected using specific antibodies. White arrows identify
representative cells with nuclear �-catenin or nuclear YAP staining. The scale bar is 20 �m. B, tumor sections were scored for cells with nuclear �-catenin only
(red), nuclear YAP only (blue), nuclear YAP and nuclear �-catenin (white), or no detectable staining (gray).
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with �-catenin specific antibodies failed to detect significant
binding to these sites suggesting that these peaks represent
nonspecific associations in the ChIP-Seq screen. However, we
demonstrate that the binding site identified by the cluster of 40
peak reads within the first intron of YAP demarcates an
enhancer element that binds �-catenin/TCF4 complexes to
control YAP expression in CRC cells. While our data support
the role of �-catenin/TCF4 complexes in recruiting RNAP, it is
also possible that �-catenin may play a role in RNAP promoter
clearance and facilitation of an elongation RNAP complex.
Regardless of the precise mechanism, �-catenin/TCF4 binding
likely enhances production of full-length YAP mRNA as we
observe that �-catenin knockdown reduces YAP protein levels
(Fig. 3). Ongoing studies in our laboratory are aimed at fully
defining the proximal promoter region of YAP to identify addi-
tional cis regulatoryDNAelements. These effortswill be critical
to determine whether additional transcription factors that
cooperate with �-catenin/TCF4 complexes are required to
deregulate YAP gene expression in CRC cells.

The Hippo pathway serves to restrict YAP nuclear localiza-
tion when cells are contact inhibited. Recent evidence indicates
that signaling from the adherens junction complexes results in
YAP phosphorylation and cytoplasmic retention (8, 32, 36, 37).
Interestingly, our analysis in densely plated colon cancer cells
demonstrated that YAP protein remained in the nucleus under
these conditions (Fig. 5). As phosphorylated YAP on serine 127
was retained, we conclude that the Hippo pathway itself is at
least partially intact. This cancer cell characteristic was also
recently reported in studies of MDA-MB-231 breast adenocar-
cinoma cells (32). When E-cadherin expression was restored in
MDA-MB-231 cells, YAPwas redistributed to the cytoplasm in
densely plated cells (32). It is possible that levels of E-cadherin
and/or �-catenin are insufficient to fully stimulate the Hippo
pathway inCRCcells. Because cancer cells in general are refrac-
tory to contact growth inhibition, nuclear accumulation of YAP
may be a general mechanism that allow for cancers to escape
this growth suppression pathway (39). Understanding precisely
how YAP escapes cellular redistribution in densely grown CRC
cells requires further investigation.
An intersection between Wnt/�-catenin and Hippo signal-

ing pathways has recently been described (40, 41). In an elegant
study,Varelas et al. found thatTAZ, theYAPparalog, restricted
Wnt/�-catenin signaling (40). They showed that TAZ inter-
acted with Dishevelled and that this interaction impaired
Wnt3A activation of theWnt pathway (40). These results dem-
onstrated thatHippo signaling negatively impacted theWnt/�-
catenin pathway, whereas our results suggest that Wnt/�-
catenin pathway promotes YAP expression. There are
important differences between the cell systems used in our
studies that could offer an explanation for this apparent dispar-
ity. Varelas et al. primarily studied the role for TAZ in HEK293
cells stimulated with Wnt3A ligand. These cells contain an
intactWnt/�-catenin signaling pathway whereas the CRC cells
used in our studies contain elevated �-catenin levels due to
mutations in the pathway downstream of Dishevelled. In addi-
tion, their study focused on TAZ, while the potential role for
YAP in impairing Wnt signaling was not addressed. Together,
our results indicate that a complex interplay between Wnt/�-

catenin and Hippo pathways exists to properly control cellular
growth.
Recently, �-catenin and YAP were shown to interact in

nuclear extracts prepared from day E14.5 murine hearts (42).
Composite enhancer elements that bind YAP/TEAD and
�-catenin/TCF complexes were required for expression of at
least some target genes. It was proposed that an antagonistic
relationship between Hippo and Wnt signaling pathways con-
trols cardiomyocyte growth by regulating expression of a com-
mon set of targets. Our initial efforts using co-immunoprecipi-
tation/Western blot analysis have failed to detect an interaction
between �-catenin and YAP in HCT116 cells. However, our
analysis of DNA elements identified in our �-catenin ChIP-Seq
library has found numerous targets that contain coupled TEAD
and TCF consensus motifs. We are currently investigating
whether Wnt/�-catenin and Hippo/YAP pathways directly
regulate expression of these targets in CRC cells.
Our histochemical analysis of YAP and �-catenin expression

in human tissues indicate that expression of both proteins is
elevated in primary tumors compared with their expression in
uninvolved tissue (Fig. 6A).We also find robust nuclear expres-
sion of both factors in metastatic disease. In addition, our
results, and those reported by Zhou et al., clearly demonstrate
that YAP activity is required for growth of established human
CRC cell lines and we find that this feature may be due to
increased cellular metabolism (17). While it is widely accepted
that deregulated Wnt/�-catenin signaling leads to colon can-
cer, therapeutics designed to mitigate persistent nuclear
�-catenin/TCF complexes have achieved limited success (43).
Recent reports and findings presented here strongly implicate
YAP functioning as an oncogene in colon cancers (17, 19). We
propose that compounds designed to either retain YAP in the
cytoplasm or reduce nuclear YAP activity would be beneficial
for the treatment of colon cancer.
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