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The YAP transcription coactivator has been implicated as an oncogene and is amplified in human cancers.
Recent studies have established that YAP is phosphorylated and inhibited by the Hippo tumor suppressor
pathway. Here we demonstrate that the TEAD family transcription factors are essential in mediating
YAP-dependent gene expression. TEAD is also required for YAP-induced cell growth, oncogenic
transformation, and epithelial-mesenchymal transition. CTGF is identified as a direct YAP target gene
important for cell growth. Moreover, the functional relationship between YAP and TEAD is conserved in
Drosophila Yki (the YAP homolog) and Scalloped (the TEAD homolog). Our study reveals TEAD as a new
component in the Hippo pathway playing essential roles in mediating biological functions of YAP.

[Keywords: TEAD; YAP; CTGF; Hippo; transcription, cancer]

Supplemental material is available at http://www.genesdev.org.

Received February 19, 2008; revised version accepted May 16, 2008.

Recent genetic studies in Drosophila have identified a
novel tumor suppressor pathway, the Hippo pathway
(Harvey et al. 2003; Wu et al. 2003; Lai et al. 2005; Edgar
2006; Hariharan and Bilder 2006; Harvey and Tapon
2007). Genetic experiments demonstrated that the Yki
transcription coactivator is inhibited by the Hippo path-
way (Huang et al. 2005). Consistently, biochemical stud-
ies showed that Yki is directly phosphorylated and in-
hibited by the Wts protein kinase, which is phosphory-
lated and activated by the Hippo (Hpo) protein kinase
(Dong et al. 2007). Yki induces expression of genes like
cyclin E and Diapl, and therefore promotes proliferation
and inhibits apoptosis (Udan et al. 2003; Huang et al.
2005). However, Yki does not have a DNA-binding do-
main, and therefore must interact with a DNA-binding
transcription factor(s) to regulate gene expression. Scal-
loped (Sd), a transcription factor in Drosophila, has been
reported recently to act downstream from Yki (Goulev et
al. 2008; Wu et al. 2008; Zhang et al. 2008).
Components of the Hippo pathway are highly con-
served, and recent studies from us and other groups have
demonstrated the function of the Hippo pathway in
mammalian cell growth (Hao et al. 2007; Zhao et al.
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2007). YAP, the human homolog of Yki, is phosphory-
lated by the Lats tumor suppressor, which is a homolog
of Drosophila Wts. Phosphorylation of YAP by Lats re-
sults in cytoplasmic translocation and, therefore, inacti-
vation of YAP. This mechanism of YAP regulation is
involved in cell contact inhibition and tissue growth
control (Zhao et al. 2007).

The importance of the Hippo pathway in human can-
cer was gradually uncovered. Mutation of the Hippo
pathway components, such as the NF2 tumor suppres-
sor, is known to contribute to human tumorigenesis
(McClatchey and Giovannini 2005). More importantly,
YAP is the candidate oncogene in the human chromo-
some 11q22 amplicon, which is evident in several hu-
man cancers (Overholtzer et al. 2006; Zender et al. 2006).
YAP overexpression stimulates proliferation and in-
creases saturation cell density in monolayer culture of
NIH-3T3 cells (Zhao et al. 2007). Furthermore, YAP
overexpression in MCF10A cells induces epithelial-
mesenchymal transition (EMT), which is a hallmark of tu-
morigenic transformation (Overholtzer et al. 2006).
Moreover, elevated YAP protein levels and increased
nuclear localization have been observed in multiple hu-
man cancer tissues (Zhao et al. 2007). Interestingly, YAP
overexpression causes a dramatic increase in liver size
and eventually leads to tumor growth (Camargo et al.
2007; Dong et al. 2007). These observations have estab-
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lished the importance of the Hippo pathway in human
cancer.

Several transcription factors, including ErbB4, Runx2,
TEAD, and p73, have been reported to interact with YAP
(Yagi et al. 1999; Vassilev et al. 2001; Basu et al. 2003;
Komuro et al. 2003). However, the significance of these
transcription factors in mediating the biological func-
tions of YAP, especially in promoting cell growth, has
not been demonstrated. In this study, we identified
TEAD as the most potent YAP target from a transcrip-
tion activity-based screen. By means of dominant-nega-
tive or RNAi, we further showed that TEAD is required
for YAP to stimulate gene expression, cell growth, an-
chorage-independent growth, and EMT. We identified
the connective tissue growth factor (CTGF) as a direct
target gene of YAP and TEAD. Interestingly, knockdown
of CTGF blocks YAP-stimulated cell growth and signifi-
cantly reduces YAP-induced colony formation in soft
agar. Furthermore, experiments in Drosophila demon-
strated that Sd and Yki genetically interact to enhance
tissue growth and organ size. Together, our observations
establish TEAD as the key transcription factor in the
Hippo pathway acting downstream from YAP.

Results

TEAD mediates YAP-dependent gene induction

To identify YAP target transcription factors, we screened
a human transcription factor library in which the known
or putative transcription factors were fused to Gal4
DNA-binding domain. Clones of the Gal4-TF library (a
total of 1100) (J.D. Lin, unpubl.) were individually co-
transfected with a 5x UAS-luciferase reporter, which is
driven by five Gal4-binding elements, in the presence or
absence of YAP cotransfection. This unbiased strategy
identified TEAD2, TEAD3, and TEAD4 as the strongest
positives based on the transcription reporter assay. The
human genome contains four TEAD transcription fac-
tors. TEAD1 was not present in our Gal4-TF library, but
it could also be potently activated by YAP (Fig. 1A). Sev-
eral other transcription factors, including ErbB4 and
RUNZX2, have been reported to interact with YAP (Yagi
et al. 1999; Komuro et al. 2003). However, the activation
of ErbB4 by YAP is much weaker than that of TEAD (Fig.
1A). Furthermore, YAP showed a strong physical inter-
action with TEAD but little interaction with RUNX2
(data not shown). These data indicate that the TEADs
may represent the major target transcription factors of
YAP.

By point mutation scanning, we found that the YAP
Ser 94 to alanine (S94A) mutant was defective in TEAD4
activation (Fig. 1B) as well as other TEADs activation
(data not shown). However, YAP-S94A retains full po-
tential to activate RUNX2 (Fig. 1B) and ErbB4 (data not
shown). This indicates that mutation of YAP S94 selec-
tively abolishes its ability to activate TEAD but does not
impair its general transcriptional activity. Consistently,
we observed that YAP-S94A lost its ability to physically
interact with TEAD4 (Fig. 1C) and other TEADs (data
not shown).

TEAD in the Hippo pathway

To assess the importance of TEAD interaction in YAP-
induced gene expression, we established MCF10A stable
pools with expression of YAP, constitutively active
YAP-5SA (Zhao et al. 2007), and YAP-S94A. Gene ex-
pression profiles were determined by microarray (Supple-
mental Table S1). Our data showed that YAP-5SA caused
a stronger induction of YAP-inducible genes than the
wild-type YAP (Fig. 1D). Interestingly, YAP-S94A was
severely compromised in gene regulation (both induc-
tion and repression) (Fig. 1D; Supplemental Table S1).
We reported previously that YAP regulates gene expres-
sion in NIH-3T3 cells (Zhao et al. 2007). Comparing the
data from NIH-3T3 and MCFI10A cells by Gene Set En-
richment Analysis (GSEA) (Subramanian et al. 2005), we
found a significant overlap of gene profiles between the
two cell lines (Supplemental Fig. S1A). The majority of
genes that are affected by YAP expression are similarly
regulated (either up or down) in both NIH-3T3 and
MCF10A cells (Supplemental Table S2), while a subset of
genes is oppositely regulated in NIH-3T3 and MCF10A
cells (Supplemental Table S2).

Among the confirmed YAP-inducible genes in
MCF10A were CTGF and ITGB2 (integrin B 2). They
were strongly induced by YAP-5SA but not by YAP-S94A
(Supplemental Fig. S1B). Furthermore, coexpression of
the dominant-negative TEAD1-AC, which has a deletion
of the C-terminal YAP-binding domain, blocked the in-
duction of both CTGF and ITGB2 (Supplemental Fig.
S1B). The four TEAD family members are all expressed
in MCF10A cells, while TEADI1 has the highest expres-
sion (data not shown). We generated lentiviral constructs
with shRNAs designed in a region identical in TEADI,
TEAD3, and TEAD4. Indeed, these sShRNAs were able to
knock down TEADI, TEAD3, and TEAD4 concurrently
but not TEAD2 (Supplemental Fig. SIC). Nevertheless,
these TEAD1/3/4 shRNAs strongly blocked the induc-
tion of CTGF and ITGB2 by YAP-5SA expression (Fig.
1E). These data demonstrate that in MCF10A cells, the
TEAD1/3/4 transcription factors play a critical role in
the expression of YAP-dependent genes.

If TEAD plays a major role in YAP-regulated gene ex-
pression, they should occupy a similar set of gene pro-
moters. We performed genome-wide location analysis of
YAP and TEADI occupancy in MCF10A cells by chro-
matin immunoprecipitation (ChIP)-on-chip experi-
ments. Interestingly, our results demonstrated that YAP
and TEADI co-occupy >80% of the promoters pulled
down by either of them (Fig. 1F; raw data in Supplemen-
tal Table S3). The Androgen Receptor (AR)-associated
genes were included as a control, which showed a much
lesser degree of overlap with those occupied by YAP
compared with TEADI (odds ratio = 34.6, P < 0.00001).
This observation further supports that the overlap be-
tween YAP and TEADI targets is not a random event.
Gene Set Enrichment Analysis (GSEA) demonstrated
that a significant (P < 0.001) portion of YAP-bound genes
are differentially expressed upon YAP overexpression in
MCF10A cells. Since YAP does not have DNA-binding ac-
tivity, these data strongly indicate that TEAD plays a ma-
jor role in mediating the binding of YAP to gene promoters.
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Figure 1. TEAD is required for YAP-induced gene expression. (A) YAP potently activates TEAD family transcription factors. The
indicated Gal4-fused transcription factors were cotransfected with a 5x UAS-Luc reporter and a CMV-B-gal construct into 293T cells
in the presence or absence of YAP. The B-galactosidase activity normalized luciferase activity in the absence of YAP (Gal4-TEADI in
the absence of YAP in the left panel) was set to 1. Flag-YAP Western blot shows that the YAP expression level was not decreased by
ErbB4. (B) YAP-S94A cannot activate TEAD4. The indicated plasmids were cotransfected with a 5x UAS-luciferase reporter for
Gal4-TEAD4 or a 6x OSE2-luciferase reporter for RUNX2 into 293T cells. Luciferase activity was measured and normalized to
cotransfected B-galactosidase. (C) Serine 94 of YAP is required for its interaction with TEAD4. The indicated plasmids were transfected
into HEK293 cells. Flag-YAP (left panel) or Myc-TEAD4 (right panel) was immunoprecipitated, and the immunoprecipitates were
probed as indicated. D. YAP-S94A is defective in gene expression regulation. The left panel shows cluster analysis of gene expression
profiles in YAP-WT, 5SA, or S94A-overexpressing MCF10A cells. The group of genes presented was chosen by the following standard:
a P call in all samples and up-regulated more than fivefold or down-regulated more than fourfold by YAP-wild-type overexpression.
Cluster analysis was done with Eisen Lab Cluster software using average linkage clustering. (Right panel) The same data sets were
drawn into boxplots using the R program. Red and green indicate up-regulated and down-regulated genes, respectively. (E) TEAD is
required for YAP-induced expression of CTGF and ITGB2. The indicated shRNAs were infected into native or YAP-5SA-expressing
MCF10A cells. Expression of CTGF and ITGB2 was determined by quantitative RT-PCR and compared to vector control cells. (C)
Scramble shRNA control; (#1 and #2) two different sShRNAs targeting TEAD1/3/4. (F) YAP and TEADI occupy common promoters.
ChIP-on-chip was performed with YAP or TEADI1 antibody against endogenous proteins in MCF10A cells. Genome-wide location
analysis was performed. AR ChIP was included as a negative control.
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TEAD binding is required for YAP-induced cell growth
and EMT

We reported that YAP expression in NIH-3T3 cells en-
hances cell growth (Zhao et al. 2007). NIH-3T3 stable
pools with expression of YAP and YAP-S94A were estab-
lished, and cell growth was determined. We found that
YAP-S94A was much less potent than the wild-type YAP
to stimulate NIH-3T3 cell growth (Fig. 2A). Further-
more, in MCF10A cells, wild-type YAP induced cell pro-
liferation even when cells reached confluency, while the
YAP-S94A mutant was largely inactive as determined by
the staining of proliferation marker Ki67 (Supplemental
Fig. S2A). To confirm that the loss of growth-promoting
activity in YAP-S94A is due to the loss of its interaction
with TEAD, we generated a TEAD1-YAP-S94A fusion
protein. Interestingly, this fusion protein stimulated
NIH-3T3 cell growth as effectively as the wild-type YAP,
while neither TEADI nor YAP-S94A stimulated cell
growth (Fig. 2A). Furthermore, the TEADI-YAP-S94A
fusion also rescued the expression of Ctgf and Inhba, two
YAP target genes, in NIH-3T3 cells (Fig. 2B). We also
examined the effect of S94A mutation in the constitu-
tively active YAP-5SA background in MCF10A cells. Ex-
pression of YAP-5SA resulted in the formation of much
larger acini in three-dimensional (3D) culture compared
with vector control. Importantly, this effect was largely
reduced if an S94A mutation was introduced into YAP-
5SA (Fig. 2C). These results indicate that S94, hence
TEAD binding, is required for YAP-induced cell prolif-
eration.

It has been reported that YAP induces EMT in
MCFI10A cells (Overholtzer et al. 2006). Indeed, expres-
sion of the active YAP-5SA induced EMT-like morpho-
logical change in monolayer culture (Fig. 2C). However,
YAP-5SA-S94A was not effective in eliciting EMT mor-
phology. Furthermore, in 3D culture, YAP-5SA-S94A
failed to induce complex-shaped large acini with spike-
like projections and rough surface, which were obvious
in YAP-5SA-expressing cultures (Fig. 2C). As another
hallmark of EMT, YAP-5SA-expressing cells also dis-
played disorganized adherens junctions, as shown by the
loss of cell-cell junction localized E-cadherin, and the
switch from cortical actin to stress fibers (Fig. 2D). How-
ever, these phenotypes were not seen in YAP-5SA-S94A-
expressing cells. YAP-5SA expression also changed the
expression pattern of epithelial and mesenchymal mark-
ers, which was not induced by YAP-5SA-S94A expres-
sion (Fig. 2E). These results indicate that S94 of YAP,
presumably by mediating TEAD interaction, is at least
partially responsible for YAP function in inducing EMT.

To further confirm the function of TEAD, we used
shRNAs to knock down TEAD1/3/4 in YAP-55A-ex-
pressing cells. TEAD1/3/4 knockdown not only reversed
the EMT-like morphology in monolayer and 3D cul-
tures, but also rescued the expression of epithelial mark-
ers (Fig. 2F; Supplemental Fig. S2B). Knockdown of
TEADI1/3/4 also significantly shrank the aberrantly en-
larged acini caused by YAP-5SA expression, further sup-
porting a role of TEAD in YAP-induced growth. A YAP-

TEAD in the Hippo pathway

dependent function of TEAD in cell growth is also im-
plicated in Sveinsson’s chorioretinal atrophy, a rare
genetic disease caused by TEAD1 mutation and charac-
terized by atrophic lesions involving retina and choroids
(Fossdal et al. 2004; Kitagawa 2007). The mutated tyro-
sine Y406 is highly conserved in TEAD family members
(Supplemental Fig. S2C), and is located within the YAP-
binding domain (Supplemental Fig. S2D). Interestingly,
mutation of this tyrosine residue in TEADs abolished
their interaction with and their activation by YAP
(Supplemental Fig. S2E-G), which may explain the atro-
phic phenotype caused by this mutation.

Anchorage-independent growth is a hallmark of onco-
genic transformation. YAP overexpression is reported to
induce anchorage-independent growth of MCF10A cells
(Overholtzer et al. 2006). We observed that YAP-5SA po-
tently induced MCF10A colony formation in soft agar. In
contrast, YAP-5SA-S94A was unable to induce anchor-
age-independent growth of MCF10A cells (Fig. 2G;
Supplemental Fig. S2H). Similarly, almost no colony was
formed if TEAD1/3/4 were down-regulated in the YAP-
5SA expressing cells (Fig. 2G; Supplemental Fig. S2H).
These data indicate the requirement of at least one of
TEAD1/3/4 for the YAP-induced anchorage-independent
growth. Together, the above observations support a
model in which TEAD is essential for the function of
YAP in cell proliferation, EMT, and oncogenic transfor-
mation.

CTGF is a direct YAP-TEAD target gene required
for cell growth

YAP expression affected many cell proliferation-related
genes (Supplemental Table S1). However, cyclin E and
IAP, the key Yki-inducible genes in Drosophila, were not
significantly induced by YAP in either NIH-3T3 or
MCF10A cells (Supplemental Table S1). This indicates
that there might be different genes in mammalian cells
to mediate YAP function. CTGF is highly induced by
YAP expression in both NIH-3T3 and MCF10A cells,
and its promoter is co-occupied by YAP and TEADI, as
shown by ChIP (Fig. 3A); therefore, it might be a direct
YAP target gene. We cloned the CTGF promoter into a
basic luciferase reporter and found that it was potently
activated by YAP but not by YAP-S94A, and the activa-
tion was further enhanced by TEAD1 coexpression (Fig.
3B). Expression of the dominant-negative TEADI1-AC,
but not the TEAD1-AC-AD (in which the C-terminal
YAP-binding domain was replaced by the YAP transac-
tivation domain), blocked the activation of CTGF re-
porter by YAP (Fig. 3C). These results indicate that YAP
activates the CTGF promoter through TEAD. Examina-
tion of the CTGF promoter region revealed three puta-
tive TEAD-binding sites (Fig. 3D; Anbanandam et al.
2006). Individual or combinatory mutation of the puta-
tive TEAD-binding sites indicated that TB2 and TB3
were more important for CTGF promoter activity while
TB1 was also involved (Fig. 3E).

The function of endogenous YAP and TEAD in CTGF
expression was examined by YAP or TEAD1/3/4 knock-
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Figure 2. TEAD is required for YAP activity in growth promotion and EMT. (A) YAP-S94A is defective in promoting cell growth. The
growth curve of NIH-3T3 stable cells with expression of Vector, YAP, YAP-S94A, TEADI, or TEAD1-YAP-S94A was determined. (B)
Fusion of YAP-S94A with TEADI1 rescued YAP target gene expression. (Right panel) NIH-3T3 stable cells with expression of YAP-
S94A, TEADI1, and TEAD1-YAP-S94A fusion protein were generated, and the expression of these proteins was shown by anti-Myc-tag
Western blot. The expression of Ctgf and Inhba, two YAP target genes in NIH-3T3 cells, was measured by quantitative PCR. The
induction of these two genes by YAP-WT was also shown for comparison. (C) YAP-5SA-S94A is compromised in eliciting EMT-like
morphology. Indicated MCF10A stable cells were cultured in monolayer or in 3D on reconstituted basement membrane for 16 d before
pictures were taken. (D) YAP-5SA-S94A is defective in reducing membrane E-cadherin and cortical actin. The indicated MCF10A
stable cells were stained by anti-E-cadherin (green), rhodamine-phalloidin (red), and DAPI (blue). (E) The TEAD-binding-defective YAP
is compromised in altering EMT marker expression. Western blot of epithelial and mesenchymal markers was performed using lysates
from indicated MCF10A stable cells. (F) TEAD1/3/4 shRNAs blocked YAP induced EMT-like morphology and acinar overgrowth.
YAP-5SA-expressing MCF10A cells were infected with indicated shRNA lentiviruses. The morphology in 2D and 3D culture was
documented as in C. (G) TEAD1/3/4 shRNAs blocked YAP-induced anchorage-independent growth in soft agar. The indicated

MCF10A stable cells were plated in soft agar and allowed to grow for 3 wk, after which colonies were stained with crystal violet and
counted.
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Figure 3. CTGEF is a direct target of YAP and TEAD. (A) Both YAP and TEAD1 bind to the CTGF promoter. ChIP from MCF10A cells
was performed with control IgG, YAP, or TEADI antibody as indicated. The presence of CTGF promoter was detected by PCR. (B)
Activation of CTGF reporter by YAP and TEADI. A luciferase reporter driven by CTGF promoter was cotransfected with YAP wild
type or S94A mutant as indicated with or without TEADI cotransfection. Luciferase activity was measured and normalized to
cotransfected B-galactosidase. (C) Dominant-negative TEADI1 blocks the YAP stimulation of the CTGF reporter. The indicated
plasmids were cotransfected, and luciferase activity was determined as in B. (D) The human CTGF promoter region contains three
putative TEAD-binding sites. The putative TEAD-binding sites (TB1-TB3) are shown in red. (E) The putative TEAD-binding sites are
important for CTGF promoter activity. The putative TEAD-binding sites (TB) were mutated individually or in combination. The
luciferase activity of each reporter was measured in the presence or absence of YAP and TEADI. The activation folds by YAP and
TEADI are shown. (F) YAP and TEAD are required for CTGF expression. ACHN cells were infected with the indicated shRNA
lentiviruses, and CTGF mRNA levels were determined by quantitative RT-PCR. (G) Knockdown of YAP or TEAD1/3/4 decreases
CTGEF protein levels. Experiments were similar to F except Western blotting was performed with the indicated antibodies. (H) YAP,
TEAD, and CTGF are important for the AHCN cell growth. YAP, TEAD1/3/4, and CTGF were knocked down by shRNAs. Cell growth
rate was determined. (I) CTGF is required for YAP-induced growth and morphological change in 3D culture. MCF10A cells expressing
YAP-5SA were infected with indicated shRNA lentiviruses. The morphology in 2D and 3D culture was documented as in Figure 2C.
(]) CTGF knockdown attenuates YAP induced anchorage-independent growth in soft agar. The indicated MCF10A stable cells were
plated in soft agar and allowed to grow for 3 wk, after which colonies were stained with crystal violet and counted. Pictures of the
stained colonies were presented in higher magnification to show the colony size reduction by CTGF shRNAs.
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down in ACHN cells, which have elevated YAP activity
due to a mutation of Sav, a key component of the Hippo
pathway (Tapon et al. 2002). RNAI specificity and effi-
ciency were confirmed by quantitative RT-PCR (Supple-
mental Fig. S3A) and Western blot (Fig. 3G). We found
that knockdown of either YAP or TEAD1/3/4 caused a
dramatic reduction of both CTGF mRNA (Fig. 3F) and
protein (Fig. 3G). We next examined the function of
CTGF in mediating the cellular function of YAP. Similar
to the knockdown of YAP and TEAD1/3/4, knockdown
of CTGF significantly inhibited ACHN cell growth (Fig.
3H). These data further demonstrate the functional sig-
nificance of TEAD1/3/4 and CTGF as important down-
stream targets of YAP in the Hippo pathway in cell
growth regulation. Furthermore, knockdown of CTGF in
the YAP-5SA-expressing MCF10A cells decreased the
acini growth and reversed the complex-shaped and rough
surface morphology in 3D culture (Fig. 3I). However,
CTGF knockdown did not reverse the EMT-like mor-
phology in monolayer culture. These results indicate
that CTGF plays an important role in the growth-pro-
moting function but may not be required for the EMT-
inducing activity of YAP.

We also tested the effect of CTGF knockdown in the
anchorage-independent growth potential of YAP-5SA-
overexpressing MCF10A cells. Although CTGF knock-
down did not completely block the anchorage-indepen-
dent growth of YAP-5SA-overexpressing MCF10A cells,
it significantly decreased the number of colonies formed
(Fig. 3]; Supplemental Fig. S3B) and dramatically reduced
the colony size (Fig. 3]J). However, expression of CTGF
alone did not phenocopy the effects of YAP overexpres-
sion in MCF10A cells (data not shown). Therefore, we
speculate that CTGF works with other YAP target genes
to mediate the oncogenic transformation potential of
YAP.

YAP/Yki and TEAD/Sd genetically interact to promote
tissue growth in Drosophila

To investigate the function of TEAD in YAP-induced
growth control, we generated transgenic flies that ex-
press human YAP-S127A (an active form) or YAP-S94A/
S127A in developing eyes. YAP-S127A overexpression
significantly increased eye size (Supplemental Fig. S4A,
panels a,d) and the number of interommatidial cells (Fig.
4A, panels a,d). Mutation of S94A dramatically decreased
the activity of YAP-S127A in promoting tissue growth
(Fig. 4A, panel e; Supplemental Fig. S4A, panel e). Scal-
loped (Sd) is the only TEAD homolog in Drosophila. We
found that Yki directly interacted with Sd in an in vitro
binding assay (Supplemental Fig. S4B). Furthermore, Yki
S97A mutation (equivalent to YAP-S94A) diminished its
interaction with Sd. Moreover, this Sd-binding-defective
Yki-S97A mutant was less potent in stimulating growth
in vivo compared with wild-type Yki (Fig. 4A, panels a—c;
Supplemental Fig. S4A, panels a—c). The functional de-
fect of the TEAD-binding-deficient YAP/YKki was further
confirmed by generating overexpression flip-out clones
in the Drosophila larval wing discs as labeled by positive
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GFP expression (Fig. 4B). Both YAP-S127A and Yki are
potent in stimulating tissue growth as individual clones,
and the whole discs were generally larger than wild-type
clones or discs (Fig. 4B, panels a,b,d). However, neither
YAP-S94A/S127A nor Yki-S97A showed a similar level
of growth-promoting effect (Fig. 4B, panels c,e). These
data indicate that TEAD/Sd binding is important for the
physiological function of YAP/YKki.

We next tested the genetic interaction between Yki
and Sd. A strong loss-of-function allele of sd dominantly
suppressed the enlarged and rough eye phenotypes
caused by Yki overexpression (Fig. 4C, panels a-d). Thus,
the level of Sd is critical for Yki to promote tissue
growth. Overexpression of Sd caused small eyes (Fig. 4C,
panel e), presumably due to a dominant-negative effect
(Simmonds et al. 1998), but it did not result in lethality.
This phenotype was strongly enhanced by reduction of
yki levels, such that all of these flies died at the late
pupal stage and had no eyes (Fig. 4C, panel {). Further-
more, coexpression of Yki with Sd suppressed the re-
duced eye phenotype caused by Sd overexpression (Fig.
4C, panels e,g h). In fact, the eyes of animals overexpress-
ing both Yki and Sd were enlarged more than those of
animals that only expressed Yki. Therefore, Sd overex-
pression enhanced the Yki overexpression phenotypes.
Together, these results indicate that Sd is a critical func-
tional partner of Yki, a conclusion consistent with
TEAD as a critical downstream target transcription fac-
tor of YAP.

Discussion

The Hippo pathway plays an important role in the regu-
lation of cell and tissue growth (Saucedo and Edgar 2007).
Dysregulation of this pathway, such as mutations in
NF2, leads to human cancer (McClatchey et al. 1998).
Acting at the end of the Hippo pathway is the YAP tran-
scription coactivator, which is an oncogene capable of
promoting cell growth, oncogenic transformation, and
EMT in cultured cells. YAP overexpression increases or-
gan size and causes cancer in transgenic mice (Dong et
al. 2007). An important open question in the field is the
transcription factor(s) that mediate the biological func-
tion of YAP. In this study, we demonstrated that the
TEAD family transcription factors play an essential role
in YAP-dependent gene expression and cell growth
stimulation. The functional relationship between YAP
and TEAD is conserved in Drosophila, in which Yki acts
through Sd to regulate cell growth and organ size. During
the preparation of this manuscript, it was reported that
Sd mediates Hippo signaling downstream from Yki
(Goulev et al. 2008; Wu et al. 2008; Zhang et al. 2008).
These Drosophila studies are completely consistent
with our Drosophila data and further support our con-
clusion that TEAD is a key transcription factor mediat-
ing YAP function in mammals.

Although both Yki and YAP promote cell and tissue
growth in Drosophila and mammals, respectively, the
genes induced by these two transcription coactivators
are not identical. For example, cyclin E is induced by Yki
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Figure 4. yki and scalloped genetically interact to control tissue growth and organ size. (A) The TEAD/Sd-binding-defective YAP and
Yki are compromised in inducing extra interommatidial cells. Mid-pupal eye discs were stained with Discs large (Dlg) antibody to
outline cells. The genotypes of the fly tissues are Wild-type (Canton S) (panel a), GMR-Gal4/UAS-yki-V5 (panel b), GMR-Gal4/UAS-
yki$*74.V5 (panel c), GMR-Gal4/UAS-Flag-YAPS'274 (panel d), and GMR-Gal4/UAS-Flag-YAPS°#4/51274 (panel e). (B) The TEAD/Sd-
binding-defective YAP and Yki are compromised in inducing clone expansion. Wing imaginal discs containing 72-h-old control (panel
a) or various YAP/Yki-overexpressing clones (panels b—¢) were generated by flip-out and positively marked by GFP. The genotypes of
the fly tissues are hsFLP/+; act>y+>Gald, UAS-GFP%¢*T/+ (panel a), hsFLP/+; act>y+>Gald, UAS-GFP%¢*T/UAS-yki-V5 (panel b),
hSFLP/+; act>y+>Gald, UAS-GEPS**T/UAS-yki**’A-V5 (panel c), hsFLP/+; act>y+>Gald, UAS-GFP5¢°T/UAS-Flag-YAPS?’ (panel d),
and hsFLP/+; act>y+>Gald, UAS-GFPS%°T/UAS-Flag-YAPS?#4/51274 (panel e). (C) yki and scalloped genetically interact to control tissue
growth and organ size. Genotypes of the fly tissues are indicated. SEM (scanning electron microscopy) images of adult eyes are shown
in panels a—e, g, and h. A late pupal head is shown in panel f. The arrow in panel f indicates where a retina is normally expected to
grow.

overexpression in Drosophila but not by YAP overex-
pression in mammalian cells (Dong et al. 2007). We iden-
tified CTGF as a direct target gene of YAP-TEAD in
mammalian cells. Interestingly, elevated CTGF levels
have been detected in human cancers (Xie et al. 2001),
and anti-CTGF antibody inhibited tumor growth and
metastasis (Dornhofer et al. 2006). This supports a pos-
sible role of CTGF in mediating the growth-stimulating
and oncogenic function of YAP-TEAD. Although CTGF
appears to play an important role in YAP-induced cell
growth, it may not be required for YAP-induced EMT.
This indicates that other genes may be involved in the
biological function of YAP. Consistently, the TEAD-
binding-defective YAP-S94A mutant can still induce ex-

pression of a fraction of the YAP-regulated genes. Fur-
thermore, overexpression of the Sd-binding-defective
Yki-S97A elicits a significantly reduced but still obvious
overgrowth in Drosophila eyes and wings. These obser-
vations indicate that additional transcription factors
may be used by YAP/Yki to regulate cell and tissue
growth.

Materials and methods

Cell culture, transfection, and retroviral infection

HEK293 cells, HEK293-T cells, NIH-3T3 cells, and ACHN cells
were cultured in DMEM (Invitrogen) containing 10% FBS (In-
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vitrogen) and 50 ng/mL penicillin/streptomycin (P/S). MCF10A
cells were cultured in DMEM/F12 (Invitrogen) supplemented
with 5% horse serum (Invitrogen), 20 ng/mL EGF, 0.5 pug/mL
hydrocortisone, 10 png/mL insulin, 100 ng/mL cholera toxin, and
50 png/mL P/S. Transfection with lipofectamine was performed
according to the manufacturer’s instructions.

To generate wild-type or mutant YAP-expressing stable cells,
retrovirus infection was performed by transfecting 293 Phoenix
retrovirus packaging cells with empty vector or pQCXIH-YAP
constructs. Forty-eight hours after transfection, retroviral su-
pernatant was supplemented with 5 ng/mL polybrene, filtered
through a 0.45-pm filter, and used to infect MCF10A or NIH-
3T3 cells. Thirty-six hours after infection, cells were selected
with 200 pg/mL hygromycin (Roche) in culture medium.

Lentiviral shRNA cloning, production, and infection

To generate YAP, TEAD1/3/4, or CTGF knockdown cells, oli-
gonucleotides were cloned into pLKO.1 with the Agel/EcoRI
sites (Moffat et al. 2006). TEAD1/3/4 shRNAs were designed in
a region identical in TEADI, 3, and 4. The sequences of the
oligonucleotides are as follows: YAP #1-sense, 5'-CCGGCTG
GTCAGAGATACTTCTTAACTCGAGTTAAGAAGTATCTCT
GACCAGTTTTTC-3’; YAP #l-antisense, 5-AATTGAAA
AACTGGTCAGAGATACTTCTTAACTCGAGTTAAGAAGT
ATCTCTGACCAG-3'; YAP #2-sense, 5'-CCGGAAGCTTT
GAGTTCTGACATCCCTCGAGGGATGTCAGAACTCAAA
GCTTTTTTTC-3’; YAP #2-antisense, 5'-AATTGAAAAAAA
GCTTTGAGTTCTGACATCCCTCGAGGGATGTCAGAACT
CAAAGCTT-3'; TEADI1/3/4 #l-sense, 5-CCGGATGATCA
ACTTCATCCACAAGCTCGAGCTTGTGGATGAAGTTGATC
ATTTTTTC-3'; TEADI1/3/4 #l-antisense, 5-AATTGAAAA
AATGATCAACTTCATCCACAAGCTCGAGCTTGTGGATG
AAGTTGATCAT-3’; TEADI1/3/4 #2-sense, 5-CCGGGAT
CAACTTCATCCACAAGCTCTCGAGAGCTTGTGGATGAA
GTTGATCTTTTTC-3'; TEAD1/3/4 #2-antisense, 5'-AATTG
AAAAAGATCAACTTCATCCACAAGCTCTCGAGAGCTTGT
GGATGAAGTTGATC-3"; CTGF #l-sense, 5-CCGGAAAT
CTCCAAGCCTATCAAGTCTCGAGACTTGATAGGCTTGG
AGATTTTTTTTC-3"; CTGF #l-antisense, 5-AATTGAAAA
AAAATCTCCAAGCCTATCAAGTCTCGAGACTTGATAGGC
TTGGAGATTT-3"; CTGF #2-sense, 5'-CCGGCTGCACCAG
CATGAAGACATACTCGAGTATGTCTTCATGCTGGTGCA
GTTTTTC-3'; CTGF #2-antisense, 5'-AATTGAAAAACTG
CACCAGCATGAAGACATACTCGAGTATGTCTTCATGCT
GGTGCAG-3'.

Plasmids were propagated in and purified from Stbl2 compe-
tent cells (Invitrogen). The infection process was similar to that
of retroviral infection except that the lentiviral packaging plas-
mids psPAX2 and pMD2.G were cotransfected into HEK293-T
cells for virus production. Cells were selected in 5 pg/mL pu-
romycin in culture medium.

ChIP and ChIP-on-chip

ChIP-on-chip and genome-wide location analysis were per-
formed as previously described (Yu et al. 2007). Briefly, cells
were cross-linked, lysed, and sonicated to generate DNA frag-
ments with an average size of 0.5 kb. ChIP was performed using
5 pg of antibodies against YAP, TEADI, AR, or control IgG.
ChIP-enriched DNA, along with input whole lysate DNA, were
subjected to a ligation-mediated PCR step to generate enough
DNA materials, which were then labeled with fluorescent dyes
and hybridized to a promoter microarray according to the manu-
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facturer’s protocols (Agilent Technologies). The hybridization
intensity was extracted using the Agilent Feature Extraction
Software. The bound probes were determined at a cut-off P-
value of XDEV, which is a scaled log-ratio value generated from
single-gene error model, <0.001.

Three-dimensional culture of MCF10A cells

The 3D culture of MCF10A cells was done as described (Deb-
nath et al. 2003). Briefly, Growth Factor Reduced Matrigel was
layered onto eight-well glass chamber slides to make a recon-
stituted basement membrane. MCF10A cells were seeded on
top of that at a concentration of 5000 cells/well in assay me-
dium containing 2% Matrigel and 5 ng/mL EGF. Cells were
cultured in a 5% CO, humidified incubator at 37°C. The me-
dium was replaced every 4 d.
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