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SUMMARY

The structure of the complex between the transcrip-
tion cofactor Vgll1 and the transcription factor
TEAD4, the mammalian equivalent of the Drosophila
Vestigial and Scalloped, respectively, is determined
in this study. Remarkably, Vgll1 interacts with TEAD
in a manner similar to the transcription coactivators,
as well as oncogenes YAP and TAZ, despite having
a varied primary sequence. Vgll1-TEAD complex
upregulates the expression of IGFBP-5, a prolifera-
tion-promoting gene, and facilitates anchorage-
independent cell proliferation. The YAP/TAZ-TEAD
complex also upregulates several other prolifera-
tion-promoting genes and also promotes anchor-
age-independent cell proliferation. Given its struc-
tural and functional similarity to YAP/TAZ, Vgll1 has
the potential to promote cancer progression.

INTRODUCTION

The Drosophila transcriptional coactivator Vestigial (Vg) is

a master regulator of wing development. Without Vg, the wings

do not develop and ectopic Vg expression gives rise to wing

tissue outgrowths (Kim et al., 1996). Vg does not possess

a DNA-binding domain, and it pairs with the transcription factor

Scalloped (Sd) to regulate gene expression.

The Vg-Sd complex has been extensively investigated (Halder

et al., 1998; Simmonds et al., 1998). A short�25 aa motif in Vg is

necessary and sufficient to interact with Sd. This motif is also

present in four mammalian proteins, which are named Vesti-

gial-like proteins (Vgll1–4) (Chen et al., 2004; Maeda et al.,

2002; Vaudin et al., 1999). These proteins also use this motif to

interact with TEAD/TEF family transcription factors, TEAD1–4,

which are the mammalian homologs of the Drosophila

Scalloped. Vgll1–3 has the entire Sd/TEAD-interacting motif

conserved, whereas Vgll4 has two partially conserved TEAD-

interacting motifs (Figure 3). Apart from the TEAD-interacting

motif, all the other regions in the Vgll proteins and Vg are

entirely different. Very little is known about Vgll proteins;

among them Vgll1 is shown to have the ability to functionally

replace Vg in Drosophila. It is able to partially rescue the Vg
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loss-of-function phenotype in a TEAD-dependent manner

(Vaudin et al., 1999).

Other transcription coactivators, which are also oncogenes

that bind TEADs, are the Yes-associated protein (YAP) and its

paralog Transcriptional coactivator with PDZ-binding motif

(TAZ). The interaction between YAP and TEAD is structurally

and functionally well characterized (Chen et al., 2010; Li et al.,

2010; Tian et al., 2010). YAP/TAZ pair with TEADs and upregulate

the expression of several proliferation promoting genes. They are

kept under control by the hippo pathway (Chan et al., 2011;

Halder and Johnson, 2011; Pan, 2010; Zhao et al., 2011). YAP/

TAZ is phosphorylated by the Hippo pathway kinase LATS,

and this phosphorylation enables their sequestration in the cyto-

plasm by binding with 14-3-3 proteins. The phosphorylation also

leads to ubiquitination and proteasomal degradation of these

proteins (Liu et al., 2010; Zhao et al., 2010). The Hippo pathway

is under very active research, and it plays an important role in

development, organ size, and stem cell maintenance, and its

deregulation is implicated in cancer progression (Chan et al.,

2011; Halder and Johnson, 2011; Pan, 2010; Zhao et al., 2011).

In this study we have structurally characterized the Vgll1-

TEAD4 complex, the mammalian equivalent of the Drosophila

Vg-Sd complex. Vgll1 interacts with TEAD in a fashion that is

similar to that of YAP (Chen et al., 2010; Li et al., 2010). This is

remarkable, because at the primary sequence level the TEAD-

interacting regions of YAP and Vgll1 are entirely different. Both

Vgll1 and YAP compete for binding to TEAD. Further, the Vgll1-

TEAD complex, like the YAP/TAZ-TEAD complex, promoted

anchorage-independent cell proliferation. These complexes

also upregulate proliferation-promoting genes. Altogether, this

study has unraveled the structural and functional similarity

between YAP/TAZ-TEAD and Vgll1-TEAD complexes.

RESULTS AND DISCUSSION

Structure of the Vgll1-TEAD4 Complex
Of the various complexes that we expressed, the complex con-

taining the C-terminal region of mouse TEAD4 (residues 210–

427) and the TEAD-interacting region of mouse Vgll1 (residues

20–56) crystallized readily. In TEAD4, the electron density for

all the residues, except 230–232 and residue 427, were visible.

In the case of Vgll1, the electron density for all residues, except

52–56, were visible. The data collection and refinement statistics

are shown in Table 1.
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Table 1. Data Collection and Refinement Statistics

Data Collection

Space group P3121

Cell dimensions

a, b, c (Å) 113.93, 113.93, 144.36

a, b, g (�) 90, 90, 120

Resolution (Å) 99–2.8 (2.95–2.8)a

Rmerge 0.059 (0.580)

<I/sI > 20.3 (2.7)

Completeness (%) 100 (99.7)

Multiplicity 7.8 (5.6)

Refinement

Resolution (Å) 58.26–2.8 Å

No. reflections 26,231

Rwork/Rfree 0.21 / 0.27

Rmsd from ideality

Bonds 0.009 Å

Angles 1.358�

aValues in parentheses are for the highest-resolution shell.
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The C-terminal region of TEAD4 adopts an immunoglobulin-

like fold (Chen et al., 2010; Li et al., 2010; Tian et al., 2010)

although TEAD exerts a function that is distinct from other immu-

noglobulin-like fold-containing proteins. TheC-terminal region of

TEAD has two b sheets: Sheet 1 is formed by b1, b2, b5, b8, and

b9, and sheet 2 is formed by b3, b4, b6, b7, b10, and b11 (Fig-

ure 1). Both of these sheets interact with each other and form

the characteristic immunoglobulin-like b sandwich fold. The

TEAD-interacting region of Vgll1 comprises a b strand followed

by a a-helix; they are roughly at right angles to each other (Fig-

ure 1A) and clasp the TEAD C-terminal domain.

The interaction between Vgll1 and TEAD4 could be conve-

niently divided into two interfaces (Figure 1). The interface 1 is

the antiparallel b sheet between the b2 of Vgll1 and the b7 of

TEAD4. Interface 2 is formed as a result of Vgll1 helix interacting

with a3 and a4 of TEAD4. Antiparallel b sheet in interface 1

followed by a helix that binds the groove between a3 and a4 of
1136 Structure 20, 1135–1140, July 3, 2012 ª2012 Elsevier Ltd All rig
TEAD in interface 2 is reminiscent of interfaces 1 and 2 in the

YAP-TEAD complex (Figure 1B). This is remarkable because

the TEAD-interacting regions of Vgll1 and YAP have very little

similarity at the primary sequence level (Figure 1C), yet they

adopt a similar structure.

Interface 1 is an antiparallel b sheet; b2 of Vgll1 and b7 of

TEAD4 are, respectively, held together primarily by hydrogen

bonds formed only between the main chains of residues 28–30

in Vgll1 and residues 336–338 in TEAD4 (Figure 2A). Therefore,

the main prerequisite to form such an interface is the ability for

a primary sequence to form a b strand.

In interface 2, the Vgll1 helix sits in the groove formed between

the a3 and a4 of TEAD4 (Figure 2B). Here, the two proteins are

held together by hydrophobic interactions. Interface 2 in the

YAP-TEAD complex is also dominated by hydrophobic interac-

tions. The 41VxxHF45 (x: any amino acid) motif that is present in

the Vgll1 helix appears to be very important in this interface.

This can be considered as a variant of the LxxLF motif, which

is well known to bind hydrophobic grooves. The 65LxxLF69

(or 50LxxLF54; Chen et al., 2010) motif is also the central motif

in interface 2 of the YAP-TEAD complex (Chen et al., 2010;

Li et al., 2010). Phenylalanine (F) is conserved between the

two motifs, and F45 in Vgll1 interacts with F366, K369, L370,

L373, and V382 of TEAD4 (Figure 2B). This is similar to the inter-

action between F69 of YAP and TEAD. The hydrophobic

residue V41 in Vgll1 is similar to L65 of YAP. It interacts with

Y362, F366, and K369 of TEAD4, which is also analogous to

the interaction by YAP L65. Vgll1 has H44 instead of L68; H44

interacts with F330, F366, and F386 of TEAD4, also in a manner

similar to that of L68 of YAP. Additionally, unlike L68, H44 is

involved in two hydrogen bonds. One of the nitrogens in the imid-

azole ring of H44 acts as a putative hydrogen bond donor for the

main chain carbonyl of V382, and the other acts as a putative

acceptor for the hydroxyl group of S329 (Figure 2B). There is

also hydrophobic contact between H44 of Vgll1 and V382 of

TEAD4 (Figure 2B). V41, H44, and F45 also interact with each

other and with I37, which further strengthens the hydrophobic

interaction.

The prerequisite for forming interfaces 1 and 2 is a sequence of

residues that have a propensity to form a b strand followed by

a helix that has LxxLF motif or its variant. The requirement is
Figure 1. Vgll1-TEAD4 Structure and Its

Comparison with YAP-TEAD Structure

(A) Ribbon diagram representation of the Vgll1-

TEAD4 structure. The interaction between these

two proteins is divided into two interfaces. TEAD4

is colored red, and Vgll1 is colored green.

(B) Superposition of the Vgll1-TEAD4 complex

with that of the YAP-TEAD1 (Protein Data Bank

3KYS) complex. YAP is colored orange. The

structure of the TEAD4 and TEAD1 in the complex

is very similar, and therefore TEAD1 is omitted for

clarity. The additional YAP-TEAD interface is

labeled as Interface 3.

(C) Interfaces 1 and 2 residues of Vgll1 and YAP

are aligned. The VxxHF and the LxxLF motif are

shown in red.
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Figure 2. Detailed View of Interfaces 1 and 2

(A) The Interface 1 formed by b2 (27–31) of Vgll1 and b7

(334–339) of TEAD4 is shown. The main chains are shown

as sticks, and the side chains are omitted for clarity. The

hydrogen bonds between the b strands are shown as red

dotted lines.

(B) Detailed view of Interface 2. Vgll1 helix is colored green,

and the VxxHF motif side chains are shown as green stick

models. a3 and a4 of TEAD4 are colored red, and the side

chains of TEAD residues interacting with the VxxHF motif

are shown as gray stick models. The putative hydrogen

bonds are shown as red dotted lines.

(C) Coimmunoprecipitation. HEK293 cells were trans-

fected with HA-TEAD4 and FLAG-Vgll1 WT or HF-mut.

HF-mut has the residues H and F in the VxxHF motif

mutated to alanine. TEAD4was immunoprecipitated using

anti-HA beads, and the coimmunoprecipitated FLAG-

Vgll1 WT or HF-mut was probed by western blot using

anti-FLAG antibody.

A

B

Figure 3. Sequence Alignment of YAP and Vgll TEAD-Interacting

Motifs

The TEAD-interacting regions of Vgll (A) and YAP (B) across isoforms and

species are aligned. The identical residues are highlighted in blue. The VxxHF

and the LxxHF motifs are highlighted in red. The interface residues are high-

lighted in gray.
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not stringent, and one would not have predicted that Vgll1

and YAP could form similar interfaces. Therefore, Vgll1 or its iso-

forms did not surface when the YAP-TEAD complexes were

described.

We looked at Vgll proteins from over 40 species. The VxxHF

motif is highly conserved; there are only two instances in which

there is a deviation. One is the AxxHFmotif seen in Tribolium cas-

taneum in a protein similar to Drosophila Vg. The other is the

LxxHFmotif found in Trichnella spiralis Vgll2. Similarly, the LxxLF

motif in YAP and TAZ is highly conserved among various

species. The only exception is the LxxLL motif in Macaca

mulatta. A representative alignment of the TEAD-interacting

region in Vgll proteins and YAP/TAZ is shown in Figure 3. Both

the VxxHF and LxxLF motifs bind hydrophobic grooves. The

strict conservation of the motif residues among Vgll and YAP

homologs is intriguing. Variation in the motif and surrounding

residues is known to alter binding kinetics and specificity (Dari-

mont et al., 1998). It would be interesting to evaluate if there is

biological relevance for the conservation of these residues.

Of the two interfaces in Vgll1, interface 2 is more important.

Mutating H44 and F45 in the VxxHF motif to alanine (HF-mut)

greatly reduces the ability of Vgll1 to interact with TEAD

(Figure 2C).

One conspicuous absence in the Vgll1-TEAD4 complex when

compared with the YAP-TEAD complex is interface 3. We

presume that Vgll1 does not form interface 3. In the crystal,

Vgll1 does not have many residues C-terminal to the helix

involved in interface 2. Further, all the constructs that had

many residues C-terminal to interface 2 did not crystallize.

Therefore, we do not have structural evidence to show that inter-

face 3 does not exist in the Vgll1-TEAD4 complex. In Vgll1, the

residues beyond interface 2 do not have any resemblance to

interface 3 residues of YAP. But, we are aware, considering

the results from this study, that we cannot claim that interface

3 is absent in Vgll1 based on sequence dissimilarity alone. A

reasonable rationale for our claim comes from the biochemical

analysis of YAP-TEAD mutants (Chen et al., 2010; Li et al.,

2010). Interface 3 is the most crucial interface in the YAP-

TEAD complex, and the complex dissociates only when muta-

tions are made in this interface. None of the mutations in the

interface 2 severely affect YAP-TEAD interaction. In the case of
Structure 20, 1
Vgll1, the interface 2 ‘‘HF-mut’’ severely compromises Vgll1-

TEAD interaction (Figure 2C). These suggest that interface 3

does not exist in the Vgll1-TEAD4 complex.

The regions in the Vgll1-TEAD4 structure are highly conserved

between TEAD and Vgll isoforms, and therefore their interaction

would be similar to that of Vgll1-TEAD4. A previous study

(Simmonds et al., 1998) has deduced the region in Vg and Sd

that is important for their interaction. Here, we provide structural

evidence for it in their mammalian counterparts. Further, we have

identified that the VxxHF motif in Vgll1 (Figures 2B and 2C) is

crucial for interacting with TEAD.

Functional Characterization of Vgll1
The structure was very instrumental to design experiments that

will elucidate the function of the Vgll1-TEAD complex. The simi-

larity of the Vgll1-TEAD complex to the YAP-TEAD complex led

us to probe whether the Vgll1-TEAD complex exerts function

similar to the YAP-TEAD complex.

From the structure we see that YAP and Vgll1 use the same

surface on TEAD and form interfaces 1 and 2. We investigated
135–1140, July 3, 2012 ª2012 Elsevier Ltd All rights reserved 1137



Figure 4. Functional Characterization of

Vgll1

(A) HA-TEAD4 was expressed in HEK293 cells

and it was immunoprecipitated using anti-HA-

coupled beads. The amount of coimmunopreci-

pitated endogenous YAP was probed in the

presence and absence of Myc-Vgll1.

(B) Vgll1 expression probed in various cell lines

using quantitative RT-PCR.

(C) Soft agar assay in which stable PC-3 cells ex-

pressing Vgll1 WT, HF-mut, TAZS89A, or control

vector were grown on soft agar. After three weeks

of growth, the colonies were stained and quanti-

fied.

(D) The same experiment was done using stable

LnCAP cells containing Vgll1 or control vector. All

the data are represented as ± SEM.

Structure
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whether YAP and Vgll1 compete for binding to TEAD. In order to

do that, TEAD was immunoprecipitated and the levels of

coimmunoprecitated YAP was estimated in the presence and

absence of coexpressed Vgll1. The amount of coimmunopreci-

piated YAP decreased by about 55%, as estimated from densi-

tometry, in the presence of Vgll1 (Figure 4A), which suggests that

YAP and Vgll1 compete for binding to TEAD.

We expect a similar scenario for TAZ. There is no structure of

a TAZ-TEAD complex, but it is likely that TAZ interacts with TEAD

similar to that of YAP. All of the three interfaces are conserved

between YAP and TAZ (Figure 3). The only difference in their

TEAD-interacting region is the presence of the PxxFP motif

(where x is any aminoacid and F is any hydrophobic aminoacid)

in the linker region between interface 2 and 3 in YAP, which is

absent in TAZ. This motif is important for YAP interaction with

TEAD (Chen et al., 2010) and could contribute to the competition

between YAP and Vgll1.

Vgll1 expression was reported in kidney, prostate, and lung

tissues. We probed Vgll1 expression by quantitative RT-PCR in

a few kidney and prostate cell lines. Among the analyzed cell

lines, Vgll1 is seen expressed in the two prostate cancer cell

lines, PC-3 and LnCAP (Figure 4B). However, the expression

level was still relatively low as judged from the high qRT-PCR

cycle threshold. We wanted to alter Vgll1 levels in these cell lines

in order to better understand its function. As the expression level

is already low, we decided to increase the Vgll1 level. We gener-

ated stable Vgll1-expressing PC-3 and LnCAP cell lines. In both

of these cell lines, Vgll1 promoted anchorage-independent cell

proliferation on soft agar. Vgll1-expressing cells formmore colo-

nies when compared with that of control (Figures 4C and 4D).

This is similar to that of TAZ S89A, a TAZ mutant unregulated
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by the Hippo pathway, which is more

potent than wild-type TAZ. Anchorage-

independent cell proliferation is a charac-

teristic feature of YAP/TAZ and is a hall-

mark of oncogenic transformation. Vgll1

shows similar feature, which suggests

that these transcription coactivators

perform certain similar functions. Vgll1

HF-mut, which has its binding to TEAD

compromised (Figure 2C), does not
enhance anchorage-independent growth (Figures 4C and 4D).

This indicates that Vgll1 requires TEAD to promote anchorage-

independent cell proliferation.

We profiled whole-genome gene expression in stable Vgll1-

expressing PC-3 cells by microarray. One potential candidate

gene that came out of microarray data, which could promote

anchorage-independent proliferation, is the Insulin-like growth

factor binding protein-5 (IGFBP-5). IGF system is a potent regu-

lator of cell proliferation (Moschos and Mantzoros, 2002).

Further, IGFBP-5 on its own has been shown to promote

anchorage-independent proliferation of the prostate cancer

cell line (Miyake et al., 2000). We confirmed increased IGFBP-5

levels in stable Vgll1-expressing cells by qRT-PCR (Figure 5A).

Interestingly, TAZ S89A does not upregulate IGFBP-5. But,

TAZ and YAP upregulate several other genes that promote

anchorage-independent cell proliferation (Zhao et al., 2008;

Chan et al., 2011). Further, we found that stable Vgll1 HF-mut

cells had less IGFBP-5 when compared with stable Vgll1 WT

cells (Figure 5A). We did not present the microarray data as we

observed lack of correlation between microarray and qRT-PCR

for several other genes, but we did find good correlation in the

case of IGFBP-5.

We next checked the expression of IGFBP-3, a protein that is

related to IGFBP-5 and is upregulated by YAP and TAZ (Chan

et al., 2011; Zhao et al., 2008). We find that IGFBP-3 is upregu-

lated in TAZ-S89A-expressing cells, thus confirming previous

reports (Figure 5B). Interestingly, IGFBP-3 is not upregulated

by Vgll1. Similarly YAP/TAZ-responsive genes, such as

SERPINE1 and FGF1, are not upregulated by Vgll1 (Figures 5C

and 5D). Although we do not have a complete picture of

Vgll1 activated genes, at least some of the genes activated by



Figure 5. qRT-PCR to Probe Expression

Levels

The mRNA levels of IGFBP-5 (A), IGFBP-3 (B),

SERPINE1 (C), and FGF1 (D) were quantified by

qRT-PCR in stable PC-3 control, TAZS89A, Vgll1

WT, or HF-mut-expressing cells. All the data are

represented as ± SEM.
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YAP/TAZ are not activated by Vgll1 and vice versa. This is

despite the fact that both YAP/TAZ and Vgll1 use the same tran-

scription factor TEAD. How is this transcription specificity at-

tained? One way is to alter the DNA-binding specificity of

TEAD. Vg is already known to alter the target selectivity of Sd

(Halder and Carroll, 2001). The other, but not mutually exclusive,

mechanism is that YAP and Vgll1 could recruit distinct sets of

transcriptional regulatory factors that would initiate transcription

from a slightly different set of genes. Differential gene expression

is also seen for Yorkie (Yki) and Vg, the Drosophila counterparts

of YAP and Vgll1, respectively. Vg upregulates several wing-

specific genes, whereas Yki upregulates genes such as Cyclin

E and Diap1 (Huang et al., 2005).

Vgll1 and YAP displayed structural and functional similarities.

One pressing question, which will be the focus of our future

studies, is whether Vgll1 is regulated similar to that of YAP

and TAZ. A lot is known about YAP/TAZ regulation by phos-

phorylation (Lei et al., 2008; Liu et al., 2010; Zhao et al., 2007)

and the Hippo pathway kinases that play an important role in

constraining YAP/TAZ. Nothing is known about the kinases, if

any, that phosphorylate Vgll1. Vgll1 is probably not phosphory-

lated by the Hippo pathway kinase LATS, because it lacks

LATS recognition motif. Another equally important question,

which warrants further investigation, is to determine the relative

importance of these transcription coactivators in various biolog-

ical processes. Nevertheless, this study has highlighted the

importance of Vgll1 and has shown the interesting and unex-

pected structural and functional similarity between YAP-TEAD

and Vgll1-TEAD complexes. Therefore, we propose that Vgll1
Structure 20, 1135–1140, July 3, 2012 ª
could potentially play an important role

in cancer progression similar to YAP

and TAZ.

EXPERIMENTAL PROCEDURES

Antibodies

Anti-HA beads (Sigma-Aldrich, St. Louis, MO,

USA), anti-FLAG (Sigma-Aldrich), anti-Myc (Merck

Millipore, Darmstadt, Germany), and anti-YAP

(Santa Cruz Biotechnology, Santa Cruz, CA,

USA) were used in this study.

Protein Purification

We initially attempted to express various frag-

ments of Vgll1 and TEAD isoforms separately.

Many fragments of Vgll1 were insoluble, and

therefore we resorted to coexpressing Vgll1 and

TEAD using the pET-DUET vector (Novagen,

Madison, WI, USA). This approach gave many

soluble complexes. One of the proteins has a

His-tag to allow affinity purification. All the soluble

complexes were purified using Ni-chelating

column followed by gel filtration. Of the various
constructs that we tried, mouse-Vgll1 (20-56) and mouse-TEAD4 (210-427)

crystallized readily.

Structure Determination

mVgll1 (20-56) and mTEAD4 (210-427) crystallized readily in several condi-

tions. Among the various conditions, 1 M phosphate buffer (pH 6.9) gave

rise to the best crystals. The crystals belonged to the space group P3121

and diffracted to about 2.8 Å. The phases were obtained bymolecular replace-

ment with Phaser (McCoy et al., 2007), using the TEAD4 domain (Chen et al.,

2010) as a search model. Unmodeled density was clearly visible in the Fo-Fc

map, and the Vgll1 residues were manually fitted in the map with COOT

(Emsley et al., 2010). There are two molecules of the Vgll1-TEAD4 complex

per asymmetric unit. The model was refined using phenix.refine of the PHENIX

package (Adams et al., 2010). The data collection and refinement statistics

are shown in Table 1.

Quantitative RT-PCR

The RNA was extracted using an RNeasy Kit. Complementary DNA was

synthesized using a High-Capacity complementary DNA Reverse Transcrip-

tion Kit (Applied Biosystems, Carlsbad, CA, USA). TaqMan probes (Applied

Biosystems) were used, and the RT-PCR reaction and analysis was carried

out as per manufacturer guidelines. Human beta-actin (Applied Biosystems)

was used as endogenous control.

The following probes were used: Vgll1-Hs00212387_m1, IGFBP5 –

Hs00265254_m1, IGFBP3 – Hs00426287_m1, SERPINE1 – Hs01126604_m1,

FGF1 – Hs00265254_m1.

Soft Agar Assay

PC-3 and LnCAP cells were obtained from ATCC and were grown in F12K and

RPMI media, respectively. Stable PC3 and LnCAP cells were generated by

retroviral infection essentially as described previously (Chan et al., 2009).

The assay was done in a 6-well plate. The data collection and refinement

statistics are shown in Table 1. The stable cells were selected in the presence
2012 Elsevier Ltd All rights reserved 1139
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of 0.5 mg/ml puromycin. Each well in a 6-well plate was seeded with 5,000

PC-3 cells or 3,000 LnCAP cells. The plates were incubated for three weeks

at 37�C, 5%CO2, and the colonies were stained with thiazolyl blue tetrazolium

bromide (Sigma-Aldrich). The number of colonies in each well were counted

using ImageJ. Vgll1 WT and Vgll1 HF-mut had N-terminal Myc-tag and TAZ

S89A had N-terminal FLAG-tag.
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