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Abstract

TEAD proteins constitute a family of highly conserved transcription factors, characterized by a
DNA-binding domain called the TEA domain and a protein-binding domain that permits
association with transcriptional co-activators. TEAD proteins are unable to induce transcription on
their own. They have to interact with transcriptional cofactors to do so. Once TEADs bind their
co-activators, the different complexes formed are known to regulate the expression of genes that
are crucial for embryonic development, important for organ formation (heart, muscles), and
involved in cell death and proliferation. In the first part of this review we describe what is known
of the structure of TEAD proteins. We then focus on two members of the family: TEAD1 and
TEAD?2. First the different transcriptional cofactors are described. These proteins can be classified
in three categories: i), Cofactors regulating chromatin conformation, ii), Cofactors able to bind
DNA, and iii), Transcriptional cofactors without DNA binding domain. Finally we discuss the
recent findings that identified TEADL and 2 and its coactivators involved in cancer progression.
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Introduction

The TEAD family of transcription factors was first identified through the purification and
cloning of the first mammalian TEF factor, TEF1 (TEAD1). TEAD1 was originally shown
to regulate the transcription of the early and late promoters of the simian virus 40 (SV40).
Specifically TEAD1 can bind to the GT-11C and Sph enhansons of the S\V40 enhancer
(Davidson et al., 1988; Xiao et al., 1991). In vertebrates the TEAD family consists of four
members, TEAD1 (TEF-1, NTEF-1), TEAD2 (ETF, ETEF-1, TEF-4), TEAD3 (DTEF-1,
TEF5, ETFR-1), and TEAD4 (RTEF1, TEF-3, ETFR-2, FR-19) (Table 1).

TEAD proteins share a highly conserved DNA binding domain (DBD) called the TEA
domain (Andrianopoulos and Timberlake, 1991). The TEA domain (77 amino acids) is also
referred to as the ATTS domain because of the 4 proteins first found to harbor this motif
(AbaA andTEC1 in yeast, TEF1/TEADLI in vertebrates and Scalloped in fly)(Campbell et
al., 1992). AbaA regulates the development of the asexual spores in Aspergilus nidulans and
terminates vegetative growth, (Andrianopoulos and Timberlake, 1994), TECL1 is involved in
the activation of the Ty1 retrotransposon in Saccharomyces cerevisiae, (Laloux et al., 1990)
and the Drosophila gene scalloped (sd) plays important roles during wing development
(Bray, 1999). The comparison of the TEA domain in different species (from C. efegansto
human) reveals a remarkable degree of conservation (Anbanandam et al., 2006). The high
degree of conservation observed among TEAD proteins indicate the important adaptive role
played in different organisms. (Table 2 and 3)

The translation of several TEAD family members may be subject to control as the
translation of TEAD1, TEAD3, and TEADA4 are initiated at isoleucine (AUU), leucine
(UUG), and isoleucine (AUA) codons, respectively, that lie upstream of the first methionine
codon (Jiang et al., 1999; Stewart et al., 1996; Xiao et al., 1991 ). In TEAD2, the methionine
(AUG) codon is used for the initiation of translation (Jiang et al., 1999; Yasunami et al.,
1995).

Several studies characterized the tissue distribution of TEADs (Azakie et al., 2005; Azakie
etal., 1996; Jacquemin et al., 1996; Stewart et al., 1996; Xiao et al., 1991; Yasunami et al.,
1995; Yasunami et al., 1996; Yockey et al., 1996 ). TEAD1, TEAD3, and TEAD4 are widely
expressed in multiple tissues including the skeletal muscle, pancreas, placenta, lung, and
heart. In contrast, TEAD?2 is selectively expressed in a subset of embryonic tissues including
the cerebellum, testis, and distal portions of the forelimb and hindlimb buds as well as the
tail bud, but it is essentially absent from adult tissues (Yasunami et al., 1995). TEAD2
expression in the embryo is detectable as early as the 2-cell stage (Kaneko et al., 1997). In
this review, we summarize the evolutionary, structural and functional features of the
mammalian TEAD1 and TEAD?2 proteins and provide some clues on TEAD regulation in
both development and cancer.
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2. The structure of TEAD family

2.1 Functional domains of TEAD Factors

The TEAD proteins are closely related not only in the TEA domain but also in the C-
terminal domain called the YAP (Yes/src associated protein) binding domain (YBD),
whereas the N-terminal region preceding the TEA domain and the proline-rich region
following the TEA domain are more variable. The most conserved region is the TEA
domain. The human TEAD factors are more than 99% identical in the DBD (Yoshida, 2008).
The C-terminal domain that contains the YAP binding domain (YBD) is also highly
conserved (figure 1) (Chen et al.).

2.2 The TEA/ATTS DNA binding domain

The three dimensional (3D) structure of the TEA domain has been elucidated. This domain
is composed of a three-helix bundle with a homeodomain fold (Anbanandam et al., 2006).
Structure-function correlations have shown that the L1 loop is essential for cooperative
binding of TEAD molecules to tandem duplications of MCAT sites (Anbanandam et al.,
2006).

The TEA domain has a folded globular structure made of three a-helices, H1, H2, and H3.
H1 and H2 are nearly anti-parallel and pack on either side of the H3. This domain consists
of 28 hydrophobic residues with only 12 residues with few hydrophobic contacts composing
its core. Subsequently, the TEA domain was predicted to have a low thermodynamic
stability. Indeed, the TEA domain unfolds irreversibly with a mid-point of urea denaturation
of 2.5M (Anbanandam et al., 2006). The H1-H2 contact creates a hydrophobic patch that
consists of 5 amino acids, 123, Y24, L46, Y50, L53 (figure 2A). This surface is likely to be
crucial in protein-protein interactions.

The TEA domain binds DNA with high affinity (Anbanandam et al., 2006). The consensus
DNA sequence bound by the isolated TEA domain is N[A/T/G]G[AT/C]JATNT and differs
from the MCAT sequence. This suggests that other domains of the full-length TEAD
proteins participate in binding specificity, perhaps by inducing conformational changes in
the TEA domain. Indeed, Jiang et al. have shown that alternative splicing of TEAD1 mRNA
in regions immediately after the TEA domain altered its DNA binding properties (Jiang et
al., 2000).

The DNA recognition surface is located in the H3 helix and contains three important serines
(Anbanandam et al., 2006). This is in agreement with biochemical data showing that the
phosphorylation of Ser-102 by protein kinase A (Gupta et al., 2000) or of Ser-91 by protein
kinase C diminishes DNA binding activities (Jiang et al., 2001).

2.2.1 Structural conservation of TEA domain—Using DAL, a web server for
conservation mapping in 3D (Holm and Sander, 1993, 1995, 1999), we found that the TEA
(PDB entry: 2hzd) domain is structurally homologous to about 329 PDB entries from
bacteria to mammals ranked by z-score of the statistical significance of the homology
(supplemental table 1). It’s important to note that the biological significance of these
homologies needs to be examined from case to case. The percentage of structurally
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homologous amino acids (SHAA) ranges from 3.7 to 95 percent of the hits. Gene ontology
analysis using DAVID (Huang et al. 2009), showed that the hit proteins cover a large panel
of protein functions and cellular localization. Interestingly, the transcription factors are
enriched in homeodomain structures (supplemental table 1). Comparison of TEA domain to
the DNA bound homeodomain protein MatA1 showed that they share 90% of structurally
homologous amino acids (supplemental table 1) and bind DNA in a similar way (Figure 2B)
(Anbanandam et al. 2006). Altogether, this indicates that TEA is a homeodomain structure
further confirming the two-decade-old hypothesis of Davidson et a/. (Davidson et al., 1988;
Xiao et al., 1991); more details in (Anbanandam et al., 2006).

2.2.2 Functional dissection of the TEA domain—The TEA domain was formally
identified as a DBD by functional dissection of the human TEAD1 factor (Hwang et al.,
1993). The consensus DNA binding site of the TEAD family is 5’-CATTCCA/T-3" and is
called the MCAT element (Cooper and Ordahl, 1985; Farrance et al., 1992 ). TEAD family
members bind the double-stranded form of the MCAT element, but not the single-stranded
one (Carlini et al., 2002). In contrast to many transcription factors that bind cooperatively to
palindromic sites, several members of the TEAD family have been shown to bind
cooperatively to tandem repeats, but non-cooperatively to spaced or inverted repeats
(Davidson et al., 1988; Jacquemin et al., 1996). The ability to bind cooperatively to tandem,
but not spaced, repeats is an intrinsic property of the TEA domain. This cooperativity is
required for efficient binding to regulatory elements, such as the Sphl+Il enhansons of the
SV40enhancer or the DF-3 element enhansons in the human Chorionic
Somatomammotropin-B (hCS-B) gene enhancer, which are composed of tandemly repeated
low-affinity binding sites (Davidson et al., 1988; Jacquemin et al., 1996).

In addition to DNA binding, the TEA domain is also a target of the SV40 large T antigen
(TAQ) oncoprotein, which interacts with this domain and may modulate the DNA-binding
and/or transcriptional properties of TEAD1 (Berger et al., 1996). Interestingly, a single
amino acid change in TAg (S189N), which disrupts interaction with the TEA domain, also
results in defective transformation function. This suggests that the interactions between TAg
and TEA domain factors are involved in cellular transformation and gives interesting cues
regarding the regulation of TEAD factors activity.

2.3 The YAP binding domain (YBD)

Another important highly conserved domain in TEAD is the C-terminal region. This part of
the protein has been shown to mediate interaction with the transcriptional coactivator YAP
and was historically called YAP binding domain (YBD). The YBD 3D structure from human
TEADL1 and 2 and mouse TEAD4 has been described (Anderson et al.; Li et al.; Tian et

al., ). The three structures are strikingly similar and reflect the conservation of the YBD
through evolution. The YBD adopts an immunoglobulin-like structure and is composed of
12 B strands and four a helices (Figure 3).

The B strands form two B sheets that pack against each other to form a § sandwich with one
B sheet composed of strands p1, B2, p5,68, B9 and the other consisting of B3, p4, 6, p7,
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B10, B11, B12. The a helices form two helix-turn-helix motifs where each one connects two
B strands.

2.4 The Proline-rich domain

Although the Proline-rich region is not conserved at the primary sequence level, all TEAD
family members share a Proline-rich domain (16-25% of conservation). The Proline-rich
domain of rat TEAD1 is only 20% identical with that of rat TEAD4 (Mahoney et al., 2005).
The Proline-rich domain is also required for full interaction with the transcriptional
coactivators YAP and TAZ (Vassilev et al., 2001). Therefore, the Proline-rich domain
probably accounts for the differential interaction of the TEAD proteins with YAP/TAZ.

2.5 The N-terminal region

The N-terminal region of TEAD proteins is amongst the less conserved in the TEAD family.
The TEAD1 N-terminal region has a net negative charge and contains a high concentration
of Serines, which are potential phosphorylation sites, and is also required for TEAD1
interaction with the transcription factor MAX (Gupta et al., 2000). Furthermore, the full
transcriptional activation by TEADL1 requires its N-terminal region to synergize with the
Proline rich-region and the YBD, probably by forming a functional transactivation surface
(Hwang et al., 1993).

3. Cofactors of TEAD1/2 proteins

The observation that TEAD proteins cannot by themselves induce target genes transcription
led to the demonstration that they require cofactors to do so (Xiao et al., 1991). Xiao et al
found that expression of a TEAD1 reporter was repressed in HeLa cells both when TEAD1
or a TEAD protein lacking the TEA domain were overexpressed, suggesting that the
overexpressed proteins titrated a cofactor required for transcriptional activity.

Thereafter many cofactors that interact with TEAD1 and TEAD?2 to regulate gene
expression were identified. They can be classified as:

. cofactors regulating chromatin conformation,
. other DNA-binding transcription factors,

. cofactors that cannot bind to DNA but provide transcriptional activity

3.1 Cofactors regulating chromatin conformation

3.1.1 SRC—The p160 family of steroid receptor coactivators (SRCs) consists of three
evolutionary conserved coregulators of transcription: SRC-1 (NCOA-1, RIP160), SRC-2
(NCOA-2, TIF-2, GRIP-1), and SRC-3 (NCOA-3, AIB-1, TRAM-1, pCIP). These proteins
are critical components of transcriptional complexes of many nuclear receptors and are able
to potentiate the activity of transcription factors. Furthermore, the SRC family plays a role of
pleiotropic “master regulators” of steroid hormone receptor, including estrogen receptor
(ER) and androgen receptor (AR), and are necessary for cell proliferation, survival and
metabolism.
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SRC can bind to histone acetyltransferases and methyltransferases through a highly
conserved domain, and unwind chromatin to allow access and rapid formation of
hierarchical protein assemblies which form the transcription preinitiation complex.

SRCs belongs to another class of transcriptional regulators that harbor a basic helix-loop-
helix-Per-Arnt-Sim (bHLH-PAS) domain. This domain mediates diverse functions such as
DNA binding, homodimerization and heterodimerization of proteins, signal sensing and
transduction.

In a yeast two-hybrid screen using the bHLH-PAS domain of SRC1 as bait and GST pull-
down assays, Belindia and Parker revealed that TEAD1 and 2 interact with SRCL1.
Functional assays in HeLa cells demonstrated that all members of the SRC family could be
coactivator of TEAD proteins. Nevertheless, the repression observed when a TEAD factor is
overexpressed is not abolished by SRC1 co-transfection, indicating that other limiting
cofactors are needed (Belandia and Parker, 2000).

3.1.2 PARP—PARRP proteins (Poly-ADP ribose polymerase) are nuclear proteins that can
associate with the chromatin and are able to create posttranslational modifications by
inducing the synthesis of a poly (ADP-ribose) chain when activated. PARPs are implicated
in multiple processes including DNA repair, replication regulation, recombination control,
control of cell death and differentiation and regulation of transcription.

PARPs can bind to specific DNA sequences next to the 5 of the MCAT site of a set of genes
expressed in muscles. Moreover it has been shown that inhibition of PARPS creates a strong
downregulation of the transcriptional activity of MCAT sequences in muscle cell lines
(Butler and Ordahl, 1999). Furthermore, in vitro studies showed that TEAD interacts with
PARPs to regulate smooth muscle a-actin expression. Thus, PARPs and TEADs form a
complex that could positively affect the expression of genes in muscle. Other experiments
showed that PARP can ADP-ribosylate TEAD proteins and make the chromatin context
favorable to transcription through histone modification.

3.2 Cofactors able to bind DNA

3.2.1 SRF—Serum response factor (SRF) is a member of the MADS (MCM1/Agamous/
Deficiens/SRF) box transcription factor family. This protein regulates the activity of many
immediate-early genes, for example c-fos, and thereby participates in cell cycle regulation,
apoptosis, cell growth, and cell differentiation. SRF is a weak transcriptional activator and
needs to physically interact with other tissue-specific coactivators to regulate gene
expression.

SRF regulates expression of smooth muscle-specific genes during embryonic development
and later on. Smooth muscle is a good example of SRF interaction with cofactors. Indeed, in
smooth muscle, SRF binds to bHLH proteins from the MyoD family and other cofactors
such as myocardin to regulate gene expression (Gupta et al., 2001).

Moreover, in this tissue, SRF can regulate the smooth muscle a-actin expression, and it is
interesting to note that SRF promoter harbor an SRE sequence type (SRF responsive
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element) near the MCAT domain. Thereby at this genomic location, SRF and TEAD
proteins have been shown to interact through their DNA binding domain, respectively the
MADS domain and the TEA domain. In vitro studies have demonstrated that this interaction
leads to the activation of the smooth muscle a.-actin promoter in embryonic vascular smooth
muscle cells and myofibroblasts (Maclellan et al., 1994).

However, the interaction of TEAD1/2 and SRF is not required for the promoter activity in
adult differentiated vascular smooth muscle cells. Interestingly in adult differentiated
vascular smooth muscle cells TEAD1 competes with myocardin for binding to SRF,
resulting in a disruption of myocardin and SRF interactions and thereby attenuating
expression of smooth muscle-specific genes. In these cells TEAD1 interacts with and titrates
its cofactors, thus acting as an inhibitor to induce differentiation.

3.2.2 MEF2—The myocyte enhancer factor 2 (MEF2) is a transcription factor that is able
to regulate cell differentiation, proliferation, morphogenesis, survival and apoptosis of a
wide range of cell types. MEF2 belongs to a conserved family of proteins. Saccharomyces
cerevisiae, Drosophila and Caenorhabditis elegans possess a single Mef2 gene, whereas
vertebrates have four, Mef2a, b, ¢ and d. This transcription factor was first discovered in
drosophila cardiomyocytes. In vertebrates, MEF2 is also expressed in lymphocytes, neural
crest, smooth muscle, endothelium and bone, and different teams claim that MEF2 proteins
are ubiquitous (Arnold et al., 2007; Black et al., 1997; Edmondson et al., 1994; Martin et al.,
1993; McDermott et al., 1993; Pollock and Treisman, 1991; Yu et al., 1992). MEF2 harbors
a MADS box domain in N-terminus similar to the one present in SRF. Structurally, a domain
called MEF2 is present in the protein next to the MADS domain. Together these two
domains enable protein dimerization, DNA binding and interaction with cofactors. TEAD
proteins and MEF2 interact physically (Maeda et al., 2002). The first studies conducted in
Drosophila showed that the homologue of MEF2 interacts with Scalloped (TEAD1
homologue) to activate transcription of genes expressed in flight muscles (Bernard et al.,
2009; Deng et al., 2009). Interestingly, in mammals the mechanism is different and more
complex. Indeed in CV-1 cells (African monkey kidney cells), the binding of MEF2 in the
DNA induces and potentiates TEAD1 and TEAD2 recruitment at MCAT sequences that are
adjacent to MEF2 binding sites. However, co-transfection of MEF2 and TEAD1 in C2C12
myoblasts results in a repression of the MLC2v (Myosin Light Chain 2 v) and BMHC (B-
myosin heavy chain) promoters, which MEF2 is otherwise capable of inducing on its own.
These results demonstrate a dual action of the complex that seems to be specific to the
promoters of different genes. Finally in vivo and in vitro assays demonstrate that the binding
sites for MEF2 and TEAD proteins in the myocardin enhancer are required for complete
enhancer function during cardiac and smooth muscle development in vivo.

3.2.3 MAX—MAX is a phosphoprotein characterized by a helix-loop-helix domain and a
leucine zipper domain (bHLH-LZ). This protein was identified thanks to its interaction with
MYC, another bHLH-LZ protein (Blackwood and Eisenman, 1991).

In vitro and in vivo experiments (GST pull-down and immunoprecipitation) demonstrated
the binding of MAX to TEAD1. Once this complex is formed, these two proteins can
regulate the alpha-myosin heavy chain (a-MHC) gene expression (Gupta et al., 1997).
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Furthermore, transfection of both proteins allows a 3 to 4 times higher a-MHC enhancer
activity compared with that obtained when transfecting each protein alone. These results
demonstrate a synergistic effect of the formation of the TEAD1-MAX complex on the
activation of the a-MHC enhancer (Gupta et al., 1997).

Finally, in vitro experiments examining the role of the -myosin heavy chain (BMyHC)
distal muscle CAT (MCAT) element in muscle fiber type-specific expression and mechanical
overload (MQOV) responsiveness revealed the existence of a TEAD1, PARP, and Max
complex. This multiprotein complex has been suggested to maintain basal expression level
of endogenous BMyHC gene in adult skeletal muscle.

3.2.4 AP-1—The transcription factor activator protein 1 (AP-1) is a heterodimer
composed of different proteins belonging to different families such as c-Fox, c-Jun and ATF.
This heterodimeric transcription factor directly bind to the DNA and regulates the
transcription of genes involved in a wide range of cellular processes including proliferation,
apoptosis and cell differentiation.

Recently using Chip-Seq in different types of cancer cell lines two different studies showed
a genomic co-occupancy of AP-1 and TEAD proteins (Zanconato et al., 2015; Liu et al.,
2016). Besides in-vitro studies demonstrated a direct interaction between this two
transcription factors. Furthermore this co-occupancy was correlated with active enhancers
regions and promoters and a cooperation between AP-1 and TEAD proteins on the
regulatory elements of several target genes was established (Zanconato et al., 2015; Liu et
al., 2016). The clustering of the target genes shared by the two transcription factors
demonstrated an enrichment in genes associated with cell adhesion, motility, and migration
was identified in the Chip-Seq data, suggesting an involvement for the AP-1/TEAD
transcriptional complex in promoting tumorigenesis (Zanconato et al., 2015; Liu et al.,
2016).

3.3 Transcriptional cofactors without DNA binding domain

3.3.1 YAP and TAZ—Several studies both in mammals and Drosophila have identified
YAP and TAZ as essential coactivators of TEAD proteins. By using affinity chromatography
strategy, Vassilev and collaborators identified YAP as an essential cofactor of the four TEAD
factors and demonstrated that TEAD transcriptional activity requires YAP (Vassilev et al.,
2001). TAZ, a transcriptional coactivator paralogous to YAP was then identified as a co-
factor able to interact both /n vitroand in vivo with all TEAD proteins and to increase
TEAD transcriptional activity (Mahoney et al., 2005).

YAP/TAZ are effectors of the Hippo tumor suppressor pathway and restrict organ growth by
keeping in check cell proliferation and promoting apoptosis. Components of this pathway
were first discovered in Drosophila but are highly conserved in mammals. The core of this
pathway is formed by the two kinases MST1/2 and LATS1/2 and the adaptor proteins
WW45 and MOB1. When activated, MST1/2 interacts with WW45 to phosphorylate and
activate LATS1/2 and MOB which in turn phosphorylate YAP or TAZ. Phosphorylation of
YAP/TAZ generates a 14-3-3 binding site allowing its exclusion from the nucleus through
association with 14-3-3 proteins (Yu et al., 2015; Zhao et al., 2010).
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The interaction between YAP/TAZ and TEAD implicates the N-terminus domain of YAP
and the C-terminus domain of TEAD factors (Vassilev et al., 2001). The crystal structures of
YAP/TEAD?2 and YAP/TEADA4 have both been determined. YAP and TEAD interact
through three highly conserved major interfaces where interface 3 is the most critical (Chen
etal., 2010a; Chen et al., 2010b; Tian et al., 2010).

Several studies both in Drosophila and in mammals indicated that TEAD factors play an
essential role mediating the influence of the Hippo pathway on tissue growth. In Drosophila,
it has been shown that induction of tissue growth by Yorkie (YKI) requires Scalloped
(Goulev et al., 2008; Wu et al., 2008; Zhao et al., 2008). Using ChIP-on-chip experiments,
Zhao et al. have shown that more than 80% of YAP binding sites overlap with TEAD1
binding sites (Zhao et al., 2008). Furthermore, silencing of TEAD1/3/4 by siRNAs in
MCF10A cells inhibits hallmarks of oncogenic transformation induced by YAP
overexpression, such as anchorage-independent growth or EMT (Zhao et al., 2008). Similar
results were obtained with TAZ by using TEAD-binding deficient mutant TAZ (Zhang et al.,
2009). Furthermore, in mice, a dominant negative form of TEAD unable to interact with
YAP, or small molecules such as Verteporfin that inhibits TEAD/YAP interaction, suppress
hepatocarcinoma and hepatomegaly induced by YAP overexpression (Liu-Chittenden et al.,
2012).

3.3.2 Vestigial like proteins—The Vestigial-like (VGLL) proteins belong to a family
of conserved proteins. The first member of this family, encoded by the gene vestigial (vg),
was identified in Drosophila. It was shown that VG interacts with the product of scalloped
(sd) gene, the orthologue of TEAD in drosophila, to form a bipartite transcription factor
where SD binds DNA and VG activates transcription (Simmonds et al., 1998; Zider et al.,
1998). Since then, four Vg-like (VGLL) genes have been identified in mammals whose
products are able to interact with all TEAD proteins (Chen et al.). Interestingly, interactions
between TEAD and VGLL proteins are mediated through a short domain (25 amino-acids),
named TONDU (TDU) domain, strongly conserved between mammalian and Drosophila
VG (Vaudin et al., 1999). The Human VGLL1 can substitute for VG during wing
development in Drosophila despite lack of conservation at the amino-acid outside of the
TDU domain (Vaudin et al., 1999).

The structures of the YAP/TEAD complex and of the VGLL1/TEAD4 complex have been
determined (Pobbati et al., 2012). Interestingly, although VGLL and YAP proteins have
different amino acid sequences, they share structural similarities and interact with the same
interfaces in TEADs (Pobbati et al., 2012). Namely, YAP interacts with TEADs through
three interfaces (Chen et al., 2010b; Li et al., 2010; Tian et al., 2010) and two of these
(interfaces 1 and 2) are involved in the interaction with VGLL (Pobbati et al., 2012). In
accordance with these results there is a competition between VGLL1 and YAP to bind to
TEAD (Pobbati et al., 2012).

The precise function of the interactions between TEADs and VGLLSs is still poorly
understood. It has been shown that TEAD/VGLL1 complexes promote anchorage-
independent cell proliferation in prostate cancer lines suggesting a role in cancer progression
(Pobbati et al., 2012). VGLL2 is expressed in skeletal muscles and plays a role in muscle
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differentiation (Chen et al., 2004a; Gunther et al., 2004). It has been shown that VGLL2
expression increases during muscle differentiation in mice. Importantly, VGLL2 activates
TEAD1-dependent muscle promoter upon C2C12 differentiation and enhances MyoD-
mediated myogenic in 10T1/2, implicating VGLL2 as a cofactor of TEAD1 (Chen, Maeda,
Mullett, & Stewart, 2004) (Gunther et al., 2004).

The mechanism whereby VGLL2 affects TEAD activity is still not fully understood but
evidence suggests that VGLL2-2 can alter the DNA binding activities of different TEAD
factors (Chen et al., 2004a).

VGLLA4 is the only VGLL factor that contains 2 TDU domains and may be involved in
TEADI-related gene regulation in the heart (Chen et al., 2004b). TEADL1 is involved in
cardiac development and TEADZ1 homozygous mutant mice die at embryonic day 11.5
(E11.5) with cardiac abnormalities (Chen et al., 1994). Interestingly, TEADL1 has been
implicated in the activation of cardiac muscle fetal genes in response to hypertrophic signals
and VGLL4 prevents alphal-adrenergic activation of gene expression in cardiac myocytes
(Chenetal., 1994).

Recent data have shown that VGLL4 probably plays an essential role in TEAD
transcriptional activity. In Drosophila, TGI, the homolog of VGLL4, confers a repressor
activity to SD (Koontz et al., 2013). Importantly, YKI, the transcriptional effector of the
Hippo pathway in Drosophila competes with TGI for SD binding and relieves SD/TGI-
mediated repression (Koontz et al., 2013). This repressive role is likely conserved in
mammals since VGLL4 repressed TEAD/YAP transcriptional activity (Koontz et al., 2013).
Furthermore, when overexpressed in mouse liver, YAP induces a hepatomegaly associated
with hepatocarcinoma development (Dong et al., 2007). This effect of YAP is linked to its
interaction with TEAD and the disruption of this interaction inhibits YAP oncogenic
hypertrophy and activity (Liu-Chittenden et al., 2012). By using double transgenic mice
allowing overexpression of both YAP and VGLL4, it has been shown that VGLL4
suppresses YAP-induced hepatomegaly and hepatocarcinoma (Koontz et al., 2013). This
new role of VGLL4 as a key player in TEAD repressive function suggests that in Drosophila
and perhaps in mammals, TEAD/VGLL4 acts as a default transcriptional repressor and its
interaction with other cofactors (YAP or VGLL1-3) could switch TEAD from a repressor to
an activator state.

4. Normal and pathological function of TEAD1/2

The role of TEAD proteins is important during development and their expression is detected
as early as the 2-cell stage in the mouse embryo. (Wang and Latham, 2000). TEADs have
different functions and are required for cardiogenesis (Chen et al., 1994), myogenesis
(YYoshida, 2008), the development of the neural crest (Milewski et al., 2004), notochord
(Sawada et al., 2005) and trophectoderm (Yagi et al., 2007), but also play a role in cancer
(Pobbati and Hong, 2013). TEAD genes have a distinct but not mutually exclusive
expression patterns. Almost all tissues express at least one TEAD gene, some express all
four of them. In this section we will focus on TEAD1/2 functions in normal and pathological
conditions in mammals.
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4.1 Physiological roles of TEAD1 and TEAD2 in mammal

4.1.1 TEAD1—TEAD1 loss-of-function is embryonic lethal in the mouse, due to severe
heart defects (Chen et al., 1994). Histological examination of these embryonic hearts
revealed an abnormally thin ventricle wall with a reduced number of trabeculae,
demonstrating that TEADL1 is necessary for heart formation. It has been shown that TEAD1
facilitates the expression of cardiac-specific genes, suggesting that TEADL is important for
myocardium differentiation. However in TEAD1 null mutant embryos only cardiac muscle
growth is affected, cardiogenesis is initiated and the expression of several potential TEAD1
targets appears to be normal, indicating that differentiation is not impaired.

Beside cardiac genes, TEAD1 also regulates several genes involved in mouse, as well as
porcine, skeletal and smooth muscle formation and function (X. Xu et al., 2008). TEAD1
can bind the consensus MCAT sequence (5’-CATTCCT-3") (Jiang et al., 2000) in the
promoter of smooth muscle gene (a-actin of smooth muscles) (Swartz et al., 1998), skeletal
muscles genes (a-actin of skeletal muscles) (Benhaddou et al., 2012; Karns et al., 1995), a
and B myosin heavy chain (Rindt et al., 1993), as well as the cardiac muscular genes
troponin T and | (Mar and Ordahl, 1988). Interestingly, a recent study showed in a mouse
skeletal myoblast cell line (C2C12 cells) a role of TEADL in myoblast differentiation (Wang
et al., 2013). Moreover, a ChlP-on-chip assay identified new target genes of TEAD1, such as
Fox0O3a (Qiu, Wang, Liu, Xu, & Liu, 2011) Mrpl21, Ndufa6 and Ccnel. Up-regulation of
Mrpl21 (involved in cellular differentiation) and downregulation of Ccnel (involved in
cellular proliferation) are consistent with TEAD regulating C2C12 differentiation via a
suppression of proliferation.

Gain-of-function experiments showed that a sustained increase of TEAD1 protein in mouse
induces an age-dependent heart dysfunction (Tsika et al., 2010). Moreover the anatomical
analysis of hearts coming from mice overexpressing TEADL1 revealed a decrease in the left
ventricular power output that correlated with increased BMyHC (B myosin heavy chain)
protein as well as decreases in p-GSK-3p and nuclear B-catenin. Finally, mice
overexpressing TEAD1 do not tolerate stress as they die over a 4-day period after surgical
induction of pressure overload. These studies provide the first in vivo evidence that
increased TEADL can induce defects typical of cardiac muscle repairs (remodeling)
consecutive to cardiomyopathy and heart failure.

4.1.2 TEAD2—TEAD?2 is the most abundant TEAD protein expressed during the first
seven days of development in mouse. TEAD2 RNA has been observed as early as the 2-cell-
stage during embryonic development. Specific increase in polysomal abundance of mouse
TEAD2 mRNA is coincident with the first appearance of TEADs activity in the early
embryo (Wang and Latham, 2000). Later during development TEAD2 regulates neural
development through the direct control of Pax3 expression (Kaneko et al., 2007). Indeed,
Pax3 is an essential gene involved in the migration and cellular differentiation of neural crest
cells. TEAD?2 and its coactivator YAP are coexpressed with Pax3 in the dorsal neural tube,
and a mutation of the TEAD2 binding site in a Pax3 enhancer abolishes neural formation
(Milewski et al., 2004). In addition, TEAD?2 also regulates Foxa2 expression during the
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development of the notochord (Sawada et al., 2005), confirming its role in neural
development.

Other data suggest an essential role for TEAD?2 in neuron proliferation. Indeed, TEAD2 is
expressed in proliferating neuroepithelial fetal cells, and not in post-mitotic neurons
(Jacquemin et al., 1996). Accordingly, TEAD2 expression decreases in perinatal brain
compared to fetal brain at E12.5 (embryonic day 12.5).

Functional roles of TEAD2 were deduced from gene inactivation studies performed in mice.
However there were conflicting reports about the results of these experiments. In one study,
defects in neural tube closure were observed (Kaneko et al., 2007), whereas in another
TEAD?2 null embryos appeared normal (Sawada et al., 2008). Interestingly, this last study
uncovered functional redundancy between TEAD1 and TEAD?2, suggesting that TEAD
genes can compensates each other’s absence or reduction in some embryonic tissues.
Although 7ead2-/- mutants appeared normal, 7ead/-/-,; Tead2-/-double mutant embryos
showed general growth retardation and severe morphological abnormalities starting at E8.5,
indicating that TEAD1 and TEAD?2 have redundant functions in development. The Tead/-/-;
Tead2-/-embryos displayed defects in mesoderm development, especially in the notochord.
Interestingly, double mutant embryos showed also a reduction of cellular proliferation and
increased apoptosis, suggesting the implication of TEAD1 and 2 in both processes.

4.2. TEAD1 and TEADZ2 roles in cancer

Deregulated cell proliferation and apoptosis are two significant aspects of neoplasia. Given
the implication of TEAD1 in both phenomena, its involvement in several types of cancer has
been investigated (Table 4).

4.2.1 Pancreatic cancer—In 2007 Hucl et al. identified a TEAD1 binding site next to
the mesothelin (MSLN) gene promoter and demonstrated that TEAD1 regulates MSLN
expression. Furthermore MSLN was found to be a nearly ubiquitous, diagnostically and
therapeutically useful marker for pancreatic cancer (Hucl et al., 2007), underlining the
relevance of studying the role of TEADs in oncogenesis. Interestingly, in this context too
TEADL1 did not seem to act on its own. TEAD1 gain and loss-of-function experiments in
cultured cell lines both result in the same inhibition effect on MSLN expression, suggesting
the existence of a limiting cofactor needed for MSLN regulation. This cofactor is as yet
unknown, but could provide another important marker for pancreatic cancer.

Another study in mouse pancreatic cancer cell lines revealed the existence of several TEAD1
isoforms, due to alternative splicing. These truncated TEAD1 isoforms are closely related to
the ones found in human pancreatic cancers (Zuzarte et al., 2000) demonstrating the
important contribution of TEAD1 as a marker or a putative therapeutic target.

4.2.2 Prostate cancer—The study of different prostate cancers suggested a correlation
between high TEAD1 expression and poor clinical outcome (Knight et al., 2008). Knight et
al. notably demonstrated a direct link between TEAD1 expression and cellular proliferation
in this type of cancer, suggesting a functional role for TEAD1 in tumor growth.
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4.2.3 Other cancers—TEADs expression levels have been reported for different types
of cancer. A 300-fold increase in TEAD1 levels has been reported in Kaposi sarcoma
(www.ebi.ac.uk/gxa). The increased TEAD expression is also observed in basal-like breast
cancers, (Han et al., 2008; Richardson et al., 2006), breast cancer (Lamar et al., 2012;
Zanconato et al., 2015) fallopian tube carcinoma (Nowee et al., 2007), liver cancer (M. Z.
Xu et al., 2011)(Liu-chittenden et al., 2012), colon cancer (Liu et al., 2015), gastric cancer
(Li etal., 2015) and germ cell tumors (Skotheim et al., 2006).

In contrast, TEAD1 expression is downregulated in some other breast cancer types and in
renal or bladder cancers (www.oncomine.org).

These contradictory observations are consistent with some of our recent findings that
reconcile these seemingly opposing roles of TEADs in cancers. We found that both up and
downregulation of TEADL indirectly cause an increase in the expression of the anti-
apoptotic protein Livin (Landin Malt et al., 2012). Livin belongs to a family of highly
conserved intracellular proteins, the Inhibitor of Apoptosis Proteins (IAP), and up-regulation
of its expression appears to favor cancer progression. Furthermore, we also demonstrate that
another members of this family, BIRC1 or NAIP, is positively regulated by TEAD1 through
its interaction with YAP (Landin Malt et al., 2013). Together our results demonstrate that
depending on the target gene considered and on the cofactor that TEAD1 binds to, both its
up regulation and down regulation can lead to cancer formation.

Two recent reports described an interesting involvement of TEAD1/YAP in ovarian and
melanoma tumors. In the first study, the authors successfully isolated ovarian cancer stem-
cell-like cells from mouse tumor xenografts that were derived from human ovarian cancer
cells, and demonstrated that these cells had cancer stem-cell characteristics (Xia et al.,
2014). They demonstrated that YAP and TEAD1 promoted self-renewal of ovarian cancer-
initiated cell (OCIC). Moreover, they observed that YAP and TEADs were required to
maintain the expression of specific genes possibly involved in OCICs’ sternness and
chemoresistance. These results suggested that YAP and TEADs were coactivated in cancer
stem cells and that their coordinated interactions may have a key role in cancer stem cell
pluripotency and self-renewal regulation.

The second study performed on human Cutaneous Melanoma (CM) showed that the survival
of CM patients was associated with specific genetic variations in genes belonging to the
Hippo pathway, including variants in YAP, TEAD1 and TEAD4 (Yuan et al., 2015). This is
the first report suggesting that genetic variants of Hippo pathway genes, particularly YAP,
TEADL1 and TEAD4, may independently or jointly modulate survival of CM patients.

However, other cofactors could be involved in TEAD’s role in tumor progression. Using a
genome-wide approach on human melanoma tumor biopsies, a recent landmark study
showed for the first time that AP-1 and TEAD share many of their targets in invasive type
melanoma cells, indicating that these factors may act cooperatively to regulate gene
expression. (Verfaillie et al., 2015). Based on these results, the authors suggest that the
AP-1/TEAD complex could be considered as a new master regulator of the invasive gene
network.
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4.2.4 Cancer therapy—The 3D structures of TEAD-YAP complexes have recently been
studied. Three papers have been published in the same year reporting the structural
characterization of TEAD alone or TEAD-YAP complexes showing the importance of these
factors for the scientific community. The available 3D structures are the human TEAD2
YBD (Tian et al., 2010), mouse TEAD4/YAP complex (Chen et al., 2010), and human
TEADL/YAP2 complex (Li et al., 2010). Furthermore, these studies reported the impact of
introducing mutations at the interface allowing the TEAD-YAP interaction and demonstrated
its crucial role in mediating the Hippo pathway. This inhibition is expected to have less side
effects than classical drug design approaches that focus on inhibition of kinases and
membrane receptors. In fact, inhibition/activation of the Hippo pathway at upper levels of
the kinase cascade will have an effect on the TEAD-YAP complex but will undoubtedly
affect other components of the pathway, leading to deregulation of other pathways and thus
resulting in side effects. Conversely, specific regulation of the Hippo pathway at its lowest
level, which is the TEAD-YAP complexes, is expected to affect only this complex but no
other components of the pathway. Therefore inhibition of this interaction is very relevant to
cancer therapy and may open new therapeutic routes by targeting transcription factors
effectors of signaling pathways rather than upstream kinases regulators. Pioneering
experiments performed by Liu-Chittenden ef a/. demonstrated that these approaches were
relevant (Liu-Chittenden et al., 2012). By using transgenic mice, they showed that
expression of a dominant negative form of TEAD1 deleted for its DNA-binding domain was
able to suppress hepatomegaly and hepatocarcinoma induced by YAP overexpression, or the
bile duct over-proliferation induced by NF2/Merlin knockout in liver. These results indicated
that TEAD/YAP interaction was a possible drug target to inhibit the effect of YAP or Hippo
deregulation on cancer progression. By screening a drug library, they identified Verteporfin,
a photosensitizer belonging to porphyrin molecule family as a strong inhibitor of
TEAD/YAP interaction. Most importantly, they demonstrated that treatment of mice with
Verteporfin was able to inhibit hepatomegaly and hepatocarcinoma induced by YAP
overexpression or NF2/Merlin knockout (Liu-Chittenden et al., 2012). Other small
molecules able to disrupt TEAD/YAP complexes have also been identified recently (Pobbati
et al., 2015). Pobbati et al. identified a central pocket in TEADL1 that is a target for small
molecules. By screening a drug library, they identified Flufenamates, nonsteroidal anti-
inflammatory drugs, as small molecules able to disrupt the interaction between TEAD and
YAP and to reduce cell proliferation and migration induced by TEAD/YAP (Pobbati et al.,
2015).

Another therapeutic approach developed by Zhou and co-workers has been recently
described in (Zhou, Z. et al., 2015). It is based on small stabilized cyclic peptides that mimic
YAP-like peptides targeting the interface 3 regions of TEADs, which is involved in the
interaction with YAP. The aim is to specifically disrupt the interaction between TEAD and
YAP (Pobbati et al., 2015). However, one major challenge, before using these cyclic peptides
for therapeutic purpose, is to increase their cellular uptake. A similar approach has been
developed by Jiao et al. in which they used peptides mimicking the 2 TDU domains present
in the VGLLA4 protein (Jiao et al., 2014). It has been shown that VGLL4, a member of the
VGLL family, is able to compete with YAP for the binding of TEAD and can act as a tumor
suppressor in several human cancer such as pancreatic adenocarcinoma (Mann et al., 2012)
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or gastric cancer (Jiao et al.,2014). They produced small peptides called Super-TDU
containing the tandem TDU domains found in VGLL4 and showed that they were able to
suppress tumor growth of human gastric cancer cells injected in nude mice, and to inhibit
tumor growth in a murine model of gastric cancer induced by H. Pylori infection (Jiao et
al.,2014).

5 Post-translational regulation of the TEAD proteins

Post-translational regulation of TEAD1 and 2 proteins has been little studied. Concerning
TEAD?2 only bioinformatics evidence allows us to identify a putative ubiquitination site at
Lys75 and several phosphorylation sites. However, no data is available to validate these sites
and identify the function of these post-translational modifications. For TEAD1 some results
are available.

5.1 Protein Kinase A (pKA)

B-adrenergic / cCAMP signaling induces the expression of the gene encoding a - MyHC
through an EM domain containing an E-Box and an MCAT motif (Gupta et al., 1996). Once
the AMPc signaling is on, the pKA become active and phosphorylate TEAD1 at Serine 102
downstream of the TEA domain in a non-conserved region of TEAD proteins.

If TEAD1 Serine 102 is mutated, there is no more transcriptional activation of the aMyHC
gene. However, when TEADL is phosphorylated by pKA there is a considerable reduction of
its affinity for DNA, suggesting that the binding of TEAD1 to the MCAT domain has a
repressive effect on a - MyHC promoter activity (Gupta et al., 1996).

5.2 Protein Kinase C pKC

Experiments in the BeWo cell line correlated a decrease in pKC activity with an increase in
transcriptional activity mediated by the GTIIC site and TEADX. In contrast, an increase of
pKC decreased this transcriptional activity. In vitro assays revealed that pKC phosphorylates
TEAD1 on serine and threonine next to the last alpha loop in the TEA domain. Thus it has
been hypothesized that pKC phosphorylates TEAD1 and decreases its binding to the GTIIC
enhancer (Jiang et al., 2001).

5.3 Palmitoylation

Recent studies uncovered a new post-transcriptional modification of the TEAD proteins. S-
palmitoylation is a much conserved process that exists in all eukaryotic organisms and
consists in the attachment of 16-carbon fatty acids onto cysteine residues via a reversible
thioester linkage (Chamberlain and Shipston, 2015; Hannoush, 2015). In mammals 23
palmitoyltransferases permit the attachment of palmite residues to a conserved cysteine at
the C-terminus of TEAD1, 2, 3 and 4. This posttranslational modification permits proper
establishment of tertiary structure of TEAD proteins and ensures their stability. Moreover it
has been suggested that the lack of palmitoylation also alters the sub-localization of TEAD
proteins in the nuclear membrane (Noland et al., 2016).
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6. Conclusions

TEAD1 and TEAD?2 are highly conserved members of the TEAD family and play redundant
roles during development. The interaction with several transcriptional co-activators allow
TEAD protein to regulate a multitude of process including differentiation, apoptosis,
proliferation and chromatin modification. These biological process are known to be often
deregulated in several types of cancer therefore TEAD proteins may constitute relevant
therapeutic targets. Recently the elucidation of the structure of the interaction between
TEAD and its cofactors permitted the identification of several molecules and peptides
allowing, in mouse, the regression of cancer. These recent studies are mainly focused on the
interaction between TEAD and it transcriptional co activator YAP due to the implication of
the Hippo pathway, a tumor suppressor pathway that regulates YAP shuttling to the nucleus.
Therefore there is still questions that remains unanswered. Very little is known about the
proper transcriptional and post-translational regulation of TEAD1 and 2. Finally the study of
the interaction with other transcriptional co-activators could lead to the finding of new drugs
regulating the activity of TEAD proteins

Together, all these results and future studies will open new avenues of research in cancer
therapy.
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Highlights
TEAD proteins constitute a family of highly conserved transcription factors.
TEADZ1/2 have a crucial role during embryonic development
TEAD1/2 regulate organ formation, cell death and proliferation.
TEADZ1/2 are deregulated in several types of cancer.

TEADZ1/2 could constitute good candidates for therapeutic targets.

Gene. Author manuscript; available in PMC 2020 February 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

LANDIN-MALT et al.

Page 24

Schematic structure of the mammalianTEAD/TEF

hTEAD1

1 2 102 237 426

|:| N-terminal region. Variable

- TEA DNA binding Domain. Highly conserved

- Variable region. Hydrophobic. Rich in proline

- The YAP Binding Domain (YBD). Conserved

Figure 1.
The overall structure of the mammalian TEAD factors is schematized. The domains are

defined both by their conservation among the family members and by their amino acid
compositions. The numbers represent the amino acid coordinates of each domain in the
prototype member TEAD1. The corresponding amino acid coordinates in the TEAD2,
TEADS3, and TEAD4 factors are similar.
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A

Hydrophobic
patch

Figure 2.
The 3D structure of the TEA domain. A. Hydrophobic surface patch of TEA domain. (B)

Superimposition of TEA domain (PDB ID 2HZD) with a structurally homologous protein
(MatAl, PDB ID 1AKH, Cyan) bound to DNA (Magenta). TEA: green (Loops) and red
(Helices)
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-

Figure 3.
The 3D structure of YBD from (A) Li et al, 2010. (B) Chen et al, 2010. The YBD was

crystallized together with the TEAD binding domain of YAP (Yes/Src associated protein
kinase). (C) Tian et al, 2010.
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TEADL paralogs. Amino acid and nucleotide comparison was extracted from the NCBI’s Homologene

database (http://www.ncbi.nlm.nih.gov).

Table 2.

Gene Identity to humain TEAD1 (%)
Species NCBI reference sequence  Protein DNA
P. troglodytes NP_068780.2 100.0 99.7
M. mulatta XP_001171551.1 98.0 97.5
C. lupus XP_002799676.1 99.5 94.7
B. taurus XP_005216143.1 100.0 95.7
M. musculus NP_001160056.1 99.3 91.8
R. norvegicus NP_001185518.1 99.5 92.3
G. gallus NP_001186334.1 98.5 87.7
X. tropicalis XP_002943057.2 95.6 81.3
D. rerio XP_005172421.1 91.7 80.2
D. melanogaster  NP_001259581.1 69.6 63.2
A. gambiae XP_003437016.1 715 65.1
C. elegans NP_495186.3 458 51.0
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TEAD?2 paralogs. Amino acid and nucleotide comparison was extracted from the NCBI’s Homologene

database (http://www.ncbi.nlm.nih.gov).

Table 3.

Gene Identity to humain TEAD2 (%)
Species NCBI reference sequence  Protein DNA
P. troglodytes ~ XP_512815.4 95.3 96.3
M. mulatta XP_001114808.1 99.3 97.9
C. lupus XP_001114808.1 97.5 91.5
B. taurus XP_005616375.1 96.9 91.2
M. musculus ~ NP_001272427.1 93.7 86.1
R. norvegicus  NP_001100982.1 93.9 86.7
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