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SUMMARY

Binding of the transcriptional co-activator YAP with
the transcription factor TEAD stimulates growth
of the heart and other organs. YAP overexpression
potently stimulates fetal cardiomyocyte (CM) prolif-
eration, but YAP’s mitogenic potency declines post-
natally. While investigating factors that limit YAP’s
postnatal mitogenic activity, we found that the CM-
enriched TEAD1 binding protein VGLL4 inhibits CM
proliferation by inhibiting TEAD1-YAP interaction
and by targeting TEAD1 for degradation. Importantly,
VGLL4 acetylation at lysine 225 negatively regulated
its binding to TEAD1. This developmentally regulated
acetylation event critically governs postnatal heart
growth, since overexpression of an acetylation-
refractory VGLL4 mutant enhanced TEAD1 degrada-
tion, limited neonatal CM proliferation, and caused
CM necrosis. Our study defines an acetylation-
mediated, VGLL4-dependent switch that regulates
TEAD stability and YAP-TEAD activity. These insights
may improve targeted modulation of TEAD-YAP
activity in applications from cardiac regeneration to
cancer.

INTRODUCTION

Control of organ growth is fundamental to animal development
and organ homeostasis. Unrestrained activity of growth-pro-
moting pathways leads to cancer, whereas targeted activation
of these pathways may be a strategy for organ regeneration
(Pan, 2010; Lin and Pu, 2015). One area with great need for
advances in regenerative medicine is heart disease. Heart fail-
ure is the world’s leading cause of death, and its prevalence
is expected to further increase as the population ages (Heiden-
reich et al., 2013). Cardiomyocyte (CM) loss is a central

pathogenic mechanism in heart failure, but limited endogenous
regenerative capacity in the adult heart has precluded develop-
ment of therapeutic approaches to efficiently replace these lost
CMs (Lin and Pu, 2014). Unlike adult CMs, fetal CMs robustly
proliferate to match the rapid growth of the embryo. This transi-
tion from CM proliferation to cell-cycle exit occurs in the first
week of life in the mouse (Walsh et al., 2010). The mechanisms
that regulate this neonatal cell-cycle exit are poorly understood,
and greater insights would inform efforts to enhance cardiac
regeneration.

The transcriptional co-activator YAP (Yes-associated protein)
is a key driver of organ growth (Pan, 2010). YAP binds to
TEA domain (TEAD)-containing transcription factors (TEAD1-
TEAD4) to activate transcription of cell-cycle and cell-
survival genes and thereby promotes organ growth. The potent
growth-promoting activity of the YAP-TEAD complex is closely
regulated through incompletely understood signaling pathways.
Among the most studied regulatory mechanisms is the Hippo ki-
nase cascade, which phosphorylates YAP, leading to its nuclear
exclusion (Huang et al., 2005). Both YAP and its regulation by
the Hippo kinase cascade have been shown to be essential for
normal heart development (Heallen et al., 2011; von Gise et al.,
2012; Xin et al., 2011). YAP was necessary for fetal CM prolifer-
ation, and its activation through overexpression or Hippo inhibi-
tion was sufficient to drive massive fetal cardiac overgrowth.
YAP activation likewise stimulated neonatal as well as adult
CM proliferation, but the level of CM cell-cycle activity achieved
diminished with postnatal age (Lin et al., 2014; Xin et al., 2013;
Heallen et al., 2013). These data show that regulation of YAP
activity is crucial for normal cardiac growth control. Moreover,
they suggest that unknown mechanisms suppress YAP mito-
genic activity in the postnatal heart.

In addition to the Hippo kinase pathway, Hippo-independent
YAP regulatory mechanisms also exist. For example, a-catenin,
a cellular adhesion molecule, binds YAP under high cell density
conditions, promoting its cytoplasmic sequestration by limiting
its dephosphorylation (Schlegelmilch et al., 2011; Li et al.,
2014). Recently, a new level of YAP-TEAD regulation was
described. In Drosophila, the orthologs of YAP and TEAD are
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Figure 1. Developmental Changes in VGLL4-TEAD1 and YAP-TEAD1 Interaction in the Mouse Heart
(A) Immunobilot (IB) of protein extracts from adult mouse brain (B), heart (H), kidney (K), liver (Li), and lung (Lu).
(B) Immunoblot (IB) of heart protein extracts from mice with the indicated postnatal (P) age in days. GAPDH internal control belonging to respective immunoblots

is shown.

(C) gRT-PCR measurement of Vgll4, Tead1, and Yap mRNA level in 3-day-old (P3) and 90-day-old (P90) hearts. *p < 0.05, n = 3.

(D) VGLL4, TEAD1, and YAP expression in CMs and non-CMs. Adult hearts were dissociated by collagenase perfusion and then separated into CM and non-CM
fractions. Protein extracts were immunoblotted with the indicated antibodies.

(E) Age-dependent association of VGLL4 and TEAD1 in mouse heart. Tead1™*;R26%™* heart extract was incubated with immobilized streptavidin (SA).
Co-precipitated VGLL4 and TEAD1 were measured by immunoblotting. Tead1*+;R265™* heart extract was used as a negative control.

(F) Age-dependent association of YAP and TEAD1 in mouse heart. TEAD1 was precipitated from protein from P1, P8, or P50 mouse heart as in (D).

Co-precipitated proteins were detected by immunoblotting.

(G) Relative YAP or VGLL4 colP with TEAD1, determined by quantification of (E). Precipitated proteins were normalized to TEAD1™. *p < 0.05, n = 3.

All error bars represent the SEM.

named Yorkie (Yki) and Scalloped (Sd), respectively. The gene

RESULTS

Tgi was discovered in Drosophila screens for Yki-Sd antagonists

(Koontz et al., 2013). TGI protein contains two TEAD-binding re-
gions, named Tondu (TDU) domains, and competes with YKI for
SD binding. By reducing YKI-SD activity and the transcription of
YKI-SD target genes, TGl inhibited growth. In mammals, there
are four TDU domain-containing proteins, vestigial-like 1 to 4
(VGLL1-VGLL4), with VGLL4 being the most closely related to
TGI. Massive liver overgrowth driven by YAP was suppressed
by VGLL4 (Koontz et al., 2013), indicating that VGLL4 is a potent

inhibitor of YAP in mammalian cells.

Profiling of VGLL4 across mouse tissues showed that it was
2004), suggesting
that VGLL4 potentially suppresses postnatal cardiac YAP activ-
ity. Here we studied VGLL4 function in regulating cardiac YAP-
TEAD activity and neonatal cardiac growth and function. We
found that VGLL4 regulates both TEAD stability and its interac-
tion with YAP. Moreover, VGLL4 acetylation at a key residue
within the TDU domain regulates its binding to TEAD, revealing
a novel YAP-TEAD regulatory mechanism. Acetylation of
VGLL4 in neonatal heart was essential to limit its activity and

most highly expressed in heart (Chen et al.,

thereby permit normal heart growth and function.
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The Major Cardiac Interaction Partner of TEAD1
Changes with Postnatal Age

During heart development, the Hippo-YAP pathway regulates
CM proliferation (Heallen et al., 2011; von Gise et al., 2012; Xin
et al,, 2011). YAP and TEAD1 are terminal effectors of the
Hippo-YAP pathway. VGLL4, a TEAD1-binding protein that an-
tagonizes overexpressed YAP in the liver (Koontz et al., 2013),
was previously reported to have cardiac-restricted RNA expres-
sion (Chen et al., 2004). To better understand YAP, TEAD1, and
VGLL4 function in regulating organ growth, we measured their
expression in several adult mouse tissues. YAP was widely ex-
pressed, as we demonstrated previously (von Gise et al.,
2012). We detected robust VGLL4 expression in the heart, with
lower levels also present in the brain, liver, and lung (Figure 1A).
TEAD1 protein was abundant in the lung, less expressed in the
heart, and undetectable in the other organs examined (Fig-
ure 1A). Focusing on the postnatal heart, we measured expres-
sion of these proteins at several different ages. Interestingly,
VGLL4 expression increased from low levels in the newborn
heart to high levels in the adult heart (Figure 1B). TEAD1 and
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Figure 2. VGLL4 Overexpression Did Not Suppress Neonatal Cardiac Growth

P1 pups were injected subcutaneously with AAV9.GFP or AAV9.VGLL4-GFP. Control (Ctrl) mice were untreated. Hearts were analyzed at P8.

(A) AAV9 expression constructs. AAV9.GFP and AAV9.VGLL4-GFP incorporate the cardiac troponin T (cTNT) promoter to drive selective CM expression. Heart
protein immunoblots probed with GFP antibody demonstrated VGLL4-GFP fusion protein expression (asterisk).

(B) Echocardiographic assessment of neonatal heart function. FS%, fractional shortening. n = 4.

C) Whole-mount images of hearts showing lack of substantial differences between groups. Scale bar, 2 mm.

D) Heart to body weight ratio was not significantly different (NS) between groups. n = 3.

(
(
(E) Representative pH3 staining results. Scale bar, 50 um.
(F) Quantitation of pH3* CMs. n = 3. NS, not significant.

(

G) Cell-cycle gene expression from P8 ventricular myocardium after treatment with AAV9.GFP or AAV9.VGLL4-GFP. Gene expression was measured by gRT-

PCR and normalized to the AAV9.GFP group. n = 4. NS, not significant.
All error bars represent the SEM.

YAP levels were anti-correlated with VGLL4 and decreased with
age (Figure 1B). These changes in cardiac protein level did not
correlate with changes in their corresponding transcripts (Fig-
ure 1C), indicating that the expression of these proteins is regu-
lated post-transcriptionally.

To determine whether these proteins were expressed in CMs
or non-CMs in adult heart, we dissociated hearts and isolated
purified cell populations. VGLL4 and TEAD1 were mainly ex-
pressed in CMs rather than non-CMs, whereas YAP was pre-
dominantly expressed in non-CMs (Figure 1D).

Based on these protein expression changes, we hypothesized
that TEAD1’s primary interaction partner changes from YAP to
VGLL4 between newborn and adult heart. To test this hypothe-
sis, we generated a Tead7 knockin allele, Tead1fb, which con-
tains the FLAG and AviTag (Bio) (He et al., 2012) epitope tags
fused to the Tead? C terminus (Tead1™; Figures S1A and S1B).
The Escherichia coli enzyme BirA specifically recognizes and
biotinylates the Bio tag (de Boer et al., 2003), permitting high-
affinity pull-down on immobilized streptavidin (SA). Tead1™®/™;
Rosa265™ B mice survived normally to weaning, had no overt
phenotype (Figures S1C and S1D), and expressed biotinylated
TEAD1™ (Figures S1E and S1F). We then precipitated TEAD1™
and its interacting proteins on SA from postnatal day 1 (P1),
P8, and adult (P50) hearts (Figures 1E-1G). This revealed that

TEAD1 and VGLL4 strongly interacted in the adult but not the
neonatal (P1 or P8) heart (Figures 1E-1G). TEAD1 and YAP inter-
action showed the opposite pattern, with strong interaction de-
tected in the neonatal heart and weaker interaction in the adult
heart (Figures 1F and 1G).

Precocious VGLL4 Overexpression Did Not Suppress
Neonatal Cardiac Growth

To further test the hypothesis that VGLL4 limits CM proliferation
by reducing TEAD1-YAP interaction, we overexpressed VGLL4
in the newborn heart using adeno-associated virus serotype
9 (AAV9), an efficient cardiac gene delivery vector (Lin et al.,
2014). We generated AAV9.VGLL4-GFP (AAV9.VGLL4) and
AAV9.GFP, which express VGLL4-GFP fusion protein or GFP,
respectively, from the cardiomyocyte-specific chicken cardiac
troponin T (cTNT) promoter (Figure 2A), and injected them into
P1 wild-type pups. Hearts were analyzed 7 days later. Immuno-
blots confirmed cardiac VGLL4-GFP expression (Figure 2A).
Unexpectedly, AAV9.VGLL4 did not significantly change heart
function or size compared with untreated (Ctrl) or AAV9.GFP-
treated hearts (Figures 2B-2D). Staining for phospho-histone
H3 (pH3), an M-phase cell-cycle marker, suggested that CM
cell-cycle activity was not significantly changed by AAV9.VGLL4
compared with AAV-GFP (Figures 2E and 2F). Consistent with
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Figure 3. VGLL4 TDU Domain Acetylation Decreased VGLL4-TEAD1 Interaction
(A) p300 bound and acetylated VGLL4. HEK293T cells were transfected with the indicated GFP and histone acetyltransferase (HAT; HA-tagged) expression
plasmids. Proteins that co-precipitated with GFP were detected by immunoblotting (IB). K-Ac Ab, acetylated lysine-specific antibody.

(B) VGLL4-K225 is the major VGLL4 acetylation site. VGLL4-GFP was overexpressed in HEK293T cells in the presence of p300, immunoprecipitated with GFP
antibody, and analyzed by mass spectrometry. The area of the red circles is proportional to the fraction of peptides detected that contain the acetyl lysine residue
indicated by the corresponding number. T1 and T2 represent the two TDU domains of VGLL4.
(C) VGLL4 K225R mutation decreased VGLL4 acetylation. Wild-type (WT) or K255R mutated (R) VGLL4-GFP were co-expressed in HEK293T with p300,
as indicated. VGLL4-GFP acetylation was detected by immunoprecipitation and western blot. Acetylation of VGLL4 K225R was normalized to wild-type VGLL4.

*p<0.05n=4.

(D) Alignment of TDU domains from different proteins (top group) or from the first TDU domain of VGLL4 from different species (bottom group). The residue aligned
with K225 of human VGLL4 is highlighted in red and indicated by an arrow. This residue is conserved in vertebrate VGLL4 but is not conserved across TDU

domains.

(E and F) VGLL4 K225 acetylation decreased VGLL4-TEAD1 interaction in vitro. Interaction between recombinant His-TEAD1[211-427] and synthetic, un-
acetylated, or K225-acetylated VGLL4 TDU domain peptides was detected by immunoprecipitation and western blot (E) or by a nanoscale photonic interaction

assay (F).

4 Developmental Cell 39, 1-14, November 21, 2016

(legend continued on next page)



(2016), http://dx.doi.org/10.1016/j.devcel.2016.09.005

Please cite this article in press as: Lin et al., Acetylation of VGLL4 Regulates Hippo-YAP Signaling and Postnatal Cardiac Growth, Developmental Cell

this observation, the expression of cell-cycle genes Aurka,
Cdc20, and Ccna2 did not differ significantly between groups
(Figure 2G).

We investigated the effect of AAVO.VGLL4 on YAP-TEAD1
interaction. In adult heart, where TEAD1 robustly interacted
with endogenous VGLL4, we confirmed that VGLL4-GFP bound
TEAD1 (Figure S2A). This result indicated that the GFP tag did
not disrupt VGLL4-TEAD1 interaction. However, we did not
detect VGLL4-GFP binding to TEAD1 in the neonatal heart (Fig-
ure S2B), suggesting that the lack of robust interaction between
VGLL4 and TEAD1 in neonatal heart was not solely due to lower
neonatal VGLL4 expression. Rather, the finding that forced
expression of VGLL4-GFP in neonatal heart was not sufficient
to drive its interaction with TEAD1 led us to hypothesize that
additional factors regulate this interaction. These additional fac-
tors would limit interaction of overexpressed VGLL4-GFP and
TEAD1 and thereby could account for the lack of phenotype in
AAV9.VGLL4-treated heart.

VGLL4 Activity Is Regulated by Its TDU Domain
Acetylation

Post-translational modification is one potential regulatory
mechanism that might govern VGLL4-TEAD1 interaction in the
neonatal heart. Adopting a candidate strategy, we first investi-
gated VGLL4 acetylation. Histone acetyltransferases such as
p300 or CBP acetylate lysine resides of non-histone proteins,
including transcription factors, in addition to histones (Chan
and La Thangue, 2001). In co-immunoprecipitation (colP) as-
says, VGLL4 robustly interacted with p300, whereas its interac-
tion with CBP was considerably weaker (Figure 3A). Moreover,
p300 but not CBP heavily acetylated VGLL4 (Figure 3A). To iden-
tify VGLL4 acetylation sites, we co-expressed VGLL4-GFP
fusion protein and p300 in HEK293T cells. Immunoprecipitated
VGLL4-GFP was then analyzed by mass spectrometry. Several
acetylation sites were identified, with the highest fraction of acet-
ylated residues occurring at lysine 225 (K255; Figure 3B). To
confirm this observation, we mutated VGLL4 K225 to arginine
(VGLLA4[RY]), which is structurally similar to lysine but cannot be
acetylated. In p300 co-transfected cells, compared with wild-
type VGLL4, VGLLA4[R] acetylation was significantly reduced
(Figure 3C, ratio of KAc to total VGLLA4 in lane 5 versus 3), consis-
tent with VGLL4 being acetylated predominantly but not solely at
K225. Vestigial-like family members interact with TEAD through
their Tondu (TDU) domains (Koontz et al., 2013), and VGLL4 con-
tains two TDU domains. K225 is located in the first TDU domain

of human VGLL4 and is conserved among vertebrate VGLL4 pro-
teins but not in TDU domains from other proteins (Figure 3D).

Based on its location within the TEAD1-binding domain of
VGLL4, we hypothesized that acetylation of K225 modulates
VGLL4-TEAD interaction. To test this hypothesis, we synthesized
peptides corresponding to the VGLL4 TDU domains, with or
without K225 acetylation (Figure S3A). These V5 epitope-tagged
VGLL4 peptides were co-incubated with recombinant, His-
tagged TEAD1 (residues 211-427), which contains the YAP and
VGLL4 interaction domains (Jiao et al., 2014) (Figures S3B and
S3C). The interaction between VGLL4 peptide and His-TEAD1
[211-427] was measured by immunoprecipitation followed
by western blotting (Figure 3E). The synthetic non-acetylated
VGLL4-TDU domain peptide bound TEAD1 in a dose-dependent
manner. In contrast, the acetylated VGLL4-TDU peptide did not
detectably interact with TEAD1. To quantify this result, we used
a recently developed nanoscale photonic interaction assay
(Yang et al., 2014). His-TEAD1[211-427] was immobilized on a
nanobeam sensor and then incubated with increasing concentra-
tions of the VGLL4-TDU peptide. The non-acetylated VGLL4-
TDU peptide induced a concentration-dependent resonance
shift of the sensor (Figure 3F), indicative of binding to TEAD1.
Fitting the curve to the Langmuir equation yielded a VGLL4-
TEAD1 interaction affinity of 3.1 + 1.3 nM. In contrast, the acety-
lated VGLL4-TDU peptide did not induce a resonance shift up to
a peptide concentration of 1 pg/mL (Figure 3F). Together these
results indicate that VGLL4 acetylation at K225 strongly impedes
its binding to TEAD1.

To study the effect of VGLL4 acetylation on VGLL4-TEAD1
interaction in a cellular context, we co-expressed VGLL4-GFP
or VGLLA[R]-GFP with Tead1™ in 293T cells and evaluated
their interaction by colP. Even though TEAD1 level was lower
in VGLL4[R]- than in VGLL4-expressing cells (see following
section), TEAD1 co-precipitated significantly more VGLL4[R]
(Figure 3G), suggesting that acetylation at K225 reduces
VGLL4-TEAD1 interaction in vivo. Consistent with this result,
VGLLA4[R] inhibited TEAD1-YAP interaction with greater potency
than wild-type VGLL4 (Figure 3G). We measured the functional
effect of VGLL4 and its acetylation on TEAD1-YAP transcrip-
tional activity using 8xGTIIC-Luci (Dupont et al., 2011), a lucif-
erase reporter driven by a multimerized TEAD1 binding site.
TEAD1 alone weakly stimulated reporter activity, and this was
inhibited by both VGLL4 and VGLL4[R] (Figure 3H). Consistent
with its broad role as a transcriptional co-activator, p300 strongly
stimulated TEAD1 transcriptional activity. VGLL4 partially

(G) VGLLA[R] increased VGLL4-TEAD1 and decreased YAP-TEAD1 interaction in cultured cells. TEAD1™ and VGLL4-GFP expression plasmids were co-
transfected into 293T cells. TEAD1 ColP was carried out using FLAG antibody. The ratio between VGLL4 and TEAD1 in the immunoprecipitate was quantified by

densitometry. *p < 0.05, n = 3.

(H) p300 effect on YAP-TEAD1 transcriptional activity. 293T cells were co-transfected with the indicated plasmids plus pRL-TK. Left: 24 hr after transfection, cells
were collected for luciferase activity measurement. Firefly luciferase activity was normalized to Renilla luciferase. *p < 0.05, n = 4. Right: western blot showing the

expression of p300, Vgll4, and TEAD1™ in transduced cells.

(I and J) Effect of VGLL4 acetylation on VGLL4-TEAD1 interaction in NRVM. The PLA was used to detect endogenous VGLL4-TEAD1 interaction in cultured
NRVMs. Representative image (I) and quantification of TEAD1-VGLL4 interaction events in the nucleus (J) are shown. Each red dot was counted as an interaction

event. Scale bar, 20 um. ***p < 0.0001, Wilcoxon.

(K) Endogenous levels of mVGLL4 (murine VGLL4) and mVGLL4-K216Ac (which corresponds to human K225Ac) in P6 and P60 heart. Hearts were lysed with
denaturing buffer containing 2% SDS, and 100 pg of total protein was immunoblotted for total VGLL4 or VGLL4-K216Ac. Fold change of protein levels between

P60 and P6 was determined by densitometry. *p < 0.05.

(L) Endogenous levels of VGLL4 and VGLL4-K225Ac in human left ventricular myocardium, obtained from unused transplant donor hearts of the indicated ages.

All error bars represent the SEM.
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blocked this stimulation, as expected based on its antagonism
of TEAD1-YAP interaction (Figure 3G). Compared with VGLL4,
VGLLA4[R] more potently blocked p300 stimulation (Figure 3H),
in agreement with the more potent disruption of TEAD1-YAP
interaction by VGLL4[R] (Figure 3G).

To determine whether VGLL4 acetylation affects VGLL4 and
TEAD1 interaction in CMs, we used the proximity ligation assay
(PLA) (Soderberg et al., 2006) to study the in situ interaction
between VGLL4 and TEAD1 in cultured neonatal rat ventricular
cardiomyocytes (NRVMs), with or without the overexpression
of p300. NRVMs stained with TEAD1 or VGLL4 antibodies indi-
vidually showed that TEAD1 was localized in the nucleus, while
VGLL4 was located in both cytoplasm and nucleus (Figure S3D).
The PLA showed in situ TEAD1-VGLL4 interaction primarily in the
nucleus (Figure 3l). p300 overexpression significantly reduced
TEAD1-VGLL4 interaction (p < 0.001; Figures 3l and 3J). These
data indicate that acetylation of VGLL4 decreases its interaction
with TEAD1 in CMs.

To determine whether VGLL4 is acetylated endogenously in
CMs in vivo, we developed an antibody that recognized VGLL4
acetylated at K225 but not VGLL4 lacking this modification (Fig-
ures S3E and S3F). We used the antibody to assess acetylation
of the corresponding residue of VGLL4 in murine heart (murine
K216 corresponds to K225 of human VGLL4). Immunoblotting
of mouse hearts showed that mVGLL4-K216Ac and total
VGLL4 level increased 3- and 6-fold, respectively, between P6
and P60 (Figure 3K), indicating that the ratio of mVGLL4-
K216Ac to total VGLL4 decreases with age. Consistent with
the decrease in the fraction of acetylated VGLL4, p300 expres-
sion in the mouse heart also decreased with age (Figure S3G).

To assess the potential relevance of developmental changes
in VGLL4, VGLL4 K225Ac, TEAD1, YAP, and p300 to the human
heart, we examined their expression in normal human myocar-
dium at different postnatal ages (Figure 3L). TEAD1 protein levels
declined with age, as we observed in mouse. Unlike mouse, YAP
expression and VGLL4 expression were relatively constant
in 2- to 18-year-old hearts. However, VGLL4-K225Ac strongly
decreased with postnatal age, as did expression of p300, paral-
leling our observations in mouse. These results suggest that
developmentally regulated protein expression and VGLL4-
K225 acetylation contribute to regulation of YAP-TEAD activity
in the human heart. Whereas VGLL4 expression may contribute
to stage-specific regulation of VGLL4-TEAD interaction, VGLL4
acetylation appears to predominate in humans.

We conclude that K225 acetylation of VGLL4 within its TDU
domain inhibits its binding to TEAD1 in the heart. Mutation of
VGLL4 K225 to arginine abrogates this inhibitory acetylation
and promotes TEAD1-VGLL4 interaction.

VGLL4 Suppresses YAP Activity Partially by Promoting
TEAD1 Degradation

While investigating VGLL4-TEAD1 interaction, we noticed that
VGLL4 overexpression reduced TEAD1 protein level (e.g., Fig-
ure 3G). To expand on this observation, we studied the effect
of VGLL4 on different levels of transfected TEAD1. Consistently,
VGLL4 reduced the steady-state level of TEAD1 (Figure 4A),
leading to the hypothesis that VGLL4 regulates TEAD1’s degra-
dation rate. To test this hypothesis, we expressed TEAD1 fused
to Dendra2, a fluorescent protein that converts from green to
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red fluorescence upon transient illumination with 405-nm light
(Zhang et al., 2007) (Figures 4B and 4C). This allows the degra-
dation of photoconverted protein to be monitored in real time, in-
dependent of ongoing protein synthesis. To allow rapid expres-
sion of VGLL4, we used an inducible expression system in which
addition of doxycycline to the culture medium rapidly induced
VGLL4 expression (Figures S4A and S4B). In control cells
that did not express VGLL4, doxycycline treatment did not
significantly affect steady-state TEAD1 levels over a 10-hr period
(Figure 4D). In contrast, in cells that expressed VGLL4 upon
doxycycline addition, steady-state TEAD1 levels declined by
approximately 50% over the same period (p < 0.05; Figures 4D
and 4E). VGLL4 did not reduce the mRNA level of Teadl-
Dendra2 (Figure S4C), indicating that the effect of VGLL4 was
post-transcriptional.

We then combined doxycycline-induced VGLL4 expression
with live cell imaging of TEAD1-Dendra2 to specifically probe
the effect of VGLL4 on TEAD1 stability. Four hours after doxycy-
cline treatment, TEAD1-Dendra2 was pulse-labeled by photo-
conversion. In the absence of VGLL4, TEAD1-Dendra2 protein
fluorescence intensity dropped by 10% during the 3-hr imaging
process, reflecting the basal degradation rate of TEAD1. In
contrast, in the presence of VGLL4 the fluorescence intensity
of photoconverted TEAD1-Dendra2 declined 30% over the
same period (Figure 4F), indicating that VGLL4 accelerates
TEAD1-Dendra2 degradation. VGLL4 did not affect the stability
of Dendra? itself (Figure 4F), indicating that the loss of TEAD1-
Dendra2 was specific to the TEAD1 component. These data
demonstrate that VGLL4 strongly influences TEAD1 stability.

Major pathways for protein degradation are the proteasome
and cysteine, serine, and threonine peptidases. To determine
whether these candidate pathways are involved in VGLL4-medi-
ated TEAD1 degradation, we studied the effect of MG132 (a uni-
versal proteasome inhibitor [Lee et al., 1998]), leupeptin (an inhib-
itor of cysteine, serine, and threonine peptidases [Umezawa,
1976]), and E64 (an inhibitor specific to cysteine proteases
[Barrett et al., 1982]) on VGLL4-mediated TEAD1 degradation. In
293T cells co-transfected with TEAD1 and VGLL4, leupeptin,
and E64, but not MG132, reduced VGLL4-mediated reduction
of TEAD1 steady-state levels (Figure S4D), suggesting that
VGLL4 triggers TEAD1 degradation through cysteine proteases
and not the proteosome. We used pulse-labeled TEAD1-Dendra2
and live cell imaging to confirm that E64 reduced the destabilizing
effect of VGLL4 on TEAD1-Dendra2 (Figure 4F). Together, our
dataindicate that VGLL4 is sufficient to stimulate TEAD1 degrada-
tion through a cysteine protease-dependent pathway.

Previously, VGLL4 was shown to antagonize YAP-TEAD1 tran-
scriptional activity by competitively binding to TEAD, displacing
YAP (Koontz et al., 2013). Our data suggest an additional mech-
anism, in which VGLL4 binding to TEAD1 promotes its degrada-
tion and thereby reduces the amount available to interact with
YAP. To test this hypothesis, we used the TEAD1 luciferase re-
porter 8xGTIIC-Luci (Dupont et al., 2011) to monitor TEAD1-
YAP transcriptional activity. 293T cells were co-transfected
with 8xGTIIC-Luci, doxycycline-inducible VGLL4, and YAP
expression constructs. One day after transfection, luciferase
reporter activity was measured 0-8 hr after doxycycline treat-
ment. In the control group lacking doxycycline-inducible
VGLLA4, reporter activity was relatively stable after the addition
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Figure 4. VGLL4 Overexpression Decreased TEAD1 Stability

(A) VGLL4 overexpression decreased TEAD1 protein level. Different doses of TEAD1 plasmids (indicated in pug) were co-transfected with 1.6 png of VGLL4-GFP
plasmid. Cells were collected for western blot 24 hr after transfection.

(B and C) Generation and validation of TEAD1-Dendra2 construct. Tead1-Dendra2 plasmid was transfected into 293T cells. Western blot confirmed expression of
TEAD1-Dendra2 fusion protein (B). TEAD1-Dendra2 merge fusion protein was green before illumination with 405 nm light. After 30 s of illumination, a fraction of
TEAD1-Dendra2 exhibited red fluorescence (C).

(D and E) Doxycycline (Dox)-inducible expression of VGLL4 caused TEAD1-Dendra2 degradation. pTEAD1-Dendra2 and pEF1a-rtTA were co-transfected into
293T cells along with pTetO empty vector (upper panel) or pTetO:HA-VGLL4 (lower panel). Twenty-four hours after transfection, Dox was added. Cells were
analyzed at the indicated time points (D). Quantification of TEAD1-Dendra2 protein level is shown in (E). *p < 0.05, n = 3.

(F) Time-lapse imaging of TEAD1-Dendra2 or Dendra2 proteins. Indicated plasmids were transfected into 293T cells. Twenty-four hours later, cells were treated
with Dox. Four hours later, Dendra2 was photoconverted with 405-nm light. Relative red fluorescence intensity (RFI) was monitored for 3 hr by taking one image
per minute. RFl was normalized to the value immediately after photoconversion. Plot shows average RFI signal over 10 min. n = 10. Experiment is representative
of three independent repeats.

(G) Dual luciferase assay of YAP-TEAD1 transcriptional activity. 293T cells were co-transfected with YAP[S127A], EF1a:rtTA, 8xGIITC-luciferase, pRL-TK internal
control, and either TetO empty vector or TetO-VGLL4 as indicated. E64 was added as indicated. Twenty-four hours after transfection, cells were treated with Dox
for the indicated number of hours, when cell extracts were analyzed for Firefly and Renilla luciferase activity. Relative luciferase activity was the ratio of Firefly to
Renilla luciferase, normalized to empty vector at time 0. *p < 0.05, n = 4.

(H) Model of VGLL4 regulation of YAP-TEAD1 activity. In the absence of VGLL4, YAP binds to TEAD1 to activate target gene expression. VGLL4 overexpression
suppressed YAP-TEAD1 activity by both inhibiting TEAD1 transcriptional activity (i) and promoting TEAD1 degradation (ji).

All error bars represent the SEM.
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of doxycycline (Figure 4G). In contrast, in cells with doxycycline-
induced VGLL4, luciferase activity declined significantly over this
time period (p < 0.05, Figure 4G). To probe the role of protein
degradation in the effect of VGLL4, we treated cells with E64.
This significantly increased reporter activity 8 hr after doxycy-
cline treatment (p < 0.05; Figure 4G), suggesting that VGLL4
stimulation of TEAD1 degradation contributes to the decrease
in transcriptional activity observed after VGLL4 induction. How-
ever, E64 did not completely abrogate the reduction of TEAD1
transcriptional activity caused by VGLL4 induction. In part this
reflects incomplete E64 protection of TEAD1 from VGLL4-
mediated degradation (Figure S4D), as well as the additional
inhibitory effect of VGLL4 on YAP recruitment to TEAD1 (Fig-
ure 4H). We conclude that VGLL4 is sufficient to stimulate
TEAD1 degradation through cysteine-dependent proteases,
and that VGLL4 antagonizes TEAD1-YAP transcriptional activity
by stimulating TEAD1 degradation in addition to disrupting
TEAD1-YAP interaction.

Precocious Overexpression of VGLL4[R] in Neonatal
Heart Leads to Heart Failure

VGLL4 overexpressed in the neonatal heart did not interact with
TEAD1 and did not significantly affect neonatal heart growth or
function (Figure 2). However, VGLL4-K225 acetylation in the
neonatal heart reduced VGLL4 effect on TEAD1-YAP and thus
may have masked VGLL4’s biological activity. Because the
VGLL4[R] mutant is refractory to inhibition by K225 acetylation,
we hypothesized that this single amino acid substitution would
reveal the cardiac activity of overexpressed VGLL4. To test this
hypothesis, we introduced the mutant protein into the neonatal
heart by developing and administering AAV9.VGLL4[R].
AAV9.GFP and AAV9.VGLL4 were used as negative controls.
TEAD1-interacting proteins were detected by colP. Consistent
with our prior results, we did not detect significant interaction
between TEAD1 and VGLL4 (Figure 5A, lane 6 versus lane 5).
Accordingly, AAV9.VGLL4 did not affect TEAD1 level or TEAD1-
YAP interaction. In contrast, VGLL4[R] did interact with TEAD1
(Figure 5A, lane 7 versus lanes 5 and 6). Consistent with this inter-
action, TEAD1 level was reduced by VGLL4[R] (Figure 5A, lane 7
versus lanes 5 and 6), and the balance between TEAD1’s interac-
tion partners was altered, with greater binding to VGLL4[R] and
reduced binding to YAP. Together, these results support our
model that VGLL4 acetylation at K225 governs its interaction
with TEAD1 in the neonatal heart. By blocking K225 acetylation,
the K225R mutation reveals the potent effect of VGLL4 on
neonatal heart function.

Next, we addressed the role of p300 in VGLL4 K225R acetyla-
tion in the neonatal heart. p300 level was not affected by overex-
pression of VGLL4 or VGLL4[R] (Figure 5B, lanes 2 and 3 versus
lane 1). VGLL4 and VGLL4[R] both co-immunoprecipitated with
p300 (Figure 5B, lanes 6 and 7 versus lane 5) in neonatal heart,
while this interaction was not detected in adult heart (Figure S5A).
Co-precipitated VGLL4 was acetylated, whereas VGLL4[R] was
not detectably acetylated (Figure 5B, lane 6 versus lane 7). This
result validated that the K225R mutation reduced VGLL4 acety-
lation, and suggested that p300 mediates VGLL4 acetylation
in vivo.

Given that VGLL4 K225R mutation increases TEAD1-VGLL4
interaction in neonatal heart at the expense of TEAD1-YAP, we
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next examined the biological effect of this single amino acid
substitution. We delivered AAV9.VGLL4[R] to P1 mice. Litter-
mates treated with AAVO.VGLL4 (wild-type) and AAV9.GFP-
treated were used as negative controls. At P8, all three
groups had similar heart and body weights (Figure S5B), and,
as we observed previously, heart function was no different
between AAVO.VGLL4 and AAV-GFP groups (Figure 5C). How-
ever, AAV9.VGLL4[R] induced severe myocardial dysfunc-
tion and myocardial wall thinning (Figures 5C and 5D). The
AAV9.VGLL4[R]-treated mice failed to grow normally, and 30%
died prior to a planned necropsy date at P12 (Figures S5B and
S5C). Those that survived to P12 had striking ventricular and
atrial enlargement that was not observed in either negative con-
trol group (Figure 5E). These mice had lower body weight and
higher heart weight than the other two groups (Figures 5F,
S5B, and S5C). Staining of heart sections with picrosirius red
showed that AAV9.VGLL4[R] hearts had extensive fibrosis
(Figures 5G and 5H). Interestingly, AAV9.VGLL4 hearts also
had mildly but significantly increased fibrosis compared with
AAV9.GFP. AAV9. Gene expression measurements by qRT-
PCR showed that VGLL4[R] induced cardiac upregulation
of Nppa and downregulation of Myh6, changes frequently
observed in heart failure (Figures 51 and 5J).

Together, these results show that K225R acetylation regulates
VGLL4 activity in the neonatal heart. Blocking K225R uncovered
potent VGLL4 activity to disrupt TEAD1-YAP interaction and
neonatal heart development and function.

Activation of VGLL4 in the Neonatal Heart Suppresses
Cardiomyocyte Proliferation by Disrupting the
YAP-TEAD1 Complex

The YAP-TEAD complex promotes CM proliferation (von Gise
et al.,, 2012; Xin et al., 2011; Heallen et al., 2011; Lin et al.,
2014), and loss of this activity caused heart failure at least in
part due to reduced CM number (Del Re et al., 2013). In addition,
YAP-TEAD has been implicated in regulating CM survival (Del Re
et al., 2013). To understand the cellular mechanisms underlying
VGLL4[R]-induced heart failure, we investigated processes that
might alter CM survival (apoptosis or necrosis) or production
(proliferation). VGLL4[R] did not significantly induce CM
apoptosis, as measured by TUNEL staining (Figure S6A). CMs
undergoing necrosis have plasma membranes that are abnor-
mally permeable to macromolecules such as antibodies. There-
fore, uptake of injected anti-myosin antibody by CMs has been
used as an assay of CM necrosis (Nakayama et al., 2007). To
determine whether AAV9.VGLL4[R] caused CM necrosis, we
injected mouse anti-myosin antibody (MF20) into mouse pups
at P7, and hearts were analyzed at P8. In both negative control
groups, MF20* CMs were rarely observed, whereas MF20*
CMs were readily observed in the AAV9.VGLL4[R] group (Figures
6A and 6B).

To determine whether VGLL4[R] reduced CM proliferation,
we performed quantitative pH3 staining. VGLL4[R] strongly
decreased the fraction of pH3* CMs compared with VGLL4 or
GFP (Figure 6C). Because CM multinucleation or polyploidization
can dissociate CM M-phase activity from CM number, we under-
took a clonal analysis to more directly probe the effect of VGLL4
on CM proliferation. As we described previously (Lin et al.,
2014), by pulse-labeling a low fraction of CMs and later counting
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Figure 5. Abrogation of VGLL4-K225 Acetylation Unmasked Disruptive Effects of VGLL4 on YAP-TEAD Interaction and Neonatal Heart
Maturation

P1 pups were treated with AAV9.VGLL4, AAV9.VGLLA4[R] (containing the K225R mutation), or AAV.GFP. Hearts were examined at P8 or P12, as indicated.

(A) Assay of cardiac TEAD1-interacting proteins. TEAD1 and its associated proteins were immunoprecipitated, and indicated proteins were detected by western
blotting. Asterisk indicates the VGLL4-GFP band.

(B) Endogenous p300 interacts with and acetylates VGLL4 in the neonatal heart. AAV9.GFP, AAV9.VGLL4-GFP, or AAV9.VGLL4[R]-GFP were administered to P1
mouse pups. p300 was immunoprecipitated from P8 heart extracts and probed with indicated antibodies. K-Ac Ab, acetyl lysine-specific antibody. Asterisk
indicates acetylated VGLL4-GFP. Arrowhead indicates the VGLL4-GFP band, which runs just above the immunoglobulin heavy chain.

(C and D) Echocardiographic measurement of left ventricular (LV) systolic function (fractional shortening, FS) (C) and diastolic LV wall thickness (D) at P8. *p < 0.05
compared with GFP control, n = 4.

(E) Whole-mount (upper panels) and H&E-stained short-axis sections of AAV-transduced hearts at P12. Scale bars, 2 mm.

(F) Heart to body weight ratio of AAV-transduced hearts at P8 or P12. *p < 0.05, n = 4.

(G and H) Cardiac fibrosis was visualized by pirosirius red/fast green staining. Representative images (G) and quantification (H). Scale bar, 1 mm. *p < 0.05, n = 3.
(I and J) gRT-PCR measurement of heart failure marker gene transcripts Myh6 and Nppa. Levels were normalized to GAPDH and expressed relative to the
AAV9.GFP control group. *p < 0.05, n = 4.

All error bars represent the SEM.

the number of CMs in individual labeled clusters, one can assess
the extent of productive CM cell-cycle activity. Use of the multi-
color Confetti reporter mouse (Snippert et al., 2010), in which
Cre stochastically activates expression of one of four fluorescent

proteins: CFP, RFP, nuclear GFP (nGFP), and YFP. For technical
reasons, we only considered RFP and YFP readouts. In pilot ex-
periments, we determined the optimal dose of AAV9.Cre to
achieve the desired CM labeling rate (Figures S6B-S6D). We

proteins, further enhances this strategy by allowing one to distin-
guish chance labeling of two neighboring cells (potentially yielding
multichromatic clusters) from expansion of a single CM (mono-
chromatic clusters). AAV9.cTNT::Cre (AAV9.Cre) was injected
into the P1 Brainbow pups at a low dose to irreversibly label a
small fraction of CMs with one of the four different fluorescent

delivered this dose of AAV9.Cre to P1 Confetti mouse pups. At
the same time, we delivered AAVO.VGLL4A™ or AAVO.VGLL4
[RI™, in which the GFP tag has been replaced by the FLAG-Bio
tag, at doses which should transduce greater than 90% of cardi-
omyocytes. In P8 hearts, we determined the frequency of bichro-
matic and monochromatic cell clusters, where a cluster was
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Figure 6. Acetylation-Deficient VGLL4[R]
Decreased Cardiomyocyte Proliferation
and Survival

AAV9.GFP, AAV9.VGLL4, or AAV9.VGLL4[R] were
delivered to P1 pups, and hearts were examined
at P8.

(A and B) Measurement of CM necrosis.
Rosa26™™S (membrane localized RFP) P1 pups
were treated with AAV9. Anti-myosin antibody
MF20 was injected into mice at P7. At P8, mice
were collected and intracellular MF20 antibody
was detected by immunofluorescent staining.
Representative images (A) and quantification (B).
Scale bar, 50 pm.

(C and D) Measurement of CM proliferation using
pH3 immunofluorescence staining. (C) Represen-
tative images with boxed regions magnified in in-
sets. Scale bar, 50 um. (D) Quantification of pH3*
CMs. *p < 0.05, n = 3.

(E and F) Clonal assay for CM proliferation.
Confetti P1 pups were treated with mosaic dose of
AAV9.Cre to label individual CMs, in addition to
treatment with VGLL4 or control AAVs at the usual
dose, which transduces nearly all CMs. Hearts
were examined at P8. (E) Representative images
with boxed regions magnified in insets. Scale
bar, 50 um. (F) quantification of clusters of adja-
cent, labeled CMs containing one color (mono-
chromatic, potentially arising from proliferation) or
two colors (bichromatic, arising from adjacent
labeling events). Scale bar, 50 pm. *p < 0.05, n = 4.
(G) gRT-PCR measurement of relative levels of
YAP-TEAD canonical targets gene transcripts
Aurka, Cdc20, and Ctgf in P12 heart. *p < 0.05,
n=3.

(H and ) Measurement of cardiomyocyte cross-
sectional area. CMs were outlined by wheat germ
agglutinin staining. Representative images (H) and
quantification of cross-sectional area (l). “p < 0.05,
n=3.

(J) Model of VGLLA4 regulation of heart growth. In
normal newborn heart, predominant YAP-TEAD1
stimulates CM proliferation. The interaction be-
tween VGLL4 and TEAD1 is blunted by p300-
mediated VGLL4 acetylation. Inhibition of VGLL4
acetylation, as in the K225R mutant, suppresses
cardiac growth by both inhibiting YAP-TEAD1
interaction and decreasing TEAD1 stability.

All error bars represent the SEM.

in AAVO.Cre, AAV9.Cre*AAVO.VGLL4™,
and AAV9.Cre*AAVI.VGLLA[R]® groups
(Figure 6F). In contrast, monochromatic
clusters, representing productive CM pro-
liferation, were less common in the VGLL4
[R] group (Figure 6F), supporting our
hypothesis that VGLL4[R] overexpres-
sion reduces neonatal CM proliferation.
Consistent with these measurements of
CM proliferation, expression of cell-cycle

genes Aurka and Cdc20, as well as the canonical TEAD-YAP
target gene Ctgf, was reduced in P12 hearts treated with

labeling of neighboring cells, occurred at similar frequency AAV9.VGLL4[R], compared with AAV9.GFP (Figure 6G).
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Both reduction of CM cell-cycle activity and CM survival would
reduce CM number, leading to increased workload for remaining
CMs. Stressed CMs undergo compensatory hypertrophy, and
indeed we observed that AAV9.VGLL4[R]-treated CMs are larger
than CMs in the GFP-negative control group (Figures 6H and 6l).
In combination with increased cardiac fibrosis, these changes
may account for the increased weight of AAV9.VGLL4[R]-treated
hearts (Figures 5F and S5C).

We conclude that blocking VGLL4 K225 acetylation reveals
the potent effect of VGLL4 on CM proliferation and survival
in the neonatal heart, at least in part through disruption of
TEAD1-YAP interaction and destabilization of TEAD1.

DISCUSSION

Our work identifies VGLL4 as an important negative regulator of
cardiac growth driven by YAP-TEAD1, defines VGLL4 acetyla-
tion as a novel mechanism to regulate Hippo-YAP signaling
and organ growth, and reveals VGLL4 regulation of TEAD1 sta-
bility as an additional mechanism whereby VGLL4 modulates
YAP-TEAD activity. Although our studies focused on the effect
of VGLL4 on YAP-TEAD activity, it is possible that VGLL4 has
other important biological functions in CMs. For instance, the
Hippo-YAP pathway is closely intertwined with Wnt/B-catenin
signaling (Heallen et al., 2011; Varelas et al., 2010), and in future
studies it will be invaluable to assess the impact of VGLL4 on this
pathway.

Developmental Regulation of TEAD-Interacting Proteins
The Hippo-YAP pathway controls the growth of mitotic organs,
such as liver (Dong et al., 2007), intestine (Camargo et al., 2007),
skin (Schlegelmilch et al., 2011), and fetal heart (Heallen et al.,
2011; von Gise et al., 2012; Xin et al., 2011). In the adult heart,
YAP activation induced limited CM proliferation and was insuf-
ficient to cause cardiomegaly (Lin et al., 2014). We investigated
mechanisms that restrain YAP activity in the adult heart, and our
data identify VGLL4 as a potential negative regulatory factor.
Among the organs that we studied, VGLL4 was most highly ex-
pressed in the heart. As proliferative neonatal CMs transitioned
to become postmitotic adult CMs, VGLL4 protein levels
increased markedly, whereas YAP and TEAD1 protein levels
declined. Interestingly, these protein level changes were post-
transcriptionally mediated through uncharacterized mecha-
nisms. Consistent with these changes in protein expression,
the main interaction partner of TEAD1 switched from YAP in
the neonatal heart to VGLL4 in the adult heart. This develop-
mentally regulated switch in interaction partners is crucial
for normal heart maturation, since precocious formation of
TEAD1-VGLL4 complex in the neonatal heart caused cardiac
hypoplasia, CM necrosis, and lethal heart failure. We are now
developing essential reagents to test whether blocking VGLL4
activity in the adult heart will boost YAP-TEAD1 mitogenic
activity.

Regulation of YAP-TEAD1 Activity through VGLL4
Acetylation

Many studies have examined the regulatory pathways that
converge on YAP to regulate its cellular localization and tran-
scriptional activity, often through YAP post-translational modifi-

cations that include phosphorylation, acetylation, and methyl-
ation (Pan, 2010; Hata et al., 2012; Oudhoff et al., 2013). As a
transcriptional co-activator, YAP transcriptional activity de-
pends upon its binding to a partner DNA-binding transcription
factor. On a genome-wide scale, TEAD is the major transcription
factor partner of YAP (Zanconato et al., 2015; Galli et al., 2015),
and we previously showed that TEAD1-YAP interaction is essen-
tial for fetal heart growth (von Gise et al., 2012). TEAD1 likely also
has additional roles in the regulation of muscle gene expression
(Yoshida, 2008). Nevertheless, little attention has been directed
at mechanisms that control TEAD1 activity and stability.

We found that VGLL4-TEAD1 interaction is developmentally
regulated. Although this is partially explained by developmentally
regulated changes in protein expression, the lack of interaction
between overexpressed VGLL4 and TEAD1 in the neonatal heart
pointed to additional regulatory mechanisms. We discovered a
second mechanism, VGLL4 acetylation at K225, which normally
impedes VGLL4-TEAD interaction in the neonatal heart (Fig-
ure 6J). Abrogation of acetylation at this residue in the VGLL4
[R] mutant precociously impaired VGLL4-TEAD1 interaction,
thereby reducing YAP-TEAD1 mitogenic and pro-survival activ-
ity (Figure 6J). Thus, our data show that this post-translational
modification is a critical regulatory switch that is essential for
neonatal CM proliferation and survival.

One of the major acetyltransferases that acetylates VGLL4
is p300. We readily detected interaction between endogenous
p300 and VGLL4 in the neonatal but not adult heart, indicating
that this interaction is also developmentally regulated. Decline
of p300 levels, alteration of its primary interaction partners,
or destabilization of the p300-VGLL4 complex (e.g., due to
changes in the composition of each protein’s interacting partner
complexes) may all contribute to this developmentally reduced
interaction. Decreased p300-VGLL4 interaction between
neonatal and adult CMs correlated with a decrease in the fraction
of VGLL4 that is acetylated. However, VGLL4 acetylation was still
present in the adult heart, and indeed the absolute level of acety-
lated VGLL4 was higher. This suggests that a different acetyltrans-
ferase may acetylate VGLL4 in adult CMs. Alternatively p300 may
still acetylate VGLL4, albeit with reduced efficiency that reflects
the decline of p300-VGLL4 interaction detectable by colP. Under-
standing the mechanisms that regulate VGLL4 acetylation may
lead to therapeutic strategies to enhance VGLL4 acetylation and
thereby mitigate its inhibitory effects on YAP-TEAD activity in
mature CMs.

Interestingly, VGLL4 appeared to be regulated differently in
human and mouse hearts. Whereas mouse VGLL4 increased
markedly with postnatal age, its expression in human heart
was relatively constant. On the other hand, VGLL4-K225Ac
declined with age in human heart. In mouse it increases, but total
VGLL4 increases even more, so that the proportion of VGLL4-
K225Ac decreases. This suggests that developmental regulation
of VGLL4 activity may be achieved in different species by varying
combinations of regulated expression or acetylation.

Precise YAP-TEAD regulation is often achieved through
signaling pathways that either add or remove post-translational
modifications. For instance, the Hippo kinase cascade phos-
phorylates YAP to trigger its cytoplasmic sequestration (Huang
et al., 2005). This is counterbalanced by YAP dephosphorylation
by the protein phosphatase PP2A, a process regulated by YAP
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interaction with a-catenin (Schlegelmilch et al., 2011). Lysine
acetylation is also a reversible post-translational modification
that can be removed by deacetylases. Thus in future work it
will be interesting to consider whether deacetylases counterbal-
ance VGLL4 acetylation.

VGLL4 Regulates TEAD1 Stability

Previous work suggested that VGLL4 suppresses YAP activity
by competing for TEAD binding (Zhang et al., 2014; Koontz
et al., 2013). Our data support this mechanism, and uncovered
an additional previously unrecognized mechanism by which
VGLL4 regulates YAP-TEAD1 activity. We found that VGLL4
interaction with TEAD1 accelerated TEAD1 protein degradation
through cysteine peptidases (Figure 6J). Cysteine peptidase in-
hibition by E64 only partially rescued YAP-TEAD1 transcriptional
activity, suggesting that VGLL4 regulates YAP-TEAD1 activity by
both causing TEAD1 degradation and inhibiting YAP-TEAD1
interaction. Future work is required to define the mechanism
by which VGLL4 enhances TEAD1 degradation, and the specific
cysteine peptidases that degrade TEAD1.

VGLL4 Affects Postnatal Cardiac Growth and

Maturation by Suppressing CM Proliferation and
Inducing Necrosis

We found that VGLL4 acetylation at K225 blocks its activity in the
neonatal heart. Overriding VGLL4 acetylation by mutating this
residue to arginine unmasked the potent effect of VGLL4 gain
of function in the neonatal heart, resulting in destabilization of
the TEAD1-YAP complex and reduced CM proliferation and
YAP target gene expression. Moreover, VGLL4[R] induced CM
necrosis but not apoptosis. As a result of reduced CM prolifera-
tion and increased necrosis, AAV9.VGLL4[R]-transduced pups
developed heart failure.

These data identify an additional, previously unreported role
of YAP-TEAD1 in CMs to suppress necrosis. This function of
YAP may cross cell types, as YAP deficiency predisposed hepa-
tocytes to undergo necrosis after bile duct ligation (Bai et al.,
2012). CM necrosis is an important mechanism of CM loss
following experimental myocardial infarction and genetically
induced CM calcium overload (Kajstura et al., 1998; Nakayama
et al., 2007). It will be interesting to dissect the mechanisms by
which the balance between VGLL4-TEAD and YAP-TEAD gov-
erns CM necrosis.

Conclusions

This study identified novel mechanisms that regulate YAP-TEAD
activity. Normal deployment of these mechanisms is crucial
for neonatal cardiac growth and maturation. Our study sug-
gests that manipulation of the balance between VGLL4, TEAD,
and YAP activity, and/or suppressing VGLL4-mediated TEAD1
degradation, may be of use for therapeutic cardiac regeneration
or repair. Alternatively, augmenting the inhibitory action of
VGLL4 or reducing its acetylation may be useful strategies
for the control of oncogenic growth driven by excessive YAP-
TEAD activity.

EXPERIMENTAL PROCEDURES
For detailed methods, please refer to Supplemental Experimental Procedures.
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Animal Experiments

Animal procedures were approved by the Boston Children’s Hospital Animal
Care and Use Committee. Tead1™ knockin mice (MMRRC:037514-JAX)
were generated by targeting the C terminus of Tead? in murine embryonic
stem cells to introduce FLAG and Bio epitope tags.

Human Myocardium

Human left ventricular myocardium from unused donor hearts was snap-
frozen within 2 hr of organ harvest, under protocols approved by the Institu-
tional Review Boards of the University of Sydney and St. Vincent’s Hospital.

AAV9 Vector Generation and Delivery

Vgll4 or Vgll4[R] were cloned into ITR-containing AAV plasmid (Penn Vector
Core P1967) harboring the chicken cardiac TNT promoter (Prasad et al,,
2011). AAV9 was packaged as described by Lin et al. (2014) and delivered
by subcutaneous injection.

Proteins and Peptides

Murine TEAD1 residues 211-427, containing the YAP and VGLL4 binding
domain, was fused to a polyhistidine tag, expressed in bacteria, and purified
on Ni-nitrilotriacetic acid agarose (Qiagen). Peptides VGLL4-TDU-V5 and
VGLL4-TDU-KAc-V5 (Figure S3) were chemically synthesized. VGLL4-
TEAD1 binding affinity was determined using photonic crystal nanobeam
sensors (Yang et al., 2014).

Cell or tissue-soluble protein extracts for colP were immunoprecipitated us-
ing protein A or streptavidin Dynabeads (Life Technologies). Acetylation was
analyzed using pan-acetylated lysine antibody (Cell Signaling Technology,
94418) or mass spectrometry (Harvard Medical School Taplin Biological
Mass Spectrometry Facility). Murine VGLL4-K216Ac specific antibody was
raised in rabbits and isolated by affinity purification.

Co-immunoprecipitation and In Vitro VGLL4 Acetylation Analysis

Cell or tissue-soluble protein extracts for colP were prepared in lysis buffer
(20 mM Tris-HCI [pH 8], 137 mM NaCl, 10% glycerol, 1% Triton X-100, and
2 mM EDTA). Protease inhibitor cocktail (Roche) was added to the lysis buffer
immediately before use. The protein solution was diluted with 1 volume of
immunoprecipitation buffer (lysis buffer without glycerol) and pre-cleared
with protein A Dynabeads (Life Technologies, 10008D). Antibody or immuno-
globulin G was added to the pre-cleared extract, and antibody bound protein
complexes were pulled down with pre-equilibrated protein A Dynabeads. After
three washes, the immunoprecipitated proteins were eluted with 1x SDS
loading buffer.

For analysis of VGLL4 acetylation, 293T cells were co-transfected with
VGLL4-GFP and other indicated plasmids and cultured for 48 hr. Two
hours before harvest, cells were treated with 5 uM trichostatin A (TSA;
Cayman Chemical, CAS 58880-19-6). GFP antibody was used to pull
down VGLL4-GFP in the presence of 5 uM TSA. Acetylation was analyzed
using pan-acetylated lysine antibody (Cell Signaling Technology, 9441S)
or mass spectrometry (Harvard Medical School Taplin Biological Mass
Spectrometry Facility).

Cardiomyocyte Isolation and Culture

Neonatal rat ventricle cardiomyocytes (NRVMs) were isolated from 2-day-old
Wistar rats (Charles River) using the Neomyts cardiomyocyte dissociation kit
(Cellutron). Isolated cardiomyocytes were initially cultured for 24 hr in the
presence of 10% fetal bovine serum. Cardiomyocytes were then cultured on
fibronectin-coated glasses in 1% horse serum medium and cultured for
24 hr before 4% paraformaldehyde (PFA) fixation.

Duolink In Situ PLA

PFA (4%)-fixed NRVMs were permeabilized with PBS containing 0.1% Triton
X-100. Duolink PLA was carried out using the Sigma Duolink In Situ Red Starter
Kit Mouse/Rabbit (Duo92101-1KT). To visualize cardiomyocytes, we co-
stained cells with goat-originated cardiac troponin | antibody (Abcam). In brief,
NRVMs were incubated at 4°C overnight with primary antibodies against
VGLL4, TEAD1, and cardiac troponin I. On the second day, PLA was carried
out following the kit protocol. Alexa 488-conjugated donkey anti-goat second-
ary antibody was added at the signal amplification step.
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Statistics

Values are expressed as mean + SEM. Student’s t test or ANOVA with Tukey’s
honest significant difference post hoc test was used to test for statistical sig-
nificance involving two or more than two groups, respectively.

Source Data

Original immunoblot data have been deposited at Mendeley Data with
the following digital object identifiers, corresponding to Figures 1, 2, 3, 4,
and 5 and Figures S1-S6, respectively: 10.17632/36rcz2ndks.1, 10.17632/
8mg7zn6k9n.1, 10.17632/s9x6x6shp3.1, 10.17632/xn4xhbfms9.1, 10.17632/
yxmwbb5r5j7.1, and 10.17632/jfdxk7nnhs.1.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures
and six figures and can be found with this article online at http://dx.doi.org/
10.1016/j.devcel.2016.09.005.
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A. Detailed Materials and Methods.

Animal experiments

All animal procedures were approved by the Boston Children’s Hospital Animal
Care and Use Committee. Rosa26®™ and Rosa26™"™° mice were previously de-
scribed (Driegen et al., 2005; Muzumdar et al., 2007) and were obtained from Jack-
son Labs. Tead1™ knock-in mice were generated by targeting the C-terminus of
Tead1 in murine embryonic stem cells to introduce FLAG and Bio epitope tags, fol-
lowed by embryonic stem cell blastocyst injection. After establishing germline trans-
mission, the Frt-neo-Frt resistance cassette was removed using FLP expressing
mice. These mice are available through the mutant mouse resource (MMRRC:
037514-JAX). Echocardiography was performed in conscious mice by investigators
blinded to genotype or treatment group on a VisualSonics Vevo 2100 with Vevostrain
software.

Human myocardium

Human left ventricular myocardium was obtained from unused donor hearts with-
out known heart disease, under protocols approved by the Institutional Review
Boards of the University of Sydney and St. Vincent's Hospital. Myocardial samples
from the left ventricle were snap frozen in liquid nitrogen within 2 hours of organ
harvest.

Cardiomyocyte proliferation Clonal analysis

1-day-old Rosa26 Confetti/+ mouse (Livet et al., 2007) pups were administrated
with AAV9.Cre together with AAV.Luciferase, AAV9. Vgll4 or AAV9. Vgll4[M], respec-
tively. 7 days after virus injection, hearts were collected and processed for cryosec-
tioning. To quantify the different color clones for each heart, whole heart cross-sec-
tion images were taken using the Nikon TE2000 epifluorescent microscope equipped
with Velocity stitching program. Clone numbers were counted virus type blinded.

Histology and measurement of cardiomyocyte proliferation, apoptosis, and
necrosis

Hearts were fixed in 4% PFA, washed in PBS, equilibrated with 30% sucrose,
and embedded in OCT. 10 uym cryosections were used for H&E staining, Sirius Red-
Fast Green staining and immunostaining.

Antibodies used for immunostaining are listed below:

Antigen |Company (catalog #) |Origin |Working dilution
Primary antibodies

Cardiac troponin | Abcam (ab56357) Goat 1:200 for IF

(TNNI3)

Flag Sigma (F3165) Rabbit 1:1000 for western blot

GAPDH Sigma (WH0002597M1) Mouse 1:200,000 for WB

WGA-647 Life technology (W32466) |NA 1:250 for IF

YAP Sigma (Y4770) Rabbit 1:1000 for WB

HA tag CST(2367) Mouse 1:1000 for WB

His tag Life technology (R93025) Mouse 1:1000 for WB

GFP Memorial-Sloan Kettering Mouse IP 1:100 for Co-IP
Monoclonal Ab Facility

Phospho Histone 3 Upstate (06-570) Rabbit 1:200 for IF




Tead1 (Tef1) BD biosciences (610923) mouse 1:1000 for WB

GFP Rockland (600-101-215) Goat 1:1000 for WB

V5 Life technology (R960-25) |Mouse 1:1000 for WB

p300 Santa Cruz (sc-585x) Rabbit 1:500 for Co-IP and
1:2000 for WB

VGLL4 Bioss Inc.( bs-9185R) Rabbit 1:1000 for WB

Myh1e The Developmental Studies [Mouse NA

Hybridoma Bank (MF20)
Secondary antibodies

Donkey Anti-Goat Life technology(A11055) Donkey 1:500 for IF
Alexa488

Clear blot IP detection |Thermo fisher (21230) 1:400 for WB
regent

Donkey Anti-Rabbit Jaskson lab (705-035-147) |Donkey 1:10000 for WB
HRP

Donkey Anti-Rabbit Life technology (A21206) Donkey 1:500 for IF
Alexa555

CM apoptosis was detected on cryosections using the Roche in situ death detec-
tion kit.

To measure CM necrosis, we adapted the protocol of Nakayama (Nakayama et
al., 2007). 1-day-old Rosa26™™® mouse pups were treated with AAV9. 6 days later,
100 pl MF20 antibody (22 ug/ml) was IP injected into the mouse pups. On day 7 af-
ter virus transduction, hearts were collected, fixed, and cryosectioned as described
above. To visualize cardiomyocytes which had taken up MF20 antibody in vivo, sec-
tions were stained with Alexa 647 conjugated Donkey anti mouse IgG.

Imaging was performed on a Fluoview 1000 confocal microscope, or a Nikon
TE2000 epifluorescent microscope. Quantitation was performed blinded to AAV
treatment group by randomly acquiring ten 20x fields per heart.

AAV9 packaging

Cardiomyocyte specific AAV9. Vgll4 or Vgll4[M] were cloned into ITR-containing
AAV plasmid (Penn Vector Core P1967) harboring the chicken cardiac TNT promot-
er, to obtain pAAV.cTnT::Vgll4-GFP and pAAV.cTnT::Vgll4[M]-GFP, respectively.
AAV9 was packaged in 293T cells with AAV9:Rep-Cap and pHelper (pAd deltaF6,
Penn Vector Core) and purified and concentrated by gradient centrifugation (Lin et
al., 2014). AAV9 titer was determined by quantitative PCR. The standard AAV9 dose
used for neonatal mice was 2.5x10*10 GC/g. At this dose, we routinely transduce
over 90% of CMs.

His-TEAD1[211-427] expression and purification

Murine TEAD1 residues 211-427, containing the YAP and VGLL4 binding do-
main, was cloned into the pET28a (Novagen) in frame with polyhistidine tag (His) us-
ing BamHI and Notl (NEB). The recombinant plasmid was transformed into E. coli
BL21(DE3) cells. A single colony was then used to inoculate 200 ml of LB with 25
pg/ml kanamycin at 37 °C. At OD600 ~ 0.5, expression was induced with 0.67 mM
isopropyl-B-D-thiogalactopyranoside (IPTG). The culture was further shaken at 18 °C
for 16-20 h. Cells were pelleted, then suspended in 10 ml lysis buffer (50 mM Tris-
HCI, pH 7.4, 150 mM NaCl, 1 mM PMSF, 10 mM B-mercaptoethanol, and 10 mM imi-
dazole), followed by the addition of 1 mg/ml lysozyme. After incubating on ice for
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30 min, the suspension was sonicated (5 reps, 10 sec on, 30 sec off, amplitude 75)
with Branson Digital Sonifier equipped with a microtip and subsequently centrifuged
at 20,000g for 20 min at 4°C. The supernatant was incubated with 2 ml Ni-NTA
Agarose (Qiagen) for 3 h at 4°C. The resin was washed with 20 column volumes of
wash buffer (50 mM Tris-HCI, pH7.4, 150 mM NaCl, 1 mM PMSF, 10 mM B-mercap-
toethanol and 20 mM imidazole). The protein was eluted with 4-column volumes of
elution buffer (60 mM Tris-HCI, pH7.4, 150 mM NaCl, 1 mM PMSF, 10 mM 3-mer-
captoethanol and 300 mM imidazole). His-TEAD1[211-427] was concentrated and
further purified by size exclusion chromatography with a Superdex 200 increase
10/300 GL column (GE Health Sciences) pre-equilibrated in a buffer of 50 mM Tris-
HCI, pH7.4, 150 mM NaCl, 1 mM PMSF, 10 mM B-mercaptoethanol.

Synthetic VGLL4 TDU domain peptides

Wild type and acetylated peptide containing VGLL4 Tdu domain and V5 epitope
were synthesized in LifeTein LLC. The synthesized peptides were purified with HPLC
to reach 95% purity and their molecular weight analyzed by electrospray ionization
(ESI) mass spectrometry. The sequences are shown in Figure S3.

Affinity measurement by photonic crystal nanobeam sensor.

Affinity measurement was performed using nanobeam photonic sensors consist-
ing of photonic crystal nanobeam cavities for protein sensing and polymer spot-size
converters for efficient on-and-off chip light coupling (Liang et al., 2013; Quan et al.,
2010). Polydimethylsiloxane (PDMS) microfluidic channels were integrated on the
sensor chip for sample delivery. The photonic crystal nanobeam cavities confine the
optical energy into nanoscale dimensions, and build up high quality factor (Q-factor)
resonances. The nanobeam cavity consists of a tapered array of holes with periodici-
ty 330 nm along a 600 nm wide ridge waveguide. The radii of the holes were tapered
from 240 nm in the center of the cavity to 100 nm to both ends of the cavity, de-
signed by the deterministic method described in (Quan and Loncar, 2011). The de-
vice was fabricated as described (Quan and Loncar, 2011). Protein binding was
measured by monitoring the resonance shift of the nanobeam cavity.

100 ng/mL His-TEAD1[211-427] was first flowed to the nanobeam sensor via
PDMS microfluidic channels, together with 4 mM sodium cyanoborohydride (Sigma)
in PBS. After 2 hour-incubation at room temperature, the nanobeam sensor was
washed by PBS flow for 10 min. Different concentrations of VGLL4 or acetylated
VGLL4 were consecutively injected into the channel. We used the tunable laser
(Santec) to scan the input wavelength and collected the signal transmitted through
the cavity. We obtained the resonance shift by fitting the resonance with Lorentz
curve.

mVGLL4 K216 acetylation-specific antibody generation.

The antigen design and antibody generation was carried out by Yenzym antibod-
ies, LLC. The antigen used to raise VGLL4 antibody is synthesized mouse VGLL4
(209-222, EHFRRSLGKNYKEPE) peptide, in which K216 was acetylated. Rabbits
were given four immunizations and acetylation-specific antibodies were isolated by
affinity purification.

TEAD1-Dendra2 merge protein time lapse imaging

293T cells were cultured on glass bottom 35mm dishes. One day after plasmid
transfection, cells were treated with Dox in the absence or presence of E64. Green
Dendra2 protein was partially converted into red fluosrecenese protein with 30 sec-
onds 405nm light illuminating. Images were taken 3 minutes after illuninating. Time
lapse imaging was carried out with Nikon TE2000 epifluorescent microscope at a
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speed of 1 image/min. For each group, 6 different regions of interest were used for

quantifying red fluorescence intensity (RFI).

Gene Expression

Real time PCR was performed with Syber Green or Tagman detection using Bio-

Rad CFX96 Real time system. PCR primers are listed below:

Primers

Gene* Forward Reverse

mCTGF CCACCCGAGTTACCAATGAC |GACAGGCTTGGCGATTTTAG

mCCNA2 GCCTTCACCATTCATGTGGAT |TTGCTCCGGGTAAAGAGACAG

mCDC20 TTCGTGTTCGAGAGCGATTT |ACCTTGGAACTAGATTTGCCAG
G

mAurka GGGTGGTCGGTGCATGCTCC |GCCTCGAAAGGAGGCATCCCCACT
A A

mMyh6 CTCTGGATTGGTCTCCCAGC |GTCATTCTGTCACTCAAACTCTGG

mGapdh CAGGTTGTCTCCTGCGACTT |GGCCTCTCTTGCTCAGTGTC

mTead1 TACTGCCATCCACAACAAGC |TGCTGCACAAAGGGCTTGAC

ABI Tagman|Gene Assay Number

assays

mNppa PN4453320

mGapdh 4352339E

Statistics

Values are expressed as mean + SEM. For two group comparisons, Student’s t-
test was used to test for statistical significance. To analyze data containing more
than two groups, we used ANOVA with the Tukey HSD post-hoc test. Both tests were
performed using JMP 10.0 (SAS).
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Figure S1. Construction and validation of Teadi1™ allele (supporting
Figure 1). A. Gene targeting strategy for generation of Tead1"2© knock-in mice
(Tead1™+). Flag and bio epitope tags were placed on the Tead1 C-terminus.
Tead1flagbioNeo moyse was mated to ActB::Flpe mouse to removed Neomycin. B.
Homologous recombination in embryonic stem (ES) cells was confirmed by
Southern Blotting. Arrow indicates the wildtype allele, and arrowhead indicates
the targeted allele. Two independent Tead1ifbioNee ES clones(#48 and #49)
were tested. NC, negative control, no gemomic DNA included. WT, wild type ES
genomic DNA. C. After removal of the Frt-neo-Frt cassette by ActB::Flpe,
Tead1™* mice were intercrossed. Tead1®™® mice survived normally. D. Echocar-
diography measurement of Tead1™® mice heart function. 4 months old willd
type mice and Tead1™™® mice were used for heart function test. NS, no signifi-
cant difference. N=4. E. Western blot with adult heart tissue from indicated
mice. F. Western blot with E14.5 heart tissue. Sreptavidin HRP was used to
detect biotinylated Tead1™, demonstrating in vivo biotinylation.



TEAD1®
A Input ~ (SA)Co-lP. B
GFP _Vgll4 GFP _ Vqll4

- G Ge——
VAP (N TEAD1®

Input (SA) Co-IP

GFP Ab -
(VGLLA-GFP) i i il GFPVgld  GFPVgil4
crrA> [ GFP Ab
TEAD1 - ——— (VGLL4) | (VGLL4-GFP)
VOLLA \ gy GAPDH n ” TEAD1 Ab
Load

- - -

Figure S2. TEAD1 interacts with VGLL4-GFP in the adult heart (supporting Figure 2).
AAV-GFP (GFP) or AAV-VGLL4-GFP (Vgll4) were administered to 1 day old Tead1®*;R268*
pups. Mouse hearts were collected at either P8 (A) or at 1 month after AAV administration (B).
Tead1™ was pulled down on SA beads, and co-precipitated VGLL4-GFP was analyzed by
western blotting. Ponceau S (A) or GAPDH (B) were used as loading controls.
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Figure S3. Recombinant TEAD1 and synthetic VGLL4-TDU peptides; Validation of VGLL4 and TEAD1 antibody for immunofluores-
cence staining;p300 and VGLL4 interaction analysis in adult heart. Related to Figure 3.

A. Sequence of synthesized VGLL4 TDU domain peptide. Underlined characters indicate V5 peptide sequence. The acetylated lysine is shown
in red. B. TEAD1 YBD domain was fused to His tag, and expressed in E.Coli. Soluble proteins were run through Ni resin to purify TEAD1-
YBD-His(T-YBD-His). FPLC peaks are labeled with number. The elution volume for peaks 1, 2, 3, 4, 5, 6, are 8.8, 10.6, 15, 17, 20, 21ml,
respectively. Peak “N” not included in the western blot. C. Commassie blue staining and western blot. Arrow indicate the T-YBD-His protein. His
tag antibody was used to detect His-TEAD1 in the western blot. Peak 3 was run in two lanes, lane 5 and lane 9. In lane 5, samples from peak 3
were diluted 10 times. D. Validation of TEAD1 and VGLL4 antibodies for immunofluoresence staining. NRVMs were fixed with PFA and stained
with the indicated anitbodies. TNNI3 was used as a cardiomyocyte marker. Bar = 20 ym. E. Validation of VGLL4-K225Ac¢ antibody. Acetylated
or non-acetylated synthetic VGLL4 peptides were bound to PVDF membranes and then probed with antibody directed against total or K225Ac
VGLL4. Bound antibody was visualized with HRP-conjugated secondary antibody. F. Validation of VGLL4-K255Ac¢ antibody in cell lysates.
293T cells were co-transfected with p300 and VGLL4 or VGLL4[R] expression constructs. Lysates were immunoblotted wtih total VGLL4 and
VGLL4-K225-Ac antibodies. G. Expression of p300 in neonatal and adult heart. H, p300 does not interact with VGLL4 in the adult
heart. AAV9-GFP (GFP) and AAV9-V-GFP (V) were delivered into the P1 mouse pups, respectively. At P60, hearts were
collected for p300 Co-IP assay. Arrow indicates non-specific IgG band. VGLL4-GFP did not detectably co-immunoprecipitate with

p300.
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Figure S4. VGLL4 induces TEAD1 degradation (supporting Figure 4).

A. Schematic view of the Doxycycline (Dox) inducible HA-VGLL4 expresison system. HA-VGLL4 was
cloned downstream of TetO promoter. pEF1a::rtTA was used to express rtTA. The expression of
HA-VGLL4 will be activated in the presence of both Dox and rtTA.

B. Validation of Dox inducible expression of HA-VGLL4. 293T cells were co-transfected with pEF1a::rtTA
and pTetO::HA-Vgll4. 24 hours after transfection, cells were treated with 1mg/ml Dox for different
hours. Immuno blot was carried out to detect the expression of HA-VGLLA4.

C. Measurement of Tead1-Dendra2 mRNA level following VGLL4 induction. Mouse Tead1 specific primers
were used to measure relative Tead1-Dendra2 mRNA level by qRT-PCR. Bars indicate standard error
of the mean. n=3.

D. TEAD1 degradation is dependent on cysteine proteases and is independent of the proteasome. 293T
cells were first co-transfected with TEAD1™ and Vgll4-GFP plasmids. 1 day after transfection, cells
were treated with indicated inhibitors for 6 hours. 0.1% DMSO was used as control vechicle. 3-tubulin
was used as loading control. 132: Mg132. Leu: Leupeptin.



>
©
(vy)

60
26 2
E 4| =z 40 — AAV9.GFP
D 4 > — AAVO.VGLL4
2 g —— AAV9.VGLLA[R]
> 20
o h =
o 2 ©
m (0]

I
0
P8 P12 ST P12

AAV9.VGLL4 » AAV9.VGLL4[R]

T
<
(=]
-l
w
=
>
-
o)
=
4
=

Figure S5, Related to Figure 5. A-B, Measurement of AAV transduced
mouse heart and body weight at different age. A. Body weight measur-
ment. B. Heart weight measurement. A-B, *, P<0.05. Bars indicate stan-
dard error of the mean. P8, n=3. P12, n=4. C, VGLL4[R] overexpression
caused heart failure without affecting cardiomyocyte apoptosis. Mouse
pups were transduced with indicated virus at P1, and hearts were
collected for analysis at P12. TUNEL assay on sections of hearts treated
with the indicated AAV9 vector. In the AAV9. VGLL4[R] group, TUNEL
positive non-cardiomyocyte was shown in the zoomed in rectangle.
Bar=100 pm.
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Figure S6. Titration of AAV9.cTNT::Cre in neonatal Rosa26 Brainbow
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administered to P1 Rosa268@now* neonatal mice. Hearts were collected for
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A. Immunofluorescent images of heart cryosections. Bar = 500 um. B-C.
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