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Activin/SMAD signaling in human embryonic stem cells (hESCs) ensures NANOG expression and stem cell plu-
ripotency. In the presence of Wnt ligand, the Activin/SMAD transcription network switches to cooperate with Wnt/
p-catenin and induce mesendodermal (ME) differentiation genes. We show here that the Hippo effector YAP binds to
the WNT3 gene enhancer and prevents the gene from being induced by Activin in proliferating hESCs. ChIP-seq
(chromatin immunoprecipitation [ChIP] combined with high-throughput sequencing) data show that YAP impairs
SMAD recruitment and the accumulation of P-TEFb-associated RNA polymerase II (RNAPII) C-terminal domain
(CTD)-Ser7 phosphorylation at the WNT3 gene. CRISPR/CAS9 knockout of YAP in hESCs enables Activin to in-
duce Wnt3 expression and stabilize p-catenin, which then synergizes with Activin-induced SMADs to activate a
subset of ME genes that is required to form cardiac mesoderm. Interestingly, exposure of YAP~/~ hESCs to Activin
induces cardiac mesoderm markers (BAF60c and HAND1) without activating Wnt-dependent cardiac inhibitor
genes (CDX2 and MSX1). Moreover, canonical Wnt target genes are up-regulated only modestly, if at all, under these
conditions. Consequently, YAP-null hESCs exposed to Activin differentiate precisely into beating cardiomyocytes
without further treatment. We conclude that YAP maintains hESC pluripotency by preventing WNT3 expression in

response to Activin, thereby blocking a direct route to embryonic cardiac mesoderm formation.
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In human embryonic stem cells (hESCs) and the develop-
ing blastocyst, Wnt and Activin signals cooperate to in-
duce key mesendodermal (ME) differentiation genes that
are needed to form the primitive streak (PS), mesoderm,
and endoderm layers (Nostro et al. 2008; Wang and
Chen 2016). In self-renewing hESCs, Activin signaling
maintains pluripotency by activating NANOG expression
(Sakaki-Yumoto et al. 2013). Prior to gastrulation and
formation of the PS, Activin induces the expression of
the WNT3 ligand, which activates B-catenin and down-
stream ME differentiation genes, including MIXL1, T,
and EOMES. Once activated, the combination of Wnt
and Activin signaling sustains the expression of these
genes through a positive feedback loop (Arkell et al.
2013; Robertson 2014). Much is known about the tran-
scription networks that control the expression of prolifer-
ation genes in hESCs. In contrast, much remains to be
learned about how the Activin and Wnt signaling path-
ways selectively induce ME genes in early differentiation
and what mechanisms prevent the inadvertent expression
of these genes in self-renewing stem cells.
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The coordinate up-regulation of ME differentiation
genes by Wnt and Activin also provides an important par-
adigm for understanding the mechanistic basis of tran-
scriptional synergy (Sumi et al. 2008; Loh et al. 2014;
Naujok et al. 2014). Wnt signaling transiently stabilizes
the B-catenin coactivator, which associates with nuclear
LEF-1/TCF DNA-binding proteins to activate down-
stream target genes (Clevers and Nusse 2012). In hESCs,
binding of pB-catenin:LEF-1 complexes to distal ME gene
enhancers induces cohesin-dependent enhancer-promot-
er looping and transcription initiation (Estards et al.
2015). Expression of the TGF-p ligands Activin and Nodal
mobilizes the SMAD2,3 DNA-binding proteins, which
bind to ME gene promoters (Hansen et al. 2015; Luo
2017) in a p53-dependent manner (Wang et al. 2017) and
further enhance transcription. Transcription at Wnt-acti-
vated ME genes is accompanied by the assembly of the
RNA polymerase II (RNAPII) pause-release complex at
the promoter, which establishes a requirement for the P-
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TEFb elongation factor (CycT1:CDK9) (Jonkers and Lis
2015). Subsequent recruitment of the SMAD2,3 proteins,
which bind tightly to P-TEFb (Alarcon et al. 2009), dra-
matically increases P-TEFb recruitment, transcription
elongation, and RNAPII C-terminal domain (CTD)-Ser7
phosphorylation (Ser7P) levels within the gene body
(Czudnochowski et al. 2012) to support optimal ME
gene expression in vivo (Estards et al. 2015).

In hESCs, activation of the ME genes is directly counter-
acted by the Hippo effector YAP. YAP controls cell and or-
gan size during development through various effects on
cell proliferation and apoptosis (Lian et al. 2010; Barry
and Camargo 2013; Hansen et al. 2015; Yu et al. 2015;
Meng et al. 2016). In the nucleus, YAP/TAZ proteins asso-
ciate with TEAD1-4 DNA-binding proteins and can regu-
late P-TEFD levels at target genes (Liu-Chittenden et al.
2012; Galli et al. 2015). Although YAP/TAZ proteins
most often function as coactivators, they can also repress
transcription (Barry et al. 2013; Azzolin et al. 2014; Kim
etal. 2015), as is the case at ME genes. YAP repression in-
volves recruitment of the NuRD complex, which prevents
the displacement of promoter-proximal nucleosomes at
the ME genes (Beyer et al. 2013). ChIP-seq (chromatin im-
munoprecipitation [ChIP] combined with high-through-
put sequencing) data further show that YAP dramatically
reduces P-TEFb occupancy at ME genes and blocks the ac-
cumulation of RNAPII CTD-Ser7P in the transcribed re-
gion (Estards et al. 2015). Interestingly, YAP does not
regulate canonical Wnt or Activin target genes but instead
functions as a ME gene-specific corepressor.

In this study, we examine the role of YAP in proliferat-
ing hESCs and uncover a previously unsuspected role as a
selective inhibitor of hESC differentiation to cardiac me-
soderm. We found that YAP binds to an intragenic en-
hancer of the WNT3 gene and prevents its premature
activation by Activin in self-renewing hESCs. In the ab-
sence of YAP, Activin-induced SMAD2,3 proteins up-reg-
ulate WNT3 expression and specifically induce key ME
genes. Moreover, YAP knockout cells exposed to Activin
alone for a short period were found to differentiate specif-
ically to cardiac mesoderm. This process did not stimulate
most canonical Wnt target genes or activate the Wnt-re-
sponsive cardiac developmental inhibitors CDX2 or
MSX1. As a consequence, a short exposure of YAP knock-
out cells to Activin was sufficient to trigger the full cardi-
omyocyte differentiation program. Taken together, our
data show that YAP masks a previously unknown direct
route toward cardiac mesoderm formation in hESCs.
These findings may be exploited in the future to facilitate
cardiac differentiation procedures for use in regenerative
stem cell therapies (Atmanli and Domian 2017; Duelen
and Sampaolesi 2017).

Results
YAP prevents hESC differentiation in response
to Activin signaling

To better understand how YAP regulates hESC differenti-
ation, YAP knockout hESCs were developed using the

YAP represses cardiac differentiation in hESCs

clustered regularly interspaced short palindromic repeats
CRISPR/CAS9 gene-editing approach (Ran et al. 2013).
Immunoblot analysis confirmed the loss of YAP expres-
sion in two independently derived clones (Fig. 1A, left
panel). Importantly, ablation of YAP had no effect on the
expression of the closely related protein TAZ and did
not affect levels of the TEAD4 DNA-binding proteins.
As expected, expression of the well-characterized YAP tar-
get gene CTGF was greatly reduced in YAP knockout cells
(Fig. 1A, right panel; Supplemental Fig. S1A). The YAP
knockout hESCs displayed a higher rate of apoptosis but
nevertheless readily formed colonies that express high
levels of pluripotency markers, such as OCT4 (Fig. 1A,
B), indicating that YAP is not critical for hESC self-renew-
al. Moreover, the observation that CTGF expression is
dramatically impaired in YAP-ablated cells despite nor-
mal expression of TAZ indicates that the two paralogs
do not have identical functions in hESCs.

As indicated in Figure 1C, Activin synergizes with Wnt
ligands to induce ME developmental genes, whereas YAP
selectively represses these genes. To identify additional
targets for YAP in proliferating hESCs, we used RNA se-
quencing (RNA-seq) (Fig. 1D) to analyze the transcrip-
tome of control and YAP knockout hESCs treated with
either Activin, a GSK3 inhibitor (GSK3i) that activates
Wnt signaling, or the combination of both molecules
(GSK3i+Activin). The GSK3i ChIR99021 (ChIR) was
used for this experiment because Wnt cytokines are not
stable over the 24-h incubation period. Of note, a low con-
centration of GSK3i (6 uM ChIR) was used for the RNA-
seq experiment to elevate ME gene expression to levels
comparable with that observed with Activin alone in
wild-type hESCs (Supplemental Fig. S1B). Interestingly,
the ME developmental genes (MIXL1, EOMES, and T)
were much more strongly induced by Activin alone in
YAP knockout hESCs than in wild-type hESCs, as visual-
ized in the heat map display of the RNA-seq data set (Fig.
1D,E; Supplemental Fig. S1C; Supplemental Table S1). In-
deed, Activin was as effective as the combination of Wnt
+Activin for inducing ME differentiation genes in YAP™/~
cells (Fig. 1D-F). On the other hand, loss of YAP had little
or no effect on ME gene activation in response to the Wnt/
B-catenin inducer GSK3i/ChIR on its own (Fig. 1D,E; Sup-
plemental Fig. S1C; Supplemental Table S1). Immunoblot
and immunofluorescence analysis confirmed the dra-
matic increase of EOMES and T protein expression as
well as the loss of SOX2 in YAP knockout cells exposed
to Activin (Fig. 1G,H). Importantly, knockdown of YAP
in H9 hESCs or the EC-11 iPSCs (induced pluripotent
stem cells) also induced ME gene expression in response
to Activin signaling (Supplemental Fig. S1D). We con-
clude that YAP acts to safeguard proliferating hESCs by
protecting against the aberrant activation of ME differen-
tiation genes in the presence of Activin.

B-Catenin is required for Activin-induced differentiation
of YAP knockout hESCs

The surprising observation that Activin signaling was suf-
ficient to induce ME genes in YAP knockout hESCs raised
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the question of whether the activation of these genes re-
mains dependent on p-catenin despite the absence of exog-
enous Wnt ligands. Unexpectedly, we found that transient
knockdown of p-catenin in YAP knockout cells blocks the
induction of ME genes by Activin (Fig. 2A), as did deple-
tion of the SMAD2,3 proteins. To further test whether
functional B-catenin is present in Activin-treated YAP
knockout cells, luciferase reporter vectors containing
composite SMAD- and p-catenin-binding sites from the
MIXL1 gene were transfected in wild-type and YAP
knockout cells. As shown in Supplemental Fig. S2A, Acti-
vin alone was sufficient to induce the MIXLI reporter
gene in YAP knockout cells but not in wild-type hESCs.
Taken together, these data suggest that p-catenin is criti-
cal for the activation of ME genes in Activin-treated YAP
knockout hESCs.

To further test this conclusion, the endogenous B-cate-
nin gene was removed from the YAP knockout hESCs us-
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ing CRISPR technology (Fig. 2B). Interestingly, the double-
knockout cell line remained pluripotent, although these
cells grew slower than either YAP knockout or wild-
type cells (data not shown). Analysis of MIXL1 and
EOMES gene transcripts in these cells by quantitative
PCR (qPCR) confirmed that they failed to respond to Acti-
vin in the absence of p-catenin (Fig. 2B; Supplemental Fig.
S2B,C). To identify additional gene targets, RNA-seq ex-
periments were carried out to compare the transcriptomes
of the YAP knockout and YAP:B-catenin double-knockout
cell lines treated with either GSK3i or Activin. A heat
map display of the results revealed that expression of
many key ME differentiation genes was severely impaired
in the double-knockout cell line (Fig. 2C). Most notably,
this approach identified 884 Activin-induced genes in
the YAP knockout cells that require B-catenin (Fig. 2D).
The majority of these p-catenin-regulated genes was asso-
ciated with mesoderm and heart development (Fig. 2E). In
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Figure 2. p-Catenin is required for Activin-induced differentiation of YAP knockout hESCs. (A) The efficiency of siRNA-mediated
knockdown of the indicated proteins was analyzed by immunoblot. CDK2 was included as a loading control. The graph at the right shows
the mRNA levels of the EOMES and MIXL1 genes in Activin-treated YAP knockout hESCs transfected with the indicated siRNAs. Mean
(SD). n = 3. (B) Immunoblot analysis of the YAP and p-catenin double-knockout hESC lines. Analysis by qRT-PCR reveals that EOMES and
MIXL1 are not induced by Activin in the YAP:B-catenin double-knockout (3~/"Y~/~) cells. Mean (SD). n = 3. (C) Heat map presentation of
RNA-seq data ranking the genes most strongly affected by Activin treatment in YAP knockout cells. (D) The diagram depicts the number
of genes that are induced by Activin signaling in YAP knockout cells but no longer induced in YAP/B-catenin knockout cells. (E) Gene
ontology analysis of the genes down-regulated in the YAP:B-catenin knockout cells compared with YAP knockout cells. (F) The box
plot shows the log fold change of YAP knockout and YAP:-catenin knockout cell lines compared with wild-type hESCs for the set of genes
involved in pluripotency and ME differentiation. The adjusted P-value for multiple testing correction is shown above each box.

contrast, the expression of canonical Activin-regulated
genes, such as SMADG6 and LEFTY1, or defined pluripo-
tency genes, such as OCT4, did not require p-catenin
(Fig. 2F; Supplemental Table S1). Taken together, these
data indicate that Activin selectively induces ME differen-
tiation genes in YAP knockout cells, acting through an
unknown mechanism to mobilize nuclear B-catenin.

Activin induces genome-wide recruitment of f-catenin
to chromatin in YAP knockout cells

Next, we evaluated the binding of p-catenin to ME gene
enhancers in wild-type and YAP knockout cells treated
with Activin. The cells were treated with Activin for
15 h, and the number and distribution of p-catenin peaks
were analyzed by ChIP-seq. In parallel, we also carried
out ChIP-seq experiments to examine the binding profiles
of SMAD2,3 proteins and the accumulation of the elon-
gation-competent RNAPII CTD-Ser7P in gene bodies
as a readout of transcriptional activity. Figure 3A and Sup-

plemental Figure S3A show that p-catenin was indeed re-
cruited to ME genes, such as MIXL1, T, and FGF, in
Activin-treated YAP knockout cells. Bioinformatics anal-
ysis identified 531 new B-catenin peaks in YAP knockout
cells compared with wild-type cells. Interestingly, the ge-
nome-wide recruitment of SMAD2,3 proteins was also
greater in the YAP knockout cells treated with Activin
(2036 new peaks) (Fig. 3B).

Previous studies have shown that p-catenin is a limiting
factor for induction of ME differentiation, and Wnt ligands
act upstream of SMAD signaling in hESCs (Estaras et al.
2015; Wang et al. 2017). Supporting this idea, our ChIP-
seq analysis indicates that 41 % of the new B-catenin peaks
were accompanied by new SMAD2,3 peaks (+50 kb),
whereas only 8.8% of the new SMAD peaks were located
near B-catenin peaks (Supplemental Fig. S3B). To assess
whether SMAD occupancy is affected by p-catenin, we
transfected a siRNA against $-catenin in YAP knockout
cells and assessed binding of SMAD2,3 to specific ME
genes and the canonical Activin target genes LEFTY and
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Figure 3. Activin induces binding of p-catenin genome-wide in YAP knockout hESCs. (A) Wild-type and YAP knockout hESCs were
treated with Activin for 15 h prior to ChIP-seq analysis of SMAD2,3, f-catenin, and elongation-competent RNAPII CTD-Ser7P at target
genes genome-wide. Captures show the distribution of immunoprecipitated proteins at the selected ME genes. (B) Venn diagrams depict-
ing the number of SMAD and B-catenin peaks in Activin-treated wild-type and YAP knockout cells. Note that 531 new p-catenin peaks
appear in YAP knockout cells, which are absent in wild-type hESCs. (C) ChIP-qPCR in YAP knockout cells transfected with siRNAs
against SMAD?2 or p-catenin, as indicated. (SBS) SMAD-binding site; (BBS) p-catenin-binding site; (NC) negative control. Mean (SD) n = 3.

OCT4. Interestingly, reduced levels of B-catenin impaired
SMAD?2,3 recruitment to ME genes, including MIXL1 and
EOMES, but did not affect SMAD?2,3 binding to the LEFTY
or OCT4 gene promoters (Fig. 3C; Supplemental Fig. S3C).
Of note, p-catenin knockdown affected the binding of
SMAD proteins to ME gene regulatory regions that are dis-
tal to B-catenin-binding sites. For example, loss of the f-
catenin peak at the —12-kb MIXLI enhancer affected
SMAD binding at the —0.3-kb enhancer of the same
gene. Therefore, in YAP knockout cells, Activin induces
p-catenin, which further stabilizes binding of SMAD2,3
proteins to ME genes in part as a downstream conse-
quence of p-catenin-induced enhancer-gene looping and
transcription initiation (Estaras et al. 2015).

Toevaluate whether SMAD proteins also affect the bind-
ing of p-catenin, we transfected siRNAs against SMAD2
in YAP knockout cells treated with Activin and analyzed
p-catenin occupancy by ChIP-qPCR. Surprisingly, siRNAs
directed against SMAD proteins reduced p-catenin bind-
ing to not only the ME differentiation genes but also
canonical Wnt target genes such as LEF-1 and AXIN2,
where SMAD is not bound (Fig. 3C; Supplemental Fig.
S3C). Rather than recruiting p-catenin to chromatin, these
data suggest that SMADs function at an upstream step to
activate nuclear B-catenin in YAP knockout cells.
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YAP represses the WNT3 and NODAL enhancers
in hESCs

To identify the genes directly regulated by YAP in hESCs,
ChIP-seq experiments were carried out to analyze YAP-
and TEAD4-binding sites genome-wide. Ablation of YAP
led to a loss of >99.9% of the identified peaks, confirming
the specificity of the antibody (Fig. 4A; Supplemental
Table S2). Bioinformatics analysis revealed that the
TEAD4 element was the top DNA motif bound by YAP,
and 1046 elements were cobound by YAP and TEAD4 in
hESCs (Fig. 4B; Supplemental Fig. S4A). The majority of
YAP peaks localized to intergenic and intronic regions
(>80%), with only 11% of the peaks mapping to gene pro-
moters (Supplemental Fig. S4B). Among these, 842 YAP
peaks overlapped with the active enhancer mark
H3K27ac, whereas 130 peaks were associated with repres-
sive H3K27me3 (Supplemental Fig. S4C). Overall, the ma-
jority of YAP peaks maps to gene enhancer regions in
hESCs.

Analysis of the transcriptional profile of YAP knockout
cells revealed that 2504 genes are down-regulated, where-
as 2751 genes are up-regulated (false discovery rate [FDR]
> 0.05) relative to wild-type hESCs (Fig. 4C,D; Supplemen-
tal Fig. S4D; Supplemental Table S3). Included among the
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Figure 4. YAP binds to enhancers of developmental genes in hESCs. (A) Graph showing the number of YAP ChIP-seq peaks in wild-
type and YAP knockout hESCs. (B) Venn diagram of overlapping of TEAD4 and YAP peaks. The bottom panel shows the top motif
bound by YAP in hESCs. (C) Circle diagrams showing the top regulated genes ([blue] down-regulated; [red] up-regulated) that are differ-
entially expressed in YAP knockout versus wild-type hESCs, based on the RNA-seq data. Genes that have a YAP peak within 50 kb
from transcriptional start site and are transcriptionally regulated are indicated with small circles. A representative selection of these
genes is shown in the columns. (D) Genome browser captures of ChIP-seq and RNA-seq experiments. The immunoprecipitated pro-
teins are indicated at the left. The examples shown are from the YAP-activated CTGF gene and the directly repressed NODAL and

WNTS3 genes.

list of genes dependent on YAP were several well-known
YAP targets, including CTGF and CYR61. In contrast,
only 155 genes appeared to be directly repressed by YAP
in hESCs. Importantly, the list of repressed genes includes
NODAL and WNT3, which regulate the formation of the
PS in developing embryos.

Analysis of the ChIP-seq data revealed that YAP binds
to a —14-kb enhancer in the NODAL gene. This site in-
cludes other signatures of gene enhancers, including an
enhancer-specific form of RNAPII that contains high lev-
els of CTD-Ser5P and low levels of CTD-Ser7P (Estaras
et al. 2015) as well as the repressive histone H3K27me3
mark. Loss of YAP strongly induced NODAL transcrip-
tion (Fig. 4D), indicating that YAP directly represses
NODAL in proliferating hESCs. Moreover, increased
NODAL expression led to enhanced binding of
SMAD?2,3 proteins genome-wide in YAP knockout hESCs
(Fig. 3B). Similarly, we noted a YAP peak in an intragenic
enhancer of the WNT3 gene (+45 kb) and found that loss of
YAP modestly induced WNT3 gene transcription (Fig.
4D). Thus, YAP repression of WNT3 and NODAL pre-
vents their ectopic activation in self-renewing hESCs,
and, in the absence of YAP, hESCs become primed to dif-
ferentiate toward ME cell fates.

WNTS3 activation is essential for Activin-induced
differentiation in YAP knockout cells

How does YAP regulate the Wnt/B-catenin pathway? Fig-
ure 5A shows a heat map display of Wnt regulatory genes
ranked from the RNA-seq analysis of wild-type and YAP
knockout cells after 24 h of exposure to Activin. Included
among the up-regulated genes are those encoding the Wnt
ligands WNT3 and WNT5A as well as the Wnt receptors
FZD8 and FZD9. To confirm the importance of this path-
way in the YAP knockout hESCs, we next tested two dif-
ferent small-molecule Wnt inhibitors. Addition of either
the Wnt palmitoylation inhibitor IWP-2 or the Axin2-sta-
bilizing drug XAV939 was sufficient to block activation of
the EOMES, MIXL1, and T ME genes in Activin-treated
YAP knockout cells (Fig. 5B). In contrast, the inhibitors
had no effect on transcription of the Activin target gene
LEFTY1 (Supplemental Fig. S5A). Among the various
Wnt pathway proteins up-regulated in YAP knockout
cells (Fig. 5A), we considered WNT3 to be particularly rel-
evant because it is essential for formation of the PS and
gastrulation. In support of this possibility, transfection
of YAP knockout cells with siRNAs directed against
WNT3 was sufficient to block the Activin-induced
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Figure 5. YAP repression of WNT3 prevents premature differentiation in response to Activin. (A) Heat map showing expression levels of
Wnt regulatory genes in wild-type and YAP knockout cells following treatment with Activin. (B) Diagram showing the mechanism of
action of the Wnt inhibitors IWP2 and XAV and the Activin inhibitor A8301. The graphs show qPCR analysis of the indicated genes in
YAP knockout hESCs treated with the specific compounds, as listed below the graphs. Mean (SD). n=3. (C) YAP knockout hESCs
were transfected with siRNAs against Wnt3 or SMAD?2, and expression levels of the WNT3, EOMES, and MIXL1 genes were analyzed
by gPCR. Mean (SD). n=2. (D) Immunoblot showing expression levels of WNT3, EOMES, and T proteins after Activin treatment for
the indicated times in wild-type and YAP knockout cells. CDK2 was used a loading control. (E) Genome browser captures of ChIP-seq
and RNA-seq experiments at the WNT3 gene. Cell lines and immunoprecipitated proteins are indicated above each lane. (F) YAP knock-
out cells were transfected with the transposon-based vector PiggyBAC containing an intact Flag-YAP cDNA under a doxycycline promot-
er. The immunoblot shows YAP levels in cells exposed to different levels of doxycycline. The graphs illustrate the inverse correlation of
WNT3 and YAP mRNAs in hESCs. Mean (SD). n = 2. (G) Genome browser capture of RNAPII CTD-Ser7P ChIP-seq in Activin-treated wild-
type and Piggy YAP cell lines before and after doxycycline treatment. (H) A schematic depiction of the results of the figure. (S) SMAD2,3; ()

B-catenin; (Y) YAP; (enh) enhancer; (TSS) transcriptional start site.

expression of the MIXL1 and EOMES genes (Fig. 5C).
Moreover, a time course analysis of WNT3, EOMES, and
T protein expression in Activin-treated cells revealed
that expression of the Wnt ligand precedes the induction
of ME differentiation genes (Fig. 5D). Furthermore,
WNT3 mRNA levels were also induced by Activin in H9
and EC-11 iPSC lines transfected with siRNA against
YAP (Supplemental Fig. S5B). Taken together, these data
strongly suggest that derepression of the WNT3 gene is re-
sponsible for the induction of Wnt+Activin codependent
ME genes in YAP knockout cells (Fig. 5H).

YAP prevents SMADZ2,3 binding to the WNT3 promoter
and counteracts transcription elongation

We next tested whether YAP blocks Activin/SMAD bind-
ing to the WNT3 gene. Consistent with this possibility,
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the loss of YAP enhanced SMAD?2,3 binding at the
WNT3 gene promoter and increased levels of elongating
RNAPII CTD-Ser7P within the transcribed region (Fig.
5E) concomitantly with enhanced WNT3 gene transcrip-
tion (Fig. 5A,E). Taken together, these data indicate that
YARP represses transcription in part through blocking the
binding of SMAD2,3 proteins to the promoter, which pre-
vents P-TEFb/CDK9 recruitment and accumulation of
RNAPII CTD-Ser7P at the gene.

To test whether YAP can directly control these steps, it
was important to determine whether reintroduced wild-
type YAP protein could rescue the defect observed in
YAP knockout cells. For this purpose, the YAP knockout
cells were stably transfected with the transposon-based
vector PiggyBAC containing a Flag-YAP ¢cDNA construct
under the control of a doxycycline-inducible promoter.
This system allowed us to control YAP levels in the
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same hESC line from zero (—doxycycline) to overexpressed
(50 ng/mL doxycycline) levels (Fig. 5F). Analysis of WNT3
mRNA levels by qPCR revealed that re-expression of YAP
into the YAP knockout cells severely impaired the induc-
tion of the WNT3 gene by Activin (Fig. 5F). As expected,
this correlated with greatly reduced RNAPII CTD-Ser7P
in the transcribed region of the WNT3 gene (Fig. 5G).
The expression of other ME differentiation genes, such as
MIXL1, T, and EOMES, was also compromised by re-ex-
pression of YAP (Supplemental Fig. S5C,D).

Activin-treated YAP knockout cells induce the cardiac
mesoderm program

Upon formation of the PS, ME progenitors segregate
into endoderm and mesoderm derivatives. Among the
mesoderm derivatives, the lateral mesoderm gives rise
to cardiac mesoderm, which in turn generates cardiomyo-
cytes and other heart constituents (Supplemental Fig.
S6A). To address the details of this pathway further, we
carried out an RNA-seq analysis of wild-type and YAP
knockout cells after 3 d of Activin treatment. Interest-
ingly, many genes involved in lateral mesoderm and
early cardiac development were up-regulated (including
BAF60C, HANDI1, EVX1, GRRP1, MESP1, SNAII,
GATA4, and ISL1) in the YAP knockout cells but not in
wild-type hESCs (Fig. 6A; Supplemental Fig. S6B; Supple-
mental Table S1), suggesting that the Activin-treated YAP
knockout cells had successfully differentiated to cardiac
mesoderm. This possibility was confirmed by immunos-
taining and qPCR analysis of several master cardiac meso-
derm marker proteins, including BAF60c, GATA4/6,
MESPI, and HANDI, in Activin-treated YAP knockout
cells (Fig. 6B,C; Supplemental Fig. S6C,D).

Current protocols for differentiating hESCs to cardio-
myocytes involve initial exposure to Wnt ligands and later
treatment with small-molecule Wnt inhibitors (GiWi pro-
tocol) (Fig. 6E; Lian et al. 2013). Following this procedure,
cardiac mesoderm cells progress toward cardiac precursors
concomitant with the induction of cardiac lineage-specific
markers TBX5 and NKX2.5 (Fig. 6E; Supplemental Fig.
S6A). Consequently, we monitored the levels of these
markers to track the differentiation state of Activin-treat-
ed YAP knockout cells (Fig. 6D; Supplemental Fig. S6E). In
particular, we analyzed the cells treated with either Acti-
vin alone at day O for 24 h (Fig. 6D, lane 2), Activin plus
Wnt inhibitor added at day 3 (IWP2 or XAV (Fig. 6D, lanes
4,5), Activin inhibitor (A8301) (Fig. 6D, lane 3), or a combi-
nation of both types of inhibitors (Fig. 6D, lane 6,7). For
comparison, we also analyzed gene expression in wild-
type cells treated with the GiWi protocol at day 5 (Fig.
6D; Supplemental Fig. SGE, pink bars). Surprisingly, we
found that the Activin-alone condition efficiently generat-
ed cardiac precursor cells in YAP knockout cells. More-
over, differentiation of the YAP knockout cells was not
affected by the addition of an Activin inhibitor and was
blocked upon exposure to Wnt inhibitors (Fig. 6D; Supple-
mental Fig. S6E). We conclude that a short exposure to
Activin is both necessary and sufficient for YAP knockout
hESC differentiation to cardiac precursor cells.

YAP represses cardiac differentiation in hESCs

Cardiac inhibitors MSX1 and CDX2 are not induced
in Activin-treated YAP knockout cells

The addition of Wnt inhibitors to the cardiomyocyte dif-
ferentiation protocol in hESCs is required to block the ex-
pression of a subset of Wnt target genes that interferes with
the formation of cardiac precursor cells, including CDX2
and MSX1 (Fig. 6E; Rao et al. 2016). Accordingly, RNA-
seq analysis revealed that GSK3i treatment of wild-type
and YAP knockout cells at a concentration used to induce
cardiomyocyte differentiation (GSK3i: 50 nM XV) activat-
ed both ME genes and CDX2 and MSX1 (Fig. 6F,G; Supple-
mental Fig. S6F,G; Supplemental Table S4). As reported
previously (Rao et al. 2016), the Wnt inhibitors rapidly re-
pressed the CDX2 and MSX1 genes (Supplemental Fig. 6F,
left panel, cf. days 3 and 5). In contrast, Activin signaling
efficiently induced ME differentiation genes in YAP
knockout cells but did not activate CDX2 or MSX1 (Fig.
6F,G; Supplemental Fig. S6F,G). Our RNA-seq analysis re-
vealed that, similar to MSX1 and CDX2, Activin does not
induce other Wnt target genes, such as LEF1 and AXIN2, in
YAP~/~ hESCs (Fig. 6F, bottom panel). Overall, these data
indicate that although ME genes are efficiently induced by
Activin in YAP knockout cells (Fig. 6F, top panel), there is
a set of Wnt target genes not induced by Activin in YAP-
null cells, suggesting that different mechanisms operate
in the regulation of Wnt target genes.

Activin-induced Smad2,3 counteract -catenin activity
on the CDX2 gene

We explored further the regulation of CDX2 and found
that CDX2 expression is higher in Wnt signaling cells
treated with an Activin inhibitor, indicating that Activin
represses CDX2 expression (Fig. 6H). We next analyzed
the levels of p-catenin and Ser7P-RNAPII at the CDX2
gene in wild-type hESCs at days 1, 3, and 5 following
the cardiomyocyte differentiation protocol (GiWi proto-
col) (Fig. 6I). Our ChIP-seq analysis revealed that B-cate-
nin binds to an intragenic enhancer in the CDX2 gene in
a manner that correlates with high levels of Ser7P-RNA-
PII and gene activation (Fig. 61), similar to the pattern ob-
served on MIXL1 gene (Supplemental Fig. S6I).
Therefore, CDX2 is a direct target of Wnt/p-catenin sig-
naling in hESCs. To test whether Activin interferes
with p-catenin activity on the CDX2 enhancer, we per-
formed a ChIP-qPCR experiment in wild-type and YAP
knockout cells treated with GSK3i in the presence and
absence of the Activin inhibitor. Of note, SMAD2,3 pro-
teins were recruited to the CDX2 enhancer in response
to GSK3i treatment and not in the presence of the Acti-
vin inhibitor (Fig. 6J; Supplemental Fig. S6J). Reduced
SMAD?2,3 binding was accompanied by increased bind-
ing of p-catenin and RNAPII-CTD-Ser5P levels at the
CDX2 enhancer and enhanced transcription (Fig. 6H,]J;
Supplemental Fig. S6]). Therefore, SMAD2,3 binding to
the CDX2 gene blocks the ability of p-catenin to activate
the CDX2 gene. We conclude that low levels of p-catenin
robustly synergize with Activin to up-regulate transcrip-
tion at ME target genes but are insufficient to activate
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Figure 6. Activin selectively promotes dif-
ferentiation to cardiac mesoderm in YAP
knockout hESCs. (A) Heat map plot show-
ing the lateral mesoderm (LM) and early car-
diac genes up-regulated in YAP knockout
versus wild-type hESCs at day 3 following
an initial 24 h of exposure to Activin. (B)
Analysis of HAND1, GATA4, and BAF60c
proteins by immunofluorescence in wild-
type and PiggyYAP hESCs before and after
doxycycline treatment. (C) Schematic
showing the developmental pathway in-
duced by Activin-treated YAP knockout
cells. (D) Graphs showing the expression
of cardiac precursor markers NKX2.5 and
TBX5 in response to different treatments,
as indicated below the graph; Activin or
GSKa3i treatments were added from day 0
to day 1, and XAV, IWP2, or A83-01 inhibi-
tors were added from day 1 to day 2. Cells
were collected at day 5 for analysis. For ex-
ample, lanes 2 and 3 indicate 24 h of Activin
treatment followed by A83-01 exposure for
an additional 24 h (lane 3) or without further
treatment (lane 2). (Lane 1) For comparison,
wild-type hESCs were treated following the
GiWi protocol, as indicated by the pink bar.
Mean (SD). n=3. (E) Scheme showing the
GiWi protocol for hESC differentiation to
cardiomyocytes (CM) (Lian et al. 2013).
The main cardiac regulators that express
sequentially are listed at the Ieft. Proteins
required for cardiomyocyte development
are shown in green, and cardiac inhibitors
are shown in red. (F) RNA-seq was per-
formed in wild-type and YAP knockout
cells treated with the specified cytokines
for 30 h. Note that the GSK3i concentration
used was equivalent to that used for the car-
diomyocyte induction protocol (50 nM XV).
The heat map shows mRNA levels of genes
induced by Activin and GSK3i in wild-type
and YAP knockout cells (top) and genes in-
duced by only GSK3i treatment in wild-
type and YAP knockout cells (bottom). (G)
gPCR analysis shows mRNA levels of

markers
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CDX2 in wild-type and YAP knockout hESCs after different concentrations of GSK3i (50-5 nM XV) and Activin (100-5 ng/mL) treatment
for 24 h. The graph shows the average of two representative experiments of at least four independent replicates. Mean (SEM). n=2. (H)
gqPCR analysis shows mRNA levels of CDX2 in wild-type and YAP knockout hESCs after treatment with GSK3i or Activin in the presence
or absence of 1 ptM Activin inhibitor A8301. The graphs show the average of two representative experiments of at least four independent
replicates. Mean (SEM). n = 2. (I) Genome browser captures show p-catenin and CTD-Ser7P-RNAPII distribution on CDX2 gene in hESCs at
day 0 and at days 1, 3, and 5 after initial differentiation following the GiWi protocol (see also Fig. 6E). (J) ChIP-qPCR analysis of p-catenin,
Smad2,3, and RNAPII-Ser5P binding to the CDX2 enhancer (+3.5 kb) after treatment with GSK3i in the presence or absence of Activin
inhibitor in YAP knockout hESCs. (NC) Negative control region. Mean (SEM). n = 2. (K) A schematic depiction to summarize the results

of the figure.

transcription of LEF1, AXIN, or other canonical Wnt
target genes. Moreover, genes like CDX2, which are
induced by Wnt but repressed by Activin, are not up-reg-
ulated in the Activin-treated YAP~/~ hESCs (Supple-
mental Fig. 6K). A direct consequence is that,
unlike Wnt-treated cells, Activin-treated YAP knockout
hESCs can specifically develop into cardiac mesoderm
(HANDI1*":CDX2") cells that progress into cardiac precur-
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sors (NKX2.5*/TBX5* cells) following 24 h of Activin ex-
posure (Fig. 6K).

Activin-treated YAP knockout hESCs progress toward
cardiomyocytes

The observation that Activin-induced YAP knockout
cells become cardiac precursors without inducing cardiac
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inhibitor genes raises the possibility that these cells may
differentiate to cardiac cells in the absence of exogenous
Wnt inhibitors (Fig. 6). Consequently, we next examined
the potential of these cells to differentiate into beating
cardiomyocytes. To address this question, Activin-treated
YAP knockout hESCs were further incubated in RPMI/
B27 culture medium without additional treatment (Fig.
7A), henceforth designated the one-step cardiomyocyte
differentiation protocol. Importantly, spontaneously beat-
ing cardiac cells were detected by day 9 (Supplemental
Video S1). By day 20, FACS and immunostaining analysis
of the cardiac troponin marker CTNT revealed an average
yield of 60% cardiomyocytes following this single-
step protocol (Fig. 7B,C; Supplemental Fig. S7A). This ef-
ficiency was similar to the yield that we observed with
wild-type hESCs following the GiWi protocol (Fig. 7B).
Importantly, YAP-depleted H9 hESCs and EC-11 iPSCs

YAP represses cardiac differentiation in hESCs

also expressed cardiac precursor markers after a short
Activin exposure (Supplemental Fig. S7B). Consistent
with the previous molecular analysis, addition of Activin
or Wnt inhibitors did not improve the efficiency of cardi-
omyocyte generation in YAP™/~ cells, although these in-
hibitors are essential for cardiac differentiation in wild-
type hESCs (Supplemental Fig. S7C). In agreement with
these results, RNA-seq analysis confirmed that GiWi-in-
duced wild-type cardiomyocytes and Activin-induced
YAP knockout cardiomyocytes share a common cardio-
myocyte gene signature (Fig. 7D; Supplemental Fig.
S7D; Supplemental Table S5). Importantly, we found
that YAP knockout cardiomyocytes can be maintained
in culture for >50 d. Taken together, these results show
that YAP blocks a direct route toward cardiomyocyte gen-
eration but may otherwise be dispensable for the survival
of these cells.
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Figure 7. Human cardiomyocyte differen-
tiation using a one-step protocol. (A) The
schematic outline of the one-step protocol
used to differentiate YAP knockout hESCs
into beating cardiomyocytes in comparison
with the GiWi protocol. (B) Wild-type and
YAP knockout cells were differentiated us-
ing the conditions indicated at the left of
the graph. Around day 22 following the ini-
tial treatment, cells were stained with the
cardiac marker CTNT and subjected to
FACS analysis. Mean (SD). n > 3. (C) Immu-
nostaining of wild-type- and YAP knock-
out-derived cardiomyocytes using the
protocol indicated below the images. (D)
The Venn diagram shows up-regulated
genes in wild-type and YAP knockout cardi-
omyocytes compared with hESCs. (Below)
The heat map shows a list of up-regulated
cardiac markers in wild-type and YAP~/~
cardiomyocytes. (E) Immunoblot analysis
of cardiac markers CTNT, NKX2.5, and
MCL2a in wild-type and Piggy YAP cells at
day 22 after initial differentiation according
to the Activin one-step protocol. Doxycy-
cline was added at different time points
(not added, day 0O, day 1, day 3, or day 5).
Note that the reintroduction of YAP at
day 0 and day 1 impaired Activin-mediated
differentiation, whereas expression of YAP
in later stages (day 3 and day 5) did not affect
differentiation, as indicated in the bottom
illustration. (F) A schematic diagram sum-
marizing the results of the figure. (CM)
Cardiomyocyte.
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YAP does not block intermediate stages
of cardiomyogenesis

These data indicate that Activin signaling is sufficient for
full differentiation of YAP knockout hESCs to cardiomyo-
cytes. To address whether YAP also affects intermediate
stages of cardiac differentiation, we used the PiggyYAP
engineered cells to fine-tune the expression of YAP at dif-
ferent stages of differentiation (Fig. 7E). In this experi-
ment, the differentiation efficiency of YAP knockout
cells (—doxycycline) (Fig. 7E, lane 2) was compared with
that of cells expressing wild-type YAP at either day O
(Fig. 7E, lane 3), day 1 (Fig. 7E, lane 4), day 3 (Fig. 7E,
lane 5), or day 5 (Fig. 7E, lane 6) of differentiation. Immu-
noblot analysis of the cardiomyocyte markers CTNT,
NKX2.5, and MCL2.A revealed that YAP knockout cells
(Fig. 7E, lane 2) and cells that express YAP after day 3 or
day 5 were able to differentiate efficiently toward cardio-
myocytes. In contrast, wild-type hESCs or hESCs that ex-
press YAP prior to day 3 did not differentiate in response
to Activin. Therefore, YAP blocks a very early step of
hESC differentiation but does not affect the maturation
of cardiac mesoderm or the generation of cardiac precur-
sors (Fig. 7E). Most importantly, these data show that
early YAP deletion enables Activin to promote hESC dif-
ferentiation toward the cardiomyocyte lineage (Fig. 7F).

Discussion

The transcriptional mechanisms that control the transi-
tion from pluripotency to differentiation for stem cells
are not fully defined. Here we uncover a previously
unknown role for the Hippo pathway regulator YAP in pre-
venting hESC differentiation along the cardiac mesoderm
lineage. Differentiation of hESCs to the mesendoderm is
controlled by the Wnt and Activin signaling pathways,
which synergistically activate key ME developmental
genes in the first step toward formation of differentiated
hepatocytes, cardiomyocytes, and pancreatic precursor
cells. YAP has been shown to regulate organ size through
contact inhibition of cell proliferation and control of
stem cell fate (Barry and Camargo 2013; Yu et al. 2015;
Meng et al. 2016) and has many roles in cardiac differenti-
ation, proliferation, regeneration, and repair (Cai et al.
2016; Zhou et al. 2016). We reported previously that YAP
inhibits hESC differentiation to the mesoderm through a
selective role in repressing the expression of Wnt—Acti-
vin-coregulated ME genes (Estards et al. 2015). To better
understand the role of YAP in hESCs, we compared the dif-
ferentiation potential of wild-type and YAP-null hESCs.
Unexpectedly, we discovered that hESCs lacking YAP dif-
ferentiate to beating cardiomyocytes in a single step fol-
lowing short exposure to Activin. Further analysis
revealed that deletion of YAP increases the level of endog-
enous Wnt ligands in hESCs to overcome the block to dif-
ferentiation along the ME cell lineage. RNA-seq analysis
of the Activin-induced transcriptome revealed that YAP
knockout cells specifically induce a subset of ME genes re-
quired for hESCs to develop into cardiac mesoderm, in-
cluding the BAF60c, HANDI1, and GATA4 markers.
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Importantly, unlike wild-type hESCs treated with exoge-
nous Wnt ligand, the Activin-induced cardiac mesoderm
cells fail to express cardiac inhibitors CDX2 and MSX1
and can therefore progress directly to cardiomyocytes.

Our previous study also revealed that YAP blocks
recruitment of the P-TEFb transcription elongation com-
plex to ME genes in Wnt+Activin signaling cells, which
prevents the accumulation of RNAPII-CTD-Ser7P at
these genes (Estaras et al. 2015). ChIP studies further es-
tablished that YAP is recruited to the EOMES and
MIXL1 enhancers in response to Wnt+Activin signaling,
where it interferes with the cooperation between p-cate-
nin and SMAD complexes that is normally required for ef-
ficient transcription elongation. In addition to a direct role
in repression, YAP1 can regulate p-catenin ubiquitylation
and stability within the APC destruction complex (Azzo-
lin et al. 2014) both in the cytoplasm and potentially also
at Wnt/LEF-1 enhancers (Choi et al. 2013). Here, we show
that YAP has an additional repressive function in self-re-
newing hESCs, where it binds to enhancer elements and
blocks expression of the WNT3 and NODAL genes. Our
ChIP-seq data show that YAP binds to an intragenic en-
hancer of the WNT3 gene in a region containing high lev-
els of histone H3K27ac and an enhancer-specific form of
RNAPII-CTD-Ser5P™:Ser7P'°Y  (Estards et al. 2015).
Knockout of YAP enables SMAD DNA-binding complex-
es to access the WNT3 gene promoter and activate tran-
scription in response to Activin. The Activin-induced
SMAD2,3 proteins bound at promoters synergize with
Wnt3-induced nuclear p-catenin at the enhancer to induce
ME differentiation genes. Taken together, our findings in-
dicate that YAP reinforces the block to ME differentiation
atseveral stepsin proliferating hESCs. Thus, YAP bound to
the WNT3 and NODAL genes blocks SMAD binding to
prevent aberrant gene activation in response to Activin.
YARP also associates with SMAD complexes at ME gene
promoters to block P-TEFb elongation and recruit the
NURD complex to establish promoter-proximal nucleo-
somes that reinforce transcription repression (Beyer et al.
2013). Under conditions of prodifferentiation Wnt+Acti-
vin signaling, YAP bound to B-catenin:LEF-1 complexes
at ME gene enhancers can dampen transcription levels
by interfering with P-TEFb recruitment and enforcing sub-
optimal transcription elongation of these genes. The loss
of YAP releases each of these separate constraints and en-
ables full-blown transcription of ME genes in Activin-
treated hESCs.

Studies using knockout mouse models have shown that
formation of the PS requires specification of the posterior
epiblast by WNT3/B-catenin and Nodal/Activin trans-
forming growth factor-p (TGFp)-related factors (Arkell
et al. 2013; Robertson 2014). In vivo expression of
WNTS3 is activated by Nodal, which in turns reinforces a
feedback loop to maintain NODAL expression in the
epiblast. However, the mechanism through which Wnt3
ligand expression is initially established is not well under-
stood. Activation of the WNT3 gene promoter by p53 was
shown recently to initiate Wnt+Activin cooperation in
mESCs lacking LIF (Wang et al. 2017). Our findings also
show that YAP directly represses WNT3 gene expression



in hESCs and prevents Activin/SMADs from prematurely
inducing Wnt ligand expression and mobilizing B-catenin.
Thus, in the absence of YAP, Activin/SMADs may coop-
erate with p53 to activate the WNT3 gene, as was observed
at ME target genes (Wang et al. 2017). Interestingly, the
YAP/TAZ genes were shown recently to be activated by
the Wnt3 and Wnt5 ligands through an alternative Wnt
signaling pathway that operates independently of B-cate-
nin to inhibit Wnt signaling (Park et al. 2015). Taken to-
gether, the observations raise the possibility that the
WNT3 gene may be subject to regulation through a nega-
tive feedback loop.

In YAP knockout cells, WNT3 is induced and B-catenin
is recruited genome-wide to >500 new sites in response
to Activin. Interestingly, we also observed >2000 new
SMAD?2,3 peaks in YAP knockout cells, likely resulting
from the strongly increased NODAL expression. Never-
theless, ~20% of the new SMAD-bound genes and 30%
of B-catenin-bound genes are associated with increased
transcription. Importantly, many Activin targets, such
as LEFTY1 and BAMBI, were not induced in YAP-null
cells. We speculate that increased SMAD2,3 binding to ca-
nonical Activin genes may not further increase transcrip-
tion at these active genes. Of note, Activin-induced Wnt3
ligand expression was insufficient to activate canonical
Wnt target genes, such as AXIN2 and LEF-1, which pre-
sumably require higher levels of endogenous Wnt signal-
ing. Consistent with this scenario, Activin signaling
strongly enriches levels of elongation RNAPI-CTD-
Ser7P in the coding region of ME genes in YAP knockout
cells, whereas this elongation-associated form of RNAPII
does not accumulate at Wnt target genes. Consequently,
the modest increase in p-catenin in YAP™/~ cells syner-
gizes strongly with Activin to selectively up-regulate
ME gene expression and preferentially predisposes stem
cells to differentiate along the cardiomyocyte pathway.

One of the goals of regenerative stem cell therapy for car-
diomyopathies is to overcome the limited potential of
transplanted cardiac progenitor cells to differentiate as
needed to repair damage created by oxidative or mechani-
cal stress (Atmanli and Domian 2017; Duelen and Sam-
paolesi 2017). We found that the YAP knockout hESCs
express the lateral mesoderm markers BAF60c, HANDI,
and GATA4 following a short exposure to exogenous
Activin. In the developing embryo and in hESCs, the spec-
ification of cardiogenic mesoderm is regulated by a combi-
nation of Wnt inhibition and active BMP signaling.
Subsequent inhibition of Wnt signaling is needed to shut
down the expression of two cardiac inhibitor genes:
CDX?2 and MSX1 (Rao et al. 2016). Here we show that, un-
like ME genes, CDX2 and MSX1 are up-regulated by Wnt
signals but inhibited by Activin, and therefore these genes
are not induced in YAP knockout cells. Consequently,
YAP knockout cells differentiate into beating cardiomyo-
cytes without the need for either Wnt ligands or Wnt in-
hibitors. In this respect, it is interesting that the DAN
family protein Cerberus (Cerl), a potent inhibitor of NOD-
AL and BMP signaling, has also been shown to block Wnt
ligand expression during cardiac precursor specification
and enable BMPs to activate cardiac precursors, such as
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NKX2.5 and MESP1 (Ruiz-Villaba et al. 2016). Our data re-
veal that YAP knockout cells express much higher levels
of Cerl and other Wnt inhibitors such as DKK1, DKK4,
and APCDDI (Supplemental Table S1) following Activin
treatment compared with wild-type cells. Therefore, the
increased expression of these factors may also contribute
to the low level of endogenous Wnt target gene expression
and allow efficient differentiation of YAP knockout cells
to cardiomyocytes in the absence of Wnt inhibitors.

In summary, our findings show that YAP is a master
transcriptional regulator that determines the biological
outcome of Activin signaling in hESCs by regulating
Wnt activity levels. The combination of endogenous
Wnt signaling and high levels of Activin in YAP knockout
cells has uncovered a direct route toward cardiogenesis in
hESCs. These findings highlight new mechanisms that
control ME genes in early development and suggest new
approaches for preparing cardiomyocytes from pluripo-
tent cells for stem cell therapies.

Materials and methods

hESC culture

H1 and H9 hESCs and EC-11 iPSCs were cultured in mTeSR1 me-
dium on Matrigel-coated tissue culture plates. For expansion, col-
ony fragments were split in a 1:3 ratio following dispase
treatment. The medium was replaced daily. For differentiation
experiments, colonies were disaggregated into single cells using
accutase in the presence of Rock inhibitors.

Genetic manipulation of hESCs

Knockout cell lines were generating using the CRISPR/CAS9 vec-
tor pX458 (Addgene). The single-guide RNA sequences cloned are
in Supplemental Table 5. Positive knockout clones were identi-
fied by sequencing the gene of interest and confirmed by analyz-
ing the protein levels. The doxycycline-inducible YAP cell line
was generated using a PiggyBac transposon system. The Flag-
YAP c¢DNA was cloned into the KA0717 vector (pPB-hCMV1-
cDNA-IRESVenus) and then cotransfected into YAP knockout
cells together with transactivator and transposase-encoding vec-
tors pCAG-PBase (Austin Smith laboratory) (Guo et al. 2009)
and KA0637 pPBCAG-rtTAM2-IN. After G418 selection, two
clones were isolated and used for experiments. The plasmids
were kindly provided by Dr. Kenjiro Adachi (Max Planck Institute
for Molecular Biomedicine).

A single-step protocol for formation of beating cardiomyocytes
and metabolic selection

Wild-type and Yap knockout H1 hESCs were cultured on Matri-
gel-coated plates until 80%-90% confluence. At day 0, YAP
knockout cells were treated with 100 ng/mL Activin for 24 h in
TeSR medium. Next, the medium was aspirated, replenished
with RPMI/B-27, and replaced every 2 d. The spontaneous beating
phenotype should occur from day 9 onward. From day 20 to day
25, the culture was fed with RPMI (no glucose) supplemented
with 4 mM sodium L-lactate solution to allow metabolic selec-
tion of cardiomyocytes. From day 25 onward, the cardiomyocytes
were fed with RPMI/B-27 medium and replaced every 3 d. The pu-
rified cardiac cells were used for RN A-seq experiments in Figure 7
(see also the Supplemental Material).
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High-throughput sequencing and bioinformatic analysis

High-throughput sequencing using Illumina HiSeq 2500 or 4000
devices was carried out at the Next-Generation Sequencing
Core or with Dr. Joe Ecker (The Salk Institute). ChIP-seq and
RNA-seq experimental procedures and bioinformatic analyses
are detailed in the Supplemental Material.

Accession numbers

Processed and filtered data are in the Supplemental Tables. Full
data sets of these and additional experiments have been submit-
ted to the NCBI Gene Expression Omnibus database in a
MIAME-compliant format under superseries accession number
GSE99202. The H3K27me3, H3K27ac, and RNAPI CTD-Ser5P
ChIP-seq experiments can be accessed through GSE64758.
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