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Yap1 is dispensable for self-renewal but required
for proper differentiation of mouse embryonic stem
(ES) cells
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Abstract

Yap1 is a transcriptional co-activator of the Hippo pathway. The
importance of Yap1 in early cell fate decision during embryogenesis
has been well established, though its role in embryonic stem (ES)
cells remains elusive. Here, we report that Yap1 plays crucial roles in
normal differentiation rather than self-renewal of ES cells. Yap1-
depleted ES cells maintain undifferentiated state with a typical
colony morphology as well as robust alkaline phosphatase activity.
These cells also retain comparable levels of the core pluripotent
factors, such as Pou5f1 and Sox2, to the levels in wild-type ES cells
without significant alteration of lineage-specific marker genes.
Conversely, overexpression of Yap1 in ES cells promotes nuclear
translocation of Yap1, resulting in disruption of self-renewal and
triggering differentiation by up-regulating lineage-specific genes.
Moreover, Yap1-deficient ES cells show impaired induction of
lineage markers during differentiation. Collectively, our data demon-
strate that Yap1 is a required factor for proper differentiation of
mouse ES cells, while remaining dispensable for self-renewal.
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Introduction

The Hippo signaling pathway, modulated by cell density and cell–

cell contact, is implicated in diverse cellular processes including cell

proliferation [1–5], apoptosis [5,6], and organ size control [7,8].

Yap1 is a transcriptional co-activator of the Hippo pathway and is

known to play a crucial role in the segregation of inner cell mass

(ICM) and trophectoderm (TE) during early embryogenesis [9–13].

While Yap1 resides in the nucleus of trophectodermal cells and

functions as a critical co-activator for TE development, it is seques-

tered mainly in the cytoplasm of ICM as a phosphorylated inactive

form due to active Hippo signaling [9]. However, the role of Yap1 in

ICM is still elusive [9,12]. In addition to Yap1, Taz and Tead family

members are also crucial players in the Hippo pathway. A

homologue of Yap1, Taz, shares redundant functions such as

controlling cell proliferation and sensing mechanical stress [14,15].

Furthermore, Tead proteins—important in TE differentiation during

early embryogenesis, form a complex with Yap1 and are known to

activate their downstream target genes [16,17].

Two different observations on the roles of Yap1 in embryonic

stem (ES) cells are of note. Recent studies suggested that Yap1

plays an important role in the maintenance of mouse ES cells as

an active factor in the nucleus [18,19]. These works showed

knockdown (KD) of Yap1 promotes differentiation of ES cells while

overexpression (OE) of Yap1 not only enhances self-renewal but

also inhibits differentiation of ES cells, even under neuronal dif-

ferentiation conditions [18]. However, the study showing nuclear

localization of Yap1 in ES cells is somewhat contradictory to the

function of the Hippo signaling, since mouse ES cells grow as

tightly packed colonies. It has been suggested that high cell density

or cell–cell contact activates the Hippo signaling and subsequent

sequestration of Yap1 in the cytoplasm of various cell lines such

as HaCaT and NIH-3T3 [1,3,7,20]. Accordingly, another recent

study has claimed that both Yap1 and Taz are dispensable for

self-renewal of ES cells in 2i (Gsk3b and Mek inhibitors) culture

condition [21]. In this case, Yap1- and Taz-depleted ES cells main-

tained undifferentiated state under differentiation-promoting

culture conditions [21]. Consistent with this observation, studies

of neuronal differentiation from ES cells have shown that high cell

density, which activates the Hippo signaling and sequesters Yap1

in the cytoplasm, blocks differentiation of ES cells [22,23], suggest-

ing that nuclear localization of Yap1 might be important in normal

differentiation of ES cells.

In the current study, we show that Yap1 is dispensable for the

maintenance of ES cells but critical in their differentiation. Addi-

tional testing of Yap1-associated factors including Tead family

proteins and Taz also supports the dispensability of Yap1 for the

self-renewal of ES cells. In line with gradual up-regulation of Yap1

level upon differentiation of ES cells, OE of Yap1 in ES cells

enhances nuclear abundance of Yap1 accompanied by induction of

various lineage-specific marker genes. On the contrary, Yap1-

depleted ES cells showed impaired differentiation. Taken together,
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our data demonstrate a critical role of Yap1 in normal differentiation

rather than self-renewal of ES cells.

Results and Discussion

Yap1 is dispensable for self-renewal of mouse ES cells

Previous studies reported that Yap1 is required in the maintenance

of mouse ES cells by showing that KD of Yap1 promotes

differentiation of ES cells [18,19]. Conversely, another study

claimed that double KD of Yap1 and Taz in 2i media does not

disrupt self-renewal of ES cells [21]. To decipher the roles of Yap1

in self-renewal and pluripotency of ES cells, we first performed KD

of Yap1 using lentivirus-delivered shRNAs in J1 mouse ES cells

(Fig EV1A and Dataset EV1). In contrast to the previous reports

[18,19], we found that even with > 85% of Yap1 KD, ES cells main-

tain normal colony morphology with high alkaline phosphatase

(AP) activity, whereas ES cells with KD of Pou5f1 undergo differen-

tiation accompanied by loss of AP activity, as expected (Fig 1A).

We additionally found that these Yap1-depleted ES cells show

comparable proliferation rate to that of control ES cells (Fig EV1B).

In agreement with these observations, overall expression levels of

ES cell core pluripotency factors, such as Pou5f1 and Nanog, as well

as several lineage-specific regulators were not significantly altered

upon KD of Yap1 (Figs 1B–D and EV1C). We validated our

observation by testing two additional ES cell lines (E14 and CJ7)

and confirmed that KD of Yap1 does not significantly affect features

of normal self-renewing ES cells (Fig EV2A–F).

To rule out the possibility of off-target effects and incomplete

depletion due to shRNA-mediated KD strategies, we additionally

established Yap1 knockout (KO) ES cell lines harboring premature

stop codons on both alleles by CRISPR-Cas9-based genome editing

strategies (Dataset EV1) [24,25]. Consistent with the KD results,

Yap1 KO ES cells sustained self-renewing status and showed normal

ES colony morphology and high AP activity, and levels of

pluripotency-related genes were comparable to those of wild-type

ES cells (Figs 1E–G and EV2G–L). Yap1 KO ES cells were able

to maintain self-renewal for more than 1 month in culture

(Fig EV3A–C). Taken together, these results indicate that Yap1 is

dispensable for self-renewal of mouse ES cells.

To further validate the dispensability of Yap1 in self-renewal of

ES cells, we sought to monitor the global gene expression profiles of

Yap1 KD and Yap1 KO ES cells using RNA-seq approaches. As

expected, comparison of expression profiles between ES and dif-

ferentiating ES cells revealed many differentially expressed genes

(DEGs) (Fig 1H and Dataset EV2). However, expression levels of

these genes were not altered significantly upon KD or KO of Yap1

(Fig 1H) which was further confirmed by RT–qPCR (Fig 1I). Over-

all, these results indicate that the depletion of Yap1 does not trigger

differentiation of ES cells.

Unlike differentiating ES cells, a hierarchical clustering of

global expression data revealed that Yap1 KD and Yap1 KO ES

cells were clustered together with normal and control ES cells,

indicating that Yap1-deficient ES cells have similar expression pro-

files to those of normal ES cells (Fig 1J). We also investigated the

activity of previously defined functional modules in ES cells (Core

and PRC) [26]. Module activity is defined as an averaged

expression of all genes in each module. Briefly, the Core module

includes core pluripotency factors such as Pou5f1, Nanog, and

Sox2, most of which are highly expressed in self-renewing

ES cells. On the other hand, the PRC module includes many

lineage-specific regulators, such as Fgf5, Bmp4, and Hand1, most

of which are repressed in ES cells. Since differentiation of ES cells

decreases the activity of Core module but increases the activity of

PRC module [26], we sought to examine module activities upon

KD or KO of Yap1 to test whether cells maintain self-renewal. As

shown in Fig 1K, ES cells with depleted Yap1 did not show

down-regulation of Core module activity or up-regulation of PRC

module activity, suggesting that Yap1-depleted ES cells largely

maintain self-renewing and undifferentiated states. Further corre-

lation analyses verified that the global expression patterns of

Yap1-depleted ES cells showed higher correlation with those of

control ES cells (R2 = 0.978 for Yap1 KD, R2 = 0.977 for Yap1

KO1, and R2 = 0.979 for Yap1 KO2) than differentiating ES cells

(R2 = 0.781) (Fig 1L). Collectively, these data provide strong

evidence that the depletion of Yap1 does not significantly alter

the self-renewal of ES cells.

▸Figure 1. Yap1 is dispensable for self-renewal of J1 mouse ES cells (see also Figs EV1–EV3).

A Colony morphology and alkaline phosphatase (AP) activity of ES cells upon KD of Yap1 and Pou5f1. KD1 and KD2 indicate two different shRNA sequences tested. All
the following cell morphology and AP staining pictures were taken two passages (4 days) after lentivirus infection unless otherwise stated.

B, C mRNA expression levels of Pou5f1, Nanog, Sox2, Esrrb (B), and Yap1 (C) upon KD of Yap1. All the following mRNA samples were harvested 4 days after lentivirus
infection while passaged every 2 days unless otherwise stated. Data are represented as mean � SD.

D Protein levels of Yap1, Pou5f1, and Nanog upon KD of Yap1. All the following protein samples were harvested 4 days after lentivirus infection while passaged every
2 days unless otherwise stated.

E Colony morphology and AP activity of mouse embryonic stem cells (ESC) and three Yap1 KO clones (KO1-KO3).
F mRNA levels of Pou5f1, Nanog, Sox2, and Esrrb upon KO of Yap1. Data are represented as mean � SD.
G Protein levels of Yap1, Pou5f1, and Nanog in Yap1 KO clones.
H A heatmap showing relative mRNA expression levels of 3,605 genes differentially expressed (> twofold) between ES cells and differentiating ES cells (dESC). Genes

were sorted by the fold changes of gene expression between dESC and ES cells. Corresponding gene expression profiles obtained from Yap1 KO1, Yap1 KO2, and
Yap1 KD cells are also shown.

I mRNA expression levels of lineage-specific marker genes upon KD of Yap1. dESC were used as control cells.
J A heatmap showing Pearson’s correlation coefficients of gene expression profiles obtained from ESC, control virus-infected ES cells (Control), dESC, Yap1 KD cells,

and Yap1 KO cells.
K Relative average module activities (Core and PRC) in Yap1 KD1 cells, KO cells, and dESC. Module activities were normalized by the data obtained in ES cells. Data

are represented as mean � SEM.
L Scatter plots showing log10 (FPKM) values of genes in Yap1 KD1 cells and Control (upper left panel), dESC and ESC (bottom left panel), and Yap1 KO cells and ES

cells (right two panels). Pearson’s correlation coefficients (R2) are indicated. “FPKM” indicates fragments per kilobase of transcript per million fragments mapped.
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Taz and Tead family proteins are not required for self-renewal of
ES cells and do not compensate Yap1 functions in Yap1-depleted
ES cells

Taz is homologous to Yap1 and has similar functions to Yap1, such

as regulation of proliferation and activation of TE lineage markers

[14,27]. To rule out the possibility of compensation by Taz in Yap1

KD ES cells, we performed both single and double KD of Yap1 and

Taz using shRNAs under drug selections (blasticidin and puro-

mycin, respectively). J1 ES cells with depletion of both Yap1 and

Taz (> 85% of KD for each) maintained typical colony morphology

as well as high AP activity (Fig 2A and B). Additionally, the levels

of pluripotency markers, such as Pou5f1 and Nanog, as well as vari-

ous lineage markers were not significantly affected by either single

or double KD of Yap1 and Taz (Fig 2C and D), indicating that the

dispensability of Yap1 in self-renewing ES cells is not due to the

compensatory effect of Taz.

Since Yap1 is known to require Tead family proteins to activate

its downstream target genes in NIH-3T3 and MCF10A cell lines

[17,28,29], we investigated whether Tead proteins are also

dispensable for the maintenance of ES cells. To do so, we first

performed KD of Tead2 in ES cells. In contrast to the previous

report [19], we did not observe any significant alteration of cell

morphology or reduced AP activity upon down-regulation of Tead2

(at least > 90% of KD in mRNA levels) (Fig EV4A and B). In

accordance with the colony morphology, Tead2 KD ES cells

expressed similar levels of pluripotency genes compared to wild-

type ES cells (Fig EV4C and D). These results were confirmed by

generation of three independent Tead2 KO ES cell clones using

CRISPR-Cas9 strategies (Dataset EV1). These Tead2 KO clones also

maintained self-renewal without differentiation (Fig EV4E–G). We

additionally conducted triple KD of Tead1/3/4 with triple drug

selection (at least > 80% of KD for each), and did not observe any

significant alteration of cell morphology or AP activity which is in

contrast to the previous report [18] (Fig 2E and F). Similar to the

results obtained from the KD of Yap1, triple Tead KD ES cells

expressed comparable levels of pluripotency genes shown in wild-

type ES cells without any significant activation of lineage-specific

regulators (Fig 2G–I). The results were further validated by double

KD of Tead1/3 in Tead4 KO cells. ES cells with Tead4 KO and

Tead1/3 KD also maintained self-renewal (Fig EV4H–J). Collec-

tively, our data suggest that both Yap1 and Yap1-associated

proteins such as Taz and Tead are not required for self-renewal of

ES cells.

Yap1 is induced and translocated into the nucleus upon
differentiation of ES cells

In order to investigate the roles of Yap1 in differentiation of ES cells,

we examined the expression level of Yap1 in self-renewing mouse

ES cells as well as upon differentiation of ES cells. Analysis of

published mRNA expression data obtained upon time-course dif-

ferentiation of embryoid body (EB) [30] revealed that Yap1 is

moderately expressed in ES cells while its expression gradually

increases upon differentiation (Fig 3A). We differentiated mouse J1

ES cells by the withdrawal of leukemia inhibitory factor (LIF) in the

culture media and examined the level of Yap1. Consistent with the

results from the EB differentiation, both mRNA and protein levels of

Yap1 were moderately increased upon spontaneous differentiation

(Fig 3B and C).

Since active Hippo signaling leads to phosphorylation and

cytoplasmic sequestration of Yap1, blocking Yap1’s function as a

transcriptional coactivator [7,9,12], we examined the levels of phos-

pho-Yap1 and its subsequent localization in both self-renewing and

differentiating ES cells. Western blot analysis showed that Yap1 is

highly phosphorylated in self-renewing ES cells, but the level of

phospho-Yap1 is reduced in differentiating ES cells (Fig 3D). Given

the fact that phospho-Yap1 is sequestered in the cytoplasm [7,9,12],

we examined Yap1 localization by immunofluorescence (IF).

Consistent with hyper-phosphorylation of Yap1 in ES cells, IF results

revealed that Yap1 resides primarily in the cytoplasm of self-

renewing ES cells (Fig 3E–G). However, upon differentiation of

multiple mouse ES cell lines we tested (J1, CJ7, and E14), Yap1 was

translocated into the nucleus (Figs 3E–G and EV5A–D). Cytoplasmic

Yap1 in ES cells could be attributed to compact ES cell colonies with

active Hippo signaling [7], while lower cell density of differentiating

ES cells growing in a monolayer leads to inactive Hippo signaling,

resulting in the nuclear localization of Yap1.

We further investigated the activity of nuclear Yap1 using a

synthetic Yap1-responsive luciferase (8xGTIIC) construct as previ-

ously designed for the measurement of Yap1 transcriptional activity

in mechanical stress condition (Fig 3H) [15,19,31,32]. The luciferase

construct contains repeated Yap1-Tead binding motifs (eight times)

in front of the minimal cTNT promoter followed by a luciferase

reporter gene [15,32,33]. As shown in Fig 3I and J, we observed a

significant increase in luciferase activity in both ES cells with tran-

sient OE of Yap1 and in differentiating ES cells compared to the

reporter activity in self-renewing ES cells, thereby indicating the

increased level of nuclear Yap1 either by OE of Yap1 or by ES cell

differentiation promotes transcription of the reporter gene. An

induced level and nuclear localization of Yap1 were also confirmed,

along with the increased Yap1 activity in Pou5f1 KD ES cells

undergoing TE differentiation (Fig 3K–M).

Yap1 is required for normal differentiation of ES cells

As we observed increased expression levels and nuclear localization

of Yap1 in differentiating ES cells (Fig 3), we hypothesized that

Yap1 may have critical roles in differentiation of ES cells. To address

this, we tested differentiation potential of Yap1 KD ES cells. Upon

3 days of differentiation, completely differentiated and mono-

layered cellular morphology with reduced AP activity were observed

in control ES cells. However, Yap1 KD cells maintained typical

colony morphology with high AP activity comparable to that of self-

renewing ES cells even after 2–3 days of differentiation (Fig 4A).

We further found that expression levels of some pluripotency factors

such as Sox2 and Esrrb were relatively highly maintained in Yap1-

depleted cells upon differentiation, although the expression of other

core factors, Pou5f1 and Nanog, was decreased similarly to their

levels in control cells upon differentiation (Fig EV6A). Moreover,

up-regulation of various lineage-specific markers, such as Nes, T,

Gsc, Gata6, Cdx2, and Gata3, was significantly impaired during

differentiation of Yap1-depleted cells (Fig EV6B), suggesting that the

depletion of Yap1 affects differentiation potential of ES cells.

In order to get further insight into the roles of Yap1 in global

transcriptional regulation during differentiation, we analyzed gene
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Figure 2. Taz and Tead family proteins are not required for the self-renewal of J1 mouse ES cells (see also Fig EV4).

A Colony morphology and AP activity of ES cells upon KD of Yap1 and Taz.
B–D mRNA expression levels of Yap1 and Taz (B), Pou5f1, Nanog, Sox2, and Esrrb (C), and lineage-specific marker genes (D) upon KD of Yap1 and Taz. Data are

represented as mean � SD.
E Colony morphology and AP activity of ES cells upon KD of Tead1/Tead3/Tead4.
F, G mRNA expression levels of Tead1, Tead3, and Tead4 (F) and Pou5f1, Nanog, Sox2, and Esrrb (G) upon KD of Tead 1/3/4. Data are represented as mean � SD.
H Protein levels of Tead1, Tead3, Tead4, and Pou5f1 upon KD of Tead1/Tead3/Tead4. N.S., non-specific.
I mRNA expression levels of lineage-specific marker genes upon KD of Tead1/Tead3/Tead4. Data are represented as mean � SD.
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expression profiles obtained from RNA-seq of normal ES cells

and Yap1-depleted ES cells before and after differentiation. As

shown in Fig 4B, gene expression patterns of DEGs (Yap1 KD ES

cells/wild-type ES cells) upon differentiation showed an inverse

correlation with the expression patterns of wild-type differentiating

cells over self-renewing ES cells (Dataset EV3). The heatmap results

dESCESC

A B

E F

Ya
p1

M
er

ge
D

A
P

I
0

0.
25 0.
5

0.
75 1

1.
5 2 4 7R

el
at

iv
e

ge
ne

ex
pr

es
si

on

Time (Days)

0

1

2

ESC dESC

R
el

at
iv

e
Y

ap
1

ex
pr

es
si

o n

C

0

1

2

3

4

5

ESC

R
el

at
iv

e
lu

c
ac

tiv
ity

p-Yap1

Yap1

Yap1

Pou5f1

Actb

0 2 4 6

Time (days)

0 2 4

0

2

4

6

Con
tro

l

Pou
5f1

KD

R
el

at
iv

e
Y

ap
1

ex
pr

es
s i

on

20um

20um

20um

20um

20um

20um

dESC

20um

20um

20um

20um

20um

20um

20um

20um

20um

20um

20um

20um

G

J K

** **

D

8xGTIIC promoter luciferase
Tead
Yap1

H

0

3

6

9

12

Con
tro

l

Yap
1 OE

R
el

at
iv

e
lu

c
ac

tiv
ity

* *
I

20um 20um 20um

20um 20um 20um

Yap1 DAPI Merge

C
on

tro
l

P
ou

5f
1 

K
D

L

0

0.5

1

1.5

2 Yap1
Pou5f1
Gata6

0

1

2

3

R
el

at
iv

e
lu

c
ac

tiv
ity

Con
tro

l

Pou
5f1

KD

M
**

5um 5um 5um 5um 5um 5um

dESCESC dESCESC

M
er

ge

Ya
p1

M
er

ge
D

A
P

I
M

er
ge

Ya
p1

M
er

ge
D

A
P

I
M

er
ge

Figure 3.

EMBO reports Vol 17 | No 4 | 2016 ª 2016 The Authors

EMBO reports Yap1 is required for differentiation of ES cells HaeWon Chung et al

524



clearly revealed that Yap1-depleted ES cells are not properly dif-

ferentiated. Additional analyses of the Core and PRC module activity

consistently indicated that Yap1 depletion causes stronger Core

module activity with weaker PRC module activity during differentia-

tion, indicating that KD of Yap1 delayed or impaired proper differen-

tiation of ES cells (Fig 4C). Gene ontology (GO) term analysis using

the genes that are not properly induced in Yap1-depleted cells

compared to wild-type ES cells upon differentiation also revealed

that these genes are implicated in various development-related

processes, such as blood vessel development, chordate embryonic

development, and in utero embryonic development (Fig EV6C).

These collectively demonstrate that adequate levels of Yap1 are

critical in normal differentiation of ES cells.

Ectopic expression of Yap1 in ES cells is sufficient to induce
up-regulation of lineage marker genes

To further test roles of Yap1 in ES cell differentiation, we performed

OE of Yap1 in ES cells. Yap1 mainly resides in the cytoplasm of self-

renewing ES cells. While OE of Yap1 increases both nuclear and

cytoplasmic Yap1 levels, we detected more nuclear Yap1 in Yap1 OE

cells, indicating that exogenous Yap1 can translocate into the

nucleus and act on its target genes (Fig EV6D and E). Yap1 OE cells

also showed flattened morphology similar to that of differentiating

ES cells with reduced AP activity even in the presence of LIF

(Fig 4D). We further examined global gene expression profiles of

Yap1 OE cells, and a clustering analysis showed that the DEGs upon

OE of Yap1 (Yap1 OE/ES cells) are highly similar to the DEGs of

differentiating ES cells over self-renewing ES cells (Fig 4E and

Dataset EV4). Consistently, the activity of the Core module was

significantly decreased upon OE of Yap1, while the PRC module

activity was dramatically increased (Figs 4F and EV6F). These

results suggest that OE of Yap1 is sufficient to trigger ES cell

differentiation. Additional GO term analysis revealed that genes

up-regulated upon OE of Yap1 are significantly enriched in develop-

mental processes, such as chordate embryonic development,

skeletal system development, and embryonic organ development

(Fig 4G), further demonstrating that the ectopic expression of Yap1

promotes differentiation of ES cells.

Unlike the well-established functions of the Hippo signaling

pathway in the first cell fate decision, the roles of Yap1 in ES cells,

ICM, and during differentiation of ES cells or ICM are still not well

understood. Here, we reveal that Yap1, a transcriptional effector of

Hippo pathway, is a crucial factor implicated in differentiation

rather than self-renewal of ES cells. In contrast to the previous

reports [18,19], a depletion of Yap1 does not show any significant

effect on the maintenance of multiple ES cells we tested. This is

consistent with the nonessential roles of Yap1 in ES cells grown

◀ Figure 3. Yap1 is up-regulated and translocated into nucleus during ES cell differentiation (see also Fig EV5).

A Relative mRNA levels of Yap1, Pou5f1, and Gata6 during time-course embryoid body (EB) differentiation. Gene expression data were obtained from GSE3749. Pou5f1
and Gata6 serve as representative ES cell marker and lineage-specific marker, respectively.

B Relative Yap1 mRNA levels in ES cells (ESC) and differentiating ES cells (dESC) (LIF withdrawal for 4 days) and data are represented as mean � SD. To differentiate
ES cells, cells were incubated in LIF-withdrawn medium for 4 days. Both ESC and dESC were passaged every 2 days.

C Protein levels of Yap1 and Pou5f1 during time-course differentiation upon LIF withdrawal.
D Phospho-Yap1 levels during time-course differentiation. Samples were normalized by total Yap1 level.
E–G Immunofluorescence (IF) images depicting localization of Yap1 in J1 (E), CJ7 (F), and E14 (G) mouse ESC (top) and dESC (bottom). The white arrow indicates

nucleolus. Bottom panels represent higher magnification of the above panels. Dashed circle indicates nucleus border.
H A schematic diagram depicting a Yap1-responsive luciferase reporter (8xGTIIC) construct.
I Luciferase reporter assay using Yap1-responsive luciferase reporter (8xGTIIC) upon transient overexpression (OE) Yap1 in ES cells. P-values were calculated using

Student’s t-test. Data are represented as mean � SD. **P < 0.01. “Control” indicates ES cells infected with control virus not expressing any specific shRNA
sequence.

J Relative activity of Yap1-responsive luciferase reporter gene in ESC and dESC. P-values were calculated using Student’s t-test. Data are represented as mean � SD.
**P < 0.01.

K Relative Yap1 mRNA levels in Control and Pou5f1 KD ES cells. Data are represented as mean � SD. **P < 0.01. “Control” indicates ES cells infected with control
virus not expressing any specific shRNA sequence.

L IF images depicting localization of Yap1 in Control and Pou5f1 KD ES cells.
M Relative activity of Yap1-responsive luciferase reporter gene upon Pou5f1 KD in ES cells. P-values were calculated using Student’s t-test. Data are represented as

mean � SD. **P < 0.01.

Figure 4. Yap1 is required for differentiation of ES cells (see also Fig EV6).

A Colony morphology and AP activity of Control and Yap1 KD ES cells upon differentiation. Morphology and AP staining pictures were taken 2 days after differentiation.
B A heatmap showing relative mRNA expression levels of 1,995 genes differentially expressed (> twofold) between Yap1 KD ES cells and Control upon 4 days of

differentiation. Genes were sorted by the fold changes of gene expression between Yap1 KD ES cells and Control (first column). Corresponding gene expression
changes between ES cells (ESC) and differentiating ES cells (dESC) are shown in the second column.

C Relative average module activities (Core and PRC modules) between Yap1 KD ES cells and Control cells upon differentiation. Data are represented as mean � SEM.
D Colony morphology and AP activity in Yap1 OE cells. Two different Yap1 OE clones (OE1 and OE2) and pool of Yap1 OE (OE pool) were used. Cell morphology and AP

staining pictures were taken 3 weeks after electroporation.
E A heatmap showing relative mRNA expression levels of 2,137 genes differentially expressed (> twofold) between Yap1 OE ES cells and control ES cells. Genes were

sorted by the fold changes of gene expression between Yap1 OE ES cells and control ES cells (first column) and corresponding gene expression profiles obtained from
dESC are shown.

F Relative average module activities (Core and PRC modules) between Yap1 OE cells and control cells are shown. Data are represented as mean � SEM.
G Genes up-regulated in Yap1 OE cells were tested using David 6.7. Significantly enriched gene ontology (GO) terms (biological functions) are shown. Developmental

process-related GO terms are highlighted in red.
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under the 2i condition [21]. In agreement with the dispensability

of Yap1 in ES cells, other key effectors of the Hippo pathway

(Tead family proteins and Taz) do not compensate Yap1, and are

also not necessary for the maintenance of ES cells, implying that

the transcriptional effectors of the Hippo pathway are at least

dispensable for self-renewal of mouse ES cells. In addition, we

show that Yap1 is mainly sequestered in the cytoplasm of self-

renewing ES cells, while it localizes in the nucleus upon

differentiation. The predominant nuclear localization of Yap1 in

differentiating ES cells may be due to inactive Hippo signaling in

the cells growing with lower density. Consistently, OE of Yap1 in

ES cells triggers nuclear localization of Yap1 and induces differen-

tiation along with activation of diverse lineage markers. Our global

expression analyses further suggest that Yap1 may promote

differentiation by activating differentiation-related genes rather

than repressing pluripotency-related genes, which is consistent

with the observation of Yap1 KO embryo, which dies around E10

due to the defects in yolk sac vasculogenesis, chorioallantoic

fusion, and embryonic axis elongation [34]. Notably, a recent

study done in human ES cells suggested that YAP1 represses

mesendoderm differentiation [35], possibly due to the differences

in signaling pathways between human and mouse ES cells [36,37].

In-depth investigation of the impaired regulation of three lineage-

specific genes as well as TE-related genes in Yap1 KD ES cells

upon differentiation may provide further insights into the functions

of Yap1 in early embryogenesis. Together, our data establish that

Yap1 is a critical regulator for proper differentiation but

dispensable for self-renewal of ES cells.

Materials and Methods

Cell culture

J1, E14, and CJ7 mouse ES cells were maintained in Dulbecco’s

modified Eagle’s medium (DMEM, Gibco Ref. 11965) supplemented

with 18% of fetal bovine serum (FBS), penicillin/streptomycin/

L-glutamine (Gibco Ref. 10378), MEM nonessential amino acid

(Gibco Ref. 11140), nucleosides (Millipore Cat. ES-008-D), 100 lM
b-mercaptoethanol (Sigma M3148), and 1,000 U/ml recombinant

leukemia inhibitory factor (LIF, Millipore Cat. ESG1107). ES cells

were cultured on 0.1% gelatin-coated plates at 37°C and 5% CO2

and passaged every 2 days. HEK 293T cells were maintained in

DMEM supplemented with 10% of FBS and penicillin/streptomycin/

L-glutamine. To differentiate ES cells, cells were washed three times

with the media without LIF and then incubated for 4 days while

passaging every 2 days.

shRNA lentiviral production and infection

HEK 293T cells were plated at ~6 × 106 cells per 100 mm2 and then

transfected with 6 lg of pLKO.1 shRNA vector (Sigma) (Dataset

EV1), 4 lg of pCMV-D8.9, and 2 lg of VSVG plasmids using 30 ll of
Fugene 6 (Promega Ref. 2692), according to the manufacturer’s

protocol. After 24 h, HEK 293T medium was replaced with ES

medium. Two days after transfection, supernatant containing viral

particles was collected and filtered through 0.45-lm Supor�

membrane (PALL Ref. 4654). ~2 × 105 ES cells were plated on

12-well plate with virus containing media supplemented with

10 lg/ml polybrene (Millipore Cat. TR-1003-G). After 1 day of infec-

tion, cells are selected with appropriate antibiotics and passaged

every 2 days. Cell morphology, AP staining, protein and mRNA

levels were examined two passages after the infection.

Luciferase reporter gene assay

For the luciferase reporter gene assay, 2.5 × 105 J1 ES cells in each

24 well were co-transfected with 100 ng of the GTIIC vector, 5 ng of

PGL4.75 vector containing a Renilla reporter gene as an internal

control reporter using Lipofectamine 3000 (Life Technologies, Cat.

L3000008) and then cultivated for 24 h. To measure luciferase

reporter gene activity, cells were washed two times with PBS, lysed,

and the luciferase activities were measured using the Dual

Luciferase� assay kit (Promega, E1910).

Immunofluorescence

~3 × 105/ml ES cells were plated on 0.1% gelatin pre-coated

l-Slide VI0.4 (Ibidi Cat. 80606). Slides were fixed with 3.7%

paraformaldehyde for 15 min at room temperature and permeabi-

lized with 0.5% Triton X-100 for 10 min. Slides were then incubated

with blocking solution (3% BSA and 1% normal horse serum in

PBS) for 1 h at room temperature, Yap1 primary antibody solution

(1:200 dilution, Santa Cruz sc-101199) overnight at 4°C, and

secondary antibody solution (1:1,000 dilution) conjugated to Alexa

Fluor 488 for 1 h at room temperature. Lastly, slides were mounted

with ProLong� Gold antifade reagent with DAPI (Molecular Probes

P36935) and imaged on a Zeiss 710 laser scanning confocal and

structured illumination microscope.

RNA sequencing and data processing

One lg of RNAs was used to generate Illumina-compatible sequenc-

ing libraries using mRNA isolation kit (NEB, E7490L) and RNA

library prep kit (NEB, E7530S) according to the manufacturer’s

protocol. Adapter ligation was done with sample-specific barcodes.

RNA-seq libraries were sequenced using an Illumina NextSeq 500

machine. Single-end reads from RNA-seq were mapped onto the

mouse genome assembly (mm9) using default setting of Tophat2.

Transcript-level expression analysis was performed using Cuffdiff to

calculate FPKM (fragments per kilobase of transcript per million

mapped reads) [38].

Data deposition

The RNA-seq data used in this study were deposited at the Gene

Expression Omnibus (GEO) under the accession number GSE69669.

Expanded View for this article is available online.
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