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ABSTRACT

Balanced progenitor activities are crucial for the development and
maintenance of high turn-over organs such as the esophagus.
However, the molecular mechanisms regulating these progenitor
activities in the esophagus remain to be elucidated. Here, we
demonstrated that Yap is required for the proliferation of esophageal
progenitor cells (EPCs) in the developing murine esophagus. We
found that Yap deficiency reduces EPC proliferation and stratification
whereas persistent Yap activation increases cell proliferation and
causes aberrant stratification of the developing esophagus. We further
demonstrated that the role of YAP signaling is conserved in the
developing human esophagus by utilizing 3D human pluripotent stem
cell (hPSC)-derived esophageal organoid culture. Taken together, our
studies combining loss/gain-of-function murine models and hPSC
differentiation support a key role for YAP in the self-renewal of EPCs
and stratification of the esophageal epithelium.
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INTRODUCTION

The combination of human pluripotent stem cell (hPSC)
differentiation and genetic mouse models has facilitated our
understanding of disease mechanisms and human development.
Previous studies employing this platform have demonstrated that
signaling pathways such as WNT are crucial for the development of
multiple endodermal organs, including the lung, thyroid, stomach,
intestine and colon (Spence et al., 2011; Longmire et al., 2012; Mou
et al., 2012; Huang et al., 2014; McCracken et al., 2014; Munera
et al., 2017). By contrast, we know very little about the molecular
mechanisms regulating the esophagus, another endodermal organ
lined by the stratified squamous epithelium. To begin to address this
issue, we recently established an efficient protocol to directly
differentiate hPSCs into p63"SOX2" esophageal progenitor cells
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(EPCs), which resemble EPCs in the human fetal esophagus. These
hPSC-derived EPCs are able to self-renew and differentiate into a
stratified squamous epithelium in 3D organoid culture (Zhang et al.,
2018). We used these EPCs combined with mouse genetic models
to reveal that NOTCH and BMP signaling are important for the
squamous differentiation of EPCs. Consistent with this, blocking
NOTCH or BMP signaling with pharmacological inhibitors or
genetic ablation leads to reduced differentiation of EPCs (Zhang
et al., 2018).

During development of the mouse esophagus, EPCs are initially
established from the dorsal foregut endoderm at around embryonic
day (E) 10.5 (Jacobs et al., 2012; Que, 2015). These EPCs (p63*;
also known as Trp63 in mouse and TP63 in human) form a single-
layered epithelium in the nascent esophagus, and then they go
through extensive proliferation and differentiation to generate a
multi-layered epithelium composed of undifferentiated basal cells
(p63"KRT5") and differentiated suprabasal cells (KRT4"KRT13")
(Zhang et al., 2017). We have shown that NOTCH and BMP are
essential for the squamous differentiation of progenitor cells in the
developing esophagus. However, we know very little about the
signaling pathway(s) controlling the proliferation of EPCs in both
mouse and human esophagus. YAP (Yapl/YAP1) is a crucial
regulator of proliferation in several endoderm-derived tissues,
including the lung and intestine, which are lined by simple
columnar epithelium (Cai et al., 2010; Zhao et al., 2014
Gregorieff et al., 2015; Yui et al., 2018). Treatment with the YAP
inhibitor verteporfin, which blocks the interaction of YAP and its
binding transcription factor TEAD, inhibits epithelial
morphogenesis (Liu-Chittenden et al., 2012; Yui et al., 2018).
Conversely, overexpression of YAP or deletion of the YAP
suppressors Mstl and Mst2 (Stk3) leads to the expansion of stem/
progenitor cells in these organs (Camargo et al., 2007; Zhou et al.,
2011). By contrast, it remains largely unknown how YAP regulates
other endodermal organs, especially the esophagus where the
epithelium consists of stratified and squamous cells.

We set out to address this issue by using Yap loss/gain-
of-function mouse models and found that Yap is essential for the
generation of the stratified squamous epithelium in the esophagus
by regulating EPC proliferation. Additionally, YAP is important for
the development of the human esophagus as YAP inhibition or
knockdown reduces progenitor proliferation and stratification in 3D
hPSC-derived esophageal organoids. These findings therefore
support conserved roles for YAP in the development of both
mouse and human esophagus.

RESULTS

Dynamic changes in Yap subcellular localization in the
epithelium of mouse esophagus at early stages

We first sought to characterize Yap subcellular localization in the
developing mouse esophagus. We immunostained wild-type (WT)
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esophageal sections for Yap and Sox2, an early marker of EPC fate,
at key developmental stages of the esophagus. At E10.5, Yap
displayed a nuclear subcellular localization in all EPCs (Fig. 1A).
Strikingly, this localization pattern changed by E11.5, such that a
clearly differential Yap subcellular localization pattern emerged:
nuclear Yap was found solely in basally located EPCs, whereas
suprabasal cells were characterized by cytoplasmic Yap (Fig. 1B).
This differential Yap subcellular localization pattern remained
unchanged throughout the subsequent developmental stages

examined (Fig. 1C,D). Altogether, these observations demonstrate
that Yap accumulates in the nucleus of basally located EPCs at early
stages and basal cells at later stages, whereas suprabasal cells are
characterized by cytoplasmic Yap.

Yap is required for the proliferation of basal cells in the
developing mouse esophagus

Nuclear Yap is typically associated with transcriptional programs of
growth and proliferation (Mauviel et al., 2012; Varelas, 2014). We

Fig. 1. Yap deletion examined at
different developmental stages of the
mouse esophagus. (A,B) Yap expression
is incompletely ablated in the esophageal
epithelium of Shh-Cre; Yap'©®/ox° (Yap
KO) mutants at E10.5 and E11.5 (n=3).
Note the complete loss of Yap in the
ventral esophageal epithelium (arrows).
(C,D) Yap expression is completely
ablated in the esophageal epithelium of
Shh-Cre;Yap/©®oxp (Yap KO) mutants at
E12.5 and E18.5. Note that expression of
YAP is nuclear in EPCs at E10.5, and
nuclear expression of Yap is localized to
basally located EPCs at E11.5, E12.5 and
E15.5. Apically oriented cells express
cytoplasmic Yap starting at E11.5, E12.5
and E18.5. Note expression of both
cytoplasmic and nuclear staining of YAP in
wild type at E12.5 (arrows) and mostly
nuclear in the basal cells (arrows) at E18.5
(n=3). Dotted line encircles the epithelium.
d, dorsal; Epi, epithelium; es, esophagus;
tr, trachea; v, ventral. Scale bars: 20 ym.
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hypothesized that a Yap knockout (KO) at early stages of
esophageal development inhibits basal cell proliferation and
expansion. We deleted Yap using Shh-Cre, which is active in the
nascent EPCs when the esophagus separates from the early foregut
(Fig. 1A) (Rodriguez et al., 2010). Consistent with previous findings,
Shh-Cre; Yap'®?or (Ygp KO) mutants died at birth as a result of

respiratory failure (Mahoney et al., 2014). In Yap KO mutants, the
trachea and esophagus separated normally (Fig. S1A). Of note, Shh
expression in the esophagus is first induced in the ventral aspect of the
esophageal epithelium at E10.5, and subsequently spreads to the
dorsal aspect through E12.5 (Harris-Johnson et al., 2009). Consistent
with this, we observed Yap deletion in the ventral aspect of the

A
n
N
Y|
5 3
3 :
© =
= 8
£ &
3 |
WT Yap KO
C
8%— E12.5
|§ *
< 6%
&
©
L 4%-
T
T
@] S 90/ ]
: o I T
Q
@
= 0%-
WT Yap KO
D
E18.5
3% _x
~
= ==
8 2% -
o
+
™
I T
o 5 1%-
X
Q
L
0%-
WT Yap KO

Fig. 2. Yap deletion affects the development of the mouse esophagus. (A) Deletion of Yap reduces the size of the esophageal lumen and thickness

of the epithelium in Shh-Cre;Yap'©*P/o (Yap KO) mutants at E12.5 (n=5). Black dotted line encircles the epithelium. (B) Expression of the progenitor markers
p63 and Sox2 is maintained upon Yap deletion (n=3). Note the number of p63* basal cells is significantly reduced at E12.5. (C,D) Yap deletion decreases the
numbers of EPCs (p63*) and proliferating cells (pHH3*, arrows) at E12.5 (C) and E18.5 (D). White dotted line encircles the epithelium. Data represent
mean+s.e.m. (n=5). *P<0.05, ***P<0.001 by unpaired, two-tailed Student’s t-test. Scale bars: 20 pm.
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esophagus at E10.5 and E11.5 (Fig. 1A,B), and, by E12.5, continuing
to E18.5, the entire esophageal epithelium was devoid of Yap protein,
as assessed by immunofluorescence (IF) staining (Fig. 1C,D). EPC
specification was unaffected by the loss of Yap, as they maintained
expression of the anterior foregut marker Sox2 and basal cell marker
p63 in Shh-Cre; Yap'?"* mutants (Figs 1A and 2B). However,
although the E12.5 esophageal epithelium became multilayered
(28.8£1.2 pm thickness), Yap KO mutant esophageal epithelia were
significantly thinner (20.2+0.7 um, P<0.01; Figs 1C and 2A,B). The
numbers of p63" EPCs were also reduced at this stage in Yap KO
mutants (14.440.9/section) compared with WT (28.9+0.4/section,
P<0.01; Fig. 2B), suggesting that EPC proliferation was affected by
Yap loss. Immunostaining for the proliferation marker
phosphorylated histone H3 (pHH3) (5.6+£1.0% in WT versus 1.7
+1.1%, P<0.05 in Yap KO littermates; Fig. 2C), as well as in vivo 5-
ethynyl-2’-deoxyuridine (EdU) labeling (41.8+2.9% in WT versus
30.0+3.2%, P<0.05 in Yap KO littermates; Fig. S1B), demonstrated a
significant reduction in cell proliferation in Yap KO esophageal
epithelia. Although basal cell proliferation appeared to be attenuated
by E18.5 in WT conditions, this proliferation defect was still evident
in E18.5 Yap KO samples (Fig. 2D, Fig. S1C). Examination of
cleaved caspase-3 (Casp3) IF stain did not reveal evidence of
apoptosis upon Yap deletion (Fig. S2A). Together, these results
suggest that Yap positively regulates EPC proliferation during
esophageal development.

Conversion of the simple columnar esophageal epithelium into a
stratified squamous epithelium involves the loss and gain of several
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keratin proteins. Krt8 is enriched in EPCs at E12.5, but as suprabasal
cells mature they lose Krt8 expression and by E18.5 Krt8 is only
expressed in the top layers of differentiated cells. Concomitantly,
Krt4 and Krt13 are upregulated in the differentiating parabasal cells
by E15.5, whereas the undifferentiated basal cells express Krt5 (Yu
et al., 2005; Zhang et al., 2017).

Yap deletion affected the stratification of the esophageal epithelium.
This was noticeable at E15.5, but especially so at E18.5, at which stage
the esophageal epithelium was 18.9+4.6 um thick, compared with
37.8+3.2 um thick in WT (P<0.05; Fig. 3A,B). In addition, the lumen
lacked the characteristic papillae (Fig. 3B). Yap deletion did not affect
the initial expression of Krt8 at E12.5 (Fig. 4A). Krt8-expressing
suprabasal cells were detected at E15.5, and these cells co-expressed
Krt13, though their number was decreased compared with WT
littermates (Fig. 4A,B). By El18.5, the thickness of the Krt13*
suprabasal cell layer was reduced in the Yap KO mutants (Fig. 4C).
This could be due to the lack of supply of basal cell-derived suprabasal
cells. Notably, epithelial Yap deletion did not affect the differentiation
of mesenchymal progenitors into muscle cells (Fig. S2B).

Ectopic nuclear Yap activation promotes esophageal
hyperplasia

Given the dramatic hypoplastic phenotype upon Yap deletion, we
next investigated whether constitutive nuclear accumulation of Yap
in the esophageal epithelial cells generated an inverse phenotype.
To accomplish this, we generated Shh-Cre;Yap'®ror:R26Yar354
mutants (Yap OE). This Rosa26-driven construct results in the

E18.5

10

WT Yap KO WT Yap KO

Luminal area (x107 ym?)
Epithelial thickness (um)

20

WT Yap KO WT Yap KO

Luminal area (x108 pm?)
Epithelial thickness (um)

Fig. 3. Yap deletion reduces the number of epithelial layers and lumen size. (A,B) Yap deletion results in a flat and simplified esophageal epithelium
with a reduction in the size of the esophageal lumen and epithelial thickness at E15.5 and E18.5 (n=5 for each). Epi, epithelium. Black dotted line indicates the
border between the epithelium and mesenchyme. Data represent mean+s.e.m. (n=5). *P<0.05, **P<0.01, ***P<0.001 by unpaired, two-tailed Student’s t-test.

Scale bars: 20 pm.
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Fig. 4. Yap deletion reduces squamous stratification in the developing mouse esophagus. (A) Yap deletion leads to a simplified epithelium with a
reduced number of Krt8* cells at different stages of esophageal development. Note a few Krt8* cells (arrows) in E18.5 mutant esophagus and the thickness
of Krt8* cells is reduced (n=3). (B,C) Yap deletion reduces squamous differentiation and only a few cells on the top layer of the epithelium (arrows) express
Krt13 at E15.5 (B) and E18.5 (C) (n=5). The thickness of Krt13* cells is reduced in Yap KO mutants. Note the apical nonspecific staining of Krt8 and Krt13

in p63* basal cells of E18.5 mutant esophagus. Also note the normal shedding keratin in the middle of the esophageal lumen and that the thickness of Krt13* cells
is reduced at E15.5 and E18.5. Data represent mean+s.e.m. (n=5). *P<0.05, ***P<0.001 by unpaired, two-tailed Student’s t-test. Scale bars: 20 ym.

constitutive expression of Yap>S#, a human Yap allele that was fused

with a nuclear localization signal (NLS) and wherein five serines,
normally phosphorylated by Latsl/2 to induce cytoplasmic
sequestration of Yap, have been mutated into alanines, causing the
constitutive accumulation of Yap in the nucleus to activate Yap
transcriptional programs (Cotton et al., 2017). Thus endogenous Yap
is replaced entirely by constitutively nuclear Yap in Shh-Cre; Yap'™’
lop.R267eP>54 compound mutants, allowing us to investigate the
effect of nuclear accumulation of Yap in the absence of (endogenous)
cytoplasmic Yap in EPCs. We also generated Shh-Cre; Yap'®?'*;
R2674r354 wwhich retains one endogenous Yap allele and displayed a
similar phenotype as the Shh-Cre; Yap'®r"o;R26Y4P354 esophageal
epithelium. Thus, hereafter we only consider Shh-Cre; Yap'@¥"ox;
R2674354 compound mutants.

Yap overexpression caused a hyperplastic phenotype of the
esophageal epithelium (Fig. 5A, Fig. S3A). By EI18.5, the
esophageal epithelium lacked its stereotypical stratified
morphology, including papillae. Rather, the Yap OE epithelium
was circular in shape and was significantly thicker (37.8+3.2 um in

WT versus 110.0£8.7 um in Yap OE littermates, P<0.0001;
Fig. 5A).

Because Yap KO attenuated basal cell proliferation, we
hypothesized that basal cell hyperplasia was responsible for the
hyperplastic phenotype in Yap OE esophageal epithelium. Staining
for markers of basal (p63 and Krt5) and suprabasal (Krt8 and Krt13)
cells revealed that whereas p63"Krt5" basal cells generally retained
their basal position in the epithelium and mostly formed a single basal
layer, the Krt8 "Krt13" suprabasal cell populations were dramatically
expanded and had lost their characteristic stratified morphology.
These suprabasal cells were interspersed by sporadic p63*Krt5*
basal cells (Fig. 5C), demonstrating disorganization of the esophageal
epithelium. However, despite the Krt8"Krt13" suprabasal
hyperplastic phenotype, the majority of the suprabasal cells were
negative for the proliferation marker pHH3 (Fig. 5D). This suggested
that the hyperplastic phenotype was caused by hyperproliferative
basal cells that produce excess Krt8"Krt13* suprabasal cells.
Altogether, these data corroborate the notion that Yap promotes
esophageal basal cell proliferation during development.
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Fig. 5. Ectopic Yap promotes the proliferation and stratification of esophageal epithelium. (A) Yap overexpression increases the thickness of the
esophageal epithelium in Shh-Cre; Yap'©®/lox°:R26-Yap®SA (Yap OE) compound mutants (n=4). Black dotted line indicates the border between epithelium and
mesenchyme. (B) Thickness of the suprabasal cell layers (Krt8*) is increased in the esophagus of E18.5 Yap OE mutants (n=3). (C) Thickness of the basal cell
layers (p63* Krt5*) and differentiated cell layers (Krt13™) is increased in the esophagus of E18.5 Yap OE mutants (n=5). (D) Yap overexpression increases the
number of p63* basal cells and pHH3" proliferating epithelial cells (arrows) at E18.5 (n=6). Note the proliferating parabasal cells in mutants as shown in the
magnified view. Epi, epithelium. White dotted line encircles the epithelium. Data represent mean+s.e.m. (n=5). *P<0.05, ***P<0.001 by unpaired, two-tailed

Student’s t-test. Scale bars: 50 pm.

Nuclear Yap regulation of Notch signaling is involved in the
differentiation of esophageal basal cells into suprabasal cells
We next investigated potential mechanisms that might explain
how Yap controls the squamous differentiation of esophageal
basal cells. A previous study identified Notch signaling as an
important pathway in the differentiation of EPCs (Zhang et al.,
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2018) and several studies have demonstrated that Yap directly
activates Notch signaling by increasing the expression of Notch
ligands and receptors (Tschaharganeh et al., 2013; Yimlamai
etal., 2014). Thus, we investigated whether Yap modulates Notch
signaling in esophageal basal cells by immunostaining. In E18.5
WT mice, esophageal epithelium suprabasal cells stained robustly
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for nuclear cleaved NICDI1, a pattern corroborated by Notch3
staining, which is relatively enriched in the nuclei of suprabasal
cells and in the plasma membrane of basal cells, indicative of
Notch activation in suprabasal cells, but not basal cells (Fig. 6).
Yap deletion leads to reduced nuclear NICD1 and Notch3 staining,
whereas Yap OE esophageal epithelium displayed strong nuclear
NICDI staining in basal cell-adjacent suprabasal cells (parabasal
cells) (Fig. 6A). In line with these findings, the mRNA levels of
multiple ligands and receptors were decreased accompanied by
reduced expression of the Notch signaling downstream target
Hesl (Fig. S3B). Together, these findings suggest that Yap
crosstalks with Notch signaling during epithelial stratification in
the developing esophagus.

YAP plays a conserved role in hPSC-derived EPCs and YAP
inhibition leads to reduced proliferation and stratification of
3D EPC organoids

We next asked whether YAP is also required for the development of
human esophagus. To begin to address this issue, we followed the
protocol that we previously established to generate EPCs from
hPSCs (Zhang et al., 2018). Here, we used the human embryonic
stem cell line RUES2 (Fig. 7A). As previously described, we
obtained a high differentiation efficiency with more than 80% cells
being p63* EPCs (data not shown) (Zhang et al., 2018). We then
purified these EPCs with fluorescence-activated cell sorting (FACS)
using antibodies against the cell surface markers EPCAM and
ITGp4. Importantly, we noticed that YAP is enriched in the nuclei
of the purified p63* EPCs (Fig. 7A). The expression of YAP was
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mainly localized in the nucleus and was higher in the peripheral
cells of hPSC-derived esophageal organoids (Fig. S4A).

YAP inhibition by verteporfin did not affect the efficiency
of generating EPCs from the anterior foregut endodermal cells
(Fig. S4B). We then treated the purified EPCs with verteporfin, and
assessed whether blocking YAP affected EPCs in a 3D setting.
Expression of YAP downstream targets was significantly reduced by
verteporfin (Fig. S4C). Remarkably, verteporfin treatment reduced
the number and size of 3D esophageal organoids (Fig. 7B). In line
with these findings, the numbers of p63'Ki67" cells were
significantly reduced in individual organoids following drug
treatment (Fig. 7C). Furthermore, YAP inhibition also reduced the
stratification of the hPSC-derived-esophageal organoids as shown by
expression of the basal cell marker p63 and suprabasal cell marker
KRT13 (Fig. 7D). To confirm the role of YAP signaling in the growth
of hPSC-esophageal organoids, we used siRNA to knock down YAP
specifically. Consistently, YAP knockdown led to reduced expression
of downstream targets (Fig. S4D). YAP knockdown also significantly
reduced the numbers and sizes of organoids (Fig. 7E), accompanied
by decreased proliferation and stratification of esophageal epithelium
(Fig. 7F,G). Taken together, these results indicate that YAP plays
conserved roles in regulation of the proliferation and squamous
differentiation of hPSC-derived esophagus in a 3D setting.

DISCUSSION

Establishment of a stratified squamous epithelium in the esophagus
requires coordinated proliferation and differentiation of EPCs. Here,
we combined mouse genetic models and hPSC differentiation to

Fig. 6. Yap crosstalks with Notch during the differentiation of
EPCs in the developing mouse esophagus. (A) Yap deletion
and overexpression reduces and increases expression of cleaved
NICD1, a Notch signaling effector, respectively. Note NICD1
expression is enriched in the nuclei of suprabasal cells at E18.5
(n=3 for each). (B) Yap deletion reduces expression of Notch3 in
the developing mouse esophagus at E18.5 (n=3). Note that
Notch3 is relatively enriched in the nuclei of parabasal cells
(arrows), in contrast to relative enrichment in the plasma
membrane of basal cells (arrowheads). Epi, epithelium. White
dotted line indicates the basement membrane. Scale bars: 40 um.
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Fig. 7. YAP is required for the growth of organoids established with hPSC-derived EPCs. (A) Schematic of the experimental protocol describing YAP
inhibition and knockdown in organoids established with human embryonic stem cell RUES2-derived EPCs. Note YAP is expressed in p63* SOX2* EPCs. (B) YAP
inhibition with verteporfin (VP) reduces the numbers and size of esophageal organoids (n=3). (C) YAP inhibition with VP reduces the proliferation (Ki67*) of EPCs
(n=6). (D) YAP inhibition reduces the stratification of hPSC-derived esophageal organoids. (E) YAP knockdown by siRNA reduces the numbers and size of
esophageal organoids (n=3). (F) YAP knockdown reduces the proliferation (Ki67*) of EPCs (n=5). (G) YAP knockdown reduces the stratification of hPSC-derived
esophageal organoids. Data represent mean+s.e.m. *P<0.05, ***P<0.001 by unpaired, two-tailed Student’s t-test. Scale bars: 20 ym.

demonstrate that Yap is primarily a crucial regulator of EPC to be evolutionarily conserved, as YAP inhibition or knockdown
proliferation, and that Yap, by controlling EPC proliferation, may similarly leads to reduced number, size and stratification of hPSC-
indirectly impact subsequent epithelial stratification. This role appears  derived esophageal organoids.
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We showed that basally located EPCs retain nuclear Yap
throughout esophageal development. This agrees with previous
findings in pulmonary and epidermal basal cells (Zhang et al., 2011;
Mabhoney et al., 2014; van Soldt et al., 2019). In these systems, the
nuclear Yap is required for basal cell maintenance: Yap-deficient
basal cells differentiate aberrantly, and constitutive nuclear Yap
accumulation causes basal cell hyperplasia (Zhang et al., 2011).
Surprisingly, we found that esophageal basal cells were not ablated
upon Yap deletion. Thus, Yap seems to be required for the
proliferation, but not for the initial specification and maintenance, of
basal cells during esophageal development.

Yap is sequestered to the cytoplasm in differentiating basal cells,
as was demonstrated in the developing and adult tracheal and
epidermal epithelia. In these tissues, cytoplasmic Yap sequestration
is a requirement for differentiation. Constitutive nuclear Yap
accumulation inhibits the differentiation of airway epithelial
progenitors in the developing lung as well as adult epidermal basal
cells, but also causes ectopic expression of basal cell markers in adult
tracheal epithelial cells (Zhang et al., 201 1; Mahoney et al., 2014; Zhao
et al., 2014; Elbediwy et al., 2016). Indeed, we found that esophageal
suprabasal cells are also characterized by cytoplasmic Yap. However,
overexpression of constitutive nuclear Yap did not hinder esophageal
suprabasal cell differentiation. To the contrary, we observed
aberrant expansion of the Krt8"Krt13"* suprabasal population despite
ectopic nuclear Yap accumulation, presumably due to basal cell
hyperproliferation and increased production of basal cell-derived
suprabasal cells. Thus, our data are compatible with a model wherein
Yap plays a role in the regulation of basal cell proliferation, but not
maintenance of basal cell identity, as it does in epidermal or tracheal
basal cells. Intriguingly, we were able to replicate these roles in hPSC-
derived esophageal organoids, suggesting possible evolutionary
conservation of these roles of Yap in esophageal development.

The mechanisms by which Yap exerts its regulatory role in the
esophageal basal cells are an area for further study. One candidate of
interest is Notch signaling, as generation of a stratified squamous
epithelium involves the activity of Notch, and suppression of Notch
signaling leads to reduced squamous differentiation (Zhang et al.,
2018). Here, we provide evidence for Yap-Notch crosstalk during
esophageal development, perhaps through inhibition of Notch
activation in suprabasal cells.

Significantly, increased levels of both cytoplasmic and nuclear
YAP have been found in dysplastic esophageal epithelium and
esophageal malignancies (Lam-Himlin et al., 2006; Song et al.,
2014 2015; Wang et al.,, 2018). YAP activation and nuclear
localization is necessary for the anterior gradient homolog 2
(AGR2)-induced upregulation of the EGFR ligand amphiregulin in
esophageal adenocarcinoma cell lines (Dong et al., 2011). In
addition, the YAP-associated transcription factor p73 (TP73) is
enriched in basal progenitor cells of the adult human esophagus
(Strano et al., 2001; Matsha et al., 2007) and high levels of p73 are
correlated with an increased risk of esophageal squamous cell
carcinoma (ESCC) following human papillomavirus infection
(Matsha et al., 2007). Our studies demonstrated that YAP is also
enriched in EPCs of the developing esophagus. YAP inhibition
leads to severely reduced proliferation of mouse and hPSC-derived
EPCs. Conversely, overactivation of YAP leads to expanded EPCs,
confirming that YAP is a crucial regulator of cell proliferation.
We have previously shown that basal progenitor cells serve as the
cell of origin for both ESCC and esophageal adenocarcinoma
(Liu fet al., 2013; Jiang et al., 2017). It is possible that YAP acts as
an oncogene to transform these EPCs at the very early stages of
these malignancies.

In summary, we utilized mouse genetic models and hPSC
differentiation to identify that Yap is a crucial regulator of
esophageal epithelial morphogenesis. Inhibition of Yap by
genetic ablation or verteporfin administration leads to reduced
EPC proliferation. Conversely, ectopic nuclear accumulation of Yap
promotes EPC proliferation and excess production of suprabasal
cells, causing epithelial thickening. Our findings not only
provide important insights into the mechanism regulating
esophageal development in both mouse and human, but also
offer the first genetic evidence that Yap is an important modulator
of epithelial proliferation in the esophagus. Significantly, ESCCs
with high levels of Yap have a low survival rate, and Yap can
serve as an independent predictor for poor prognosis (Muramatsu
et al, 2011). In light of these studies, our findings may
have implications for the search for therapeutic targets against
esophageal malignancy.

MATERIALS AND METHODS

Animal maintenance

Shh-Cre (Harfe et al., 2004), Yap'®?/ o (Camargo et al., 2007) and
R26Y4P354 (Cotton et al., 2017) mouse lines have been described previously.
Mouse strains were maintained on a C57BL/6 and 129SvEv mixed
background, were analyzed at 8-24 weeks of age, and both sexes were used.
Tail DNA was used to genotype mice. Mice were maintained under
pathogen-free conditions with a 12-h light/night cycle. Food and water were
provided ad libitum and experimental procedures were conducted according
to protocols approved by the Columbia University Institutional Animal Care
and Use Committee (IACUC).

Differentiation and 3D organoid culture of hPSC-derived EPCs

The RUES2 human pluripotent stem cell line (Rockefeller University
Embryonic Stem Cell Line 2, NIH approval number NIHhESC-09-0013)
was kindly provided by the Mount Sinai Stem Cell Core facility and cultured
as previously described (Zhang et al., 2018). This cell line has recently been
authenticated and tested for contamination. To maintain RUES2 cells, CF-1
MEF (MTI-GlobalStem) mitotically arrested by irradiation was plated at a
density of ~25,000 cells/cm?. The next day, RUES2 cells were cultured on
mouse embryonic fibroblasts in maintenance medium: 400 ml DMEM/F12
(Thermo Fisher Scientific), 100 ml KnockOut Serum Replacement
(Thermo Fisher Scientific), 5 ml GlutaMAX (Thermo Fisher Scientific),
5 ml MEM non-essential amino acids solution (Thermo Fisher Scientific),
3.5 ul 2-mercaptoethanol (Sigma-Aldrich), 1 ml primocin (Thermo Fisher
Scientific) and FGF2 (R&D Systems) at a final concentration of 20 ng/ml to
make a total volume of ~500 ml. Cells were kept in an incubator of 95%
humidity, 95% air and 5% CO, at 37°C. For passaging, cells were incubated
with Accutase/EDTA (Innovative Cell Technologies) for 2 min and splitata
ratio of 1:20. Human embryonic stem/induced pluripotent cell research was
conducted under the approval of the Columbia University Human
Embryonic and Human Embryonic Stem Cell Research Committee. Cells
were cultured in serum-free differentiation (SFD) medium during
differentiation induction. SFD medium was prepared as follows: 750 ml
reconstituted IMDM (Thermo Fisher Scientific), 250 ml F-12 (Corning),
7.5ml 7.5% Bovine Albumin Fraction V Solution (Thermo Fisher
Scientific), 10 ml GlutaMAX (Thermo Fisher Scientific), 10 ml B27
(Thermo Fisher Scientific), 5 ml N2 (Thermo Fisher Scientific), 10 ml
Penicillin/Streptomycin (Thermo Fisher Scientific), 50 pg/ml L-ascorbic
acid (Sigma-Aldrich) and 0.04 ul/ml MTG (Sigma-Aldrich). Endoderm was
induced with SFD medium supplemented with 10 uM Rock inhibitor
Y-27632 (Tocris), 100 ng/ml Activin A, 2.5 ng FGF2 and 0.5 ng/ml BMP4
(R&D Systems) in 6-well Ultra-Low-Attachment plates (Corning) for
3 days. Anterior foregut progenitor cells were differentiated using SFD
medium supplemented with 10 uM SB431542 (Tocris) and 100 ng/ml
Noggin (R&D Systems) for 2 days. To induce esophageal differentiation,
cells were further cultured with SFD medium supplemented with 100 ng/ml
epidermal growth factor (EGF), 100 ng/ml Noggin and 10 uM SB431542
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another 10 days and SFD medium supplemented 100 ng/ml EGF for 8 days.
EGF was added to SFD medium to promote cell growth. The specification of
EPCs was confirmed by the expression of p63 and SOX2. EPCs were
re-plated and cultured for 5 days and purified with EPCAM and ITGR4
surface markers. For 3D organoid culture 25, 000 ITGB4™ EPCAM™ sorted
EPCs in 75 ul medium were mixed with 75 pl Matrigel (Corning) in 24-well
cell culture inserts (Falcon) and cultured for 2 weeks. The 3D organoid
culture medium included SFD medium supplemented with 200 ng/ml EGF,
10 uM Y27632, 100 ng/ml noggin, 10 uM SB431542, 3 uM CHIR99021
and 20 ng/ml FGF2 (Zhang et al., 2018). To inhibit YAP signaling, 100 nM
verteporfin was added into the medium and DMSO vehicle was used as
control. For YAP knockdown, cells were transfected with YAP siRNA or
control siRNA (Santa Cruz Biotechnology, sc-38637 and sc-37007,
respectively) using Lipofectamine RNAIMAX (Thermo Fisher Scientific).

Quantitative real-time polymerase chain reaction (QRT-PCR)

Total RNA was extracted using the RNeasy Plus Universal Mini Kit
(Qiagen) and reverse transcribed using the SuperScript IV First-Strand
Synthesis System (Thermo Fisher Scientific). All the amplifications were
performed in the StepOnePlus Real-Time PCR System (Applied
Biosystems) using SYBR Green Supermix (Bio-Rad). All experiments
were performed at least in triplicate. Transcript levels of all genes were
normalized to B-actin using 2(~**“T) method. The fold change of each gene
was calculated as fold change of the indicated samples. qRT-PCR primer
sequences are listed in Table S2.

Hematoxylin & Eosin staining, immunofluorescence, and
microscopy imaging

For paraffin sections (8 um), tissues were fixed in 4% paraformaldehyde
(PFA) at 4°C overnight, dehydrated with ethanol and Histoclear and
embedded in paraffin. For cryosections (8 um), tissues were fixed in 4%
PFA in 1x PBS at 4°C overnight, infiltrated with 30% sucrose in 1x PBS
overnight or until the tissue sinks, and embedded in OCT. Cells in culture
were fixed in 4% PFA in 1x PBS at room temperature for 15 min. For
Hematoxylin & Eosin (H&E) staining, tissues were stained with
Hematoxylin solution for 5 min and rinsed with deionized water. Tissue
was then stained with Eosin solution for 1 min and dehydrate with ethanol and
mounted with Permount Mounting Medium (Fisher Scientific). To perform
immunofluorescence staining, primary antibodies were incubated on the
tissue at 4°C overnight and the next day further stained by secondary
antibodies conjugated to Alexa Fluor 488, 568, Cy3 and 647 (Thermo Fisher
Scientific, Jackson ImmunoResearch; Table S1) for 2h. For EdU
incorporation, pregnant mice were administered 1 mg (5 mg/ml stock
solution in PBS) EdU solution (Thermo Fisher Scientific, C10340) by
intraperitoneal injection 2 h prior to embryo harvest. EAU incorporation was
assessed using Click-iT EdU Alexa Fluor 647 Imaging Kit (Thermo Fisher
Scientific, C0340). Images were taken using a DMi8 fluorescence microscope
(Leica Microsystems) and a Zeiss LSM700 confocal laser scanning
microscope (Carl Zeiss). Brightfield images were acquired using a Nikon
SMZ1500 inverted microscope (Nikon). Antibodies are listed in Table S1.

Quantification and statistical analysis

Data were analyzed using GraphPad Software Prism 6 and are presented as
mean-+s.e.m. Statistical significance was determined by two-tailed, unpaired
Student’s r-tests. For multiple groups, one-way ANOVA was used for
comparisons followed by Bonferroni correction. At least three biological
replicates were determined for each analysis. P-values of 0.05 or less were
considered to be statistically significant.
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