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SUMMARY

Intestinal homeostasis is tightly regulated by the reciprocal interaction between the gut epithelium and adja-
cent mesenchyme. The Hippo pathway is intimately associated with intestinal epithelial homeostasis and
regeneration; however, its role in postnatal gut mesenchyme remains poorly defined. Here, we find that
removal of the core Hippo kinases Lats1/2 or activation of YAP in adult intestinal smooth muscle layers
has largely no effect; however, Hippo-YAP signaling in the niche-forming Gli1+ mesenchymal cells plays
intrinsic roles in regulating intestinal homeostasis. We find that Lats1/2 deletion drives robust mesenchymal
over-proliferation, and YAP activation in Gli1+ pericryptal cells disrupts the intestinal epithelial-mesenchymal
crosstalk via promoting Wnt ligand production. We show that YAP is upregulated in the stroma during
dextran sodium sulfate (DSS)-induced injury, and mesenchymal YAP activation facilitates intestinal epithelial
regeneration. Altogether, our data suggest an important role for mesenchymal Hippo-YAP signaling in the

stem cell niche during intestinal homeostasis and pathogenesis.

INTRODUCTION

The mammalian gastrointestinal tract comprises the endo-
dermis-derived epithelium surrounded by adjacent mesoderm-
derived mesenchyme. Continuous crosstalks between these
two tissue layers are critical for intestinal development and post-
natal homeostasis." However, compared to the intestinal
epithelium, the genetic and molecular mechanisms governing
mesenchymal growth, differentiation, and homeostasis are un-
der-studied and poorly understood. It is known that mesen-
chymal/stromal dysfunction is closely associated with human
digestive tract diseases.’ Recent studies have also demon-
strated that subepithelial mesenchymal cells form the essential
Whnt-secreting niche needed to sustain intestinal epithelial stem
cells in the crypt,>* therefore playing a pivotal role in controlling
intestinal homeostasis.

The Hippo pathway, originally identified in Drosophila as an or-
gan size control pathway, consists of a core kinase cascade,
Mst1/2 and Lats1/2, which phosphorylate and inactivate the
transcriptional co-activators YAP and TAZ. Upon upstream Hip-
po signaling inactivation, YAP and TAZ translocate into the nu-
cleus and interact with the TEAD family of transcription factors,
thereby inducing downstream gene expression.* ' Work from
us and many others demonstrated a critical requirement for
epithelial Hippo signaling in intestinal stem cell maintenance
and regeneration.®'"~® Furthermore, our prior work also uncov-
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ered the previously unappreciated requirement of YAP/TAZ in
the embryonic gut mesenchyme, linking the Hippo-YAP pathway
to intestinal mesenchymal homeostasis.'” We found that YAP
and TAZ function as a molecular switch to coordinate mesen-
chymal growth and patterning in the developing gut.'” However,
the precise role of Hippo-YAP signaling in the stromal compart-
ment of the adult intestine remains largely unknown.

In this study, we explored the function of stromal Lats1/2, the
core Hippo kinases, during intestinal homeostasis, focusing on
their roles in the subepithelial mesenchymal populations within
the stem cell niche. We found that Hippo signaling controls the
proliferation of the Gli1* niche-forming mesenchymal cells and
regulates intestinal epithelial-mesenchymal crosstalk. Our data
also show that YAP activation in the mesenchyme promotes
intestinal epithelial regeneration following injury.

RESULTS

Hippo-YAP signaling status in postnatal intestinal
mesenchyme

To explore mesenchymal Hippo-YAP signaling during intestinal
homeostasis, we first examined the expression of YAP/TAZ in
the adult intestine. Immunohistochemical (IHC) staining and
immunoblotting for YAP/TAZ showed that YAP and TAZ were
highly expressed in the intestinal mesenchyme in comparison
to the intestinal epithelium (Figures 1A and 1B), which is
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consistent with our prior report of higher YAP/TAZ activity in the
mesenchyme of embryonic gut.'” Among the postnatal mesen-
chymal compartments, we found that the YAP/TAZ levels were
significantly higher in the outer smooth muscle layers than those
in the subepithelial mesenchymal cells (Figure 1B), which is
further confirmed by our quantitative reverse-transcription PCR
(gRT-PCR) analysis of the transcription of bona fide YAP/TAZ
target genes, Ctgf and Ankrd1, in these cells (Figure 1C). These
data suggested that the differentiated smooth muscle cells have
higher baseline YAP/TAZ activation than the subepithelial
mesenchymal populations.

Disruption of Hippo-YAP signaling in intestinal smooth
muscle
To investigate the role of Hippo-YAP signaling in adult intestinal
smooth muscle cells, we either crossed the floxed Lats1/2 alleles
(Lats1/2 ™™)'8 or the conditional active YAP allele, R26"AF>5417
to smooth muscle cell-specific Myh11°°ER.1° Recombination
was induced in adult animals via tamoxifen intraperitoneal injec-
tions at post-natal day 30 (P30). In the R26Y47°54 allele we gener-
ated, YAP5SA, a constitutively active form of YAP that has five
canonical LATS phosphorylation sites mutated from serine to
alanine®® and carries a C-terminal IRES-nuclear B-galactosidase
tag, was targeted into the Rosa26 locus.'” We found surprisingly
that Lats1/2 deletion or constitutively active YAP expression in
the smooth muscle layers did not significantly change the overall
intestinal morphology, even 80 days following tamoxifen induc-
tion in both Myh11°ER: | ats1/2 - and Myh11°ER; RogYAFSSA
mutants (Figure 1D). Our gRT-PCR analysis detected the
elevated expression levels of YAP/TAZ targets Ctgf and Ankrd1,
confirming YAP/TAZ activation in Lats1/2-mutant animals (Fig-
ure 1F). IHC analysis of B-galactosidase in Myh11°eER;
R26Y4P5SA mutants following tamoxifen injection showed nu-
clear signal exclusively in the smooth muscles of both intestine
and colon, indicating transgenic YAP®SA expression (Figure 1G).
Our analyses further revealed that Lats1/2 deletion or YAP
activation in gut smooth muscle cells could not induce significant
proliferation, measured by Ki67 staining (Figures 1E and 1H), and
there is little or no change in smooth muscle thickness between
control and mutant animals (Figure 1l). In addition, we did not
observe significant changes in the growth and differentiation of
the intestinal epithelia in mutant animals (Figure S1). Although
we could not observe mutant animals beyond 90 days after
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tamoxifen injection due to the overall health deterioration of
mutant mice, including severe skin lesions, these data sug-
gested that disruption of Hippo-YAP signaling via Lats1/2 dele-
tion or constitutive YAP activation did not generate an obvious
phenotype in the terminally differentiated intestinal smooth mus-
cle cells.

Lats1/2 deletion and YAP activation drive over-
proliferation of niche-forming Gli1+ mesenchymal cells
We next explored Hippo-YAP function in the subepithelial
compartment of the intestinal mesenchyme. Our effort was
focused on the critical mesenchymal populations that form the
intestinal stem cell niche. Gli1-expressing cells have recently
been identified as one of the major subepithelial mesenchymal
populations serving as a major source of Wnt ligands, and these
pericryptal Gli+ cells have been demonstrated to be essential
for the maintenance of the stem cell niche and intestinal
homeostasis.’

To determine the role of Hippo-YAP signaling in this critical
niche-forming mesenchymal cell population, we crossed the
Gli1°*ER?2_inducible Cre mice to the floxed Lats1/2 alleles or
R26Y4P5SA The mutant mice were treated with tamoxifen via
intraperitoneal injection at P30 to induce Cre-mediated recombi-
nation. At 2 months following tamoxifen induction, pronounced
overgrowths were detected in the small intestine and colon of
the mutant animals (Figures 2A and S2). These overgrowth
areas exhibited disturbed epithelial architecture and drastic
mesenchymal expansion (Figures 2A and S2). In the Gli1°EF;
Lats1/2 ™™ mice, IHC of YAP and TAZ showed nuclear YAP/
TAZ staining within the expanded mesenchyme (Figure 2B),
indicating YAP/TAZ activation induced by Lats1/2 deletion. In
Gli1CER; R26Y4PSA mice, IHC of nuclear B-galactosidase
demonstrated that YAP5SA transgene expression in the over-
growth regions occurred exclusively in the vimentin-expressing
mesenchymal cells (Figures 2C and S2). Furthermore, immuno-
fluorescence staining of YPA and vimentin demonstrated the
localization of nuclear YAP in vimentin* cells in the mesenchymal
overgrowths detected in the GIi1°®EF; Lats1/2 ™™ mice (Fig-
ure 2D). In comparison to the control pericryptal mesenchyme
cells, the mesenchymal cells carrying Lats1/2 deletion or
YAP5SA expression were also highly proliferative, measured
by Ki67 or PCNA staining (Figures 2E, 2F, and S2). Together,
these data showed that YAP/TAZ activation can drive

Figure 1. Disruption of Hippo-YAP signaling in adult intestinal smooth muscle

A) Immunohistochemistry of YAP/TAZ in control intestine, showing YAP/TAZ staining in intestinal epithelia, subepithelial stroma, and smooth muscle layers.
B) Immunoblot analysis of YAP/TAZ and GAPDH in intestinal epithelia, stroma, and smooth muscle.

C) Real-time PCR analysis showing relative mRNA levels of Ankrd1 and Ctgf mRNA levels in intestinal stroma, smooth muscle, and epithelia.

E) Immunohistochemical Ki67 staining in intestine and colon of control, Myh11°°ER: RogYAPSSA and Myh11°7°EF; Lats1/2 ™™ animals. Scale bar, 50 pm.
F) Real-time PCR analysis of Ctgf and Ankrd1 mRNA levels in control and Myh11°7°EF; Lats1/2 "/ mutant smooth muscle cells.

(o
(
(
(D) Histology of intestine and colon of control, Myh11°°ER; R26YAPSSA and Myh11°7°EF; Lats1/2 /™ animals. Scale bar, 50 pm.
(
(
(

G) Immunohistochemistry of B-galactosidase (5-gal) in the intestine and colon of Myh11°7ER; Ro6YAP5SA animals. Stroma-smooth muscle boundary is indicated

by dashed line. Scale bar, 50 um.

(H) Quantification of thickness of smooth muscle layer in the intestine and colon of control, Myh11°ER; R26YAPSSA and Myh11°°EF; Lats1/2 ™™ animals. n = 27

per group per anatomical location.

(1) Quantification of Ki67* smooth muscle cells in the smooth muscle layer in the intestine and colon of WT, Myh11S7ER; Ro6YAP5SA and Myh11°7°ER; Lats1/2 /"

animals.
Data are mean + SEM, “p < 0.05, **p < 0.01, ns: not significant.
See also Figure S1.
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over-proliferation of Gli1-expressing subepithelial mesenchymal
cells and induce intestinal overgrowth.

SMA downregulation in mesenchymal overgrowth
induced by Hippo inhibition

Previous studies showed that the Gli1-expressing stromal cells
located near the bases of intestinal crypts exhibit the character-
istics of mesenchymal progenitors that are capable of undergo-
ing differentiation of several lineages, including smooth muscle
actin (SMA)-expressing myofibroblasts.”’ Interestingly, we
noticed that SMA expression was markedly reduced in the
mesenchymal overgrowths induced by Gli1¢*F-induced YAP
activation or Lats1/2 deletion when compared to the stromal
compartment in control animals (Figure 3A). Our gRT-PCR anal-
ysis also showed that SMA transcription was downregulated in
the subepithelial stroma isolated from Gli1°EF; Lats1/2™m/™
and Gli1°®ER; R26YAP%S4 mice (Figure 3B). These data raised
an intriguing possibility that YAP/TAZ may be involved in regu-
lating SMA expression or the differentiation potential of Gli1*
mesenchymal cells.

To further explore this phenotype, we generated the GIi1°EF;
R26™7MG mice by crossing Gli1°"®EF with the R26™ 7™ reporter
allele.?® R26™7/™C is a cell membrane-targeted, two-color fluo-
rescent Cre-reporter allele that expresses membrane-targeted
Tomato (mT) prior to Cre-mediated excision and membrane-tar-
geted GFP (mG) after excision.”® Following tamoxifen injection in
Gli1°ER; R26™TMG mice, we found that mGFP* cells were
readily detected in the pericryptal stromal regions (Figure 3C).
Immunofluorescence staining showed that all GFP* cells ex-
pressed vimentin, a pan-mesenchymal marker, and a subset of
them were SMA positive (Figures 3C, 3E, 3F, and 3H), consistent
with the idea that these Gli1+ cells are likely the mesenchymal
progenitors that can differentiate into SMA-expressing
myofibroblasts.”’

We then calculated the percentage of vimentin® or SMA* cells
in GFP* cells from the control G/i1®"; R26™"™G mice and
compared it with the percentage of vimentin* or SMA* cells
in B-galactosidase* YAP5SA-expressing mutant cells in the
mesenchymal overgrowth from Gli1C®ER; R26YAPSSA mice
(Figures 3C-3H). As expected, almost all control and YAP5SA-
expressing cells expressed vimentin (Figures 3F-3H), whereas
immunofluorescence staining of B-galactosidase and SMA in
mesenchymal overgrowths showed very little co-expression in
cells (Figures 3D and 3E). Together, these results suggested
that, in addition to driving their proliferation, YAP/TAZ activation
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may also be able to alter the differentiation potential of the Gli1*
mesenchymal progenitors.

Mesenchymal Hippo pathway regulates epithelial-
mesenchymal crosstalk by promoting Wnt production
Gli1-expressing cells in the stem cell niche have been demon-
strated to serve as one of the major sources of Wnt ligands
and agonists, and they are essential for maintaining the epithelial
stem cells.>"?* We examined whether Hippo-YAP signaling reg-
ulates Wnt expression in the Gli1* cells. We measured the mRNA
levels of Wnt ligands in the isolated intestinal mesenchymal cells
with and without Hippo pathway inhibition. We found that Lats1/
2 deletion or YAP5SA expression in Gli1* cells leads to higher
levels of several Wnt ligands and agonists, including Wnt2,
Wnt2b, Wnt4, Rspo1, and Rspo3 (Figure 4A). Furthermore, we
also performed gRT-PCR analysis of neuregulin 1, a key mesen-
chymal epidermal growth factor family ligand that plays a critical
role in intestinal stem cell regeneration.25 In addition, we also
measured the mRNA levels of bone morphogenetic protein
(BMP) family members, including BMP2, BMP3, BMP5, and
BMP7, which have been reported to be expressed in the stem
cell niche and regulate intestinal homeostasis.”**®* We found
that YAP/TAZ activation in Gli1+ cells did not significantly
change the expression of these BMP factors (Figure S3A).
Together, these data suggest an important role of mesenchymal
Hippo-YAP signaling in regulating the production of stem cell
niche factors, such as Wnt ligands and agonists.

Next, we focused on analyzing the effect of YAP/TAZ activa-
tion in Gli1* mesenchymal cells on epithelial Wnt pathway activ-
ity. We measured the expression levels of the well-established
intestinal Wnt target genes, such as Axin2 and Cd44. We found
that Lats1/2 deletion or YAP5SA expression in Gli1* cells signif-
icantly increased the transcription of Axin2 and CD44 in the
isolated intestinal epithelia from Gli1°®EF; Lats1/2™" and
Gli1CER; Ro6YAPSSA mice following tamoxifen injection (Fig-
ure 4B). In the mesenchymal overgrowths detected in these
mice, our IHC for CD44 and Sox9 (another epithelial Wnt target)
showed that they were highly expressed in the epithelia adjacent
to areas of mesenchymal overgrowths, and their expression
levels are comparable to those in the crypt where Wnt signaling
is normally activated (Figures 4C and 4D). We also examined
whether mesenchymal YAP/TAZ activation will reciprocally
regulate epithelial YAP/TAZ levels or activation of Src
kinase, which is involved in YAP/TAZ-related mechano-trans-
duction and tissue remodeling.’ Our IHC for YAP/TAZ and

Figure 2. Hippo inhibition drives proliferation of niche-forming Gli1+ mesenchymal cells
(A) Histology of intestine and colon of control, GIi1°°EF; Lats1/2 /™ and GIi1°EF; R26YAP5SA mice. Scale bar, 50 pm.
(B) Immunohistochemistry of YAP/TAZ and vimentin in mesenchymal overgrowths of Gli1°"E%; L ats1/2 /™ mice. Inserts show staining in the area indicated by the

dashed box. Scale bar, 50 um.

(C) Immunohistochemistry of p-galactosidase (B-gal) and vimentin in mesenchymal overgrowths of Gli1"ER; R26Y4P554 mice. Inserts show staining in the area

indicated by the dashed box. Scale bar, 50 um.

(D) Immunofluorescence staining of YAP and vimentin in mesenchymal overgrowths of Gli1°°t7; Lats1/2 /™ mice. Inserts show co-staining of YAP and vimentin

in area indicated by dashed box. Scale bar, 50 um.

(E) Immunohistochemistry of Ki67 staining in control intestine and mesenchymal overgrowths in Gli1EF; Lats1/2 /T Gli1°ER; R26YAPSSA: pdgfr3CreEh:

R26YAP5SA

mice. Epithelia-mesenchyme boundaries are indicated by dashed lines. Me, mesenchyme; Ep, epithelia. Scale bar, 50 um.

(F) Quantification of Ki67+ mesenchymal cells in control, Gli1°®5F; Lats1/2 ™™, and GIi1°EF; R26YAP5SA,

Data are mean + SEM. **p < 0.01, **p < 0.001.
See also Figure S2.
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phosphor-Src (pSrc) showed that YAP/TAZ expression and Src
activity did not significantly change in the epithelium. However,
we did detect an increased level of pSrc staining in the mesen-
chyme (Figure S3B). Altogether, these data suggested that
YAP/TAZ in Gli1* cells regulate the mesenchymal-epithelial
crosstalk, at least in part by promoting mesenchymal Wnt ligand
production leading to the elevated Wnt pathway in the
epithelium.

Mesenchymal YAP activation facilitates epithelial
regeneration following injury
Whnt signaling is crucial for stem cell renewal and regeneration
following injury.®?°=" Since our data suggested that YAP activa-
tion within the mesenchymal compartment upregulates epithelial
Wnt signaling (Figure 4), we hypothesized that mesenchymal
YAP activation may expedite intestinal regeneration after injury.

To test this hypothesis, we utilized the intestinal injury model
induced by the compound dextran sodium sulfate (DSS), regu-
larly used in vivo to model colitis in mice.*> DSS-induced injury
is characterized by massive epithelial death, impairment of glan-
dular architecture, and inflammation. We treated adult male an-
imals with 2.5% DSS in their drinking water for 7 days, after
which we replaced DSS water with regular water and allowed
an additional 14 days for recovery (Figure 5A). Pathological eval-
uation revealed severe epithelial damage following 7 days of
DSS treatment (day 7), in which the wounded areas exhibited
an absence of glandular architecture and significantly less
epithelial layer (Figure 5D). As recovery progressed, colonic mu-
cosa exhibited wound-healing activities, including forming
nascent crypts flanking the wound and epithelial differentiation
at the wound’s surface (Figure 5D). IHC staining of CD44 showed
that the nascent crypts exhibited high Wnt pathway activation,
and terminal differentiation of epithelial cells during recovery
was revealed by the staining of Keratin 20 (Figure 5B). Interest-
ingly, we noticed that mesenchymal expression of YAP/TAZ dur-
ing injury and subsequent recovery was significantly higher than
its levels in the mesenchyme before injury or after recovery (Fig-
ure 5B). Our gRT-PCR analysis of the mRNA levels of the YAP/
TAZ target genes, Ctgf and Ankrd1, also showed that in addition
to the epithelial compartment, the expression of Ctgf and Ankrd1
in the mesenchyme was markedly increased during injury and
subsequent recovery period but reverted to the baseline level af-
terrrecovery (Figure 5C). These data suggested an intriguing pos-
sibility that mesenchymal YAP/TAZ activity may potentially aid in
epithelial regeneration.

Prior reports have also demonstrated that Wnt-secreting Gli1*
mesenchymal cells not only serve as the essential niche for the
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intestinal stem cells at the normal state, but they are also mark-
edly expanded after DSS treatment, indicating their involvement
in epithelial recovery from injury.?’ Thus, to examine the effect of
YAP activation in the Gli1™ mesenchymal cells on intestinal
regeneration, Gli1°°ER; R26YAPSSA or GIi1CeER,; R2EYAFSSA,
R26™7'MG mice were injected with tamoxifen to induce Cre
recombination followed by DSS treatment. We found that,
compared to control mice, Gli1°ER; R26YAF%5A mice showed
significantly more robust recovery from injury. On day 7, nascent
crypts and epithelial layers were absent in the wounded area in
control mice but readily detected in Gli1"EF; R26YAP%SA mice
(Figure 5B). During the recovery, epithelial regeneration was
also more advanced in Gli1°"ER; R26YAP%SA mice (Figure 5B).
On Day 21 when colon homeostasis was restored in control
mice, we detected mesenchymal overgrowths in Gli1°°EF:;
R26YAP%SA mice, probably due to the persistent overexpression
of YAP5SA in the Gli1™* cells after recovery from injury (Figure 5B).
Consistent with the previous report of the increase of Gli1* cells
in DSS-treated mice,”’' we also found that YAP5SA-expressing/
GFP+ mesenchymal cells in GIi1C®ER; R2GYAPSSA, RogmT/mG
mice were present at the wounded areas, adjacent to the
epithelia surrounding nascent colon crypts that expressed the
Wnt target gene CD44 (Figure 5D). In addition, we histologically
scored the severity of DSS-mediated injury (also referred to as
colitis) in which inflammation, regeneration, crypt damage, and
percent involvement were assessed in the colon for both control
and mutant groups using a previously published grading sys-
tem,*? in which an individual total score ranges from 0 to 14 (least
severe to most severe). Our analysis revealed that Gli1°R;
R26Y4P5SA mutant colons were significantly less injured than
control immediately following DSS treatment and during recov-
ery (Figure 5E). Altogether, our data revealed mesenchymal
YAP/TAZ upregulation during DSS-induced injury, and we
showed that YAP activation in the niche-forming Gli1* mesen-
chymal cells promotes intestinal epithelial regeneration after
injury.

DISCUSSION

The Hippo-YAP signaling pathway is intimately associated with
intestinal homeostasis and tumorigenesis®®%; however, its pre-
cise function remains elusive. Much of the focus has been on
Hippo-YAP signaling in the intestinal epithelium, and little is
known about its function in the mesenchyme, a tissue layer
that plays an essential role during intestinal development and ho-
meostasis. Our prior study linked Hippo signaling to the embry-
onic gut mesenchyme, where YAP activation drives the

Figure 3. SMA downregulation in mesenchymal overgrowth induced by YAP/TAZ activation
(A) Immunohistochemistry of SMA in the control colon and overgrowths of Gli1°57; Lats1/2™/" and GIi1°EF; R26"4P°SA mice. Scale bar, 50 um.
B) Real-time PCR analysis of SMA mRNA levels in isolated Gli1°5"; Lats1/2 ™™ and GIi1°"°ER; R26YAP55A mesenchyme.

C) Immunofluorescence staining of SMA and GFP in intestinal mesenchyme e of Gli
D) Immunofluorescence staining of SMA and B-galactosidase (3-gal) in mesenchymal overgrowth of Gli

1CreER: Ro6™T/MG mice. Scale bar, 20 um.

1CreER: RoEYAPSSA mice. Scale bar, 20 pm.

F) Immunofluorescence staining of vimentin and GFP in intestinal mesenchyme of Gli1°®ER; R26™T/MC mice. Scale bar, 20 pum.

(
(
(
(E) Percentage of SMA expression in GFP* or B-gal* cells in control mesenchyme or overgrowths. Data are mean + SEM. ***p < 0.001.
(
(
(

G) Immunofluorescence staining of vimentin and B-galactosidase (B-gal) in mesenchymal overgrowth of Gli
H

1CreER: ROGYAPSSA mice. Scale bar, 50 pm.

) Percentage of vimentin expression in GFP* or B-gal* cells in control mesenchyme or overgrowths.

Data are mean + SEM.
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expansion of the mesenchymal progenitor populations.'” Our
work here focused on the role of Hippo-YAP signaling in adult in-
testinal mesenchymal cells. Recent reports have demonstrated
that several populations of subepithelial mesenchymal cells,
including the Gli1* progenitor cells, that form the essential
Whnt-secreting niche to sustain intestinal stem cells.*'***> How-
ever, how these cells are regulated is poorly unexplored. We
identified Hippo/YAP as an important signaling pathway in the
niche-forming mesenchymal cells that regulate intestinal epithe-
lial-mesenchymal crosstalk.

Our result that Lats deletion or YAP activation in Gli1* cells
induced mesenchymal overgrowth is in drastic contrast to the ef-
fect of Hippo pathway disruption in the smooth muscle layer. It is
probably partly due to the baseline YAP/TAZ activity in different
mesenchymal populations where YAP/TAZ is expressed much
higher in the smooth muscle layer than in the subepithelial
mesenchymal compartment (Figure 1). In fact, a recent report
shows that deletion of YAP/TAZ in adult smooth muscle causes
colonic pseudo-obstruction,*® suggesting that the high baseline
level of YAP/TAZ plays a functional role in the terminally differen-
tiated smooth muscle layer. SMA downregulation in mesen-
chymal overgrowths induced by YAP/TAZ activation in Gli1*
cells is also intriguing. We previously reported that YAP activa-
tion prevents SMA induction in the primitive embryonic mesen-
chymal progenitors,’” and it is also consistent with the notion
that Gli1* cells possess the characteristics of mesenchymal pro-
genitors that are capable of differentiating into both SMA+ myo-
fibroblasts or SMA— fibroblasts.?’ Thus, it is interesting to spec-
ulate that different wiring of the genetic or epigenetic circuitries in
different mesenchymal populations may dictate the differential
functional output responding to Hippo pathway disruption in
these cell populations. Further investigation is needed to
address these issues.

Most reports addressing the interaction between Wnt and
Hippo-YAP signaling in the intestine have focused on the cross-
talk of these two pathways in epithelial stem cells.>"">'%3" Qur
study identified the role of Hippo-YAP signaling in regulating Wnt
ligand production in peri-cryptal mesenchymal cells. Thus, in
addition to demonstrating the mesenchymal Hippo pathway as
an important niche signal, our work uncovered another layer of
the complex Hippo-Wnt functional interactions that involve
both the epithelial and mesenchymal compartments during in-
testinal homeostasis.

Our results revealed that mesenchymal Hippo-YAP signaling
regulates both normal homeostasis and intestinal pathogenesis.
Our data showing that the YAP/TAZ level is markedly upregu-
lated in the mesenchyme during intestinal injury and subsequent
recovery are consistent with the idea that YAP/TAZ promotes the

¢ CellP’ress

OPEN ACCESS

production of stem cell niche factors in the mesenchyme. Our
result that stromal YAP promotes intestinal regeneration in a
mouse model of colitis also links mesenchymal Hippo-YAP regu-
lation to intestinal pathogenesis. Hippo signaling interacts with
other signaling pathways, including receptor tyrosine kinases
and transforming growth factor/BMP pathways, which have
been shown to function in the mesenchymal niche during intes-
tinal hemostasis.”*?%8 |t is interesting to explore how the inter-
plays between Hippo-YAP and these signaling pathways in the
mesenchyme may coordinate epithelial-mesenchymal crosstalk
and how they can be exploited to design new therapeutic strate-
gies for treating intestinal diseases and cancers.

Limitations of the study

Our studies have largely focused on the Gli1* intestinal mesen-
chymal cells. The potential role of Hippo-YAP signaling in other
niche-forming pericryptal cell populations needs to be further
investigated. In addition, we used a mouse model of colitis,
which may not fully recapitulate the pathogenesis of human
disease.
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Figure 4. Mesenchymal Hippo signaling affects epithelial-mesenchymal crosstalk by regulating Wnt production

(A) Real-time PCR analysis of YAP targets Ankrd? and Cyr67 and Wnt ligands/agonists Wnt2b, Wnt4, Rspo1, and Rspo3 mRNA levels in isolated Gli15R;
Lats1/2™™ and GIi1°7°ER;R26Y4P5SA mesenchyme. Data are mean + SEM, *p < 0.05, **p < 0.01.

(B) Real-time PCR analysis of intestinal Wnt targets Axin2 and CD44 mRNA levels in isolated Gli1°®R; Lats1/2 ™™ and GIi1°EF;R26YAP55A intestinal epithelia.

Data are mean + SEM, **p < 0.01.

(C) Immunohistochemistry of CD44 in control, Gli1°"EF;Lats1/2™/"  and Gli1°"°ER;R26Y4P55A epithelia. Arrows point to CD44 expression in the epithelia adjacent

to mesenchymal overgrowths. Scale bar, 20 pm.

(D) Immunohistochemistry of SOX9 in control, GIi1®ER;Lats1/2™/™ and Gli1°°ER:R26YAF>SA epithelia. Upper panels show areas indicated by dashed boxes.

Scale bar, 20 um.
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Figure 5. Mesenchymal YAP/TAZ Activation promotes intestinal regeneration induced by DSS treatment

(A) Schematic of experimental design, indicating tamoxifen treatment, duration of DSS treatment, and recovery.

(B) Immunohistochemistry of YAP/TAZ, CD44, and Keratin-20 in control intestine during DSS treatment and subsequent recovery at time points day 0 (D0), day 7
(D7), day 14 (D14), and day 21 (D21). Scale bar, 20 um.

(C) Real-time PCR analysis of Ctgf and Ankrd7 mRNA levels in control animals at different time points following DSS treatment. Data are mean + SEM, *p < 0.05,
**p < 0.01, ns: not significant.

See also Figure S1.

(D) Histology of control and Gli1°"®ER; R26YAP5SA colon at time points D7, D14, and D21 of recovery. Scale bar, 20 um.

(E) Immunohistochemistry of B-galactosidase (B-gal), YAP/TAZ, CD44, and vimentin in areas of mesenchymal overgrowth in Gli1°°R; R26YAP%SA colon at D21.
Scale bar, 20 pm.

(F) GFP signal in Gli1°™EF; R26YAPSSA- Ro6™T'MG colon at D7 and D14 during regeneration. Scale bar, 50 pm.

(G) Colitis scoring of control and Gli1°°ER; R26Y4PS4 colon. Data are mean + SEM, **p < 0.01.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-YAP/TAZ Cell Signaling Cat# 8418, RRID: AB_10950494

Rabbit anti-YAP Cell Signaling Cat# 14074, RRID: AB_2650491

Rabbit anti-Ki67 Abcam Cat# ab15580, RRID: AB_443209

Rat anti-CD44

Rabbit anti-a-SMA

Rabbit anti-Vimentin

Rabbit anti-Keratin 20

Chicken anti-3-Galactosidase
Rabbit anti-Desmin

Rat anti-GAPDH

Rabbit anti-Cre Recombinase
Rabbit anti-Lysozyme

Mouse anti-PCNA

Rabbit anti-SOX9

Biotinylated goat anti-chicken IgG
Biotinylated goat anti-rabbit IgG
Biotinylated goat anti-mouse IgG
Biotinylated goat anti-rat IgG
Alexa Fluor 488, goat anti-rabbit
Alexa Fluor 568, goat anti-rabbit
Alexa Fluor 647, goat anti-chicken
HRP conjugated goat anti-rabbit
HRP conjugated goat anti-rat

Rabbit anti-phospho-SRC

Thermo Fisher Scientific
Abcam

Cell Signaling Technology
Cell Signaling Technology
Abcam

Abcam

BioLegend

Cell Signaling Technology
Novus

Abcam

Abcam

Vector Laboratories
Vector Laboratories
Vector Laboratories
Vector Laboratories
Invitrogen

Invitrogen

Invitrogen

Jackson ImmunoResearch
Jackson ImmunoResearch

Invitrogen

Cat# 14-0441-82, RRID: AB_467246
Cat# ab5694, RRID: AB_2223021
Cat# 5741, RRID: AB_10695459

Cat # 13063, RRID: AB_2798106

Cat # ab9361, RRID: AB_307210

Cat # ab15200, RRID: AB_301744
Cat# 607901, RRID: AB_2734502
Cat# 15036, RRID: AB_2798694

Cat# NBP1-95509, RRID: AB_11037059
Cat# ab29, RRID: AB_303394

Cat# ab185230, RRID: AB_2715497
Cat# BA-9010, RRID: AB_2336114
Cat # BA-1000, RRID: AB_2313606
Cat # BA-9200, RRID: AB_2336171
Cat# BA-9400, RRID: AB_2336202
Cat# A-11008, RRID: AB_143165
Cat# A-11036, RRID: AB_10563566
Cat# A-21449, RRID: AB_2535866
Cat# 111-035-144, RRID: AB_2307391

Cat# 112-035-143
RRID: AB_2338138

Cat# 44660G, RRID: AB_2533714

Chemicals, peptides, and recombinant proteins

Dextran Sodium Sulfate Salt (DSS),
Colitis Grade (36,000-50,000 MW)

MP Biomedicals

0216011010

Trizol reagent Invitrogen Cat# 15596026
Tamoxifen Sigma Cat# T5648
Critical commercial assays

Vectastain Elite ABC Kit Vector Laboratories PK-6100
Immpact® DAB Substrate, Peroxidase (HRP) Vector Laboratories SK-4105
SignalStain® Citrate Unmasking Solution (10X) Cell Signaling 14746
AzuraQuant cDNA Synthesis Kit Azura Genomics AZ-1995
AzuraQuant Green Fast gPCR Mix Lo Rox Azura Genomics AZ-2105
Alcian Blue Reagent Electron Microscopy Sciences 26026-13

Experimental models: Organisms/strains

Mouse: Myh11°°EF: B6.FVB-Tg(Myh11-icre/ERT2)1Soff/J
Mouse: Gli1CER: Gjj1tm3ere/ERT2A

Mouse: Lats1"": | ats1™™-1m/RjoJ

Mouse: Lats2™: [ ats2™™-1/™m/RjoJ

Mouse: B6.129(Cg)-Gt(ROSA)26SorM#ACTE-tdTomato,-EGFP)Luoy
Mouse: R26YAF554

(Wirth et al., 2008)

Ahn and Joyner*®

(Yiet al., 2016)
(Yietal., 2016)
(Muzumdar et al., 2007)
(Cotton et al., 2017)

JAX: 019079, RRID:IMSR_JAX:019079
JAX: 007913, RRID:IMSR_JAX:007913
JAX: 024941, RRID:IMSR_JAX:024941
JAX: 025428, RRID:IMSR_JAX:025428
JAX: 007676, RRID:IMSR_JAX:007676
N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Primers for gqRT-PCR (Wnt ligands) Degirmenci et al.”’ See below

Primers for gRT-PCR (YAP targets) Lietal.' See below

Software and algorithms

GraphPad Prism 9 GraphPad https://www.graphpad.com/,
RRID:SCR_002798

Fiji ImageJ) Schindelin et al.*° https://fiji.sc/, RRID:SCR_002285

EXPERIMENTAL MODEL AND SUBJECT PARTICIPANT DETAILS

Gli1CmER 39 Myh11C7°ER 19 [ ats17% and Lats2™°*'® and R26™7™%%° mice were obtained from the Jackson laboratory. R26Y47554
mice were described previously '’Cre activation of the inducible Cre lines was achieved by one-time intraperitoneal injection of
120mg/kg Tamoxifen (Sigma) into one-month-old mice of both sexes with appropriate genotypes. For DSS-colitis model, GIi1°®ERA;
R26™7'MG control and Gli1°°ER; R26YAP5SA: R26™ /M mutant animals of 8 weeks of age or older of both sexes were induced with one
single dose of 300 mg/kg tamoxifen one day prior to treatment with 2.5% w/v dextran sodium sulfate (DSS) in autoclaved drinking
water. Animals were treated for 7 consecutive days before regular drinking water was re-introduced. Animals from each group were
sacrificed at pre-determined time points: Immediately following DSS treatment (D7), 7 days following DSS treatment (D14), and
14 days following DSS treatment (D21). The colon was harvested and prepared for both paraffin and OCT embedding and stained
with hematoxylin and eosin as described under “tissue collection and histology.” Colitis injury was histologically scored using H&E
paraffin sections and criteria previously published.*® All animal use protocols were reviewed and approved by The University of Mas-
sachusetts Chan Medical School Institutional Animal Care and Use Committee.

METHOD DETAILS

Tissue Collection and Histology

Following euthanasia, mouse intestinal or polyp tissue was dissected and fixed in 10% Neutral Buffered Formalin (NBF) at 4°C over-
night. For paraffin sections, tissue was dehydrated, embedded in paraffin, and sectioned at 6 um. For frozen sections, tissue was
dehydrated in 30% sucrose overnight at 4°C, embedded in OCT, and sectioned at 12 um. Paraffin sections were stained using stan-
dard hematoxylin & eosin reagents. For intestinal epithelium and mesenchyme isolation, mouse small intestinal tissues at different
postnatal stages are dissected and washed in cold PBS, before transferring to PBS containing 3mM EDTA for rotation at 4°C for
30 mins. After vigorous shaking for 2 mins, the epithelial tissues are collected in the supernatant, while the remaining mesenchymal
tissues are washed and incubated with the digestion buffer containing Collagenase Xl and Dispase at 37°C for 30min, and the sam-
ples are then subjected to western blot and quantitative real-time PCR analyses.

Immunohistochemistry and immunofluorescence
For immunohistochemistry (IHC), sections were deparaffinized and rehydrated before undergoing heat-induced antigen retrieval in
10mM sodium citrate buffer (pH 6.0) for 30 minutes. Slides were blocked for endogenous peroxidase for 20 minutes, then blocked for
1 hour in 5% BSA, 1% goat serum, 0.1% Tween-20 buffer in PBS, and incubated overnight at 4°C in primary antibody diluted in
blocking buffer or SignalStain® Antibody Diluent (Cell Signaling). Slides were incubated in biotinylated secondary antibodies for
1 hour at room temperature and signal was detected using the Vectastain Elite ABC kit (Vector Laboratories). For immunofluores-
cence (IF), cells or tissue sections were fixed by 4% paraformaldehyde for 5 minutes, blocked for 1 hour and incubated overnight
at 4°C in primary antibody diluted in blocking buffer. Slides were then incubated for 1 hour at room temperature in Alexa Fluor-con-
jugated secondary antibodies (Invitrogen) at 1:500 dilution in blocking buffer and mounted using mounting media with DAPI (EMS).
Primary antibodies used for IHC/IF were YAP/TAZ (Cell Signaling), Vimentin (Cell Signaling), Ki67 (Abcam), CD44 (eBioscience),
B-galactosidase (Abcam), Desmin (Abcam), SOX9 (Abcam), Keratin 20 (Cell Signaling), lysozyme (Novus), PCNA (Abcam), Cre re-
combinase (Cell signaling), and «-smooth muscle actin (SMA) (Abcam).

Western blot analysis

Freshly isolated mouse tissue was lysed in lysis buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 0.5 mM EDTA, 1% Triton X-100, phos-
phatase inhibitor cocktail, complete EDTA-free protease inhibitors cocktail) for 30min at 4°C. The supernatants of the extracts were
then used for western blot following the protocols described previously.'” The primary antibodies used in these assays were YAP/
TAZ (Cell Signaling) and GAPDH (Bethyl). HRP-conjugated Secondary antibodies were obtained from Jackson Laboratories.
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Quantitative real-time PCR

Total RNA was isolated using Trizol reagent (Invitrogen). cDNA synthesis was performed using AzuraQuant™ cDNA synthesis kit
(Azura Genomics), and the number of transcripts were quantified using AzuraQuant™ Green Fast gPCR Mix Lo-Rox (Azura Geno-
mics), with the respective oligonucleotides: (CTGF forward: TGTGCACTGCCAAAGATGGTGCAC, reverse: TGGGCAGGCGCAC
GTCCATG; Cyr61 forward: GAGGCTTCCTGTCTTTGGCAC, reverse: ACTCTGGGTTGTCATTGGTAAC; ANKRD1 forward: GGAAC
AACGGAAAAGCGAGAA, reverse: GAAACCTCGGCACATCCACA; Nrg1 Forward: AACCCACCACCAGAGAATGT, reverse: TGGCA
ACGATCACCAGTAAA; BPM2 forward: ACCCCCAGCAAGGACGTCGT, reverse: AAGAAGCGCCGGGCCGTTTT; BMP3 forward:
AGCAGTGGGTCGAACCTCGGA, reverse: ACCCCCACCGCTCGCACTAT; BMP5 forward: ATCAGGACCCCTCCAGGATGCC,
reverse: TGATCCAGTCCTGCCATCCCAGATC; BMP7 forward: CAAGCAGCGCAGCCAGAATCG, reverse: CAATGATCCAGTCCT
GCCAGCCAA) in QuantStudio 6 Flex Real-Time PCR Systems (Applied Biosystems). All gPCR experiments were conducted in bio-
logical triplicates, error bars represent mean + standard error mean, and Student’s t-test was used to generate p-values (* = p value
<0.05; ** = p value <0.01; *** = p value <0.001).

QUANTIFICATION AND STATISTICAL ANALYSIS

No statistical method was used to predetermine the sample size. The experiments were not randomized. For biochemical
experiments we performed the experiments at least three independent times. Experiments for which we showed representative
images were performed successfully at least 3 independent times. No samples or animals were excluded from the analysis. The in-
vestigators were not blinded to allocation during experiments and outcome assessment. Student’s t-test was used to
generate p-values * = p value <0.05; ** = p value <0.01; ** = p value <0.001). The variance was similar between the groups that
we compared.
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