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Abstract

~

Background: Increasing evidence has linked the Hippo pathway with the fibroinflammatory diseases. However, the detailed
roles of key hippo components in pancreatic inflammatory diseases still remain unclear.

Methods: A series of genetic knockout mice were generated targeting the key components of Hippo pathway to examine the
individual effects of YAP1 and TAZ on pancreatic inflammation. Hematoxylin and eosin (H&E) staining, immunohistochemistry, and
immunofluorescence staining were performed to evaluate the pancreas tissue from mice with various genotypes. The therapeutic
potential of a recently developed YAP1/TAZ inhibitor VT-104 was also evaluated in our mouse model.

Results: Mice with acinar-specific knockout of YAP1/TAZ did not exhibit any histological abnormalities in the pancreas. LATS1/2
deficiency induced acinar to ductal metaplasia, immune cell infiltration, and fibroblast activation, which were rescued by the ho-
mozygous knockout YAP1, but not TAZ. Additionally, treatment with VVT-104 also decreased pathological alterations induced by
deletions of LATS1 and LATS2 in acinar cells.

Conclusion: Our findings highlight the critical role of YAP1 in modulating pancreatic inflammation and demonstrate that VT-104
holds therapeutic potential to mitigate pancreatitis-associated pathological manifestations. Further exploration is necessary to

unravel the underlying mechanisms and translate these insights into clinical applications.
Keywords: Fibrosis, Hippo pathway, Inflamsnmation, Pancreatitis, TAP1/TAZ

Introduction

Pancreatitis is a disease characterized by pancreatic inflam-
mation with either acute or chronic manifestation.!!! Recently,
a direct link between recurrent acute pancreatitis (AP) and
chronic pancreatitis (CP) in patients has been established
and is thought to be a progression of the same disease rather
than independently distinct disease types.!?! In addition, ret-
rospective analysis of patients with a single event of AP has
shown an increased risk for development of recurrent epi-
sodes of AP.P! Furthermore, pancreatitis is the leading cause
of gastrointestinal-related hospital admissions, proving to be
a burdensome disease on people and hospitals.*! This raises
the important question of how aberrant activation of the
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fibroinflammatory response in the pancreas can occur and
how it may be controlled.

The Hippo pathway, initially discovered in Drosophila, is
highly conserved in mammals. It uses a kinase cascade includ-
ing mammalian Ste20-like kinases 1/2 (MST1/2) and Large
tumor suppressor 1/2 (LATS1/2) to control the downstream
Yes-associated protein 1 (YAP1) and transcriptional co-activator
with PDZ-binding motif (TAZ). Mechanistically, active MST1/2
phosphorylates LATS1/2 to enable them to further phosphorylate
Yap1/Taz. Phosphorylation of YAP1/TAZ inhibits their cytosol-
to-nuclear translocation while promoting cytosolic retention/
sequestration and ubiquitination-mediated degradation and/
or glycosylation to prevent downstream transcriptional activa-
tion.’ The hippo pathway can be inactivated by various events
such as growth factor stimulation and disruption of cell-cell con-
tact. Under these scenarios, LATS1/2 are inactivated and no lon-
ger phosphorylate YAP1/TAZ thus allowing for YAP1/TAZ to
translocate to the nucleus and participate in transcriptional reg-
ulation via interactions with TEA domain DNA-binding family
members (TEAD1-4).1671 YAP1 and TAZ were extensively inves-
tigated in cancers because they have been best known for their
roles in regulating cell survival and proliferation.!! More recently,
emerging evidence highlighted the importance of Hippo pathway
to modulate innate immune response.”’! In our previous study,
we discovered the direct role of the Hippo signaling pathway in
activation of the fibroinflammatory response within acinar cells
and how uncontrolled expression of YAP1/TAZ leads to devel-
opment of a pancreatitis-like phenotype.'”! Consistent with our
observation, the other group also reported that the inactivation
of Hippo pathway cooperated with PI3K aberrant activation in
acinar cells to induce CP.""! Though the Hippo pathway’s direct
role in the fibroinflammatory response is undoubtedly import-
ant, many questions remain unanswered in the direct, indepen-
dent roles of each YAP1 and TAZ, respectively, in development
of pancreatitis-like phenotypes.

Therefore, in this study, we generated novel genetically engi-
neered mouse models to evaluate the direct roles of each YAP1
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and TAZ, respectively, in the activation of the fibroinflammatory
response and the induction of pancreatitis-like phenotypes via the
Hippo pathway. In addition, we also evaluated YAP1 and TAZ’s
individual roles, through Hippo signaling, for the induction of
acinar to ductal metaplasia (ADM). Finally, we determined the
efficacy of pharmaceutical inhibition of YAP1/TAZ transcrip-
tional activities using the novel YAP1/TAZ-TEAD-complex
inhibitor, VT-104,"?! to determine its ability to rescue pancreatitis-
associated phenotypes induced by Hippo dysregulation.

Materials and methods

Generation of conditional knockout mice

All animal study protocols were approved by the University of
Texas Health San Antonio Animal Care and Use Committee.
Ptf1a“<PR™ mice (The Jackson Laboratory, Bar Harbor, ME;
stock number: 019378) and R26R-EYFP mice (The Jackson
Laboratory; stock number: 006148) were obtained from Hebrok
Lab. Lats1™ and Lats2" mice were kindly provided by Dr
Randy L. Johnson. Yap1"® and Taz"" mice were kindly provided
by Dr Eric N. Olson. We generated (1) Ptf1a®REER Rosa265St
YFP mice (P), (2) Ptf1a®REFFR Lats1% Lats2?! Rosa261 Y mice
(PL), (3) Ptf1a“REFRYap 1™ Taz Rosa26MY mice (PTY), (4)
Ptf1a®REER Tats1M Lats2™ Yap1™ Taz" Rosa26'Y™ mice
(PLTY), (5)Ptf1a®RFER Lats17M Lats2™ Yap1+! Taz*! Rosa26-
YF mice (PLTHetYHerr) () PtflaCeER Lats1%! Lats2 Yaplﬂl
' Rosa26MY" mice (PLY), and (7) Ptfla®<™® Lats1%f Lats2f
TAZ" Rosa26%MYP mice (PLT). All offspring were genotyped
by polymerase chain reaction (PCR) of genomic DNA from the
toe with primers specific for the Ptf1aCre-ER, Rosa26LSL-YFP,
Lats1, Lats2, Yapl, and Taz transgenes (Additional Table 1,
http:/links.lww.com/JP9/A46) following Jackson Lab’s proto-
col. To induce the conditional knockout, 6- to 12-week-old mice
were orally administered with 180 mg/kg of tamoxifen (TAM)
(T5648-5G; Sigma-Aldrich, St. Louis, MO) for 5 days, which
was dissolved in corn oil (C8267; Sigma-Aldrich). PCR was
used for validation of knockout alleles.

VT-104 administration

VT-104, generously supplied by Vivace Therapeutics (San
Mateo, CA), was prepared as previously described.!"?’ PL mice
were orally administrated TAM to knockout Lats1&2 as
described earlier and VT-104 treatment was started 72 hours
after the final TAM administration. A daily dose of VI-104 at
4 mg/kg was administered orally, with the control group receiv-
ing the vehicle solvent. On day 9 following the initial VI-104
administration, the mice were humanely euthanized. Pancreatic
tissue sections were stained with hematoxylin and eosin (H&E)
to quantify the severity of inflammation.

H&E staining, immunofluorescence, and
immunohistochemistry staining

Mice were euthanized, and pancreata were dissected into ice-cold
phosphate-buffered saline (PBS). For histological examination,
mice pancreata were fixed in 4% paraformaldehyde (PFA) over-
night at 4°C and then processed for paraffin embedding. Sections
were cut at 5 pm and then used for H&E staining or immunos-
taining. Primary and secondary antibodies used in this study are
listed in Additional Table 2, http:/links.lww.com/JP9/A47, and
Additional Table 3, http:/links.Iww.com/JP9/A48. For immu-
nohistochemistry (IHC) staining, tissues were deparaffinized,
rehydrated, and immersed and heated in a citrate-based antigen
unmasking solution (H300; Vector, Burlingame, CA) for 30 min-
utes, followed by treatment with 3% hydrogen peroxide to quench
endogenous peroxidase activity. Sections were blocked with 5%
donkey serum in 0.1% Tris buffered saline with Tween 20 (TBST)
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for 1 hour at room temperature and then incubated with primary
antibody at 4°C overnight. Biotin-labeled secondary antibodies
and Streptavidin-Horseradish peroxidase were applied to amplify
the target antigen signal, and then sections were developed with
DAB substrate (K3468; Dako, Santa Clara, CA), followed by
counterstaining with hematoxylin (Biocare Medical, Pacheco,
CA). Finally, sections were covered with poly-Mount medium
(category no. 08381; Polysciences, Warrington, PA). For immu-
nofluorescence staining, frozen sections were blocked with 10%
donkey serum plus 1% bovine serum albumin (BSA) in phosphate-
buffered saline with Tween 20 (PBST) for 1 hour at room tem-
perature. Sections were incubated with primary antibodies at 4°C
overnight followed by incubation with the fluorescent-conjugated
secondary antibodies for 1 hour at room temperature. Sections
were covered with a drop of ProLong Gold anti-fade reagent
with 4',6-diamidino-2-phenylindole (DAPI) (P36935; Invitrogen,
Carlsbad, CA) for observation. All images were obtained with a
Microsystems DMI6000 B microscope and microscope software
(Leica Microsystems, Buffalo Grove, IL). The lobular integrity, aci-
nar atrophy, and immune infiltration were assessed to evaluate pan-
creas damages with H&E staining. The immunofluorescent data
were quantified using Fiji by Image]. For all immunofluorescent
quantification, each mouse had 4 representative 20x magnification
fields that were captured and averaged together for each respective
mouse. Each image was normalized using the thresholding tool to
mitigate background signal. For F4/80 and a-smooth muscle actin
(SMA) quantification, the data were presented as average fluores-
cent intensity per square micron. For total ADM counts, each cyto-
keratin 19+ (CK19+) amylase+ cell was hand-counted per 20x field
and averaged together, per mouse.

Statistical analysis

The sample size and number of replicates were determined
based on the prior experiments that uncovered Hippo’s role in
the pancreatic fibroinflammatory response. The mean and stan-
dard error of the mean (SEM), and 2-tailed Student ¢ test were
calculated using Prism by Graphpad. P values <.05 were consid-
ered statistically significant. The data were presented as mean =
SEM for quantitative analyses. The numbers of mice used per
experiment were indicated.

Results

Deletion of YAP1/TAZ in acinar cells does not induce
abnormal or pancreatitis-like phenotype long term

Previously, we evaluated the effects of homozygous YAP1 and
TAZ deletions in adult mice acinar cells and determined that
no abnormal phenotypes or pathologies arose from loss of
YAP1/TAZ genes within 2 weeks after TAM administration.!""!
However, whether YAP/TAZ deletion has long-term effects on
pancreas homeostasis was not clear. To answer this, we adminis-
tered TAM daily for 5 consecutive days by oral gavage at the con-
centration of 180 mg/kg to delete the floxed alleles in acinar cells
of the Ptf1a®*RYap 1M Taz""Rosa26" Y (PTY) mice (Fig. 1A).
Then, we sacrificed the mice at 4 months post-TAM administra-
tion. Histological analysis by H&E stain revealed no abnormali-
ties of the pancreatic tissues (n = 6) (Fig. 1B). In conclusion, these
data suggest that YAP1/TAZ are dispensable for the long-term
homeostasis of acinar cells under physiological conditions.

Heterozygous YAP1/TAZ knockout in acinar cells does
not rescue Lats1/2 knockout-induced pancreatic
damage and inflammation

Our previous study found that homozygous YAP1 and TAZ

knockout in Lats1/2-null acinar cells in adult mice rescued pan-
creatic damage and inflammation."”! In developing pancreas,
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Figure 1. Acinar-specific knockout of YAP1 and TAZ did not disturb pancreas homeostasis under normal conditions.

(A) The schema of experimental proce-

dure. (B) The representative H&E staining images of the pancreas collected from the mice treated as indicated. H&E = hematoxylin and eosin, PTY = Ptf1a°"&

FRYap 1" Taz"" Rosa26--" mice, TAM = tamoxifen.

heterozygous YAP1 knockout largely reversed the defects trig-
gered by Hippo deficiency.!’! To confirm the similar effect in
adult pancreas, we analyzed the pancreas of heterozygous YAP1
and TAZ knockout in Lats1/2-null acinar cells (Pzf1a“**RLats1"
"Lats2MYap 1" Taz" Rosa2 6-Y7 PLThYh) on pancreatic
damage and inflammation (Additional Fig. 1, http:/links.lww.
com/JP9/A43). As expected, we did not observe abnormality in
control mice without TAM administration by H&E stain (n = 3)
(Fig. 2A). The Ptf1a®“*RLats1"Lats2™Rosa2 6P (PL) mice
also received the TAM administration. Histological analyses at
7 days post-TAM administration by H&E stain revealed severe
pancreatic damage of PLThYh mice (n = 7) that was indistin-
guishable from the defects observed in PL mice (n = 5) (Fig. 2A).
Immunofluorescent staining demonstrated robust F4/80+ mac-
rophage infiltration and fibroblast activation, measured by
0-SMA staining, at similar levels in both PL and PLThYh mice
(Fig. 2B). Previously, we have demonstrated that Hippo disrup-
tion did not induce cell-autonomous proliferation but primed
acinar cells to exogenous pro-proliferative stimuli.!'! Therefore,
the increased proliferation in the pancreas of Lats1/2 knock-
out mice is the secondary consequence inflammation response.
The THC stain of marker of proliferation Ki67 did not detect
distinguishable differences between PL and PLThYh mice
(Fig. 2C). Further immunofluorescent staining of amylase and
CK19 revealed extensive, indistinguishable levels of ADM in the
pancreas from both PL and PLThYh mice (Fig. 2D). Altogether,
the phenotypes observed in PL and PLThYh mice demonstrated
inability of YAP1 and TAZ haplotypes to rescue pancreatic
damage and inflammation induced by Hippo-pathway disrup-
tions in adult mice acinar cells.
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Homozygous YAP1 knockout rescues of pancreatic
inflammation and ADM induced by acinar cell-specific
Lats1/2 deletions

Although some early studies suggested the redundant func-
tions of YAP1 and TAZ,'¥ emerging evidence suggests that
they may play synergistic or even opposing roles in different
biological contexts.!" In order to evaluate the contributions of
YAP1 activation on pancreatic inflammation induced by acinar-
specific  Lats1/2-knockout in  adult mice pancreas,
Ptf1a°<ER Lats1" Lats2""Yap 1" R 0sa2 6"5-YFF (PLY) mice were
created (Additional Fig. 1, http:/links.lww.com/JP9/A43) and
administered TAM as previously described to simultaneously
delete LATS1/2 and YAP1 in acinar cells. Upon histological
analysis by H&E stain at day 6 post-TAM administration, PLY
mice (n = 6) showed a near complete resolution of overall pan-
creatic damage and inflammation compared to PL mice (n = 3),
though containing minor sporadic lesions (Fig. 3A). Next, we
evaluated the status of nuclear/cytosolic YAP1 and TAZ using
IHC, which was consistent with genotyping for PL and PLY
mice. In the PL pancreas, strong nuclear YAP1 and TAZ expres-
sion was observed in acinar cells (Fig. 3B). In PLY pancreas,
non-damaged areas showed the absence of nuclear and cytosolic
YAP1, while nuclear and cytosolic expression of TAZ persisted
(Fig. 3B). Interestingly, all small sporadic lesions observed in
PLY mice showed strong nuclear YAP1 expression, suggesting
incomplete knockout of YAP1 (Additional Fig. 2A, http:/links.
lww.com/JP9/A44). In addition, the PLY pancreas had reduced
expression of downstream YAP1 target SPP1 compared to PL
mice (Fig. 3B), further supporting the successful deletion of
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Figure 2. The pancreatic inflammation and damage caused by acinar-specific LATS1/2 knockout were not mitigated by

PL

PLThYh

the haplotype of YAP1 and TAZ. (A) The

representative H&E staining images of the pancreas collected from the mice treated as indicated. (B) The representative IF images of F4/80 and a-SMA in the
pancreas collected from PL and PLTHetY"et mice 7 d after final TAM administration. (C) The representative IHC images of Ki67 in the pancreas collected from PL
and PLY mice 7 d after final TAM administration. (D) The representative IF images of amylase and CK19 in the pancreas collected from PL and PLT"etY*et mice
7 d after final TAM administration. PL mice (n = 5) and PLTHetY"et mice (n = 7). CK19 = cytokeratin 19, H&E = hematoxylin and eosin, IF = immunofluorescence,
IHC = Immunohistochemistry, LATS1/2 = large tumor suppressor 1/2, PL = Ptf1a®"&7 | ats1"" L ats2"" Rosa26S-Y™ mice, PLY = Ptf1a®*" Lats1"" Lats2"'Yap1"

' Rosa26-Y™ mice, SMA = smooth muscle actin, TAM = tamoxifen.

YAP1. The knockout of YAP1 also significantly decreased mac-
rophage infiltration and activation of fibroblasts revealed by
immunofluorescent staining for F4/80 (Fig. 3C). Quantification
of average positive fluorescent area of F4/80+ macrophages in
PL mice (n = 3) and PLY mice (n = 3) showed a statistically sig-
nificant decrease in macrophage recruitment. For a-SMA stain
quantification, the average positive fluorescent area of a-SMA
for PL and PLY mice also showed a statistically significant
decrease in fibroblast activation (Fig. 3C). The PLY pancreas
also had significantly fewer Ki67-positive cells compared to PL
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mice (Fig. 3D). In addition, the numbers of acinar cells under-
going ADM which were evaluated by green fluorescent pro-
tein (GFP), CK19, and amylase immunofluorescent co-staining
was significantly less in PLY mice than PL mice, demonstrating
reduced occurrence of ADM. Quantification of average ADM
using triple-positive GFP/CK19/amylase cells showed that there
were fewer ADM lesions in PLY pancreas compared with PL
pancreas (Fig. 3E). We further examined the correlation of
YAP1 activation and CK19 induction in acinar cells. We clearly
identified sporadic GFP+ YAP1+ cells in PLY mice, consistent
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Figure 3. YAP1 is the essential mediator of the pancreatic inflammation and damages induced by LATS1/2 inactivation in acinar cells. (A) The representative
H&E staining images of the pancreas collected from PL (n = 3) and PLY mice (n = 6) 7 d after final TAM administration. (B) The representative IHC images
of YAP1, TAZ, and SPP1 in the pancreas collected from PL (n = 3) and PLY mice (n = 6) 7 d after final TAM administration. (C) The representative IF images
of F4/80 and a-SMA in the pancreas collected from PL and PLY mice 7 d after final TAM administration. Average positive fluorescent area (in squared microns) of
F4/80+ macrophage in PL mice (n = 3) was 12,624 + 1512 while PLY mice (n = 3) was 2643 + 1330 with P value = .001. The average positive fluorescent area of
a-SMA for PL mice was 31,576+ 7961 and PLY mice was 4860 +4315 with P value = .007. (D) The representative IHC images of Ki67 in the pancreas collected
from PL and PLY mice 7 d after final TAM administration. (E) The representative IF images of GFP, CK19, and amylase in the pancreas collected from PL and
PLY mice 7 d after final TAM administration. Quantification of average ADM numbers per 20x field using triple-positive GFP/CK19/amylase cells in PL mice was
330+ 182.6 while PLY mice was 7 +6.557 with P value = .037. ADM = acinar to ductal metaplasia, GFP = green fluorescent protein, H&E = hematoxylin and
eosin, IF = immunofluorescence, IHC = Immunohistochemistry, LATS1/2 = large tumor suppressor 1/2, PL = Ptf1a®R&ER Lats1"" Lats2¥" Rosa26-5-Y™ mice, PLY
= Ptf1acet" Lats1™" Lats2"Yap1"" Rosa26S-" mice, SMA = smooth muscle actin, TAM = tamoxifen.

with the conclusion that YAP1 has not been completely ablated ~ A44), suggesting that additional signals might be required for
in all acinar cells. We did not observe any GFP+ CK19+ ADM  YAP1 to promote CK19 expression in Lats1/2-null acinar cells.
cells without nuclear YAP1 expression, suggesting that YAP1  Altogether, these data suggest that YAP1 is the essential driv-
activation was essential for CK19 induction in acinar cells. On  ing factor that mediates the inductive effects of acinar-specific
the other hand, we noticed that some GFP+YAP1+ cells lacked =~ LATS1/2 inactivation on pancreatic damage, inflammation, and
CK19 expression (Additional Fig. 2B, http:/links.lww.com/JP9/  ADM (Additional Fig. 3, http://links.lww.com/JP9/A45).
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Homozygous TAZ knockout insignificantly reduced
pancreatic inflammation and ADM induced by acinar-
specific Lats1/2 deletions

Although our data demonstrated that TAZ activation in acinar
cells was insufficient to cause pancreatic inflammation and dam-
age induced by acinar-specific Lats1/2-knockout in adult mice pan-
creas, it remained unclear whether TAZ activation was required
for these pathological alterations. To this end, we generated
Ptf1a%R Lats 1M Lats2"Taz"" Rosa2 65V (PLT) mice (Additional
Fig. 1, http:/links.lww.com/JP9/A43) and administered TAM as
previously described to knockout LATS1/2 and TAZ. Upon his-
tological analysis at day 6 post-TAM administration, H&E stain
of PLT mice (n = 3) showed pronounced pancreatic damage and
inflammation resembling PL mice (n = 3) (Fig. 4A). We evaluated
the status of nuclear/cytosolic TAZ and YAP1. In the pancreas of
PLT mice, nuclear YAP1 expression was seen in acinar cells, like PL
mice, while TAZ expression was generally absent (Fig. 4B). In some
lesions of PLT mice, nuclear TAZ expression was observed, suggest-
ing incomplete knockouts in these cells. Nevertheless, TAZ expres-
sion was dispensable in cells within lesions (Fig. 4B). In contrast,
all lesions in PLT mice clearly expressed nuclear YAP, which was
consistent with nuclear YAP staining in the lesions observed in PLY
mice (Fig. 3B). Additionally, IHC stains of SPP in PLT mice were
closely resembled that of PL mice (Fig.4B). Immunofluorescent
stains revealed the PLT mice mimicked PL mice with increased
F4/80+ macrophage infiltration and a-SMA+ fibroblast activation
(Fig. 4C). The quantification of F4/80 and a-SMA stains yielded no
statistically significant changes between PL and PLT mice. Similarly,
the PLY pancreas also had similar numbers of Ki67-positive cells to
PL mice (Fig. 4D). Next, we evaluated the occurrence of ADM by
evaluating GFP, CK19, and amylase immunofluorescent co-stain-
ing as previously described. The PLT mice demonstrated similar
occurrence of ADM to PL mice (Fig. 4E). Though average ADM
numbers slightly decreased from PL to PLT mice, there was no sta-
tistically significant difference. We further examined the correla-
tion of AMD with YAP1 activation. In PLT mice, nuclear YAP1
staining was present in the majority of GFP-labeled acinar cells,
which was consistent with the previous IHC YAP1 stain on PLT
mice (Fig. 4B). As expected, all GFP+ CK19+ ADM cells in the PLT
mice expressed nuclear YAP1 (Additional Fig. 2C, http:/links.Iww.
com/JP9/A44). Together, these data not only suggest that TAZ has
a minimal effect on induction of pancreatic inflammation and is
dispensable for ADM in Lats1/2-null acinar cells, but also further
confirmed that YAP1 is the primary initiator and driver of these
responses within the pancreas.

Pharmaceutical YAP1/TAZ-TEAD-complex inhibitor
VT-104 treatment attenuates inflammation and ADM
induced by acinar-specific Lats1/2 deletions

Previously, Tang et al'?! identified novel YAP/TAZ-TEAD-
complex inhibitor VT-104 to be a promising and potent pharma-
ceutical candidate for cancer treatment due to its ability to inhibit
tumor growth and proliferation of NF2-deficient mesothelioma
in vitro and in xenograft in vivo models. We demonstrated the
requirement of YAP1 to induce pancreatitis-like phenotypes
through genetic mouse models. To further evaluate if a pharma-
cologic inhibition of YAP1-TEAD interaction can attenuate pan-
creatic inflammation and damage due to inactivation of Hippo
pathway, we treated TAM-administrated PL mice with Saline (n
= 3) as controls or VI-104 (n = 5) for 9 days (Fig. 5A). We used
the VI-104 at the concentration of 3 mg/kg because it effectively
inhibited YAP1 activation in vivo and was well-tolerated by mice
without exhibiting significant side effects.!'?l Expectedly, histo-
logical analysis by H&E stain revealed extensive damage to PL
+ saline treatment mice consistent with previous PL mice phe-
notypes. In contrast, the PL + VT-104 treatment mice showed
significant reduction in overall pancreatic damage and inflamma-
tion (Fig. 5B). We further performed immunofluorescent stains
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on F4/80+ macrophage and a-SMA of activated fibroblasts, each
showing significant reductions after VI-104 treatment compared
to saline-treated mice, respectively. Quantification of F4/80
showed the average fluorescent area (in squared microns) for
PL + saline (n = 3) was 41,338 +5096 while PL + VT-104 (n =
5) was 82063601 with a P value of <.0001. Quantification of
0-SMA showed the average fluorescent area for PL + saline was
65,252+10,555 while PL + VT-104 was 20,030+10,923 with
a P value = 0.001 (Fig. 5B). We then analyzed ADM numbers
using the same parameters previously described by immunoflu-
orescent co-stains where PL + VT-104 treatment mice demon-
strated significant reduction in ADM (Fig. 5C). Quantification
of ADM numbers for PL + saline mice were 543.3 =81.45 while
PL + VT-104 mice were 135.2+85.27 with a P value = 0.001
(Fig. 5C). Altogether, these data demonstrate the robust efficacy
of pharmaceutically targeted YAP/TAZ-TEAD-complex inhi-
bition in resolving severe pancreatitis phenotypes induced by
genomic-level Hippo-pathway inactivation.

Discussion

We previously reported that loss of Lats1&2 in mouse adult
acinar cells led to inflammation in pancreas which can be res-
cued by further deletion of YAP1 and TAZ."” YAP1 and TAZ
were originally considered as the redundant downstream medi-
ators of Hippo pathway,'"®! but subsequent studies have chal-
lenged this notion.!"”” The whole-body knockout of YAP1 in
mice resulted in embryonic lethal,!'! whereas the knockout of
TAZ was not lethal during development, although it did lead to
abnormality in certain tissues.!"” These observations underscore
the importance of assessing the individual functions of YAP1
and TAZ in context-dependent manner. Here we showed that
deletion of YAP1 but not TAZ can rescue the fibroinflammation
caused by loss of Lats1/2. These observations demonstrated that
YAP1 activation is necessary and sufficient in facilitating the
changes induced by the deletions of LATS1/2 in adult pancreatic
acinar cells. In addition, our data also exclude the possibility
that the TAZ activation in LATS1/2-deficient acinar cells is sup-
pressed by YAP1 knockout, suggesting that TAZ activation was
neither required nor sufficient to mediate the changes induced
by LATS1/2 deletions in adult pancreatic acinar cells.

The distinct consequences of YAP1 and TAZ activation reflect
their differential transcriptional activities in adult pancreatic aci-
nar cells. It is important to note that both YAP1 and TAZ need to
interact with other factors to initiate transcription, as they do not
bind DNA directly. The TEADS are the most well-known DNA-
binding transcriptional factors (TF) that interact with YAP1 and
TAZ.*"" However, YAP1 and TAZ may use other DNA-binding
TFs to regulate gene expression.?® While it is possible that YAP1
has TEAD-independent targets that may contribute to the induc-
tion of fibroinflammation, the earlier studies showed CTGE, a
well-known TEAD-dependent target of YAP1 and TAZ, was par-
tially responsible for it.!%!!] Consistent with this view, treatment
with VI-104, a new compound which can block the interaction
between TEADs and YAP1, largely rescue the pancreatic damages
in mice with acinar-specific deletions of LATS1/2.These findings
highlight the therapeutic potential of VI-104 for the treatment
of pancreatitis. The exact mechanism why TAZ expression in
acinar cells did not induce inflammatory response needs to be
further investigated. In addition to binding with TEADs, YAP1
and TAZ also interact with other proteins through WW domain
which recognizes PPxY motif.*!! Interestingly, YAP1 has 2 WW
domains while TAZ harbors only 1 WW domain, implying that
YAP1 and TAZ might differentially interact with co-factors
in particular contexts.?” It has been reported that YAP1 and
TAZ are activated by phosphorylated- and dephosphorylated-
parafibromin, respectively, leading to the mutually exclusive
YAP or TAZ activation in mouse fibroblasts.?”! Parafibromin is a
component of RNA polymerase II-associated factor 1 complex
which interacts with YAP in stressed mouse pancreatic acinar
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Figure 4. TAZ is dispensable for the induction of pancreatic inflammation and damages in mice with LATS1/2 deficiency in acinar cells. (A) The representative
H&E staining images of the pancreas collected from PL and PLT mice 7 d after final TAM administration. (B) The representative IHC images of YAP1, TAZ, and
SPP1 in the pancreas collected from PL and PLT mice 7 d after final TAM administration. (C) The representative IF images of F4/80 and a-SMA in the pancreas
collected from PL and PLT mice 7 d after final TAM administration. (D) The representative IHC images of Ki67 in the pancreas collected from PL and PLT mice 7
d after final TAM administration. (E) The representative IF images of GFP, CK19, and amylase in the pancreas collected from PL and PLT mice 7 d after final TAM
administration. PL mice (n = 3) and PLT mice (n = 3). CK19 = cytokeratin 19, GFP = green fluorescent protein, H&E = hematoxylin and eosin, IF = immunoflu-
orescence, IHC = Immunohistochemistry, LATS1/2 = large tumor suppressor 1/2, PL = Ptf1a®f&& Lats1"" Lats2"" Rosa26-5-Y" mice, PLY = Ptf1a®" Lats1"!
Lats2""Vap 1" Rosa26-5-" mice, SMA = smooth muscle actin, TAM = tamoxifen.

cells.?’l Thus, it would be interesting to investigate whether para-
fibromin phosphorylation status dictates the selective YAP1 acti-
vation in acinar cells.

The observation that heterozygous YAP1 knockout had
minimal effects to lessen the inflammation caused by LATS1/2
deficiencies, suggesting that the acinar cells are highly sensi-
tive to YAP1 activation, which should be tightly controlled in
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physiological conditions. Indeed, in the absence of stresses, no
detectable pancreatic abnormalities were observed at either 1
week or 4 months after YAP1 and TAZ knockout in pancre-
atic acinar cells. On the other hand, aberrant YAP1 activation
in acinar-derived cells has been observed under various disease
scenarios including pancreatitis and pancreatic cancer.['*15:24
Therefore, it is crucial to delve deeper into the roles of YAP1
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activation and investigate how it is exploited to facilitate dis-
ease progression. The roles of YAP1 in driving ADM remain
controversial. One previous study suggested that YAP1 activa-
tion is sufficient to induce ADM."¥ This conclusion, however,
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relied partially on observations from in vitro culture models. In
our in vivo genetic models, we observed that some acinar cells
with nuclear YAP1 did not express CK19, suggesting additional
factors are also required to induce typical ADM. However, the
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observation that all acinar-derived CK19-positive cells displayed
nuclear localization of YAP1 emphasized the important contri-
butions of YAP1 activation to ADM phenotypes. Interestingly,
previous studies have reported that in the pancreatic cancer
model, oncogenic KRAS perpetuated the acute injury—induced
ADM in YAP1-dependent manner.***! In conjunction with the
observation that oncogenic KRAS can stabilize YAP1 activation
at post-translation level,!*! these data suggested that YAP1 acti-
vation played the key roles in stabilizing the duct-like pheno-
types in ADM lesions.

In summary, the strengths of our present study lie in the
development of multiple genetic models to systemically evaluate
the roles of Yap1 and Taz in driving the pancreatic patholog-
ical changes resulting from the disruption of the Hippo path-
way within pancreatic acinar cells. Additionally, we explored
the potential of mitigating these alterations through pharma-
ceutical inhibition of the transcriptional activity of Yap1/Taz.
Therefore, aside from clarifying the distinct roles of Yap1 and
Taz in acinar cells and shedding light on understanding the roles
of Yapl in ADM development, a crucial alternation in pancre-
atic disease progression, our research also lays the groundwork
for the rationale for pharmaceutically targeting Yap1 as a prom-
ising strategy to treat pancreatic diseases. We also noticed the
limitations of the current research. First, although we demon-
strated that YAP1 and TAZ are not required to maintain pan-
creas homeostasis under physiological conditions, it is unclear
whether their transient activation contributes to tissue regener-
ation upon acute pancreatic injuries. This information should
be important to determine the appropriate timing of YAP1/TAZ
inhibition for pancreatitis treatment. Second, the mechanisms
differentially regulating the transcriptional activities of YAP1
and TAZ in pancreatic acinar cells remain unclear. Third, the
current study examined the pharmaceutical potential of VI-104
in PL mice. This genetic model may not recapitulate all features
of CP. Therefore, further studies are required to evaluate the
effectiveness of VT-104, either independently or in combination
with other agents, in experimental CP models.
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