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Introduction
Chronic pancreatitis (CP) is characterized by continuous inflam-
matory destruction of the pancreas and replacement with fibrotic
tissues, leading to the permanent loss of pancreatic function
(1). CP is caused by heavy alcohol consumption and genetic
mutations related to pancreatic digestive enzymes such as cat-
ionic trypsinogen (PRSS1), serine protease inhibitor Kazal type
1 (SPINK1), and carboxypeptidase Al (CPA1) (2). However,
10%-30% of CP cases do not have identifiable causative fac-
tors, suggesting the existence of unknown etiological factors
(3). Although premature intra-acinar trypsinogen activation is
a key initiating factor of pancreatitis, the pathogenesis of CP is
not fully elucidated, and no effective or specific treatment exists.
Therefore, further understanding of this pathogenic mechanism
at the cellular and molecular levels is important to identify new
therapies to prevent CP progression.

During continuous pancreatic damage, acinar cells transdif-
ferentiate into a progenitor-like cell type with ductal character-

Authorship note: T. Tamura and T. Kodama are co-first authors.

Conflict of interest: The authors have declared that no conflict of interest exists.
Copyright: © 2021, American Society for Clinical Investigation.

Submitted: August 18, 2020; Accepted: May 11, 2021; Published: July 1, 2021.
Reference information: J Clin Invest. 2021;131(13):e143414.
https://doi.org/10.1172/)C1143414.

The role of PI3K and Hippo signaling in chronic pancreatitis (CP) pathogenesis is unclear. Therefore, we assessed the
involvement of these pathways in CP by examining the PI3K and Hippo signaling components PTEN and SAV1, respectively.
We observed significant decreases in pancreatic PTEN and SAV1 levels in 2 murine CP models: repeated cerulein injection
and pancreatic ductal ligation. Additionally, pancreas-specific deletion of Pten and Sav7 (DKO) induced CP in mice. Pancreatic
connective tissue growth factor (CTGF) was markedly upregulated in both CP models and DKO mice, and pancreatic CCAAT/
enhancer-binding protein-o, (CEBPA) expression was downregulated in the CP models. Interestingly, in pancreatic acinar
cells (PACs), CEBPA knockdown reduced PTEN and SAV1 and increased CTGF levels in vitro. Furthermore, CEBPA knockdown
in PACs induced acinar-to-ductal metaplasia and activation of cocultured macrophages and pancreatic stellate cells. These
results were mitigated by CTGF inhibition. CP in DKO mice was also ameliorated by Ctgf gene deletion, and cerulein-induced
CP was alleviated by antibody-mediated CTGF neutralization. Finally, we observed significantly decreased PTEN, SAV1, and
CEBPA and increased CTGF levels in human CP tissues compared with nonpancreatitis tissues. Taken together, our results
indicate that dysregulation of PI3K and Hippo signaling induces CP via CTGF upregulation.

istics. This process is called acinar-to-ductal metaplasia (ADM),
and its appearance is an important morphological characteris-
tic of CP (4). Several animal experiments have shown that ADM
can develop into pancreatic intraepithelial neoplasia (PanIN) and
subsequently into pancreatic ductal adenocarcinoma (PDAC)
(5). Indeed, CP is recognized to be one of the strongest risk fac-
tors for human PDAC (6). Several signaling pathways, including
the PI3K (7, 8) and Hippo signaling pathways (9), are reported to
be involved in this oncogenic process. The PI3K pathway is an
oncogenic signaling pathway that promotes cell proliferation and
differentiation (10). Animal studies have shown that haploinsuf-
ficiency of Pten, which is a negative regulator of the PI3K signal-
ing pathway, promotes PDAC development and progression in
Kras-mutant mice (7, 8). Furthermore, PTEN (phosphatase and
tensin homolog) expression has been reported to be downreg-
ulated in most human PDACs (8), indicating that PI3K pathway
activation is the driving force of PDAC development. The Hippo
signaling pathway controls organ size in animals by restricting
cell proliferation and promoting apoptosis, both of which are also
important for tumor suppression (11). Its main component is a
kinase cascade wherein mammalian STE20-like protein kinase 1
(MST1) and MST2, in complex with Salvador homolog 1 (SAV1),
phosphorylate and activate the large tumor suppressor 1 (LATS1)
and LATS2 kinases, which in turn phosphorylate and inactivate
the Hippo effector YES-associated protein (YAP). Hippo signal-
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ing inactivation, as represented by SAV1 downregulation or YAP
activation, is correlated with poor overall survival in patients with
PDAC (12-14), suggesting tumor-suppressive roles of the Hippo
pathway in PDAC.

Moreover, dysregulation of the PI3K and Hippo signaling
pathways has been observed in human CP (15, 16). More than half
of CP patients exhibit phosphorylation of RPS6, a major down-
stream effector of the PI3K/AKT/mTOR pathway, in the pancreas,
suggesting activation of PI3K signaling. In addition, upregulation
of YAP expression was observed in pancreatic tissue in a murine
model of pancreatitis and human patients with CP, suggesting
inactivation of Hippo signaling (9, 15). However, the pathological
significance of these dysregulated signaling pathways in CP, and
their regulatory mechanisms, are not well understood. In the pres-
ent study, we found that downregulation of PTEN and SAV1 con-
tributes to dysregulation of the PI3K and Hippo signaling path-
ways in murine CP models and human CP patients. We showed
that mice with genetic disruption of Pten and Savl spontaneously
develop severe CP, demonstrating the importance of these sig-
naling pathways in CP development. We also identified CCAAT/
enhancer-binding protein-o. (CEBPA) as the upstream regulator
of both PTEN and SAV1 and showed that inactivation of CEBPA
in pancreatic acinar cells (PACs) induces ADM and the activation
of macrophages and pancreatic stellate cells (PSCs) via upreg-
ulation of connective tissue growth factor (CTGF). Finally, we
showed that CTGF inhibition markedly ameliorates CP induced
by either deletion of Pten/Savl or repeated injection of cerulein in
mice, suggesting CTGF as a novel therapeutic target in CP.

Results

The expression of PTEN and SAV1 is downregulated in the pancreatic
tissues of mice in 2 models of CP. To clarify the roles of the PI3K and
Hippo signaling pathways in CP pathogenesis, we used 2 major
murine models of CP: repeated administration of cerulein (17)
and pancreatic duct ligation (18). The pancreas atrophied in both
CP models (Supplemental Figure 1, A and B; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI143414DS1), and histological examination showed a reduced
number of acinar cells and the emergence of ductal structures
in the pancreas (Figure 1, A and B). We performed immunohis-
tochemical staining for the ADM marker SOX9 and found that
the pancreata of CP model mice showed an increased number of
SOX9-positive transdifferentiated ADM lesions in comparison
with control mice (Figure 1, A and B). CP is also characterized by
chronic inflammation and fibrogenesis, which are triggered by
inflammatory macrophages and PSCs, respectively (17). Indeed,
both CP models showed macrophage infiltration in the pancreas,
as indicated by the significant increase in Cd68 expression,
leading to marked production of inflammatory cytokines and
chemokines, including Tnfa, Il1b, and Ccl2 (Figure 1, C and D).
In addition, the expression levels of the profibrogenic Tgfbl gene
and type I collagen (Collal and Colla2) genes were significantly
upregulated in the pancreas in both CP models, with widespread
deposition of Sirius red-positive fibers, indicating activation of
PSCs in these models (Figure 1, C and D). Next, we examined
the expression levels of Pten and Savl, major components of the
PI3K and Hippo signaling pathways, respectively. Their mRNA
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levels were significantly lower in the pancreata of mice in both CP
models than in those of control mice (Figure 1, E and F). Consis-
tent with this finding, immunohistochemical staining for PTEN
and SAV1 showed that their protein levels were also significantly
lower in acinar cells of mice in both CP models than in those of
control mice (Figure 1, G and H). Thus, AKT and YAP, which are
the effector proteins of PI3K and Hippo signaling, respectively,
were activated in the pancreas in both CP models, as demonstrat-
ed by the increase in activating phosphorylation of AKT and the
decrease in inhibitory phosphorylation of YAP by Western blot
analysis (Figure 1, I and J), along with the increase in phosphor-
ylated AKT and nuclear YAP levels in acinar cells by immuno-
histochemistry (Supplemental Figure 1, C and D). We also found
significant upregulation of Ctgf, CCN family proteins (19), and
downstream transcriptional targets of the Hippo signaling path-
way (20) in mice in both CP models compared with control mice
(Figure 1K). Taken together, these results indicate that both the
PI3K and Hippo signaling pathways are dysregulated in CP with
the downregulation of PTEN and SAV1.

Mice with pancreas-specific loss of Pten and Savl spontaneously
develop CP. To investigate the significance of PI3K and Hippo
signaling pathway dysregulation in CP, we generated mice with
pancreas-specific Pten and/or Savl knockout (KO) (Supplemen-
tal Figure 2, A and B). Single knockout of either Pten or Savl in
mice (PdxI-Cre Pten”" [PTEN-KO] and PdxI-Cre SavI"! [SAV1-
KOJ mice) did not affect pancreas weight or pancreatic histology
at 6 weeks of age (Figure 2, A-C). In sharp contrast, the pancre-
ata of mice with deletion of both Pten and Savl (PdxI-Cre Pten
Sav1"# [double-KO; DKO] mice) were extremely atrophied (Fig-
ure 2A) and weighed significantly less than those of control
(Pten? Sav1? [wild-type; WT] mice) and single-knockout mice
(Figure 2B). Histological examination showed massive loss of aci-
nar cells, disorganized pancreatic ductal hyperplasia, the emer-
gence of structures reminiscent of SOX9-positive ADM lesions,
and fibrosis in the pancreata of DKO mice (Figure 2C). These
results indicated that mice with loss of both Pten and SavI sponta-
neously develop CP. However, the presence of glucagon-positive
islet cells and the levels of serum glucose and insulin did not differ
between DKO mice and the other strains of mice (Supplemental
Figure 2, C and D), suggesting that pancreatic endocrine functions
were maintained in DKO mice. When we aged the mice longer,
PTEN-KO and SAVI-KO mice survived and developed a small
amount of ADM in their pancreata at 10 months of age (Supple-
mental Figure 2E). Meanwhile, all DKO mice died by 8 weeks of
age without developing PanIN or PDAC (Supplemental Figure 2F).

Next, we investigated the phenotypes of DKO mice at early
ages after birth. The weight of the pancreas increased gradually
in DKO mice and did not differ from that of other mice until 2
weeks of age (Supplemental Figure 2G), excluding the possibility
of failed pancreatic development in DKO mice. From 2 weeks
of age, the weight of the pancreas started to decrease over time,
and pancreatic tissues were almost completely replaced by ADM
and fibrotic lesions at 6 weeks of age (Supplemental Figure 2, H
and I). As expected, an increase in activating phosphorylation of
AKT and a decrease in inhibitory phosphorylation of YAP were
observed in the pancreata of DKO mice (Figure 2D), suggesting
activation of AKT and YAP. Given the stimulatory roles of AKT
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Figure 1. Expression of PTEN and SAV1 is downregulated in the pancre-
atic tissues of mice in 2 models of CP. (A and B) Representative images
of H&E, Sirius red, and SOX9 staining of pancreatic tissue in mice after
repeated cerulein or vehicle (control) injection (A) and in mice subjected
to pancreatic duct ligation (PDL) surgery or sham surgery (B). (C and D)
Cd68, Tnfa, Il1b, Ccl2, Tgfb1, Collal, and Colla2 mRNA levels in pancreatic
tissue in mice after repeated cerulein injection (C) and in mice subjected
to PDL surgery (D). (E and F) Pten and Savl mRNA levels in pancreatic
tissue in mice after repeated cerulein injection (E) and in mice subjected
to PDL surgery (F). (G and H) Representative images of PTEN and SAV1
staining of pancreatic tissue in mice after repeated cerulein injection (G,
left), with quantification of the PTEN and SAV1 staining intensity (G,
right); and in mice subjected to PDL surgery (H, left), with quantification
of PTEN and SAV1 staining intensity (H, right). (I and J) Protein levels

of AKT, p-AKT, YAP, p-YAP, and ACTB in the pancreata of mice after
repeated cerulein injection (1) and in mice subjected to PDL surgery ()).
(K) Ctgf mRNA levels in pancreatic tissue in mice after repeated cerulein
injection (left) and in mice subjected to PDL surgery (right). Blots run in
parallel contemporaneously or run at different times with loading con-
trol for each gel are shown. All data are presented as the means + SDs
of results for 3 mice per group. Student’s t test was used to evaluate
differences between 2 groups. *P < 0.05 and **P < 0.005. Scale bars:
100 pm and 50 um (insets).

and YAP activation in cell proliferation, we assessed the number
of Ki67-positive proliferating cells in the pancreas. While a mild
increase in the number of Ki67-positive acinar cells was observed
in PTEN-KO and SAV1-KO mice compared with WT mice, a mas-
sive increase in Ki67-positive ductal cells was seen in DKO mice
(Supplemental Figure 2]). The number of apoptotic acinar cells in
the pancreas, as determined by TUNEL staining, was increased in
DKO mice compared with the other strains of mice (Supplemental
Figure 2K). Taken together, these data suggest that apoptosis of
acinar cells and proliferation of ductal cells may contribute to CP
phenotypes in DKO mice. We then examined the expression lev-
els of inflammatory cytokines/chemokines, fibrosis-related genes,
and ADM-related genes in DKO mice. Similar to the pattern in
both CP models, the mRNA levels of Cd68, Tnfa, Il1b, Ccl2, Tgfbl,
Collal, Colla2, and Ctgfwere all significantly increased in the pan-
creata of DKO mice (Figure 2E), suggesting that pancreas-specific
co-deletion of PTEN and SAV1 recapitulates the CP phenotypes
observed in these 2 major CP models.

CEBPA positively regulates PTEN and SAVI in acinar cells, and
inhibition of PTEN and SAV1 induces ADM through CTGF upreg-
ulation in vitro. We then assessed the effects of PTEN and SAV1
loss in acinar cells in vitro. To this end, we knocked down PTEN
and/or SAV1 in the mouse PAC tumor cell line 266-6 and found
that the double knockdown of PTEN and SAV1 strongly upregu-
lated the expression of SOX9, increased the expression of CTGF,
and decreased the inhibitory phosphorylation of YAP (Figure 3A).
These data suggest that the inhibition of PTEN and SAV1 induces
ADM in vitro, recapitulating PAC phenotypes in both CP models
and in DKO mice.

Next, we examined an upstream transcription factor (TF) that
regulates Pten and Savl in the pancreas. In silico analysis using
the TRANSFAC TF database (21) revealed that Cebpa was the
curated TF that targeted Pten and Savl. The pancreatic expression
of Cebpa was significantly downregulated in mice in both mod-
els of experimental CP compared with control mice (Figure 3B).
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We thus knocked down CEBPA in the mouse PAC tumor cell line
266-6 and found that CEBPA knockdown significantly decreased
the mRNA and protein levels of both PTEN and SAV1 (Figure 3,
C and D, and Supplemental Figure 3, A and B), and decreased
the mRNA levels of the known CEBPA-target genes Bcl-2 and
p21 (refs. 22, 23, and Supplemental Figure 3C), suggesting that
CEBPA positively regulates PTEN and SAV1 in PACs. In silico
analysis indicated that there are several CEBPA binding sites in
their promoter regions, and a ChIP assay showed that CEBPA
proteins bind to these regions in 266-6 cells (Supplemental Fig-
ure 3D), indicating that Cebpa transcriptionally regulates the Pten
and SavI genes by binding to their promoters in pancreatic cells.
CEBPA knockdown also substantially increased activating phos-
phorylation of AKT and decreased inhibitory phosphorylation
of YAP in 266-6 cells (Figure 3E and Supplemental Figure 3E).
Moreover, CEBPA knockdown markedly increased SOX9 mRNA
and protein levels in conjunction with CTGF upregulation in
266-6 cells (Figure 3, C and E, and Supplemental Figure 3, A and
E). To investigate whether the phenotypic changes induced by
CEBPA knockdown in 266-6 cells are mediated by the decreased
expression levels of both PTEN and SAV, we examined the effect
of PTEN and SAV1 re-expression on the ADM phenotype of
CEBPA-silenced cells in vitro. We confirmed that the transfection
of Pten and Savl cDNA increased the protein levels of both PTEN
and SAV1in 266-6 cells (Supplemental Figure 3F) and significantly
suppressed the increase in the mRNA levels of Ctgfand Sox9 upon
CEBPA knockdown (Supplemental Figure 3G), suggesting that
the decrease in PTEN and SAV1 resulting from CEBPA inhibition
induces ADM in vitro. Furthermore, CTGF inhibition significantly
suppressed the increase in Sox9 levels in 266-6 PACs with CEBPA
knockdown (Figure 3F and Supplemental Figure 3H). Taken
together, these data suggested that CEBPA inhibition reduced
PTEN and SAV1, which induced transdifferentiation of PACs
through CTGF upregulation. We also searched for upstream
signals that triggered CEBPA downregulation in CP models. We
found that expression levels of the Hnf4a and Cebpb genes, both
of which are reported to positively regulate Cebpa (24, 25), sig-
nificantly decreased in both CP models compared with controls
(Supplemental Figure 3, and J).

Inhibition of PTEN and SAV1 in PACs may activate surround-
ing macrophages and PSCs via CTGF upregulation in vitro. To fur-
ther examine the mechanisms underlying CP development in
the absence of PTEN and SAV1, we focused on the interaction
between PACs and macrophages/PSCs. First, we examined the
expression levels of inflammatory cytokines in the macrophage
cell line RAW 264.7 two days after coculture in a Transwell system
with 266-6 PACs transfected with Cebpa siRNA or negative control
siRNA. CEBPA knockdown in acinar cells significantly increased
the mRNA expression levels of Tnfa, Il1b, and Ccl2 in the cocul-
tured RAW 264.7 cells (Figure 4A and Supplemental Figure 4A).
Next, we cocultured 266-6 PACs and PSCs isolated from mouse
pancreata in the Transwell coculture system. The mRNA expres-
sion levels of Tgfbl, Collal, and Colla2 were significantly higher in
PSCs cocultured with 266-6 cells with CEBPA knockdown than in
PSCs cocultured with 266-6 cells transfected with negative con-
trol siRNA (Figure 4B and Supplemental Figure 4B). These results
suggest that PACs with CEBPA knockdown-mediated inhibition
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Figure 2. Mice with pancreas-specific loss of Pten and Sav1 spontaneously develop CP. Pancreatic phenotypes were examined in WT mice, pancreas-
specific Pten knockout (PTEN-KO) mice, Savi-knockout (SAV1-KO) mice, and Pten and Sav1 double knockout (DKO) mice at 6 weeks of age. (A) Macroscopic
images of the pancreas. (B) Pancreas weight. (C) Representative images of H&E, Sirius red, and SOX9 staining of pancreatic tissue. (D) Protein levels of
AKT, p-AKT, YAP, p-YAP, and ACTB in the pancreata of mice. (E) Cd68, Tnfa, Il1b, Ccl2, Tgfb1, Collal, Colla2, and Ctgf mRNA levels in pancreatic tissue. Blots
run in parallel contemporaneously are shown. All data are presented as the means + SDs of results for 3 mice per group. One-way ANOVA with Tukey's
post hoc test was used to compare differences among 4 groups. *P < 0.05 vs. all groups. Scale bars: 100 um and 50 um (insets).

of PTEN and SAV1 may activate surrounding macrophages and
PSCs. Interestingly, further CTGF inhibition in 266-6 PACs with
CEBPA knockdown significantly suppressed the increase in the
expression levels of these inflammatory cytokines in cocultured
RAW 264.7 cells (Figure 4C and Supplemental Figure 4C) and
prevented upregulation of profibrogenic genes in cocultured PSCs
(Figure 4D and Supplemental Figure 4D), suggesting that inhibi-
tion of PTEN and SAV1 in PACs may activate surrounding macro-
phages and PSCs via CTGF upregulation in vitro.

J Clin Invest. 2021;131(13):e143414 https://doi.org/10.1172/)C1143414

CTGF produced by PACs is involved in the development of CP via
pancreas-specific loss of Pten and Savl in vivo. To investigate wheth-
er CTGF derived from PACs is involved in CP induced by deletion
of Pten and Savl in mice, we generated mice with pancreas-specif-
ic triple knockout of Pten, Savl, and Ctgf (Pdx1-Cre Pten? Sav1"/#
Ctgf"# [triple KO; TKO] mice) and compared pancreatic pheno-
types among WT, DKO, and TKO mice. We first confirmed that
the levels of Pten, Savl, and Ctgfwere significantly decreased in the
pancreata of TKO mice compared with WT mice (Figure 5A). The
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Figure 3. CEBPA positively regulates PTEN and SAV1in acinar cells, and inhibition of PTEN and SAV1 induces ADM through CTGF upregulation
in vitro. (A) Protein levels of LATS1, LATS2, p-LATS1/2, YAP, p-YAP, CTGF, SOX9, and ACTB in 266-6 cells 3 days after transfection with negative
control (NC) siRNA, Pten siRNA (PTEN knockdown [KD]), Sav7 siRNA (SAV1 KD), both Pten and Sav7 siRNAs (PTEN SAV1 double KD [DKD]), or both
Lats1and Lats2 siRNAs (LATS1/2 DKD). (B) Cebpa mRNA levels in pancreatic tissue in mice after repeated cerulein or vehicle (control) injections

(left) and in mice subjected to PDL surgery or sham surgery (right). (C and D) mRNA levels of Cebpa, Pten, Sav1, Ctgf, and Sox9 (C) and protein levels
of CEBPA, PTEN, SAV1, and ACTB (D) in 266-6 cells 3 days after transfection with NC siRNA or Cebpa siRNA (#1) (CEBPA KD#1). (E) Protein levels of
YAP, p-YAP, AKT, p-AKT, CTGF, SOX9, and ACTB in 266-6 cells 3 days after transfection with NC siRNA or Cebpa siRNA (#1) (CEBPA KD#1). (F) mRNA

;

levels of Cebpa, Ctgf, Pten, Sav1, and Sox9 in 266-6 cells 3 days after transfection with NC siRNA, Ctgf siRNA (#1) (CTGF KD#1), Cebpa siRNA (#1)
(CEBPA KD#1), or both Cebpa (#1) and Ctgf siRNAs (#1) (DKD#1). Blots run in parallel contemporaneously or run at different times with loading
control for each gel are shown. The data are presented as the means + SDs of results for 3 samples per group. Student’s t test was used to evaluate
differences between 2 groups (B and C). One-way ANOVA with Tukey's post hoc test was used to compare differences among 4 groups (F). *P <

0.05, **P < 0.005, and 'P < 0.05 vs. all groups.

weight of the pancreas was significantly increased in TKO mice
compared with DKO mice (Figure 5, B and C). Importantly, histo-
logical analysis showed that the acinar cell loss, ADM formation,
and fibrosis observed in DKO mice were mitigated in TKO mice
(Figure 5, D and E). In addition, the pancreatic expression levels of
Cd68, together with those of Tnfa, Il1b, and Ccl2, were significantly
lower in TKO mice than in DKO mice (Figure 5F). Similarly, Ctgf
deletion significantly suppressed the upregulation of Tgfb1, Collal,
and Colla2 expression observed in DKO mice (Figure 5F). While
all DKO mice died early (Supplemental Figure 2F), some of the
TKO mice survived to 10 months of age without developing PanIN
or PDAC (Supplemental Figure 5A). Taken together, these results

indicate that in the absence of PTEN and SAV1, CTGF in PACs
promotes CP development in mice via the acceleration of ADM
formation and activation of surrounding macrophages and PSCs.
CTGF inhibition ameliorates CP by alleviating inflammation,
fibrogenesis, and ADM formation in vivo. To explore the therapeu-
tic potential of targeting CTGF in CP, we treated mice with ceru-
lein-induced CP with either FG-3154, an anti-CTGF neutralizing
antibody, or control IgG. The therapeutic protocol is shown in
Figure 6A. Compared with control IgG treatment, FG-3154 treat-
ment significantly alleviated the pancreatic weight loss caused
by repeated cerulein injection (Figure 6, B and C). Histological-
ly, while CP post-treatment phenotypes were comparable to pre-

J Clin Invest. 2021;131(13):e143414 https://doi.org/10.1172/)Cl143414


https://www.jci.org
https://doi.org/10.1172/JCI143414
https://www.jci.org/articles/view/143414#sd
https://www.jci.org/articles/view/143414#sd

The Journal of Clinical Investigation

RESEARCH ARTICLE

o
[$)]
T

L1 T

-

0.5

A B
Tnfa 111b Ccl2  RAW 264.7 cells Tgfb1 Col1at Col1a2  pscs
— * % cocultured with _ * o cocultured with
Q15 25r — 25 * m 266-6 + NC siRNA Q20 2.0 * 25 ——— = 266-6 +NC siRNA
2@ = —I— = 266-6 + CEBPAKD#1 @ = 266-6 + CEBPA KD#1
< 20 2.0 T <15 ‘I’ 15 _I_ 20 ‘I’
Z 10 <k 1.5 15 iL Z 15
L % X 1oF 10F 2
1.0 1.0F - 1.0f =5
o 05 u= )
= 05 05 =05 05 05
© ©
2 0.0 0.0 0.0 © 00 0.0 0.0
o NC CEBPA NC CEBPA NC CEBPA 24 NC CEBPA NC CEBPA NC CEBPA
KD#1 KD#1 KD#1 KD#1 KD#1 KD#1

C

Tnfa 111b Ccl2 RAW 264.7 cells
_ 4r 3 3r- cocultured with
4 u = u = 266-6 + NC siRNA
o 3 $ = 266-6 + CTGF KD#1
< °r &i ok ok $ = 266-6 + CEBPA KD#1
Z u 266-6 + DKD#1
E 2 wia % itn
2 I
s J—-
Ko) g
- 0 0

NC CTGF CEBPA DKD NC CTGF CEBPA DKD NC CTGF CEBPA DKD
KD#1 KD#1 #1 KD#1 KD#1 #1 KD#1 KD#1 #1

D

Tgfb1 Col1at Colt1a2 PSCs

* cocultured with

5 2.0r 5r * 25r * u 266-6 + NC siRNA
3 ulm 4L 20k = 266-6 + CTGF KD#1
— 1.5 =28 ' _I_ u 266-6 + CEBPA KD#1
<z( 3l 15k = 266-6 + DKD#1
HES A 2y L T
o 2F 1.0 e alm
=
ko
[0}
14

o
=

0.0
NC CTGF CEBPA DKD
KD#1 KD#1 #1

0
NC CTGF CEBPA DKD

KD#1 KD#1  #1 KD#1 KD#1

NC CTGF CEBPA DKD

#1

Figure 4. Inhibition of PTEN and SAV1 in PACs may activate surrounding macrophages and PSCs via CTGF upregulation in vitro. (A) mRNA levels of

Tnfa, I11b, and Ccl2 in RAW 264.7 cells 2 days after coculture with 266-6 cells transfected with negative control (NC) siRNA or Cebpa siRNA (#1) (CEBPA
knockdown [KD] #1). (B) mRNA levels of Tgfb1, Col1al, and Col1a2 in PSCs isolated from mouse pancreata 2 days after coculture with 266-6 cells trans-
fected with NC siRNA or Cebpa siRNA (#1) (CEBPA KD#1). (C) mRNA levels of Tnfa, I11b, and Ccl2 in RAW 264.7 cells 2 days after coculture with 266-6 cells
transfected with NC siRNA, Ctgf siRNA (#1) (CTGF KD#1), Cebpa siRNA (#1) (CEBPA KD#1), or both Cebpa (#1) and Ctgf (#1) siRNAs (double KD [DKD] #1).
(D) mRNA levels of Tgfb1, Collal, and Col1a2 in PSCs isolated from mouse pancreata 2 days after coculture with 266-6 cells transfected with NC siRNA, Ctgf
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treatment phenotypes in the control IgG group (Figure 6, D and
E), the anti-CTGF neutralizing antibody treatment alleviated
CP phenotypes (Figure 6, D and E). Furthermore, compared
with control IgG treatment, FG-3154 treatment significantly sup-
pressed the upregulation of Cd68, Tnfa, Il1b, Ccl2, Tgfbl, Collal,
and Colla2 expression caused by repeated cerulein injection (Fig-
ure 6F). Taken together, our data show that CTGF inhibition sup-
presses CP progression by alleviating inflammation, fibrogenesis,
and ADM formation, thereby suggesting the targeting of CTGF as
anovel potential therapeutic approach for CP.

CP tissues exhibit lower CEBPA, PTEN, and SAV1 levels and
higher CTGF levels than nonpancreatitis tissues from humans.
Finally, we assessed the clinical significance of our findings
using CP tissues and nonpancreatitis tissues from patients.
To this end, we first histopathologically evaluated obstructive
pancreatitis tissues and nonpancreatitis tissues from the same

J Clin Invest. 2021;131(13):e143414 https://doi.org/10.1172/)C1143414

patients. Among patients who underwent surgical resection of
the pancreas due to PDAC development at the pancreatic body,
6 exhibited obstructive pancreatitis on the tail side but not the
head side. CP tissues exhibited decreased numbers of PACs,
increased areas of fibrosis, and SOX9-positive ADM lesions
compared with nonpancreatitis tissues in these patients (Figure
7, A and B). We then performed immunohistochemical staining
for CEBPA, PTEN, SAV1, phosphorylated AKT (p-AKT), YAP,
and CTGF in the pancreatic tissues. The expression levels of
PTEN, SAV1, and CEBPA were significantly lower in CP tissues
than in nonpancreatitis tissues (Figure 7, C and D). In contrast,
p-AKT, nuclear YAP, and CTGF levels were significantly higher
in CP tissues than in nonpancreatitis tissues (Figure 7, C and D).
Next, we also performed the same histopathological analyses
using pancreatic tissues from CP patients and normal pancre-
atic tissues from pancreatic neuroendocrine tumor patients.
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Similarly to the obstructive pancreatitis tissues, CP tissues
showed significantly lower levels of PTEN, SAV1, and CEBPA
and higher levels of p-AKT, nuclear YAP, and CTGF than those
in normal pancreatic tissues (Figure 7E and Supplemental Fig-
ure 6, A-C). Collectively, these data suggest that dysregulation
of the CEBPA-PTEN/SAV1-CTGF axis might be involved in the
development of CP in humans.

Discussion
In this study, we focused on the PI3K and Hippo signaling path-
ways, both of which are important for PDAC development, and

provided important in vivo experimental evidence that dysregu-
lation of these pathways synergistically contributes to CP patho-
genesis. Additionally, we found that downregulation of PTEN and
SAV1 is partially responsible for dysregulation of these pathways
and occurs in human CP patients, supporting the clinical relevance
of our findings. Recently, crosstalk between the PI3K and Hippo
signaling pathways has been shown to be involved in organ devel-
opment as well as in the pathophysiology of various diseases (26-
29). During organ development, YAP downregulates PTEN via
microRNA-29 induction and activates PI3K-mTOR signaling, reg-
ulating organ size (30). Inversely, PTEN inactivation suppresses
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the MOBI-LATS1/2 interaction, leading to YAP activation, which
accelerates gastric tumorigenesis (28). Therefore, these pathways
are regulated bidirectionally at the molecular level. Moreover, we
previously showed that simultaneous loss of PTEN and SAV1in the
liver induces synergistic activation of liver progenitor cells, lead-
ing to early and aggressive hepatocarcinogenesis (29), indicating

J Clin Invest. 2021;131(13):e143414 https://doi.org/10.1172/)C1143414

the presence of synergistic crosstalk between these pathways. In
the present study, we observed that single deletion of either Pten
or Savl did not result in any pancreatic phenotype, but dual dele-
tion resulted in rapid disruption of exocrine homeostasis, leading
to CP development. Therefore, synergistic crosstalk between the
PI3K and Hippo signaling pathways also exists in the pancreas and
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Figure 7. CP tissues exhibit lower PTEN and SAV1 levels and higher CTGF levels than nonpancreatitis tissues from humans. (A and B) Representative
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plays a critical role in CP pathogenesis. At the cellular and molec-
ular levels, we found that either SAV1 or PTEN inhibition slightly
reduced phosphorylation of LATS1/2, leading to only mild YAP
activation in PACs. In contrast, dual deletion of SAV1 and PTEN
almost completely eliminated the phosphorylation of LATS1/2
and thus strongly activated YAP, inducing ADM in these cells.
These data suggested that crosstalk between PTEN and SAV1
affected the activation of LATS1/2-YAP signaling in PACs. This
YAP activity was comparable to that acquired through LATS1/2

inhibition (Figure 3A). This may reflect the previous report that
mice with deletion of both LatsI and Lats2 spontaneously develop
CP similar to that in our DKO mice (31).

In an aim to identify the upstream regulator of the PI3K
and Hippo signaling pathways in acinar cells, we found that the
expression level of CEBPA decreased along with the expression
levels of both PTEN and SAV1 in the pancreata of mice with
CP induced via either of 2 different methods. CEBPA, a mem-
ber of the C/EBP family of TFs, arrests cellular proliferation

J Clin Invest. 2021;131(13):e143414 https://doi.org/10.1172/)Cl143414
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and drives terminal differentiation in a variety of adult tissues,
including those composed of granulocytes, adipocytes, hepato-
cytes, pneumocytes, and osteoclasts (23, 32, 33). In addition,
CEBPA is indispensable for maintaining postnatal systemic
energy homeostasis and lipid storage (34). The CEBPA gene has
been reported to act as a tumor suppressor in many tumor types
and to be epigenetically silenced in pancreatic cancer cells (23,
35). On the other hand, the functional role of CEBPA in PACs
remains unclear. CEBPA directly controls many genes involved
in the cell cycle and cell proliferation, such as CDKNIA, E2F1,
and MYC, as well as a variety of metabolic genes (23, 34). In this
study, we demonstrated, for the first time to our knowledge, that
CEBPA positively regulates PTEN and SAV1 in PACs and main-
tains their integrity by preventing their transformation into duc-
tal cells. Considering that CEBPA positively regulates 2 major
tumor suppressors in the pancreas, further examination of the
involvement of this tumor-suppressive link in PDAC develop-
ment would be interesting.

We focused on CTGF as the critical downstream media-
tor of the PI3K and Hippo pathways during CP development.
Several studies have shown that CTGF acts as a profibrogenic
factor and activates fibroblasts in various organs including the
pancreas, facilitating fibroblast proliferation and collagen pro-
duction, which promote organ fibrogenesis (15, 36-38). CTGF
is considered to be produced mainly by fibroblasts, but recent
reports have shown that CTGF secreted from epithelial cells
also contributes significantly to disease pathogenesis (39, 40).
We and others have reported that CTGF secreted from hepato-
cytes may contribute to liver fibrogenesis via activation of near-
by hepatic stellate cells (39, 41, 42). In the pancreas, Charrier
et al. reported that CTGF was produced from PACs, as well as
PSCs, under ethanol stimulus, suggesting the potential involve-
ment of PAC-derived CTGF in CP development (43). In our cur-
rent study, we found that in vitro, PAC-derived CTGF promotes
ductal metaplasia and activates surrounding macrophages and
PSCs, suggesting a novel pleiotropic function of PAC-derived
CTGF during CP development in cell-autonomous and cell-het-
eronomous manners. Furthermore, we demonstrated, for the
first time to our knowledge, that PAC-derived CTGF is involved
in ADM formation, inflammation, and fibrogenesis during CP
in vivo. These results suggest that PAC-derived CTGF is pivotal
in the development of CP.

CTGF expression has previously been reported to be
increased in human CP (44). However, its regulatory mech-
anism and pathological significance remain unclear. In this
study, we showed that genetic disruption of Pten and Savl syn-
ergistically upregulates CTGF expression in the pancreata of
mice with CP, providing, to our knowledge, the first demon-
stration of the regulatory link between PTEN/SAV1 and CTGF
in CP. Consistent with this finding, we also observed that in
human obstructive pancreatitis, the expression of PTEN and
SAV1 was decreased, whereas that of CTGF was increased (44),
suggesting the existence of this regulatory link in human CP.
More importantly, we demonstrated the in vivo therapeutic effi-
cacy of blocking CTGF in mouse models of both genetically and
chemically induced CP. Liu et al. also very recently showed the
antifibrotic effects of an anti-CTGF neutralizing antibody in a
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different animal model of CP, Latsl/2-double-knockout mice
(31). Taken together, the results of our studies highlight CTGF
as a promising therapeutic target for CP. Moreover, we showed
that in the cerulein-induced murine model of CP, treatment
with an anti-CTGF neutralizing antibody alleviated inflam-
mation, fibrosis, and ADM, all of which are known to induce
PDAC development. Therefore, amelioration of inflammation
and fibrosis during CP via CTGF inhibition might also prevent
CP-induced pancreatic carcinogenesis, and this important ben-
eficial effect needs further assessment.

In conclusion, our study revealed the important molecular
mechanism of CP development, i.e., that dysregulation of PI3K
and Hippo signaling in PACs promotes ADM, which is followed
by inflammation with macrophage infiltration and fibrosis with
PSC activation, resulting in rapid development of CP. Further-
more, we identified CTGF as the downstream effector of PI3K and
Hippo signaling responsible for CP progression and provided
robust evidence that CTGF inhibition reduces the severity of CP
in vivo. These results indicate that targeting CTGF could be an
effective therapeutic strategy for CP.

Methods

Mice. C57BL/6] and Pten* mice were purchased from The Jack-
son Laboratory. Pdx1-Cre transgenic mice were obtained from the
Mouse Models of Human Cancer Consortium (National Cancer
Institute-Frederick, Bethesda, Maryland). SavI?" and Ctgf"" mice
were generated as previously described (45, 46). To establish the
model of cerulein-induced CP, 6-week-old C57BL/6] mice received
cerulein (solubilized in PBS at a final concentration of 10 pg/mL
and injected i.p. ata dose of 50 pug/kg) every hour for 6 hours 3 times
per week for 7 weeks. Controls received PBS injections. To estab-
lish the model of pancreatic duct ligation-induced CP, 6-week-old
C57BL/6] mice were subjected to pancreatic duct ligation as pre-
viously described (18). Controls were subjected to surgery without
duct ligation. The mice were sacrificed at the indicated time points.
To generate PdxI-Cre Pten/' Sav1I"" mice, Pten”* mice or Savl"!
mice were first crossed with PdxI-Cre mice to generate PdxI-Cre
Pten* mice or PdxI-Cre Savl”* mice. The resulting mice were
then intercrossed to generate Pten Sav1"" (WT) mice, PdxI-Cre
Pten! (PTEN-KO) mice, PdxI-Cre Savl”" (SAV1-KO) mice, and
Pdx1-Cre Pten/" Sav1I”" (DKO) mice. Additionally, the resulting
mice were crossed with Ctgf"! mice to generate PdxI-Cre Pten/N
Sav"? CtgfM (TKO) mice. All the genetically engineered mouse
models were followed into adulthood.

Blood and tissue preparation. All mice were sacrificed under pen-
tobarbital anesthesia, and peripheral blood and samples of the pan-
creas were collected for study. Harvested blood was centrifuged at
16,500 g for 10 minutes to separate the serum. Each pancreas was
rapidly removed, weighed, and either snap-frozen for molecular
analysis or fixed with 10% neutral phosphate-buffered formalin for
histological analysis.

Histological and immunohistochemical analyses. Pancreatic tissues
were stained with a standard H&E preparation. Sirius red staining
was performed to assess the degree of pancreatic fibrosis. To detect
apoptotic cells, a TUNEL assay was performed with an ApopTag Per-
oxidase In Situ Apoptosis Detection Kit according to the manufac-
turer’s instructions (Merck KGaA). Immunohistochemical analyses
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of paraffin-embedded pancreatic tissues were performed using anti-
bodies specific for PTEN, SOX9, p-AKT, glucagon, CEBPA, and CTGF
(Abcam); YAP and Ki67 (Cell Signaling Technology); and SAV1 (Novus
Biologicals). Immunostained tissues were imaged with a SLIDEVIEW
VS200 (Olympus), and the immunostaining intensity of each PAC was
quantified with Image] software (NIH). Detailed antibody informa-
tion is given in Supplemental Table 1.

Biochemical analysis. Mouse serum glucose levels were enzymati-
cally measured at the Oriental Kobo Life Science Laboratory (Tokyo,
Japan). Mouse serum insulin levels were measured using an ELISA kit
(Morinaga Institute of Biological Science).

RNA isolation and quantitative PCR. The total RNA was extract-
ed from cell lines or pancreatic tissues using an RNeasy Mini Kit
(QIAGEN) according to the manufacturer’s instructions, and cDNA
was synthesized using reverse transcription as previously described
(47). Quantitative PCR was performed in a Quant Studio 6 Flex Real-
Time PCR System (Thermo Fisher Scientific) with TagMan probes.
Relative gene expression levels were determined by the AACT
method and normalized to those of Actb. Detailed probe (Thermo
Fisher Scientific) information is given in Supplemental Table 2.

Western blot analysis. Samples of pancreatic tissues or harvested
cells were lysed in lysis buffer (1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% SDS, protease inhibitor cocktail [Nacalai
Tesque], phosphatase inhibitor cocktail [Nacalai Tesque], and PBS
[pH 7.4]). Equal amounts of protein were electrophoretically sepa-
rated and subjected to Western blotting. The following antibodies
were used as primary antibodies: anti-AKT, anti-p-AKT, anti-YAP,
anti-p-YAP, anti-CEBPA, anti-SOX9, anti-LATS1, anti-PTEN, anti-
SAV1 (all from Cell Signaling Technology), anti-CTGF (Abcam),
anti-LATS2 and anti-p-LATS1/2 (Invitrogen), and anti-ACTB
(Sigma-Aldrich). Detailed antibody information is given in Supple-
mental Table 1.

Cell culture. The mouse PAC tumor cell line 266-6 and the mouse
macrophage cell line RAW 264.7 were obtained from the American
Type Culture Collection cell bank and cultured in DMEM (Nacalai
Tesque) containing 10% heat-inactivated FCS, 100 U/mL penicil-
lin, and 100 pg/mL streptomycin. Mouse PSCs were isolated from
C57BL/6 mice by a previously described method with modifications
(48). All cells were maintained at 37°C in a humidified atmosphere
containing 5% CO,. All cells were confirmed to be pathogen and
mycoplasma free.

ChIP assay. First, 266-6 cells were prepared using the SimpleChIP
Plus Enzymatic Chromatin IP kit (9005, Cell Signaling Technology).
Nuclear extracts from 266-6 cells were cross-linked by the addition of
formaldehyde, sonicated, and used for immunoprecipitation with the
CEBPA rabbit polyclonal antibody (18311-1-AP, Proteintech). Reverse-
cross-linked ChIP DNA samples were subjected to real-time PCR
using the oligonucleotides specific to promoter regions of the murine
Pten gene, 5'-AGGAACAGCTTGGGGACTCT-3' (sense) and 5'-CCG-
GATCGGAGCAGAGAATAG-3' (antisense), and to the murine Savl
gene, 5-TCTGGTGCTCAAAGGCTTCAA-3' (sense) and 5'-TCCGC-
GCTTTCGGATTAAA-3' (antisense), which were synthesized by Inte-
grated DNA Technologies.

Cell transfection with siRNA. Silencer Select siRNAs against
mouse Pten, Savl, Latsl, Lats2, Cebpa, and Ctgf were designed and
synthesized by Thermo Fisher Scientific. We used 2 independent
siRNAs against Cebpa (#1 and #2) and against Ctgf (#1 and #2). Cells
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were transfected using the reverse transfection method. First, 266-
6 cells were transfected with siRNAs (10 nM) using Lipofectamine
RNAIMAX (Thermo Fisher Scientific) according to the manufac-
turer’s instructions. In brief, the 266-6 cells were plated in 12-well
plates, and either Silencer Select negative control siRNAs or target
siRNAs mixed with Lipofectamine RNAIMAX were added to the
plates on the same day. Three to five days after transfection, the
cells were used for experiments. Detailed siRNA information is
given in Supplemental Table 3.

Plasmid construction and transfection. Pten and Savl expression
vectors and 266-6 cells were used to establish transfectants of both
of these genes. The full-length mouse Pten cDNA was synthesized by
Integrated DNA Technologies. The LentiCas9-Blast plasmid (52962,
Addgene) was cut with BamHI and Xbal restriction enzymes, and
then the Pten cDNA was inserted into the plasmid. Additionally, the
Savl expression vector was purchased from OriGene (MR206033L4).
Accordingly, the 266-6 cells were then transfected with both the Pten
cDNA insert vector and Savl expression vector or control vector and
Lipofectamine 2000 (11668019, Thermo Fisher Scientific). Puro-
mycin and blasticidin were used for the selection of both Pten- and
Savl-expressing transfectants.

Transwell assay. RAW 264.7 cells or PSCs were cultured in the bottom
compartment of a 12-well Transwell cell culture system (pore size 3.0 pmy;
Corning), and 266-6 cells transfected with either Silencer Select negative
control siRNAs or target siRNAs were cultured on the membranes of the
Transwell cell culture inserts. After 2 days of coculture in the Transwell
system, the RAW 264.7 cells or PSCs were used for experiments.

Administration of FG-3154. FG-3154, a fully human neutralizing
mAb recognizing CTGF, and a human control IgG were provided
by FibroGen. CP was induced by i.p. injection of cerulein (50 pg/
kg) 3 days per week for 7 weeks. During the final 2 weeks of cerulein
injection, 40 mg/kg FG-3154 or control IgG was administered twice
weekly by i.p. injection.

Human samples. Six pancreas samples of obstructive pancreati-
tis tissues and nonpancreatitis tissues were collected from patients
with pancreatic body cancer who underwent distal pancreatecto-
my. In addition, 6 pancreas samples of CP tissues were collected
from 3 patients with alcoholic CP, 2 patients with tumor-forming
pancreatitis, and 1 patient with familial pancreatitis, all of whom
underwent pancreaticoduodenectomy or distal pancreatectomy.
Six samples of normal pancreatic tissues were collected from
patients with pancreatic neuroendocrine tumors who underwent
pancreaticoduodenectomy or distal pancreatectomy. All surgeries
were performed at the Department of Gastroenterological Surgery,
Osaka University Graduate School of Medicine, between February
2011 and April 2018.

Statistics. Statistical analyses were performed using Prism 9.0.1
software (GraphPad). Data are presented as the means * SDs. Two-
tailed Student’s ¢ test was used to evaluate differences between 2
groups. One-way ANOVA with Tukey’s post hoc test was used to
compare differences among 3 or more groups. The survival data
were analyzed using the log-rank test. A P value less than 0.05 was
considered significant.

Study approval. All animal experimental procedures were per-
formed in accordance with the Osaka University guidelines for animal
experiments and approved by the Ethics Committee of Osaka Univer-
sity Graduate School of Medicine. The use of resected human samples
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was approved by the Ethics Committee of Osaka University Graduate
School of Medicine (protocol 17160), and written informed consent
was received from all patients. The study design was consistent with
the principles of the Declaration of Helsinki.
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