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SUMMARY

By using genetically engineered mouse models molecular
biology analysis, this study shows the important role of
proline-rich tyrosine kinase 2 in premalignant acinar cell
reprogramming and pancreatic ductal adenocarcinoma
genesis. Proline-rich tyrosine kinase 2 also has been found
to be required for pancreatic ductal adenocarcinoma
maintenance.

BACKGROUND & AIMS: Identification and validation of new
functionally relevant and pharmacologically actionable targets
for pancreatic ductal adenocarcinoma (PDAC) remains a great
challenge. Premalignant acinar cell reprogramming (acinar-to-
ductal metaplasia [ADM]) is a precursor of pancreatic intra-
epithelial neoplasia (PanIN) lesions that can progress to
PDAC. This study investigated the role of proline-rich tyrosine
kinase 2 (PYK2) in mutant Kras-induced and pancreatitis-
associated ADM and PanIN formation, as well as in PDAC
maintenance.

METHODS: Genetically engineered mouse models of mutant
Kras (glycine 12 to aspartic acid) and Pyk2 deletion were used
for investigating the role of PYK2 in PDAC genesis in mice.
In vitro ADM assays were conducted using primary pancreatic
acinar cells isolated from mice. Immunohistochemistry, immu-
nofluorescence, and a series of biochemical experiments were
used to investigate upstream regulators/downstream targets of
PYK2 in pancreatic carcinogenesis. PDAC cell line xenograft
experiments were performed to study the role of PYK2 and its
downstream target in PDAC maintenance.

RESULTS: PYK2 was increased substantially in ADM lesions
induced by mutant Kras or inflammatory injury. Pyk2 deletion
remarkably suppressed ADM and PanIN formation in a mutant
Kras-driven and pancreatitis-associated PDAC model, whereas
PYK2 knockdown substantially inhibited PDAC cell growth
in vitro and in nude mice. This study uncovered a novel yes-
associated protein 1/transcriptional co-activator with PDZ
binding motif/signal transducer and activator of transcription
3/PYK2/b-catenin regulation axis in PDAC. Our results suggest
that PYK2 contributes to PDAC genesis and maintenance by
activating the Wnt/b-catenin pathway through directly phos-
phorylating b-cateninY654.

CONCLUSIONS: The current study uncovers PYK2 as a novel
downstream effector of mutant KRAS signaling, a previously
unrecognized mediator of pancreatitis-induced ADM and a novel
intervention target for PDAC. (Cell Mol Gastroenterol Hepatol
2019;8:561–578; https://doi.org/10.1016/j.jcmgh.2019.07.004)
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Pfourth leading cause of cancer-related death in the
United States and one of the few cancers for which survival
has not improved significantly over the past 40 years.
Identification of crucial factors or events required for tumor
initiation/genesis and maintenance is essential for the
development of effective preventive and therapeutic stra-
tegies. PDAC arises from precursor lesions called pancreatic
intraepithelial neoplasms (PanINs)1; as a precursor of PanIN
lesions, acinar-to-ductal metaplasia (ADM) is the earliest
preneoplastic lesion that predisposes to PDAC.2,3 ADM is
characterized by replacement of acinar cells expressing
acinar cell markers including amylase with cells expressing
both acinar cell markers and ductal epithelial-specific
markers, such as cytokeratin 19 (CK19).

As a crucial step in PDAC initiation, ADM can be induced
by mutant Kras.4–6 The Kras oncogene is mutated frequently
in human malignancies such as colon, lung, and ovarian can-
cer, and the most frequent mutation is the constitutively
active KrasG12D (glycine 12 to aspartic acid) allele. Mutations
in Kras are found in approximately 40% of cases of human
PanIN1A/1B, and in more than 90% cases of human PDAC.7,8

It is firmly established that mutant Kras is a driver of PDAC
initiation9 and is required for the maintenance of pancreatic
cancer in mice.10 Despite its well-established role in PDAC, the
underlying mechanisms bywhich oncogenic Kras drives PDAC
initiation and progression are not fully understood and the
downstream effectors of mutant Kras remain to be uncovered.

ADM also occurs in response to acute inflammation and
commonly is observed in chronic pancreatitis.11 Chronic
pancreatitis is a significant risk factor for human PDAC and
individuals with hereditary pancreatitis have a more than
50-fold increased risk for developing pancreatic cancer.12 In
mouse models of PDAC, pancreatic inflammation accelerates
mutant Kras-induced pancreatic carcinogenesis and is
essential for induction of PDAC by Kras in adult mice.6,13

Pancreatitis can be induced experimentally by injection of
cerulein, a cholecystokinin analogue that stimulates preco-
cious activation of acinar cell digestive enzymes, resulting in
pancreatic autodigestion and cellular damage associated
with inflammation.14 Cerulein treatment induces transient
acinar cells to reprogram to form ADM lesions in wild-type
mice and persistent ADM lesions in the presence of a
KrasG12D mutation,15,16 and greatly accelerates initiation and
progression of PanIN and PDAC.6,17 Molecular mechanisms
underlying pancreatitis-induced ADM, particularly the fac-
tors or pathways mediating inflammation-triggered ADM
that are druggable/targetable for disease prevention,
remain to be identified.

Proline-rich tyrosine kinase 2 (PYK2) is a nonreceptor
cytoplasmic tyrosine kinase. PYK2 is the only other member
of the focal adhesion kinase (FAK) family with 48% amino
acid identity.18 Unlike ubiquitously expressed FAK, PYK2
expression in normal tissues is tissue- and cell
type–restricted (expressed at a very low level in normal
pancreas but enriched in brain and hematopoietic cells),19

suggesting that PYK2 is not essential for normal tissue
development. Indeed, mice with whole-body Pyk2 knockout
are viable and fertile, without overt impairment in devel-
opment, including pancreas development or abnormal
behavior.20 Although PYK2 has been suggested to be
involved in several types of cancer, the requirement of PYK2
in carcinogenesis has not yet been validated in genetically
engineered mouse models of human cancer. The current
study has investigated the role of PYK2 in mutant Kras and
pancreatitis-induced ADM and PanIN formation and PDAC
maintenance. Our results show that PYK2 is a novel down-
stream effector of mutant Kras signaling, a previously un-
recognized mediator of pancreatitis-induced ADM and a
novel preventive and therapeutic target for PDAC.

Results
PYK2 Is Overexpressed in Mutant Kras- or
Inflammatory Injury–Induced ADM Lesions

A prior study showed that treatment with the dual FAK/
PYK2 inhibitor VS-4718 substantially inhibited tumor pro-
gression, resulting in a doubling of survival in a mutant Kras-
driven genetically engineered mouse model of PDAC,21 sug-
gesting that FAK, PYK2, or both FAK and PYK2 are required
for PDAC carcinogenesis. This study showed that although
treatment with the dual FAK/PYK2 inhibitor VS-4718 sup-
pressed PDAC cell proliferation under 3-dimensional culture
conditions, FAK knockdown failed to exert a similar effect
in vitro and the inhibition occurred only when the cells were
implanted in syngeneic immune-competent hosts. Although
these results suggest that FAK functions mainly in stroma but
not in pancreatic cancer cells, the role of PYK2 in PDAC
genesis and maintenance remains to be determined.

We performed immunohistochemistry (IHC) for PYK2 on
human PDAC tissue microarray containing 70 cases of PDAC
tissues on the slide. Consistent with a prior study showing
that PYK2 and phosphorylated PYK2 at tyrosine 402
(p-PYK2Y402) were increased substantially in pancreatic
tumors,21 expression of PYK2 and p-PYK2Y402 in PanINs and
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Figure 1. Hyperactivation of PYK2 in ADM and PanIN lesions. (A) Human PDAC tissue was stained with antibodies against
PYK2 and p-PYK2Y402. Representative IHC staining is shown. Scale bars: 100 mm. (B) IHC staining of PYK2 and p-PYK2Y402 in
pancreas from 6-month-old Pdx-Cre mice and Pdx-Cre;LSL-KrasG12D mice. Scale bars: 50 mm. (C) Immunoblotting analysis of
PYK2 and p-PYK2Y402 levels in pancreatic tissues from Pdx-Cre control mice and Pdx-Cre;LSL-KrasG12D mice. Each lane
represents a single mouse. (D) C57BL/6 mice were injected with cerulein (to induce pancreatitis) or PBS (control) for 2
consecutive days. The pancreatic tissues were collected 2 days after injection and prepared for immunoblotting analysis with
indicated antibodies. (E) Six-week-old C57BL/6 mice were treated with PBS or cerulein for 2 consecutive days. The pancreas
was harvested at the indicated time points after injection for H&E staining and IHC staining. Scale bars: 50 mm. (F) Co-
immunofluorescence staining for p-PYK2Y402 and CK19 in pancreatic sections from cerulein- and PBS-treated mice. Scale
bars: 50 mm. For all panels, representative results from 3 independent experiments are shown. (C and D) The numbers under
each blot represent band intensity normalized to a-tubulin and relative to expression of target proteins in Pdx-Cre mice or
PBS-treated C57BL/6 mice.
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PDAC tumors were observed in all cases. Among the 70
cases, strong expressions of PYK2 and p-PYK2Y402 were
noted in 48 cases (representative staining shown in
Figure 1A), suggesting that PYK2 could be important for
pancreatic carcinogenesis. Of note, p-PYK2Y402 represents
the activated PYK2.18 Given the hierarchy between ADM,
PanINs, and PDAC, and also activation of PYK2 during
pancreatic tumorigenesis (Figure 1A), it is likely that PYK2
activity would be increased as early as in ADMs. To test this,
we evaluated PYK2 protein levels in ADM lesions induced by
oncogenic Kras or inflammatory injury. The Pdx-Cre;Lox-
Stop-Lox (LSL)-KrasG12D mouse is a mutant Kras-driven
genetically engineered mouse model of PDAC that develops
PDAC with long latency and shows the full spectrum of a
noninvasive precursor.9 As expected, the IHC results
showed that PYK2 and p-PYK2Y402 both were up-regulated
in ADM and PanIN lesions in Pdx-Cre;LSL-KrasG12D mice
(Figure 1B). These results were confirmed further by
Western blot analysis for PYK2 as well as p-PYK2Y402 on
total pancreatic lysates (Figure 1C).

Next, we studied PYK2 expression in cerulein-induced
acute pancreatitis and found high levels of PYK2 and
p-PYK2Y402 on pancreatic lysates from C57BL/6 mice 2 days
after cerulein treatment in general (Figure 1D), and in ADMs
in particular (Figure 1E). Of note, the observed activation of
PYK2 was associated with ADMs, and decreased subse-
quently to the baseline levels as the acinar compartment
recovered (Figure 1E). To determine the identity of the
p-PYK2Y402–positive cells, we performed immunofluores-
cence co-staining with duct cell marker CK19. Cells
expressing CK19 showed high levels of p-PYK2Y402

(Figure 1F), suggesting that PYK2 is activated in the subset of
cells undergoing acinar-to-ductal reprogramming upon in-
flammatory injury. Overall, the earlier-described results
show that PYK2 is increased substantially and activated in
ADM lesions induced by mutant Kras or inflammatory injury.
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PYK2 Is Required for In Vitro ADM Formation
Activation of PYK2 in ADMs in vivo suggests that PYK2

may play a role in this process. Therefore, we next examined
the ability of acinar cells to form metaplastic ducts in the
absence of PYK2. To do so, primary acinar cells isolated
from LSL-KrasG12D mice or LSL-KrasG12D;Pyk2-/- mice were
cultured in vitro and infected with green fluorescent protein
(GFP) or Cre-recombinase expressing adenoviruses, respec-
tively. Expression of mutant Kras in normal murine acinar
cells is sufficient to induce ADM in primary cell culture
systems.22 As shown in Figure 2A, Cre-mediated activation of
KrasG12D transformed acinar cell clusters isolated from LSL-
KrasG12D mice into tubular duct-like structures. However,
ADM formation was reduced significantly in acinar cell cul-
tures originating from LSL-KrasG12D;Pyk2-/- pancreas
(Figure 2A–C). The epidermal growth factor receptor ligands
transforming growth factor-a (TGF-a) can drive ADM
in vitro.23–25 To confirm the requirement of PYK2 in ADM
formation in the absence of oncogenic Kras, we isolated
acinar cells from control C57BL/6 mice and Pyk2-/- mice and
cultured the cells with or without TGF-a. Here, similar to
Kras-induced ADM, deletion of Pyk2 appeared to prevent
TGF-a–induced ADM formation as well (Figure 2D–F). The
absence of CK19-positive structures further validated the
inability of Pyk2-deficient acinar cells to undergo ADM as
the result of oncogenic Kras-expression, or exposure to TGF-
a (Figure 2B and E). Together, these findings imply that
in vitro acinar-to-ductal reprogramming is PYK2-dependent.

PYK2 Is Essential for Premalignant Acinar-to-
Ductal Reprogramming Induced by Mutant Kras
and/or Inflammatory Injury in Mice

To investigate the role of PYK2 in ADM formation in vivo,
we crossed the Pdx-Cre;LSL-KrasG12D mice into a Pyk2-/-

background. As expected, the pancreata of 6-week-old Pdx-
Cre;LSL-KrasG12D mice with cerulein treatment showed
substantial CK19-positive duct structures (Figure 3A).
However, as shown in Figure 3A and B, in the age-matched
cerulein-treated Pdx-Cre;LSL-KrasG12D;Pyk2-/- mice, we
observed a significant reduction in the number of ADMs,
indicating that deletion of Pyk2 efficiently blocked
mutant Kras-induced premalignant acinar-to-ductal
reprogramming.

To further define the requirement of PYK2 for ADM
formation in an inflammatory setting in vivo, we studied
cerulein-induced acute pancreatitis in C57BL/6 mice and
Pyk2-/- mice. Interestingly, although cerulein treatment
caused a similar degree of acinar injury in both groups, we
observed a drastic reduction in ADM formation in Pyk2-/-

mice (Figure 3C and D). Together, these results prove that
PYK2 is required for ADM formation induced by mutant
Kras and/or inflammatory injury in mice.

Deletion of Pyk2 Prevents Mutant Kras-Induced
PanIN Formation

Given that Pyk2 deletion blocked oncogenic Kras-induced
acinar-to-ductal reprogramming, we hypothesized that
PYK2 is required for mutant Kras-driven PDAC
carcinogenesis. To test this hypothesis, we examined PanIN
lesions in 5- to 6-month-old Pdx-Cre;KrasG12D mice, Pdx-
Cre;KrasG12D;Pyk2þ/- mice, and Pdx-Cre;KrasG12D;Pyk2-/-

mice. At this stage, significant pancreatic area in
Pdx-Cre;KrasG12D mice was replaced by PanINs, as evident
by Alcian blue and CK19 staining (Figure 4A). It is note-
worthy that we found a 56% reduction in the number of
PanINs in Pdx-Cre;KrasG12D;Pyk2þ/-, and a 96% reduction in
Pdx-Cre;KrasG12D;Pyk2-/- mice, respectively (Figure 4). Our
observation that Pyk2 deletion abrogated mutant Kras-
driven spontaneous PanIN formation implies that PYK2 may
play an essential role in PanIN development in the absence
of inflammatory insults. The formation of pancreatic lesions
in Pdx-Cre;LSL-KrasG12D;Pyk2-/- mice, however, may suggest
the involvement of bypass mechanisms that compensate for
the loss of PYK2.
PYK2 Is Required for Mutant Kras-Driven and
Pancreatitis-Associated Pancreatic
Carcinogenesis

Pancreatic injury, including pancreatitis, greatly accel-
erates the initiation and progression of PanIN and PDAC in
the presence of mutant Kras.6,17 We next addressed whether
PYK2 also is required for PanIN formation after pancreatic
injury by evaluating the impact of Pyk2 deletion in Kras-
driven PanIN formation in the setting of acute pancreatitis
induced by cerulein treatment. The 6-week-old mice were
treated with 1 set of cerulein for 2 consecutive days. The
pancreatic tissues were collected for analysis 20 days later.
In a comparison with control Pdx-Cre;KrasG12D mice, pan-
creata of Pdx-Cre;KrasG12D;Pyk2-/- mice showed much fewer
CK19-positive duct structures (Figure 5A), indicating sub-
stantial reduction of PanIN lesions in Pdx-Cre;KrasG12D mice
with a Pyk2 deletion (Figure 5). These results suggest that
PYK2 is critical for PanIN formation after pancreatic injury
in the presence of mutant KrasG12D.
Yes-Associated Protein 1/Transcriptional Co-
activator With PDZ Binding Motif/Signal
Transducer and Activator of Transcription 3
Signaling Axis Mediates PYK2 Induction

PDAC frequently is associated with deregulation of
crucial cancer-related signaling pathways.26,27 The inflam-
matory mediator signal transducer and activator of tran-
scription 3 (STAT3) plays a critical role in spontaneous and
pancreatitis-associated PDAC genesis.28–30 It has been re-
ported that STAT3 binds directly to the PYK2 promoter and
regulates PYK2 gene transcription.31 To test whether PYK2
expression is regulated similarly by STAT3 in pancreatic
cancer, we examined the effect of STAT3 inactivation on
PYK2 in 2 different PDAC cell lines. As shown in Figure 6A,
short hairpin RNA (shRNA) knockdown of STAT3 substan-
tially reduced PYK2 protein levels in both cell lines, con-
firming that STAT3 regulates PYK2 expression in PDAC cells.
In mice, the IHC staining results confirmed that in the
pancreatitis and pancreatic neoplasia models, the levels of
phosphorylated STAT3 at tyrosine 705 (p-STAT3Y705) in



Figure 2. PYK2 is required for in vitro ADM formation. (A) Primary acinar cells isolated from 4-week-old LSL-KrasG12D mice
and LSL-KrasG12D;Pyk2-/- mice were infected with adenoviruses encoding either green fluorescent protein (GFP) or Cre and
seeded in the 3-dimensional culture gel. Pictures were taken 5 days after seeding. Ductal-like structures (red arrows) were
formed in acinar cells from a LSL-KrasG12D mouse infected with Ad-Cre. Scale bars: 50 mm. (B) Immunofluorescence staining
of sections from the collagen gels shown in panel A. The expression of CK19 in the ductal structure confirmed ADM formation.
Scale bars: 50 mm. (C) Quantification of ductal structures of indicated genotypes upon indicated treatment (n ¼ 3). Data are
presented as means ± SD. *P < .05 (Student t test). (D) Primary acinar cells were isolated from 4-week-old C57BL/6 mice and
Pyk2-/- mice and seeded in the 3-dimensional culture gel in the presence or absence of 50 ng/mL TGF-a. Pictures were taken 5
days after seeding. Red arrows denote ductal structures. Scale bars: 50 mm. (E) Immunofluorescence staining of CK19
expression in sections from the collagen gels shown in panel D. Scale bars: 50 mm. (F) Quantification of ductal structures of
indicated genotypes upon indicated treatment (n ¼ 3). Data are presented as means ± SD. *P < .05 (Student t test). DAPI, 40,6-
diamidino-2-phenylindole.
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normal acinar cells in Pyk2þ/þ and Pyk2-/- mice were
similar. The levels of p-STAT3Y705 were increased in
pancreatic lesions (ADM and PanINs) in Pyk2þ/þ and Pyk2-/-

mice (Figure 6B), suggesting that pancreatic lesion forma-
tion does require activation of STAT3.

Hippo pathway effectors Yes-associated protein 1 (YAP)
and transcriptional co-activator with PDZ binding motif
(TAZ) are transcription cofactors and powerful downstream
effectors of mutant KRAS in PDAC.32–34 It has been shown
that YAP and TAZ are up-regulated in pancreatitis and that
they control PDAC initiation through up-regulating STAT3
signaling.34 The YAP/TAZ/STAT3 link prompted us to
investigate the possibility that up-regulation of PYK2
expression in PDAC cells occur in a YAP/TAZ-dependent
manner. Thus, we next examined whether shRNA knock-
down of YAP and TAZ would abrogate PYK2 expression. Our
Western blot results showed that simultaneous knockdown
of YAP and TAZ substantially reduced cellular levels of
STAT3 and PYK2 (Figure 6C), implying that PYK2 expres-
sion requires YAP/TAZ in PDAC cells. In mice, the IHC
staining results showed that YAP indeed was activated in
pancreatic lesions (ADM and PanINs) induced by cerulein-
treatment or KrasG12D mutation, but not in normal acinar
cells regardless of Pyk2 genetic status (Figure 6D). Again,
similar to STAT3, these findings suggest that the formation
of pancreatic lesions requires activation of YAP.

Given that STAT3 binds to the PYK2 promoter,31 we
expected that YAP/TAZ and STAT3 would regulate PYK2
expression transcriptionally in PDAC cells. To test this, we
cloned the promoter region (-2063/þ113) of the PYK2 gene,
including proximal and distal promoter regions. We then
compared PYK2 promoter activities in cells transfected with
scrambled shRNA or shRNA against STAT3, YAP, or TAZ,
respectively. As shown in Figure 6E, STAT3 or YAP/TAZ



Figure 3. Mutant Kras- or pancreatitis-induced ADM formation requires the activation of PYK2. (A) Six-week-old C57BL/
6 mice, Pdx-Cre;LSL-KrasG12D mice, and Pdx-Cre;LSL-KrasG12D;Pyk2-/- mice were injected with 1 set of cerulein for 2
consecutive days. Four days after the last treatment, the pancreatic tissues were collected and processed for H&E and IHC
staining. Scale bars: 100 mm. (B) Quantification of ADM-like structures in pancreatic sections from the mice of the indicated
genotypes (n ¼ 3). Data are presented as means ± SD. *P < .05 (Student t test). (C) Cerulein was injected intraperitoneally into
6-week-old C57BL/6 mice and Pyk2-/- mice to induce ADM. The pancreatic tissues were collected 3 days after the last
treatment and processed for H&E staining. Scale bars: 100 mm. (D) Quantification of ADM-like structures in pancreatic sections
from cerulein-treated C57BL/6 mice and Pyk2-/- mice (n ¼ 3). Data are presented as means ± SD. *P < .05 (Student t test).
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knockdown significantly inhibited PYK2 promoter activity in
PDAC cells, confirming that STAT3 and YAP/TAZ activates
PYK2 gene transcription.

Our results suggested the existence of the YAP/TAZ/
STAT3/PYK2 regulation axis in PDAC. If true, we expected
to detect positive correlations between the expression levels
of YAP, STAT3, and PYK2 in human PDAC tissues. Results of
analyzing The Cancer Genome Atlas (TCGA) RNA-
sequencing data showed that PYK2 expression was corre-
lated positively with the levels of YAP and STAT3 in human
PDAC samples (Figure 6F), strongly supporting that in-
creases of YAP, STAT3, and PYK2 were related events in
human PDAC. Overall, based on the established YAP/TAZ/
STAT3 signaling axis31,34 and the roles of these proteins in
PDAC, our findings identify PYK2 as a novel downstream
effector of YAP/TAZ and STAT3 in PDAC by promoting its
expression.

PYK2 Phosphorylates b-Catenin at Tyrosine 654
to Activate the Wnt/b-Catenin Pathway

We next explored the molecular mechanisms mediating
the role of PYK2 in PDAC. We first examined whether PYK2
exerts its role through modulating the activation of canon-
ical mutant KRAS effectors including extracellular
signal–regulated kinase 1/2 (ERK1/2) and AKT (protein
kinase B, PKB).35 The results showed that Pyk2 deletion in
Pdx-Cre;KrasG12D mice did not change AKT activity
(represented by phosphorylated AKT at threonine 308
[p-AKTT308]), but inhibited the activities of ERK1/2 (rep-
resented by phosphorylated ERK1/2 at threonine 202/
tyrosine 204 [p-ERK1/2T202/Y204]) and RAS (represented by
RAS-Guanosine-5’-triphosphate [RAS-GTP]) (Figure 7A),
suggesting that PYK2 could function through regulating
KRAS and ERK activity. It is well established that the levels
of active RAS must reach a threshold to achieve trans-
formation,36 and that increasing the levels of active RAS
causes more rapid transformation.37 That said, we believe
that down-regulation of RAS activity contributed largely to
Pyk2 deletion-mediated inhibition of PDAC genesis.

In an effort to search for other PYK2 effectors, we
reasoned that PYK2, as a cytoplasmic tyrosine kinase, is
involved in PDAC carcinogenesis through phosphorylating
downstream substrate(s), which plays an important role in
PDAC genesis. Wnt/b-catenin signaling is required for
mutant Kras-driven acinar cell programming and is essential
for PDAC carcinogenesis.38 Consistent with this, nuclear
translocation of b-catenin and activation of Wnt pathway
target genes are observed in PanINs and PDAC.39,40 We
previously showed that PYK2 and FAK function redundantly
to promote the Wnt/b-catenin pathway by phosphorylating
glycogen synthase kinase 3a/3b (GSK3a/3b) at tyrosine
279 and tyrosine Y216, respectively, in colorectal cancer
cells.41 In PDAC cells, we found that knockdown of PYK2
suppressed the messenger RNA levels of Wnt target genes



Figure 4. PYK2 is required for mutant KRAS-induced pancreatic carcinogenesis. (A) The pancreatic tissues from 5- to 6-
month-old Pdx-Cre, Pdx-Cre;LSL-KrasG12D, Pdx-Cre;LSL-KrasG12D;Pyk2þ/-, and Pdx-Cre;LSL-KrasG12D;Pyk2-/- mice were
collected for H&E, Alcian blue/eosin, and anti-CK19 antibody staining. Scale bars: H&E (first row), 500 mm; (second row), 100
mm; Alcian blue/eosin, 200 mm; CK19, 200 mm. (B) Quantification of area positive for Alcian blue staining in pancreatic tissues
from indicated genotypes. The number of mice in each group were as follows: Pdx-Cre (n ¼ 4), Pdx-Cre;LSL-KrasG12D (n ¼ 5),
Pdx-Cre;LSL-KrasG12D;Pyk2þ/- (n ¼ 12), and Pdx-Cre;LSL-KrasG12D;Pyk2-/- (n ¼ 4). Data are presented as means ± SD. *P <
.05 (Student t test).
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without affecting the phosphorylation status of GSK3a/
3bY279/Y216 (Figure 7B and C). These results support the
notion that PYK2 functions through phosphorylating b-
catenin or other key Wnt/b-catenin pathway components.

b-catenin can be phosphorylated at Y142,42 Y654,43

Y489,44 and Y86.45 To determine whether PYK2 directly
phosphorylates these sites, we performed an in vitro kinase
assay using human recombinant b-catenin as substrate and
human recombinant PYK2 as candidate kinase. The results
showed that among the earlier-mentioned sites on b-
catenin, PYK2 was able to phosphorylate Y654 (Figure 7D).
FAK is the other member of the FAK family.46 As a kinase
control, FAK did not phosphorylate b-cateninY654 in vitro
(Figure 7D), thus validating that in vitro phosphorylation of
b-cateninY654 is kinase specific.

Phosphorylation of b-cateninY654 is known to release b-
catenin from the cadherin complex to promote its nuclear
translocation, resulting in an increase in T-cell factor (TCF)/
b-catenin–mediated transcriptional activity.45 We then
examined whether PYK2 promotes b-catenin nuclear
translocation. The results of the immunofluorescence
analysis and cell fractionation experiment showed that
shRNA down-regulation of PYK2 did suppress nuclear
translocation of b-catenin in PDAC cells (Figure 7E and F).

We next examined whether increased levels of phos-
phorylated b-cateninY654 could be detected in mouse PDAC
and acute pancreatitis models. Similar to the expression
patterns of PYK2 and p-PYK2Y402, the level of phosphrylated
b-catenin at tyrosine 654 (p-b-cateninY654) was increased
significantly in pancreatic tissues from Pdx-Cre;LSL-KrasG12D

mice and cerulein-treated C57BL/6 mice (Figure 7G and H),
supporting that an increase of b-cateninY654 phosphoryla-
tion is an early event in PDAC initiation and correlates with
the activation of PYK2. Finally, consistent with earlier
studies,16,39,40 our IHC results showed that b-catenin levels,
particular nuclear b-catenin, was increased in mouse PanIN
lesions in Pdx-Cre;KrasG12D mice (Figure 7I) and ADM le-
sions induced by cerulein treatment in control C57BL/6
mice (Figure 7J). Deletion of Pyk2 not only greatly inhibited
PanIN and ADM formation, but also almost completely
blocked nuclear b-catenin increase in Pdx-Cre;KrasG12D mice
and cerulein-treated C57BL/6 mice (Figure 7I and J). In light



Figure 5. Mutant Kras-driven and pancreatitis-associated pancreatic tumorigenesis requires PYK2. (A) Six-week-old
mice with indicated genotypes were treated with 1 set of cerulein injections for 2 consecutive days. Twenty days later, the
pancreatic tissues were collected and processed for H&E, Alcian blue/eosin, and anti-CK19 antibody staining. Scale bars:
200 mm. (B) Quantification of Alcian blue–positive area in pancreatic tissues from indicated genotypes (n ¼ 3). Data are
presented as means ± SD. *P < .05 (Student t test).
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of the finding that phosphorylation of b-cateninY654 en-
hances Wnt signaling and promotes intestinal tumorigenesis
in b-cateninY654 knock-in mice,47 our results strongly sup-
port the possibility that PYK2 is involved in PDAC initiation
and development through phosphorylating b-cateninY654 to
promote Wnt/b-catenin pathway activation. Somatic muta-
tions of the key components of the Wnt/b-catenin pathway
are rare in PDAC.48 Although ample evidence supports the
involvement of Wnt/b-catenin signaling in PDAC tumor-
igenesis,38–40 how the pathway is dysregulated in PDAC and
how its activation contributes to PDAC remain to be deter-
mined. Our findings not only provide further support for the
role of Wnt/b-catenin pathway activation in PDAC, but also
offered new mechanistic insights on how the Wnt/b-catenin
pathway is activated in PDAC. Finally, the results that
knockdown of STAT3 or YAP/TAZ in PDAC cells inhibited b-
catenin phosphorylation at Y654 strongly supports the
proposed YAP/TAZ/STAT3/PYK2/b-catenin signaling axis
(Figure 7K and L).

PYK2 Is Required for In Vitro Cell Proliferation
and Xenograft Growth of Human PDAC Cells

In addition to PDAC initiation and development, we also
tested whether PYK2 plays a role in PDAC maintenance. The
results from the cell proliferation assay showed that
knockdown of PYK2 by 2 specific shRNAs significantly
suppressed PDAC cell proliferation, which can be partially
restored by ectopic expression of b-cateninY654E (phosphor-
mimetic mutant of b-cateninY654) in PYK2 knockdown cells
(Figure 8A and B). Furthermore, results of a xenograft tu-
mor assay showed that knockdown of PYK2 suppressed
in vivo tumor growth of PDAC cells, whereas overexpression
of b-cateninY654E substantially restored the tumor growth of
PYK2 knockdown cells in nude mice (Figure 8C). These
findings indicated that PYK2 is required for PDAC mainte-
nance and PYK2 exerts its function through phosphorylating
b-catenin at Y654.
Discussion
There is significant interest in identifying novel cancer

targets for PDAC prevention and treatment that could be
amenable to pharmacologic intervention. The current study
has identified PYK2 as such a target that is required for the
induction of ADM, initiation of PanIN, and PDAC mainte-
nance (Figure 8D). In this study, we show that PYK2 and
p-PYK2Y402 are highly abundant in ADM and PanIN lesions,
and the transcription of PYK2 is regulated by YAP/TAZ and
mediated by STAT3. These findings show a novel regulatory
circuit in PDAC cells that involves YAP/TAZ/STAT3/PYK2.



Figure 6. Gene transcription of PYK2 in PDAC cells is YAP/TAZ- and STAT3-dependent. (A) Left and middle: the whole-
cell lysates from CFPAC-1 and AsPC-1 scrambled shRNA control cells or STAT3 shRNA knockdown cells were used for
immunoblotting with indicated antibodies. Right: quantified immunoblotting data for PYK2 from 3 independent experiments
are presented as means ± SD. (B) Upper: IHC staining of p-STAT3Y705 was performed in pancreatic tissue sections from 6-
week-old indicated mice injected with 1 set of PBS or cerulein for 2 consecutive days. The pancreatic tissues were collected 2
days after injection. Scale bars: 50 mm. Lower: IHC staining of p-STAT3Y705 was performed in pancreatic tissue sections from
6-month-old indicated mice. Scale bars: 50 mm. Representative images from 3 independent experiments are shown. (C) Left
and middle: Western blots were performed with indicated antibodies using the whole-cell lysates from CFPAC-1 and AsPC-1
scrambled shRNA control cells and YAP/TAZ double-knockdown cells. TAZ level was barely detected in AsPC-1 cells. Right:
quantified immunoblotting data for PYK2 from 3 independent experiments are presented as means ± SD. (D) IHC staining of
YAP was performed on consecutive sections described in panel B. Scale bars: 50 mm. Representative images from 3 inde-
pendent experiments are shown. (E) pGL3 vector encompassing PYK2 promoter region (from -2063 bp to þ113 bp) was co-
transfected with pRL-TK into CFPAC-1 scrambled shRNA control cells or indicated shRNA knockdown cells. Forty-eight hours
after transfection, the cells were collected for luciferase assays using the dual-luciferase reporter assay system. The data are
presented as fold changes to shRNA control and are representative of 3 independent experiments. Values are means ± SD. (F)
Co-expression of YAP, STAT3, and PYK2 in PDAC cases from the TCGA database. P values were determined using a paired
Student t test.
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Furthermore, we have identified b-catenin as a downstream
target for PYK2 kinase activity. Our data indicate that
PYK2 is involved in PDAC initiation, development, and
maintenance by activating the Wnt/b-catenin pathway.
PDAC frequently is associated with deregulation of crucial
cancer-related signaling pathways including the Hippo
signaling pathway (via its downstream effector YAP and
TAZ),32–34 STAT3 signaling,28–30 and the Wnt/b-catenin
pathways.38 Mechanistically, how each one of these path-
ways is activated or how it interacts in pancreatic carcino-
genesis remains to be determined. The current study
identified PYK2 as a novel signaling node connecting these
key pathways in PDAC, thus adding important molecular
insights into PDAC biology.
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PDAC remains one of the most devastating human
diseases because of limited treatment options. The 2016
report that single-agent treatment with the dual FAK/
PYK2 inhibitor VS-4718 or combined treatment with
VS-4718 and programmed cell death-1 (PD-1) inhibitor
elicited significant tumor regression in the p48-Cre;LSL-
KrasG12D;p53flox/þ (KPC) mouse model21 has brought
excitement to the field of PDAC. However, the results of a
recent phase II trial of GSK2256098 (FAK-specific inhibi-
tor) and trametinib (mitogen-activated protein kinase ki-
nase [MEK1/2] inhibitor) in patients with advanced PDAC
(MOBILITY-002 Trial, NCT02428270) showed that
GSK2256098 and trametinib were not active in unselected
advanced PDAC,49 suggesting that FAK inhibition alone is
not sufficient to exert a therapeutic effect in PDAC pa-
tients. The current study provides genetic evidence for the
essential role of PYK2 in PDAC genesis and maintenance.
Our findings indicate that PYK2 plays a cell-autonomous
role in PDAC cells. That said, we believe that effective
FAK inhibition as well as PYK2 inhibition may lead to
better treatment outcomes in PDAC patients.

PYK2 and FAK are related structurally and they can
function redundantly and nonredundantly in a function-
and context-dependent manner.50 In adult mice, endo-
thelial cell–specific FAK inactivation is associated with
increased PYK2 expression that enables growth
factor–stimulated angiogenesis in the absence of FAK.51

Increased PYK2 expression also occurs in vitro upon
FAK inactivation in primary fibroblasts and endothelial
cells.51,52 The current study indicates that FAK or other
tyrosine kinases do not compensate for PYK2 loss in
mutant KRAS-induced PDAC initiation and development,
implying that PYK2 and FAK do not function redundantly
in PDAC carcinogenesis.

Similar to PYK2, FAK also is hyperactivated in neoplastic
PDAC cells.21 Dual FAK/PYK2 inhibition rendered the pre-
viously unresponsive KPC mouse model responsive to T-cell
immunotherapy and PD-1 antagonists,21 supporting that
FAK is an important regulator of the fibrotic and immuno-
suppressive tumor microenvironment. Because PYK2 has
been shown to be important in wound healing and myeloid
cell migration and differentiation,20,53,54 it is highly possible
that PYK2 also plays a critical role in driving the fibrotic and
immunosuppressive tumor microenvironment in PDAC.
Further studies are needed to dissect the impact of tumor
cell–intrinsic PYK2 on cancer cells and stromal cells of the
tumor microenvironment, including endothelial cells, fibro-
blasts, and leukocytes.

In summary, the current study has identified a critical
role for PYK2 in acinar-to-ductal metaplasia reprogramming
en route to pancreatic carcinogenesis and in PDAC mainte-
nance. PYK2 activation in this context requires a YAP/TAZ/
STAT3 signaling axis and results in activation of the Wnt/b-
catenin pathway. The important role of PYK2 in the for-
mation of metaplastic ducts in pancreatitis suggests that
targeting PYK2 could restore homeostasis and reduce the
chance of tumorigenesis in at-risk patients. The requirement
of PYK2 in PDAC maintenance suggests that PYK2 can serve
as a promising therapeutic target for PDAC. Given that PYK2
expression is tissue- and cell type–restricted, and that PYK2
increases occur predominantly in pancreatic lesions and
PDAC tumor tissues, targeting PYK2 activation could be an
important and safe approach to the prevention and treat-
ment of PDAC.

Methods
Mice

All animal procedures were performed according to
protocols approved by the Institutional Animal Care and Use
Committee at the University of Pittsburgh. Mice were fed a
standard diet (diet ID 5P75; Purina LabDiet, St. Louis, MO).
Pyk2 knockout mice20 were obtained from Pfizer (New York,
NY) through Dr Tatiana Efimova (Washington University in
St. Louis, St. Louis, MO), and maintained on a C57BL/6
background. Genotyping was performed as previously
described.55 The following primers were used: 5’-
CCTGCTGGCAGCCTAACCACAT-3’ (common reverse primer),
5’-GGAGGTCTATGAAGGTGTCTACACGAAC-3’ (wild-type for-
ward primer) and 5’-GCCAGCTCATTCCTCCCACTCAT-3’
(knockout forward primer). Polymerase chain reaction
(PCR) conditions were as follows: denature at 95�C for 5
minutes; then 40 cycles of 94�C for 45 seconds, 62�C for 45
seconds, and 72�C for 1 minute; and then held at 72�C for 5
minutes before cooling to 4�C. Pdx-Cre and LSL-KrasG12D

mice were received from the NCI Mouse Repository (Fred-
erick, MD), and crossed with C57BL/6 to maintain on a
mixed background. These mice were crossed to generate
indicated animals.

For xenograft experiments, 3 � 106 CFPAC-1 cells were
injected subcutaneously into both flanks of 4- to 5-week-old
athymic nude mice (Charles River Laboratories, Wilmington,
MA), 5 mice in each group. The mice were housed in a
sterile environment. Tumor size was determined by caliper
measurements twice a week. The tumor volume was
calculated using the following formula: V ¼ 1/2 � a � b2,
where a and b denoted the largest and smallest tumor axis,
respectively.

Explant Culture of Mouse Acinar Cells
Primary acinar cells were isolated from mice and

cultured as previously described.25 Briefly, a 24-well cell
culture plate was coated with a 200-mL layer of collagen gel
mixture containing 180 mL of rat tail collagen (Thermo
Fisher Scientific, Waltham, MA), 20 mL of unsupplemented
10� Waymouth medium (Sigma-Aldrich, St. Louis, MO), and
0.8 mL of 5 N NaOH. After the four-week-old mice were
euthanized, the pancreas was dissected out immediately,
rinsed twice with ice-cold Hank’s balanced salt solution
(HBSS), minced into small pieces, and digested with 0.2 mg/
mL collagenase P (Sigma-Aldrich; St. Louis, MO) in HBSS for
15 minutes at 37�C with gentle shaking. The digestion was
stopped by adding ice-cold HBSS with 5% fetal bovine
serum (FBS). The cells then were washed 3 times with HBSS
with 5% FBS and subsequently pipetted through 500-mm
and 105-mm polypropylene mesh (Spectrum Laboratories,
Rancho Dominguez, CA). The cell suspension was carefully
added to the top of the HBSS with 30% FBS and centrifuged
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at 180g for 2 minutes at 4�C. The cell pellet was resus-
pended in cold Waymouth medium containing 10% FBS, 1%
penicillin/streptomycin, 100 mg/mL trypsin inhibitor
(Sigma-Aldrich), and 1 mg/mL of dexamethasone (Sigma-
Aldrich). An equal volume of cell suspension was mixed
with collagen gel mixture and 500 mL of the mixture was
added into each well of the precoated 24-well plate. After
the cell/collagen mixture solidified, complete Waymouth
medium was pipetted carefully onto the top of the mixture.
To achieve Cre-mediated activation of the mutant Kras
allele, acinar cells were infected with adenoviruses
expressing Cre recombinase or green fluorescent protein
(GFP) (SignaGen Laboratories, Rockville, MD) at a concen-
tration of 1.5 � 107 plaque-forming U/mL for 1 hour at 37�C
before suspending the epithelium in the collagen gel
mixture. To study TGF-a–induced ADM transition, the acinar
cells were maintained with or without 50 ng/mL recombi-
nant TGF-a (Abcam, Cambridge, MA). The acinar cells were
cultured in a 37�C humidified incubator containing 5% CO2.
Medium was changed on day 1 and day 3 after plating.
Pictures were taken on day 5. To prepare the explants for
immunofluorescence staining, the whole collagen gels were
fixed in 10% neutral buffered formalin and processed as
described in the Immunohistochemistry and Immunofluo-
rescence Staining section.
Cell Lines
All cells were obtained from American Type Culture

Collection (Manassas, VA) and cultured in a 37�C humidified
incubator containing 5% CO2. AsPC-1 cells and CFPAC-1
cells were grown in RPMI-1640 medium and Dulbecco’s
modified Eagle medium, respectively. All cells were
Figure 7. (See previous page). PYK2 activates the Wnt/b-
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immunoblotting with the indicated antibodies. To detect Gua
incubated with rapidly accelerated fibrosarcoma (RAF) RAS bin
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are presented as means ± SD. (B) Messenger RNA (mRNA) from
cells was isolated for quantitative reverse-transcription PCR. b-
as fold change to shRNA control in triplicate and are representat
Lysates from scrambled shRNA control AsPC-1 cells and PYK
indicated antibodies. The representative result of 3 independen
was incubated with purified PYK2 or FAK recombinant protein
adenosine triphosphate at 37�C for 1 hour. The reaction mix
indicated antibodies. The representative result of 4 independent
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Transient Transfection, Lentivirus Production,
and Infection

Plasmid transient transfections were performed using
PolyJet In Vitro DNA Transfection Reagent (SignaGen Lab-
oratories) according to the manufacturer’s instructions.
Lentiviruses encoding shRNA for specific genes were pro-
duced in human embryonic kidney (HEK) 293T cells by
transfection of the lentiviral vector expressing shRNA with
the third-generation packaging systems (Addgene, Cam-
bridge, MA). The media containing viral particles were
filtered through syringe filters and subsequently used to
infect target cells. Cell lines stably expressing shRNA were
established by antibiotic selection. Cells expressing scram-
bled shRNA (Addgene) were used as shRNA control. G418
and puromycin were combined to select the cells stably
expressing b-cateninY654E and PYK2 shRNA.

Immunoprecipitation, Immunoblotting, and RAS
Activity Assay

The immunoprecipitation was performed as previously
described.41 Whole-cell lysates were prepared in lysis buffer
(20 mmol/L Tris-HCl, pH 7.5, 150 mmol/L NaCl, 1 mmol/L
EDTA, 1% NP40, and 10% glycerol) supplemented with
protease inhibitor and phosphatase inhibitor (Thermo
Fisher Scientific), resolved by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE), and
blotted with the antibodies indicated in figures. SuperSignal
West Pico Chemiluminescent Substrate and SuperSignal
Western Blot Enhancer (Thermo Fisher Scientific) were
used to enhance blotting signal when needed. RIPA buffer
catenin pathway through phosphorylating b-cateninY654.
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or immunoblotting with the indicated antibodies. Quantified
ented as means ± SD. (G) Immunoblotting analysis was per-
emice and Pdx-Cre;LSL-KrasG12D mice. Each lane represents
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analysis with the indicated antibodies. (G and H) Represen-

are shown. The numbers under each blot represent the band
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Figure 8. PYK2 promotes PDAC cell proliferation and in vivo tumor growth by phosphorylating b-cateninY654. (A and B)
Left: cell viability of the indicated cell lines was determined by cell counting kit-8 (CCK-8) assay. Data are presented as means
± SD from 3 independent experiments. *Statistically significant difference (P < .05, Student t test) when compared with cells
expressing PYK2 shRNA 1. Right: immunoblotting analysis of cell lines used in the cell viability assay with the indicated
antibodies. (C) Indicated CFPAC-1 cells were injected into both flanks of nude mice (5 mice in each cell group). Tumor sizes
were measured at the indicated time points. Tumor volumes were calculated and plotted. Values are means ± SD. *Statistically
significant difference (P < .05, Student t test) when compared with the PYK2 knockdown group. (D) Schematic diagram
summarizing the YAP/TAZ/STAT3/PYK2/p–b-cateninY654 axis in PDAC initiation.
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(Thermo Fisher Scientific) supplemented with protease in-
hibitor and phosphatase inhibitor was used to extract pro-
tein from mouse pancreatic tissue. NE-PER Nuclear and
Cytoplasmic Extraction Reagents from Thermo Fisher Sci-
entific were used for subcellular fractionation according to
the manufacturer’s protocol. RAS activity was determined
by the RAS activation assay kit (Millipore, Burlington, MA)
using rapidly accelerated fibrosarcoma (RAF) RAS binding
domain (RBD) agarose beads according to the manufacturer’s
protocol. The precipitates were subjected to SDS-PAGE and
immunoblotted with anti-RAS antibody. Signal intensities
of Western blot bands were quantified using ImageJ soft-
ware (National Institutes of Health, Bethesda, MD). The
antibodies used in immunoblotting are listed in Table 1.

Plasmids
Lentiviral-based shRNA plasmids for targeting PYK2, YAP,

and STAT3 were purchased from Sigma-Aldrich: PYK2 shRNA
1, TRCN0000199334; PYK2 shRNA 2, TRCN0000199771;
YAP shRNA 1, TRCN0000107266; YAP shRNA 2,
TRCN0000107267; STAT3 shRNA 1, TRCN0000329887;
STAT3 shRNA 2, TRCN0000329888. To construct lentiviral-based



Table 1.Antibody Used in This Study

Name Company Catalog number Dilution

a-tubulin Cell Signaling Technology 3873 1:2000 (IB)

b-actin Santa Cruz Biotechnology (Dallas, TX) sc-81178 1:2000 (IB)

PYK2 Cell Signaling Technology 3090 1:1000 (IB)

PYK2 Santa Cruz Biotechnology sc-1515 1:25 (IHC)

p-PYK2Y402 Thermo Fisher Scientific 44-618G 1:50 (IF, IHC); 1:500 (IB)

YAP Cell Signaling Technology 4912 1:1000 (IB)

YAP Cell Signaling Technology 14074 1:200 (IHC)

TAZ R&D systems (Minneapolis, MN) MAB7210-SP 1:750 (IB)

STAT3 Cell Signaling Technology 4904 1:1000 (IB)

p-STAT3Y705 Cell Signaling Technology 9145 1:50 (IHC)

CK19 DSHB (University of Iowa) TROMA-III 1:25 (IF, IHC)

p–b-cateninY654 Abcam ab59430 1:400 (IB)

FAK Cell Signaling Technology 3285 1:1000 (IB)

b-catenin Cell Signaling Technology 9582 1:50 (IHC)
1:1000 (IB)

b-catenin BD Biosciences (San Jose, CA) 610153 1:2000 (IB); 1:50 (IP)

Nonphospho–b-catenin (Ser45) Cell Signaling Technology 19807 1:500 (IF)

ERK1/2 Cell Signaling Technology 9102 1:1000 (IB)

p-ERK1/2 Cell Signaling Technology 4370 1:1000 (IB)

p-AKTT308 Cell Signaling Technology 13038 1:1000 (IB)

AKT Cell Signaling Technology 9272 1:1000 (IB)

RAS Cell Signaling Technology 8955 1:1000 (IB)

GSK3a/3b Santa Cruz Biotechnology Sc-7291 1:1000 (IB)

p-GSK3a/3bY279/Y216 Santa Cruz Biotechnology Sc-135653 1:1000 (IB)

Specificity protein 1 (SP1) Santa Cruz Biotechnology Sc-14027 1:1000 (IB)

IB, immunoblotting; IF, immunofluorescence.
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vectors for TAZ knockdown, primers containing the
sequence of shRNA oligonucleotides for TAZ (5’-CCAGGAA
CAAACGTTGACTTA-3’) were annealed and ligated into
pLKO.1-blasticidin, which was obtained from Addgene. The
promoter region of the human PYK2 gene, which encom-
passed the sequence from 2063 base pairs upstream of the
transcription start codon to 113 base pairs downstream of
the transcription start codon, was amplified by PCR and
subsequently cloned into pGL3-Basic vector (Promega,
Madison, WI). b-catenin phosphorylation mutant was
generated by PCR-directed mutagenesis using pcDNA3–b-
catenin (Addgene) as template.

In Vitro Kinase Assay
The in vitro assay to assess kinase activity of PYK2 to-

ward b-catenin was performed in a total volume of 15 mL at
37�C for 1 hour. The components were as follows: 20 ng
full-length recombinant PYK2 (Enzo, Farmingdale, NY), 2
mmol/L adenosine triphosphate (Cell Signaling Technology,
Danvers, MA), kinase buffer (Cell Signaling Technology), and
100 ng full-length recombinant b-catenin (Abcam). The re-
action with 20-ng full-length recombinant FAK (SignalChem,
British Columbia, Canada) as kinase was set up as a control.
The reaction product was subjected to SDS-PAGE
followed by immunoblotting with antibody recognizing
p–b-cateninY654.
RNA Extraction and Quantitative Reverse-
Transcription PCR Analysis

Total RNA was extracted from cells using the RNeasy Mini
Kit (Qiagen, Germantown, MD). The DNase-treated RNA was
reverse-transcribed using SuperScript III reverse transcriptase
(Invitrogen, Carlsbad, CA). The PCR reactions were performed
using SYBR Select Master Mix (Thermo Fisher Scientific). The
following primers were used: AXIN2, 5’-CAAGGGCCAGGTCAC-
CAA-3’ (forward) and 5’-CCCCCAACCCATCTTCGT-3’ (reverse);
COX2, 5’-CCCTTGGGTGTCAAAGGTAA-3’ (forward) and 5’-
GCCCTCGCTTATGATCTGTC-3’ (reverse); SURVIVIN, 5’-
TCCACTGCCCCACTGAGAAC-3’ (forward) and 5’-TGGCTCC
CAGCCTTCCA-3’ (reverse); c-JUN, 5’-ATCAAGGCG
GAGAGGAAGCG-3’ (forward) and 5’-TGAGCATGTTGGCCG
TGGAC-3’ (reverse); DKK1, 5’-CTCGGTTCTCAATTCCAACG-3’
(forward) and 5’-GCACTCCTCGTCCTCTG-3’ (reverse); b-actin,
5’-TTGTTACAGGAAGTCCCTTGCC-3’ (forward) and 5’-ATGC-
TATCACCTCCCCTGTGTG-3’ (reverse).

Acute Pancreatitis Induction
Mouse acute pancreatitis was induced by 6 hourly

intraperitoneal injections of cerulein (Sigma-Aldrich) dis-
solved in phosphate-buffered saline (PBS) on 2 consecutive
days at a dose of 50 mg/kg. The control mice were given
saline with the same injection regimen.
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Immunohistochemistry and Immunofluorescence
Staining

Formalin-fixed and paraffin-embedded tissue micro-
arrays of human PDAC tissue microarrays were purchased
from US Biomax, Inc (Derwood, MD). The mouse pancreas
was dissected out, fixed overnight in 10% neutral buffered
formalin, embedded in paraffin, and finally cut into 5-mm
sections. The sections were deparaffinized in xylene solu-
tions and rehydrated in graded alcohol solutions followed
by washes in distilled water. Antigen retrieval was per-
formed for 10 minutes in boiling 10 mmol/L sodium citrate
(pH 6) solution with 1 mmol/L EDTA. The sections were
allowed to cool to room temperature and then washed with
PBS. The endogenous peroxidase was blocked with 3%
hydrogen peroxide for 10 minutes. After washing with PBS,
the sections were blocked with 20% goat serum diluted in
PBS for 30 minutes. Sections then were incubated overnight
at 4�C in a humidified chamber with primary antibodies
diluted in 10% goat serum. The antibodies used in tissue
staining are listed in Table 1.

For immunohistochemistry, the sections were washed
with PBS and incubated with biotin-conjugated secondary
antibodies diluted in 5% goat serum for 1 hour at room
temperature. Then, the sections were washed again with
phosphate buffered saline with tween-20 (PBST) and incu-
bated with Vectastain Elite ABC reagents (Vector Labora-
tories, Burlingame, CA) for 30 minutes at room
temperature. Color visualization was performed with 3.3’-
diaminobenzidine until the brown color fully developed.
The sections were counterstained with hematoxylin, dehy-
drated, and coverslippped with permanent mounting media.
For immunohistochemistry with anti–b-catenin antibody,
the procedures were modified slightly, as follows: (1) anti-
gen retrieval was performed for 30 minutes in 10 mmol/L
sodium citrate (pH 6) solution supplemented with 1
mmol/L EDTA and 0.05% Tween-20; (2) all wash steps
were performed with phosphate buffered saline with tween-
20 (PBST) buffer; and (3) primary antibody incubation was
performed at room temperature for 2 hours.

For immunofluorescence, the sections were washed with
PBS after primary antibody incubation and then incubated
with secondary antibodies for 1 hour at room temperature.
Finally the sections were washed with phosphate buffered
saline with tween-20 (PBST) and counterstained with
VectaShield plus 40,6-diamidino-2-phenylindole (Vector
Laboratories).

The images were acquired using an Olympus BX51 sys-
tem microscope (Center Valley, PA) and processed using
SPOT Advanced 5.1 software (SPOT Imaging, Sterling
Heights, MI). For Alcian blue–positive area quantifications, 3
slides evenly distributed throughout the pancreas of each
mouse were scanned using the Aperio digital pathology
slide scanner (Leica Biosystems, Nussloch, Germany). The
images were analyzed using Aperio ImageScope software.
For ADM quantifications, the area containing ADM-like
structures and eosin-positive areas were measured in 5
random fields of view from each H&E-stained section. Three
sections for each mouse were analyzed. The percentage of
ADM area was calculated by dividing the ADM-like lesion
area by the total eosin-positive epithelial area. The ADM-like
structures were determined according to the criteria
described previously.15

Alcian Blue Staining
The sections were deparaffinized and hydrated to

distilled water. Then the sections were immersed in 1%
Alcian blue solution prepared in 3% acetic acid (pH 2.5) for
up to 1 hour at room temperature. After washing with
water, the slides were stained with eosin, dehydrated, and
coverslippped with mounting media.

Immunocytochemistry
The cells were seeded in the 2-well chamber slide sys-

tem (Cole-Parmer, Vernon Hills, IL) 1 day before the
experiment. The cells were rinsed with PBS 3 times, fixed
with prechilled methanol at room temperature for 5 mi-
nutes, and washed again with ice-cold PBS 3 times. Then the
cells were incubated with 0.1% Triton X-100 (Sigma-
Aldrich) in PBS for 5 minutes. The following procedures
including epitope blocking and primary antibody and sec-
ondary antibody incubation were performed as described
for immunofluorescence staining.

Luciferase Assay
Cells were seeded onto a 24-well plate 1 day before

transfection. Luciferase reporter vector containing the
PYK2 promoter region was co-transfected with the thymi-
dine kinase promoter-Renilla luciferase reporter plasmid
(pRL-TK) into the cells. Forty-eight hours after trans-
fection, the luciferase assays were performed using the
dual-luciferase reporter assay system (Promega) according
to the manufacturer’s instructions. Renilla luciferase ac-
tivity was used as an internal control to normalize the
firefly luciferase activity.

Cell Proliferation Assays
AsPC-1 cells and CFPAC-1 cells were seeded onto 96-

well plates at a density of 5 � 103 and 3 � 103, respec-
tively. The cell viability was measured by cell counting kit-8
(CCK-8) (Sigma-Aldrich) according to the manufacturer’s
protocol at the indicated times.

Bioinformatics
R/bioconductor software was used in RNA sequencing

analysis. The RNA sequencing data for PDAC were down-
loaded from the NCI’s Genomic Data Commons and
normalized using the TCGAbiolinks package. The log2 read
counts then were presented by the ggplot2 package.

Statistical Analysis
Data are presented as means ± SD. The difference be-

tween the 2 groups was evaluated using the Student t test
(2-tailed, unpaired). To study the expression association for
the indicated genes based on TCGA data, a paired Student t
test was used. P values less than .05 were considered sta-
tistically significant.
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