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GRP78 haploinsufficiency suppresses acinar-to-ductal
metaplasia, signaling, and mutant Kras-driven
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Pancreatic ductal adenocarcinoma (PDAC) remains a highly lethal
disease in critical need of new therapeutic strategies. Here, we
report that the stress-inducible 78-kDa glucose-regulated protein
(GRP78/HSPADB), a key regulator of endoplasmic reticulum homeo-
stasis and PI3K/AKT signaling, is overexpressed in the acini and
PDAC of Pdx1-Cre;Kras®'2?*;p53%+ (PKC) mice as early as 2 mo,
suggesting that GRP78 could exert a protective effect on acinar cells
under stress, as during PDAC development. The PKC pancreata bear-
ing wild-type Grp78 showed detectable PDAC by 3 mo and rapid
subsequent tumor growth. In contrast, the PKC pancreata bearing a
Grp78™* allele (PKC787+ mice) expressing about 50% of GRP78
maintained normal sizes during the early months, with reduced pro-
liferation and suppression of AKT, S6, ERK, and STAT3 activation.
Acinar-to-ductal metaplasia (ADM) has been identified as a key tu-
mor initiation mechanism of PDAC. Compared with PKC, the PKC78"*
pancreata showed substantial reduction of ADM as well as pancre-
atic intraepithelial neoplasia-1 (PanIN-1), PanIN-2, and PaniIN-3 and
delayed onset of PDAC. ADM in response to transforming growth
factor a was also suppressed in ex vivo cultures of acinar cell clus-
ters isolated from mouse pancreas bearing targeted heterozygous
knockout of Grp78 (c787+) and subjected to 3D culture in collagen.
We further discovered that GRP78 haploinsufficiency in both the
PKC78"* and ¢78”* pancreata leads to reduction of epidermal
growth factor receptor, which is critical for ADM initiation. Collec-
tively, our studies establish a role for GRP78 in ADM and PDAC
development.

glucose-regulated protein 78 | GRP78 | pancreatic ductal adenocarcinoma |
acinar-to-ductal metaplasia | Kras

ancreatic ductal adenocarcinoma (PDAC) remains one of

the deadliest diseases with limited therapeutic options and an
overall 5-y survival rate of <10%; therefore, identification of tar-
getable key players in tumor initiation as well as tumor mainte-
nance is urgently needed (1). PDAC is believed to arise from a
range of preneoplastic mucinous lesions with ductal morphology,
pancreatic intraepithelial neoplasia (PanIN) being the most
common in humans (2). About 90% of PDAC contains activating
mutations of KRAS whereas 50-75% contain mutations in 7p53
(1). Mutationally activated oncogenic KRAS signals through the
PI3K-PDK1-AKT pathway and the canonical mitogen-activated
protein kinase pathway via RAF-MEK1/2-ERK1/2, as well as via
positive feedback activation of receptor tyrosine kinases engaged
by autocrine and paracrine stimuli (3). Although the histological
appearance of PDAC suggests a ductal cell of origin, accumulating
evidence reveals that PDAC originates primarily through trans-
differentiation of acinar cells into ductal cells in a process referred
to as acinar-to-ductal metaplasia (ADM), although centroacinar
cells and pancreas precursor cells could also give rise to PDAC (2,
4,'5). To study PDAC, a pancreatic| cancer mouse model mim-
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icking human PDAC has been established using the pancreatic
and duodenal homeobox 1 promoter-driven Cre-recombinase
(Pdx1-Cre) to conditionally activate the Kras lox-stop-lox G12D
allele and delete one allele of p53. Upon Cre activation, the lox-
stop-lox cassette is removed and the oncogenic Kras“'?? allele is
activated (6). This mouse model, Pdx-Cre;Kras®"?”*;p53"* (re-
ferred to as the “PKC mice”), and other closely related mouse
models of pancreatic cancer result in PanIN at 2 mo of age, which
is rapidly followed by PDAC development (7, 8). Given the dif-
ficulty in targeting KRAS directly, the PKC model provides an
invaluable platform to uncover novel determinants that are critical
for pancreatic carcinogenesis.

The 78-kDa glucose-regulated protein (GRP78), also referred
to as BiP/HSPAS, is a major endoplasmic reticulum (ER) chap-
erone with antiapoptotic properties and a key regulator of ER
stress signaling (9). Cancer cells are subjected to ER stress due to
intrinsic factors such as genetic mutations, altered metabolism, and
hyperproliferation as well as extrinsic factors in the tumor micro-
environment including oxygen and nutrient deprivation (10-13). A
characteristic of pancreatic cancer is the formation of a dense
stroma termed “desmoplastic reaction” that induces vascular col-
lapse leading to severe hypoxia and glucose deprivation (1). As an
adaptive measure, cancer cells turn on the unfolded protein re-
sponse (UPR) (10, 11, 13). ER stress induction of GRP78 in
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cancer cells represents a major prosurvival response, suppressing
apoptosis while promoting proliferation and invasiveness (14).
Recently, it was discovered that ER stress can actively promote
cell-surface localization of GRP78 (15), where it assumes cor-
eceptor functions with cell-surface protein partners in regulating
signal transduction pathways, including PI3K/AKT/S6 activation
(16-19). Although homozygous knockout of Grp78 results in em-
bryonic lethality, heterozygous Grp78 mice expressing an ~50%
level of GRP78 are viable and phenotypically normal (20). The
creation of targeted heterozygous knockout of Grp78 in various
organs revealed that although it has a minimal effect on organ
development and function, it exerts a profound suppressive effect
in both solid and blood tumors notably driven by loss of the Pten
tumor suppressor gene (14, 21, 22). Despite these advances, the
mechanistic involvement of GRP78 in oncogenic mutant KRAS-
driven cancers is just emerging.

GRP78 has been identified as a biomarker in human PDAC by
several independent studies. A high level of GRP78 was detected by
mass spectrometry imaging and immunohistochemistry (IHC), as well
as proteomic and tissue microarray profiling of microdissected pan-
creatic cancer nests and was associated with poor prognosis and
shorter overall survival (23-25). Furthermore, GRP78 was up-
regulated in ductal structures of both human and murine ADM and
PDAC lesions and colocalized with activated AKT on the cell surface
(26). In human PDAC cell lines, knockdown of GRP78 or treat-
ment of the cells with anti-GRP78 agents resulted in decreased
proliferation, invasion, viability, and chemoresistance, suggesting
that suppression of GRP78 could represent a novel approach to
combat human mutant KRAS-driven PDAC (14, 25, 27, 28).

These interesting developments prompted us to investigate the
effect of GRP78 haploinsufficiency on pancreatic tumorigenesis
using the PKC mouse model and the underlying molecular
mechanisms. Our studies established a critical role for GRP7S8 in
mutant Kras-driven pancreatic tumorigenesis and uncovered a
previously unidentified requirement of GRP78 in acinar-to-ductal
transdifferentiation considered to be a precursor of pancreatic
neoplasia. Proliferation and elevation of EGFR and oncogenic
signaling pathways observed in the PKC mice were also suppressed
by GRP78 haploinsufficiency. Our studies support GRP78 as a
therapeutic target in combating mutant KRAS-driven pancreatic
tumorigenesis.

Results

Up-Regulation of GRP78 in Pancreatic Acinar and Ductal Cells of PKC
Mice. Pancreatic cancer cells could experience a high level of ER
stress due to increased proliferation driven by the Kras activation
and desmoplasia leading to tissue hypovascularity. Consistent with
this notion, we observed general, sustained up-regulation of GRP78
in the acinar cells of the PKC mice compared with control mice,
which lack the PdxI-Cre transgene. This increase was detected as
early as 2 mo (Fig. 14), suggesting that GRP78 could be exerting a
protective effect on the acinar cells under stress associated with
PDAC development. In the pancreatic cancer lesions, GRP78 ex-
pression was highly elevated, in contrast to the low level of GRP78
expression in the ductal structures of control mice (Fig. 1B).

To investigate the impact of GRP78 on pancreatic tumorigenesis,
Pdx1-Cre;Kras®?P"*; p537*;Grp78™ mice (referred to as PKC787%)
were generated to create GRP78 pancreatic haploinsufficiency (Fig.
S1A4). Genotyping of pancreatic genomic DNA by PCR confirmed
the genotypes of the respective mouse cohorts and further validated
the presence of the recombined Kras®’?P allele in the PKC and the
PKC78"* mice harboring the Pdx-1 Cre allele (Fig. 1C). Littermates
lacking the PdxI-Cre transgene served as controls.

As expected, the PKC pancreata showed abnormal masses by
3 mo, which rapidly increased in size, whereas the appearance and
size of PKC78”* pancreata remained normal during the early
months, with no tumor being macroscopically detectable before
5 mo (Fig. 1D). The weight of the pancreata in the three genotypes
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paralleled their gross morphology (Fig. 1E). IHC analysis of the
pancreatic sections confirmed a reduced GRP78 level in both ac-
inar and ductal cells in the PKC78"* pancreata compared with
PKC pancreata that were sustained at least up to 5 mo (Fig. 1F).
Quantification of GRP78 IHC staining in the ductal structures
showed that, although staining of GRP78 in the normal ducts of
the control mice was minimal, the large increase of GRP78
staining in the malignant lesions of PKC mice was reduced by
about 70% in the PKC78"* mice (Fig. 1G). The level of phos-
phorylated elF2a (p-eIF2a), a marker of ER stress-induced
translational arrest (10), was also highly elevated in the malig-
nant lesions of the PKC pancreata but not in the PKC78"* pan-
creata (Fig. 1H). Interestingly, the expression of another ER
chaperone, GRPY4, was readily detected in the normal ducts of the
control mice (Fig. S24). In contrast to other tissues where GRP94
was up-regulated to compensate for GRP78 haploinsufficiency
(29), the level of GRPY4 in the ductal structures was similar in the
PKC and PKC78"* mice (Fig. S24). CCAAT-enhancer binding
protein homologous protein (CHOP), a marker of ER stress-
induced onset of apoptosis (10), was not detected in the control,
PKC, or PKC78"* pancreata (Fig. S2B).

Suppression of Kras-Driven Pancreatic Tumorigenesis by Grp78
Heterozygosity. Histological sections of pancreata from 2- to
4-mo-old control, PKC, and PKC78"* mice are shown in Fig. 2. No
evidence of malignant or premalignant lesion was found in any of
the control mice, from which representative normal ducts are
shown. The PKC pancreata showed extensive PanIN-1, charac-
terized by mucinous differentiation with no nuclear atypia, as early
as 2 mo of age and showed invasive adenocarcinoma at 3 and 4 mo.
An example of a solid, sarcomatoid pattern of ductal adenocarci-
noma is shown from a 3-mo-old PKC mouse whereas the tumor
shown from the 4-mo-old mouse with this genotype formed dis-
torted small acini in a dense stroma. Sarcomatoid elements were
identified in only two tumors, both from PKC mice. Although
PanIN-1 was also seen in 2-mo-old PKC78"* mice, ADM, char-
acterized by ducts confined to acinar portions in which at least one
cell shows intracellular secretions, was the predominant abnor-
mality in this group. At 3 mo, PKC78™ mice exhibited PanIN-1
and an occasional focus of PanIN-2 characterized by some degree
of nuclear atypia in at least some epithelial cells. PanIN-3, char-
acterized by more severe nuclear as well as architectural atypia, was
occasionally detected in the PKC78"* mice at 3 and 4 mo (Fig. 2).
Quantification of the ratio of histologically normal pancreatic
areas over total pancreatic areas at different ages up to 5 mo
showed that all PKC78"* pancreata retained 80-100% areas of
normal acinar tissue up to 4 mo, whereas age-matched PKC pan-
creata were more aggressively and progressively replaced by
metaplasia, PanIN, and PDAC (Fig. 34). By 5 mo, whereas half of
the PKC78"* pancreata were histologically normal in over 80% of
their respective total areas, all PKC pancreata showed 40-90%
replacement with metaplasia, PanIN, or PDAC. Quantification of
the different types of lesions showed that at 3 mo the PKC78"*
pancreata exhibited significantly lower incidences of ADM (P =
0.003), low-grade neoplasia (PanIN-1) (P = 0.033), and combined
high-grade neoplasia (PanIN-2, -3) and PDAC (P = 0.026), com-
pared with the PKC pancreata (Fig. 3B). Notably, at 3 mo PDAC
was detected only in the PKC mice and PKC78"* pancreata showed
only minimal PanIN-3. In agreement with the reduced tumor vol-
umes and incidences, PKC78"" mice showed a trend toward a
prolonged life span compared with PKC mice (P = 0.035, one-sided
log-rank test, Fig. S3); interestingly, this trend was observed pre-
dominantly in the males (P = 0.038, one-sided log-rank test) and
not in the females (P = 0.39, one-sided log-rank test, Fig. 3C).

Suppression of Proliferation and Oncogenic Signaling in PKC78"+

Pancreata. In agreement with reduced tumor involvement in
the PKC78"* pancreata as indicated by morphological and
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Fig. 1. Comparative analysis of the PKC and PKC78"+ pancreata. (A) IHC of GRP78 in control (Ctrl) and PKC pancreata at 2, 3, and 4 mo. (Scale bar, 200 pm.)
(B) IHC of GRP78 in the indicated 3-mo-old pancreata with enlarged views of ductal/pancreatic tumor lesions. (Scale bar, 100 um.) (C) Representative PCR
genotyping of indicated alleles from pancreatic genomic DNA. rkras®’?? represents the recombined allele. (D) Representative gross anatomy of pancreata
of the indicated genotypes at the indicated age. (Scale bar, 1 cm.) (E) Percentage of pancreas weight over body weight in the indicated genotypes at
the indicated age. The numbers for the Ctrl, PKC, and PKC787* mice: at 2 mo (n = 10, 10, and 9, respectively); at 3 mo (n = 18, 15, and 11, respectively); at 4 mo
(n =15, 8, and 8, respectively); and at 5 mo (n = 12, 8, and 8, respectively). The data are presented as mean + SE; *P < 0.05 and **P < 0.01. (F) IHC of GRP78 of
pancreata of the indicated genotypes at 5 mo with enlarged views of ductal/pancreatic tumor lesions. (Scale bar, 50 pm.) (G) Quantification of GRP78 staining
from F in ductal structures represents average staining of the sampled images + SE; **P < 0.01. The number of images that were randomly selected
for quantification are the following: Ctrl (n = 10), PKC (n = 15), and PKC78"* (n = 15). For each genotype, the images were obtained from two to three mice.

(H) IHC of p-elF2a of pancreata of the indicated genotypes at 5 mo with enlarged views of ductal/pancreatic tumor lesions. (Scale bar, 50 pm.)

histological parameters, IHC of epithelial cell-marker pan-
cytokeratin (panCK) (Fig. S44) and activated myofibroblast
marker a-smooth muscle actin (a-SMA), characteristics of pan-
creatic tumors, showed a decrease of both markers in PKC787*
pancreata compared with PKC pancreata (Fig. 44). Signaling
pathways including PI3K/S6, ERK, STAT3, and f-catenin have
been reported to be activated in PDAC (3, 30, 31). As expected,
these pathways were prominently up-regulated in the PKC pan-
creata (Fig. 44). The PKC78"* pancreata displayed reduction in
S6 activation in both ductal and acinar cells (Fig. 44 and Fig.
S4B). ERK activation, STAT3 activation, and p-catenin level were
also reduced in the PKC78"* pancreata. Quantification of the
staining levels of each of the markers in multiple pancreatic sec-
tions of each of the three genotypes confirmed a significant re-
duction of these oncogenic signaling pathways in the PKC78"*
pancreata (Fig. 4B). Furthermore, Western blotting of pro-
tein lysates from isolated pancreatic acinar clusters provided

E4022 | www.pnas.org/cgi/doi/10.1073/pnas. 1616060114

biochemical confirmation of a 60% reduction in AKT acti-
vation in PKC78"* pancreata compared with PKC pancreata
(Fig. 40).

Tumor growth is regulated by a balance between proliferation
and apoptosis. Proliferation marker Ki67 showed a two- to
threefold reduction in PKC78"* compared with PKC pancreata in
both acinar and ductal cells (Fig. 4D and Fig. S54). IHC showed
minimal staining for cleaved caspase-3, a biomarker of apoptosis,
in both PKC and PKC78"* pancreata (Fig. S5B). Collectively,
these results imply that the suppression of tumorigenesis by pan-
creatic GRP78 haploinsufficiency is driven by reduction of mutant
Kras-mediated proliferation and oncogenic signaling, rather than
by increased apoptosis.

Reduction of Transdifferentiation from Acinar-to-Ductal Cells in PKC78"+
Pancreata. ADM has been identified as a primary mechanism for
initiation of PDAC (5, 32). Given the elevated GRP78 level in
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Fig. 2. Histological examination of pancreata. Representative H&E staining of pancreata of the indicated genotypes at the indicated ages. For the control
mice, Insets show enlarged views of representative pancreatic ducts. For the PKC and PKC78%+ mice, enlarged views of examples of premalignant (ADM) and
malignant lesions (PanIN-1, -2, and-3) and PDAC are shown. (Scale bars: white bars, 500 pm; black bars, 15 pm.)

PKC acinar cells, its up-regulation may play a role in pancreatic
ADM subjected to oncogenic stress. ADM is characterized by aci-
nar clusters staining positive for both acinar (amylase) and ductal
(pan-cytokeratin) markers. The number of cellular clusters coex-
pressing panCK and amylase was substantially reduced in PKC78"+
pancreata (Fig. 54). Quantification by immunofluorescence in-
dicated a 65% reduction in panCK positivity and an 80% reduction
in ADM in PKC78"" pancreata compared with PKC (Fig. 5B),
implying that GRP78 haploinsufficiency could lead to suppression
of ADM during the initiation of PDAC.

EGFR signaling has been reported to play an important role in
ADM in KRAS-induced pancreatic tumorigenesis (33). As EGFR
is a client protein of GRP78 in the ER (34, 35), we examined
whether GRP78 haploinsufficiency affected EGFR expression,
thus providing an explanation for the reduction of ADM in the
PKC78" pancreas. Indeed, PKC pancreata expressed about
fivefold more EGFR than control pancreata, and this increase was

neck cancer cells (scc-351) and in human embryonic kidney HEK-
293T cells, specific sShRNA knockdown of GRP78 also led to
substantial reduction in EGFR levels (Fig. S64).

Grp78 Heterozygous Pancreas Is Phenotypically Normal but Exhibits
Deficient ADM Induced by Transforming Growth Factor a. To directly
address whether GRP78 is required for pancreatic ADM, we
studied the impact of GRP78 haploinsufficiency on pancreatic
ductal formation during normal development or transdifferentiation
from acinar cells stimulated by transforming growth factor o
(TGFa), which binds to its receptor EGFR and activates down-
stream signals including RAS and AKT (3). We created the PdxI-
Cre;Grp78’* mice (referred to below as ¢78%) with targeted
heterozygous knockout of Grp78 in the pancreas. The genotypes
of ¢78"* and its sibling control mice without the PdxI-Cre allcle
were confirmed by PCR of tail genomic DNA (Fig. S1B). The size
and weight of control and ¢78"" pancreata were similar at 2-9 mo
(Fig. S7 A and B). Histological analysis of pancreatic sections
stained with H&E showed similar morphological features between

PNAS | Published online May 1, 2017 | E4023
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control and ¢78"* pancreata (Fig. S7C). An approximate 50%
reduction of GRP78 in the ¢78"* pancreata compared with control
was confirmed by IHC; staining with ductal marker panCK in-
dicated normal ductal morphology (Fig. S7D). Quantification of
the number of ducts in control and ¢78"* pancreata showed no
difference between the two genotypes (Fig. S7E). For comparison,
we also created ¢78” mice with homozygous deletion of the Grp78
allele. The ¢78"” pancreata showed extensive fat infiltration with
poorly developed acinar cells (Fig. S7F) and were significantly
smaller (Fig. S7G). In contrast to the ¢78"+ mice, which exhibited
normal glucose tolerance comparable to control mice, the c78”
mice showed impaired glucose tolerance (Fig. STH).

Because the ¢78"* mice display normal development of both
exocrine and endocrine pancreas, this model was chosen to de-
termine the effect of GRP78 haploinsufficiency on growth-factor—
stimulated ADM. Pancreatic acinar clusters were isolated from
control and ¢78"" mice, subjected to 3D explant culture in colla-

E4024 | www.pnas.org/cgi/doi/10.1073/pnas. 1616060114

gen, and stimulated with TGFa (Fig. 64). The ¢78"* acinar cells
exhibited fewer ductal structures, confirmed by decreased panCK-
positive clusters, compared with control on day 3 (Fig. 6B).
Quantification of ducts formed in vitro showed an approximate
50% reduction in ductal structures derived from c78"* acinar cells
compared with control, and an approximate 35% reduction in
panCK-positive cells on day 3 (Fig. 6C). The acinar clusters un-
dergoing ADM were characterized by coexpression of both acinar
(amylase) and ductal (panCK) markers in the same cell cluster.
Corresponding to reduced ductal formation, ¢78"* acinar clusters
showed reduced ADM compared with control as evidenced by
decreased panCK expression and sustained amylase expression
(Fig. 6D).

Next we isolated acinar clusters from the pancreas and con-
firmed by Western blot analysis that GRP78 level was reduced
by about 50% in ¢78"* acinar clusters compared with control
(Fig. 6F). Biochemical analysis revealed shortly following culture,
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compared with control, ¢78"* acinar cells showed reduced basal
levels of p-AKT and p-ERK but similar levels of p-STAT3 nor-
malized to AKT, ERK, and STAT3, respectively (Fig. 6F).
Starting at day 2, TGFa induced AKT and ERK activation but not
STATS3 in the control acinar cell clusters. Interestingly, 78"+ ac-
inar cells showed some increase in p-AKT on day 2, and, by day 3,
the level of p-AKT had reached that of the control. In contrast,
p-ERK was suppressed in the ¢78"* acinar cells from day 0 to day
3, and the ratio of p-STAT3 over total STAT3 level was similar in
both genotypes from day 0 to day 3 (Fig. 6F). Thus, these signaling
pathways were differentially regulated in the ¢78"* acinar in these
ex vivo settings. We further examined the status of EGFR ex-
pression in these acinar cells. Consistent with suppression of
EGFR levels in the PKC78"* pancreata, EGFR level in the ¢78"*
acinar cells was also reduced compared with control (Fig. S6B).
Thus, in both mouse models, GRP78 haploinsufficiency sup-
presses EGFR expression.

Discussion

KRAS is commonly mutated in various cancers. In pancreatic
cancer, KRAS is mutated in more than 90% of PDAC (1). The
recent observation that activating KR4S mutations were present

Shen et al.

in >90% of pancreatic PanIN-1 lesions suggests that the acqui-
sition of KRAS mutations likely precedes the formation of these
precursor lesions (36). In addition to its role in tumor initiation,
oncogenic KRAS is also required for PDAC maintenance (37).
Despite its well-known role in cancer, development of drugs tar-
geting KRAS directly has been unfruitful, underscoring the need
for alternative approaches (3). The UPR is an adaptive measure
for cells to overcome ER stress, which can be pronounced in
cancer cells with limited vasculature. In human PDAC tumor
resected specimens, expression of the ER stress markers GRP7S,
GRPY4, and spliced XBP-1 has been reported (26, 38, 39). Here,
we used the well-established PKC mouse model bearing oncogenic
Kras®"?P and p53 heterozygosity to interrogate the role of GRP78
in pancreatic tumorigenesis and the underlying mechanisms. IHC
analysis showed that pancreatic tumors in PKC mice also
expressed elevated levels of GRP78 and elF2a phosphorylation,
suggestive of ER stress. GRP78 is an essential chaperone, and we
showed that homozygous deletion of both alleles in the pancreas
led to abnormal pancreatic development, fat infiltration, and glu-
cose intolerance. Given that Grp78 heterozygosity does not affect
normal pancreatic function, we created the PKC78" mice so that
GRP78 haploinsufficiency could be concomitantly induced with
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activation of the oncogenic mutant genes. Comparative analysis of
the PKC, PKC78"*, and ¢78"* pancreata led to observations that
shed insights on GRP78 function in the mouse pancreas subjected
to mutant Kras-induced tumorigenesis.

First, in the PKC mice, GRP78 was highly elevated not only in
PDAC but also in acinar cells. As professional secretory cells, ac-
inar cells are highly dependent on ER functions and are particu-
larly susceptible to ER stress (40). Interestingly, acinar cells respond
to stress such as pancreatitis through activation of regenerative
mechanisms that initiate ADM, a process that replaces damaged
acinar cells with duct-like structures (41). Although the relationship
between ER stress and ADM is not well understood, a recent report
suggests that ER stress resulting from perturbation of basal auto-
phagy via loss of ATG7 is associated with spontancous activation of

E4026 | www.pnas.org/cgi/doi/10.1073/pnas. 1616060114

ADM in a mouse model (42). ADM is critical for the initiation of
pancreatic tumorigenesis (5, 32). In the PKC acinar cells, GRP78
was highly elevated, suggesting that it could play a role in ADM
under oncogenic stress. Here, using a genetically engineered
mouse model, we report substantial reduction of ADM in the
PKC78"* pancreata compared with PKC. This includes histolog-
ical analysis of pancreatic tumor sections based on morphological
parameters and IHC staining of acinar and ductal markers fol-
lowed by quantification. Our results provide evidence that GRP78
haploinsufficiency could lead to suppression of ADM during the
initiation process of PDAC. In further support of a role for
GRP78 in ADM, we created the ¢78"* mice, which in contrast to
¢78" mice, are phenotypically normal. Here, we showed that ac-
inar cell explants isolated from ¢78"* mice and cultured in 3D
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0, 1, 2, and 3. Quantification of duplicate experiments is displayed in bar graphs. The data are presented as mean =+ SE.

explant in collagen matrices exhibited lower ADM following stim-
ulation with TGFa, compared with similar explants isolated from
control mice. Thus, in both PKC78"™ and ¢78™* models, under
either in vivo or ex vivo settings, GRP7S is required for ADM.

In the search for potential mechanisms whereby GRP78 hap-
loinsufficiency suppresses ADM, we discovered that the level of
EGFR was substantially reduced in the PKC78"* and c¢78™*
mouse pancreatic cells, which also exhibited reduced ADM. Other
human cells whereby the level of GRP78 was reduced by genetic
knockdown of GRP78 also exhibited reduced EGFR level. Here,
we observed up-regulation of EGFR in the PKC model. EGFR
activity is essential for metaplastic duct formation and initiation
of KRAS-induced pancreatic tumorigenesis (33). GPR78 was
reported to directly complex with EGFR in the ER (34, 35) and to
cooperate with activated o2-macroglobulin to facilitate the in-
teraction between EGFR and c-Src on the cell surface (43). Thus,
GRP78 could regulate the synthesis, transport, and stability of
EGEFR, thereby affecting its activation and downstream signaling,
which impacts ADM and PDAC development.

Shen et al.

In addition to EGFR, the PKC78"* pancreata also displayed
reduction in p-AKT, p-S6, p-ERK, p-STAT3, and f-catenin com-
pared with PKC. AKT signaling is a critical axis in pancreatic ini-
tiation and maintenance. Chemical inhibition of AKT suppressed
both human and murine ADM (44). Previous studies of GRP78
and Pten-null-induced prostate cancer and leukemia revealed that
GRP78 haploinsufficiency potently suppressed AKT activation
mediated by loss of PTEN in these cancers (21, 22). Subsequently,
it was demonstrated that the cell-surface form of GRP78
(scGRP78) complexes with PI3K to promote phosphatidylinositol
(3-5)-trisphosphate formation (18). Targeting csGRP78 with a
monoclonal antibody led to suppression of AKT signaling and tu-
mor growth (45, 46). CsGRP78 is also an obligatory binding partner
for Cripto, a GPI-anchored cell-surface protein and an upstream
regulator of the TGFp pathway and of AKT (47, 48). GRP78 has
been shown to costain with p-AKT in PDAC (26); thus, similar
mechanisms may apply. ERK activation is also critical for ADM
induction and PDAC development formation, and ERK inhibi-
tor blocks TGFa-induced ADM (33, 49). Silencing GRP78 in

PNAS | Published online May 1, 2017 | E4027

wv
=
o
a
w
<
=
[

MEDICAL SCIENCES

www.manaraa.com



o
8
S
&
~
8
&
E
e
8
@
o
=
S
B
2
=3
3
3
3
<]
=
g
o
g
=
8
I
@
o
©
o
8
°
8
k-l
8
S
=
H
8
a

hepatocellular carcinoma cells and glioblastoma cells reduced
ERK activation, suggesting a causative effect (50, 51). Reduction
of GRP78 may diminish ERK activation via its effect on EGFR.
It is also highly possible that GRP78 as a chaperone is needed for
processing or stabilizing various client proteins required for
AKT, ERK, STAT3, and p-catenin signaling, and this warrants
further investigation.

In the acinar cell clusters isolated from c78"+ mice and cultured
in 3D culture, basal levels of p-AKT and p-ERK were reduced
compared with control, and the reduced level of p-ERK remained
3 d following TGFa stimulation. Intriguingly, in contrast to ERK,
induction of p-AKT was observed in the isolated ¢78"* cells 2 d
after treatment with TGFa. A possible explanation is that, as AKT
and ERK can be stimulated by multiple pathways, in these ex vivo
settings, ERK stimulation by TGFa is highly dependent on GRP78
levels in the isolated acinar clusters, whereas other mechanisms
could compensate for GRP78 haploinsufficiency to activate AKT.
This is in agreement with a published report that GRP78 induced a
strong activation of ERK in endothelial cells and a weak activation
of AKT (52). In these ex vivo cultures, TGFa did not stimulate
p-STATS3 activation, and the ratio of p-STAT3 to total STAT3 level
remained unchanged between ¢78"* and control cells.

GRP78 haploinsufficiency in the PKC model, although having
no effect on apoptosis, slowed tumor proliferation, correlating
with lower levels of ADM, PanIN-1, -2, and -3 and delaying the
onset of PDAC compared with PKC mice. In following the sur-
vival of these mouse cohorts, we noted a trend toward a prolonged
life span of the PKC78" mice compared with the PKC mice, and
interestingly, the prolonged survival was observed predominantly
in the male. Consistent with this observation, in our limited
analysis, we noted that the male PKC78"+ mice showed a trend
toward smaller tumor volumes compared with female mice at
5 mo. Larger cohort sizes in future studies are needed to clarify
the significance of these observations. Although the reasons for
the gender difference remain to be determined, we also observed a
differential survival response between the Grp78™~ male and fe-
male mice following chemotherapy (53), and others have also
reported gender differences in tumor severity and survival in other
mouse cancer models (54-56).

In summary, our studies uncovered previously unidentified roles
of GRP78 in acinar-to-ductal transdifferentiation and provide
proof-of-principle that GRP78 haploinsufficiency is sufficient to
suppress PDAC development and oncogenic signaling in Kras-
driven pancreatic cancer. Furthermore, in human PDAC cell lines,
GRP78 has been reported to promote proliferation, migration,
invasion, viability, and chemoresistance (14, 25, 27, 28). Thus, the
utility of inhibitors of GRP78 expression in combating PDAC and
chemoresistance merits further investigation.

Materials and Methods

Mice. The c78™ mice were generated by breeding the Pdx7-Cre mice with
the Grp78™ mice (20) (Fig. S1A). The PKC and the PKC78"* mice were gen-
erated by breeding the Kras®'??"*;p53™ mice with Pdx1-Cre;Grp78™ mice
(Fig. S1A). Genotyping of DNA from the mouse tail or pancreas was per-
formed by PCR. Primers for detection of the Pdx7-Cre and floxed or knockout
alleles for Grp78 and p53 were described previously (21, 57). To determine if
recombination of the Kras®'?? lox-stop-lox cassette occurred, DNA was
extracted from pancreas and PCR was performed following the protocol
described from the Jacks Lab (https://jacks-lab.mit.edu/protocols/genotyping/
kras_cond). Primer 1, 5'-GTCTTTCCCCAGCACAGTGC-3’, and primer 2, 5'-
CTCTTGCCTACGCCACCAGCTC-3’, were used to detect the recombined or
the wild-type alleles. All protocols for animal use and euthanasia were
reviewed and approved by the University of Southern California In-
stitutional Animal Care and Use Committee.

Tissue Processing and Histology. Both male and female mice were euthanized

and the pancreata were isolated. Collected samples were either frozen in
liquid nitrogen for biochemical analysis or fixed in 10% zinc formalin

E4028 | www.pnas.org/cgi/doi/10.1073/pnas. 1616060114

(Sigma-Aldrich) for tissue analysis. Paraffin-embedded tissues were sec-
tioned at 4 pm.

Immunohistochemistry. Immunostaining of the paraffin-embedded tissue
sections was performed as described previously (21). Tissue sections were
incubated at 4 °C overnight with primary antibodies. For IHC, the following
antibodies were used: GRP78 (1:500, Abcam #ab108613), pan-cytokeratin
(1:50, Abcam #ab9377), p-elF2a (1:50, Cell Signaling #3398), p-S6 (Ser235/236,
1:200, Cell Signaling #4856), p-ERK (Thr202/Tyr204, 1:200, Cell Signaling #4370),
p-STAT3 (Tyr705, 1:50, Cell Signaling #9145), Ki67 (1:200, Thermo Fisher Scientific
#RM-9106), p-catenin (1:200, Santa Cruz Biotechnology #sc-7199) and a-SMA
(1:2,000, Sigma-Aldrich #A2547). For immunofluorescence (IF) staining, the
following antibodies were used: Amylase (1:50, Santa Cruz Biotechnology
#sc-12821) and pan-cytokeratin (1:50, Abcam #ab9377). Immunofluorescence
was visualized using a Zeiss LSM 510 confocal microscope with LSM 510
Version 4.2 SP1 acquisition software, and the images were analyzed with ZEN
lite imaging software (Zeiss) and Adobe Photoshop CS5.

Quantification of Immunohistochemical Staining. All slides evaluated for IHC
3,3’-diaminobenzidine staining of the pancreas were performed using the
histogram function of the Adobe Photoshop CS5 Imaging software. This
software function can specifically mine for staining intensities in various cell
compartments such as the nucleus and cytoplasm as well as in the ductal
structures. All of the sampled images that were randomly selected and ana-
lyzed were of a fixed size.

Primary Acinar Cell Explant Culture. Primary acinar cell clusters were prepared
as described (58) and were seeded in collagen into 48-well plates, cultured,
and treated with recombinant human TGFa (50 ng/mL, Novoprotein) and
immunostained as described (59).

Glucose Tolerance Test. Glucose tolerance was tested as previously described
(60). Mouse tail blood was measured for glucose by the OneTouch Ultra
System (Lifescan) at indicated time points after i.p. injection of glucose
(1 mg/g body weight) in 2-mo-old mice that had fasted overnight.

Protein Extraction and Immunoblot Analysis. The cell lysates were prepared
and subjected to 10% or 12% SDS/PAGE and Western blot analysis as de-
scribed (61). The following primary antibodies were used: GRP78 (1:1,000, BD
Biosciences #610978), EGFR (1:1,000, Cell Signaling #4267), STAT3 (1:1,000,
BD Biosciences #610190), f-actin (1:2,000, Sigma-Aldrich #A5316), p-ERK
(Thr202/Tyr204, 1:1,000, Cell Signaling #9106), ERK (1:1,000, Cell Signaling
#9102), p-STAT3 (Tyr705, 1:1,000, Cell Signaling #9145), p-AKT (Ser473,
1:1,000, Cell Signaling #9271), and AKT (1:1,000, Cell Signaling #9272). The
secondary antibodies were as follows: horseradish peroxidase conjugate
goat anti-mouse, anti-rabbit, and anti-rat antibodies (1:1,000, Santa Cruz
Biotechnology #sc-2005, #sc-2004, #sc-2006); goat anti-mouse IRDye 800CW
(1:7,500, LI-COR Biosciences); and goat anti-rabbit IRDye 680RD (1:7,500, LI-
COR Biosciences) secondary antibodies. Protein levels were visualized and
quantitated by either ChemiDoc XRS+ Imager (Bio-Rad Laboratories) or
LICOR Odyssey (LI-COR Biosciences).

Statistical Analysis. Statistical analysis was performed with either two-tailed
Student’s t test or a log-rank (Mantel-Cox) test for survival data. For com-
paring the numbers of ducts with various features, the log transformation
was used before analysis, and the Satterwaite correction was used to adjust
for unequal variances due to the intrinsic heterogeneity of the PKC model.
For both the survival and the ductal analyses, our a priori hypothesis was
that PKC78"* mice would survive longer and have fewer ducts with abnor-
mal features, and hence the P values are one-sided.
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