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ABSTRACT

The five-year survival rate for metastatic pancreatic cancer is currently only
3%, which increases to 13% with local invasion only and to 39% with localized
disease at diagnosis. Here we evaluated repurposed mebendazole, an approved
anthelminthic drug, to determine how mebendazole might work at the different stages
of pancreatic cancer formation and progression. We asked if mebendazole could
prevent initiation of pancreatic intraepithelial neoplasia precursor lesions, interfere
with stromal desmoplasia, or suppress tumor growth and liver metastasis. In both
the Kras's-6120/+; pdx1-Cre (KC) mouse model of caerulein-induced inflammatory
pancreatitis and the Kras's-¢12v/+; Tp53Ri724/+; Pdx1-Cre (KPC) mouse model of advanced
pancreatic cancer, mebendazole significantly reduced pancreas weight, dysplasia and
intraepithelial neoplasia formation, compared to controls. Mebendazole significantly
reduced trichrome-positive fibrotic connective tissue and a-SMA-positive activated
pancreatic stellate cells that heralds fibrogenesis. In the aggressive KPC model,
mebendazole significantly suppressed pancreatic tumor growth, both as an early and
late intervention. Mebendazole reduced the overall incidence of pancreatic cancer
and severity of liver metastasis in KPC mice. Using early models of pancreatic cancer,
treatment with mebendazole resulted in less inflammation, decreased dysplasia, with
the later stage model additionally showing a decreased tumor burden, less advanced
tumors, and a reduction of metastasis. We conclude that mebendazole should be
investigated further as a component of adjuvant therapy to slow progression and
prevent metastasis, and well as for primary prevention in the highest risk patients.

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is the
third leading cause of cancer death in the United States
[1]. The current 5-year survival rate is approximately
10%, due to its aggressive biology, early metastatic
dissemination, and resistance to current therapies [2].
During microenvironmental stress associated with chronic

inflammation, pancreatic acinar cells differentiate into a
ductal morphology; a process known as acinar-to-ductal
metaplasia (ADM) [3, 4]. The first genetic change is
oncogenic activation of KRAS, resulting in metaplastic
acinar cells undergoing terminal reprogramming [3, 5].
This process underlies the onset of low-grade pancreatic
intraepithelial neoplasia (PanIN), the most common
precursor of pancreatic cancer [6]. PanIN lesions can
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progress from low-grade (PanIN-1-2) to high-grade
(PanIN-3), representing carcinoma in situ [7].

The evolution of pancreatic cancer pre-cursor
lesions is also accompanied by a strong fibro-inflammatory
desmoplastic reaction [7]. Desmoplasia results in pro-
tumorigenic remodeling of the tumor stroma, fibrosis
and activation of pancreatic stellate cells (PSCs), which
promote tumor progression by secretion of growth factors
and cytokines [8, 9]. Stromal desmoplasia is a major
facilitator of PDAC progression that promotes oncogenic
pathway activation [10-12]. Chronic inflammation can
lead to pancreatitis, accelerate stromal desmoplasia and
increase the risk of developing PDAC by as much as 16-
fold [13]. The desmoplastic stroma actively contributes to
tumor formation, progression, invasion, and metastasis of
pancreatic cancer [8].

Mebendazole is an FDA-approved anthelminthic
benzimidazole that has preclinical evidence of anticancer
mechanism and activity, progressing to early-stage clinical
trials. A survival benefit in a variety of malignant animal
models has been observed, including melanoma [14],
lung [15, 16], colorectal [17], brain [18-20], meningioma
[21], breast cancer [22] and thyroid cancer [23]. Evidence
suggests mebendazole exerts anticancer activity through
a combination of tubulin and kinase inhibition [15, 18].
The selective binding of mebendazole in cancer cells to
tubulin prevents its polymerization and results in G2/M
mitotic arrest and activation of Bcl-2 and caspase-3
dependent apoptosis at nanomolar concentrations [15, 24,
25]. Mebendazole also acts as a traditional multi-tyrosine
kinase inhibitor with targets that include VEGFR2,
TNIK and BRAF [14, 19, 26, 27]. Inhibition of VEGFR2
pathway signaling by mebendazole leads to reduced tumor
neo-angiogenesis and reduction of pro-inflammatory
cytokines in colon cancer [17].

Early clinical trials using mebendazole in
glioblastoma, recurrent pediatric brain tumors and colon
cancer are currently underway, but sufficiently powered
clinical trials have not been performed to determine if
there is a survival benefit in patients with late-stage cancer.

The emphasis of translational research has
been to improve therapeutics for advanced cancers.
This may be at the expense of developing early-stage
intervention where a greater increase in survival and
quality of life could in theory be achieved. Currently,
there is a relative lack of effective and low toxicity
long duration therapies to use for adjuvant therapy or
primary cancer chemoprevention, compared to late-stage
disease. Previously, we observed that mebendazole in
combination with anti-inflammatories could dramatically
reduce tumor initiation and early stage growth in colon
cancer models [17], and now ask if we can prevent tumor
initiation, slow progression and/or prevent metastasis in
mouse models of pancreatic cancer.

In this study, we determined the in vivo efficacy
of mebendazole as a single agent therapy in two well-

characterized transgenic mouse models of pancreatic
cancer, the KC (Kras®'?®), caerulein-induced model of
PanIN progression and the KPC (KrasS'?P/Tp53R172H)
transgenic mouse model of advanced, metastatic PDAC.
The goal of this work was to determine the timing and
conditions under which mebendazole may reduce
initiation and pre-neoplastic progression of early PanIN
lesions, desmoplasia and incidence of PDAC in preclinical
models of pancreatic cancer.

RESULTS

Mebendazole suppressed Kras-mediated,
caerulein-induced tumorigenesis in the KC
mouse model of pancreatitis

The caerulein-induced KC mouse model is useful for
studying how cancer prevention therapies can slow PanIN
progression and reduce the pro-carcinogenic remodeling
of the pancreas stroma under conditions of inflammatory
pancreatitis. Figure 1 A shows the timing of CCK induction
and treatment with mebendazole in KC mice. Figure 1B
displays representative pancreas and spleen tissues for
untreated KC+CCK mice, mebendazole-treated KC+CCK,
Sham (no CCK) KC mice and wild type mice + CCK and
corresponding histology. Increased pancreas weight is a
surrogate marker for progressive dysplasia and fibrosis and
mebendazole treated mice had smaller, less dense pancreas
tissue than untreated control mice, with H&E stained tissue
sections revealing fewer areas of PanIN development
following mebendazole treatment. Mebendazole in the
mouse diet resulted in significantly reduced pancreas
weight (851.5 mg versus 461.3 mg, P <0.0001) compared
to untreated KC+CCK control mice (Figure 1C). Sham-
treated KC mice (PBS only, no CCK) were used as our
negative control for pancreatitis. These mice still develop
early PanIN lesions, which are not stimulated to progress
in the absence of CCK. Mebendazole (KC+CCK) mice
pancreas weights were similar in size to the Sham (no
CCK) mice. Wild type mice induced with CCK displayed
normal pancreas weight and morphology and did not
develop PanINs or fibrosis, highlighting the need for a
cooperating Kras®'?® mutation to induce acinar cell trans-
differentiation. Sham-treated KC mice had an average
pancreas weight of 570 mg whereas an average wild type
mouse pancreas weighs 265.4 mg. Percent total area of
dysplasia was reduced in mebendazole-treated KC+CCK
mice versus untreated KC+CCK controls (85.5% versus
38.5%, p = 0.0066) (Figure 1D).

Mebendazole inhibited PanIN formation
and stromal desmoplasia under conditions
of inflammatory pancreatitis

Mebendazole-treated and untreated KC+CCK
mouse pancreas tissues were further analyzed to determine
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versus 61.4% in mebendazole treated KC+CCK group
(»=0.0060). Areas of PanIN lesions (all grades) accounted
for 79.7% of total tissue area in untreated mouse pancreas

the extent of PanIN formation and stromal desmoplasia.
Normal acinar tissue accounted for an average of 14.4%
of total tissue area in the untreated KC+CCK group
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Figure 1: Mebendazole suppressed Kras-mediated, cearulein-induced tumorigenesis in the KC mouse model of
pancreatitis. Treatment scheme and caerulein (CCK) induction schedule for KC mouse experiment (A). Representative pancreas and
spleen tissue and H&E (1X) of untreated KC+CCK mice (n = 17), mebendazole (MBZ) treated KC+CCK mice (n = 16), Sham (no CCK,
n = 10) KC mice and Wild type +CCK mice (rn = 8) (B). Pancreas weights were compared between each treatment group (C). Average
percent area dysplasia was calculated for untreated controls and mebendazole (MBZ) treated KC+CCK mice (D). Data represents mean +

S.D. P values ™ <0.01, ™ <0.0001.
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tissue versus 35.8% in mebendazole treated pancreas
tissue (p = 0.0069) (Figure 2A). Representative H&E
sections are shown (Figure 2B). Formalin fixed pancreas
tissue sections were stained for Masson’s trichrome and
a-SMA to characterize the extent of fibrotic desmoplasia
and activation of pancreatic stellate cells that occurs during
progression of early to late PanIN lesions. The average
percent area of Masson’s Trichrome immunoreactive
connective tissue was reduced in mebendazole treated
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pancreas tissue versus untreated controls (26.6% versus
12.6%, p < 0.0001) (Figure 2C and 2D). Mebendazole
treated pancreas tissue also exhibited reduced areas of
o-SMA immunoreactivity versus untreated controls
(19.35% versus 9.38%, p < 0.0001) (Figure 2E and 2F).
This data suggests that mebendazole is interfering with
acinar-ductal trans-differentiation to PanIN lesions and
stromal remodeling of the pancreas tissue in the presence
of mutant-Kras and chronic inflammation.
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Figure 2: Mebendazole inhibited PanIN formation and stromal desmoplasia under conditions of inflammatory
pancreatitis. Histopathological comparison of the total percentage of pancreas tissue comprised of normal acinar and PanIN (all grades)
between untreated KC+CCK and mebendazole (MBZ) treated KC+CCK mice (A) and representative scanned H&E sections (10x) (B).
Formalin fixed, paraffin-embedded pancreatic tissue sections from untreated control KC+CCK and MBZ-treated KC+CCK mice were
analyzed for markers of stromal desmoplasia. Representative sections stained for fibrosis marker, Masson Trichrome (blue) were analyzed
(10x) (C) and graphed for comparison (D). Representative sections stained for activated pancreatic stellate cell marker, a-SMA (brown)
were analyzed (10x) (E) and graphed for comparison (F). Data represents mean + S.D. P values ™ <0.01, *** <0.0001.
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Mebendazole suppressed pancreatic tumor
incidence and progression in the double Kras®'?"/
Tp53R1"H mutant KPC mouse both as an early
and late intervention agent

To test the ability of mebendazole to prevent both
early PanIN initiation and progression to pancreatic ductal
adenocarcinoma (PDAC), we performed an early cancer
prevention and a late intervention study using KPC mice
(Figure 3A). At 16 weeks of age, the pancreas tissue
was harvested and analyzed. At this timepoint, some
untreated KPC mice were beginning to develop clinical
manifestations of late stage PDAC, such as abdominal
distension and hemorrhagic ascites [28]. KPC mice
that received daily oral mebendazole averaged much
smaller, less dense pancreas tissue than untreated control
mice, with H&E-stained tissue sections revealing fewer
areas of PanIN and PDAC development in mebendazole
treated mice (Figure 3B). Analysis of the collected tissues
revealed that early intervention with mebendazole reduced
pancreas weight (1244 mg vs. 679.3 mg, p = 0.0204) and
spleen weight (453.1 mg vs. 210.1 mg, p = 0.0486) versus
untreated controls. Late intervention with mebendazole
reduced pancreas weight (1244 mg vs. 664.9, P=0.0037)
and spleen weight (453.1 mg vs. 209.8 mg, p = 0.0520)
versus untreated controls (Figure 3C). Histopathological
analysis revealed that the percent total area of dysplasia
in the pancreas was reduced in mebendazole treated
KPC mice versus KPC untreated controls (72.5% versus
46.1%, p = 0.0440) (Figure 3D). This data suggests that
mebendazole is limiting tumor progression in the KPC
mouse.

Mebendazole reduced areas of PanIN and
PDAC formation and stromal desmoplasia in
an aggressive model of pancreatic cancer

Normal acinar tissue accounted for an average
of 27.5% of total tissue area in untreated KPC mouse
pancreas tissue versus 53.9% in mebendazole treated
KPC mouse pancreas tissue (p = 0.0440). Areas of PanIN
lesions (all grades) accounted for 50.4% of total tissue
area in untreated mouse pancreas tissue versus 35.8%
in mebendazole treated pancreas tissue (ns, p = 0.1077).
Areas of PDAC formation accounted for an average of
22.2% of total tissue area in untreated mouse pancreas
tissue versus 10.3% in Mebendazole treated pancreas
tissue (ns, p = 0.1045) (Figure 4A). Representative H&E
pancreas tissue sections are shown (Figure 4B). Although
mebendazole may have reduced areas of PanIN and PDAC
in many of the mice, the heterogenous nature of PDAC
development in the KPC mouse and intragroup variability
led to wide standard deviations and non-significant
results. Although, the potentially more important
result of PDAC incidence suggested mebendazole was
slowing tumor progression at some stage in the KPC

model. Mebendazole-treated (early intervention) mice
exhibited a PDAC incidence of only 20% while 100% of
untreated KPC mice developed PDAC tumors. Masson’s
trichrome and a-SMA staining of formalin fixed pancreas
tissue sections (early mebendazole intervention group)
were performed to characterize the extent of fibrotic
desmoplasia and activation of pancreatic stellate cells
during progression to PDAC. The average percent area
of Masson’s Trichrome immunoreactive connective
tissue was reduced in mebendazole treated pancreas
tissue versus untreated controls (27.2% versus 11.0%,
p <0.0001) (Figure 4C and 4D). The mebendazole treated
pancreas tissue also exhibited reduced areas of a-SMA
immunoreactivity versus untreated controls (19% versus
10%, p = 0.0001) (Figure 4E and 4F). This data indicates
that mebendazole is delaying cancer progression in the
KPC mouse model.

Mebendazole reduced the severity and
incidence of liver metastasis in KPC mice when
administered as an early intervention

Mebendazole has been previously shown to inhibit
cancer metastasis, in vivo [23]. KPC control mice (n = 5)
were compared to KPC mice treated with MBZ (n = 5)
by a pathologist. Five of the 5 control mice developed
metastatic invasive adenocarcinomas compared to 1/5
of the treated mice. Tumors in the control group ranged
from moderately to poorly differentiated adenocarcinomas
accompanied by moderate to severe degrees of
desmoplasia (see Figure 5). Four of the 5 control animals
also demonstrated biliary intraepithelial neoplasia (BilIN)
ranging from low (BilIN 1, BilIN 2) to high grade
(BilIN-3; see Figure 5). Only low-grade dysplasia was
present in mice treated with MBZ (3/5). Interestingly,
control mice showed a significant background hepatitis
(see Figure 5) that was not present in mice treated with
MBZ. No association was seen between degree of hepatitis
and presence/absence of tumor infiltrating lymphocytes
(TILs). These data are consistent with a reduced number
of malignant cells in the primary tumor(s) and a greatly
reduced number of malignant cells that successfully
metastasized and grew.

DISCUSSION

Currently pancreatic cancer is the third leading cause
of cancer deaths in the USA but may be second by 2030
[29]. There is a projected more than two-fold increase in
the number of PDAC cases in the U.S. within the next
ten years [2]. Currently, only 10-20% of PDAC patients
are diagnosed at an early stage allowing them to undergo
the potentially curative surgical resection [30]. However,
recurrence rates are high, as radical surgery has only been
shown to improve the 5-year survival rate to a 20-25%
[30]. The remaining 80-90% of PDAC patients present
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with locally advanced or metastatic disease at the time of improving long-term patient survival, offering marginal

diagnosis, about half of which are metastatic [30]. Current benefit with significant treatment related toxicity.

conventional cytotoxic treatments, multidrug regimens There are identifiable risk factors and markers

and targeted therapies have been mostly unsuccessful in for pancreatic cancer. Environmental risk factors such
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Figure 3: Mebendazole suppressed pancreatic tumor progression and incidence in the KPC mouse as an early and
late intervention agent. Treatment scheme for KPC mouse experiments (A). Representative pancreas and spleen tissue and H&E (1x)
of untreated control KPC, mebendazole (MBZ) early intervention KPC and MBZ late intervention KPC mice at 16 weeks of age (B).
Pancreas weights were compared between each treatment groups (n = 10 mice/group) (C). Average percent area dysplasia was calculated
for untreated controls and early treatment MBZ mice (D). Data represents mean + S.D. P values * <0.05, ™ <0.01.
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as alcohol, diet and smoking with the latter raising the
risk 2- to 3-fold alone [31]. There is a high risk from
inheriting certain gene mutations and one example is
hereditary pancreatitis with a lifetime penetrance of 40%.
Approximately 1-2% of pancreatic cysts are precancerous
and analysis of the cyst fluid or other means may identify
the patients most in need of early intervention including
chemoprevention [32]. Mucinous lesions are common
incidental findings that raise risk and are challenging,
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because surgery is frequently high risk and guidelines for
surveillance and surgery are poorly defined.

A diagnosis of pancreatic cancer has a median life
expectancy of 14 weeks, although ecarlier detection with
circulating tumor DNA [33, 34] coupled with advances
in early surgery may improve survival somewhat in the
coming years. We predict that improvements in adjuvant
therapy, those that prevent or reduce metastasis, a herald
of end-stage disease, would be needed to be used in
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Figure 4: Mebendazole reduced areas of PanIN and PDAC formation and stromal desmoplasia in an aggressive model
of pancreatic cancer. Histopathological comparison of the total percentage of pancreas tissue comprised of normal acinar, PanIN (all
grades) and PDAC between untreated and mebendazole (MBZ) (early invention) treated KPC mice (A) and representative scanned H&E
sections (10x) (B). Formalin fixed, paraffin-embedded pancreatic tissue sections from untreated and mebendazole-treated KPC mice were
analyzed for markers of stromal desmoplasia. Representative sections stained for fibrosis marker, Masson Trichrome (blue) were analyzed
(10x) (C) and graphed for comparison (D). Representative sections stained for activated pancreatic stellate cell marker, a-SMA (brown)
were analyzed (10x) (E) and graphed for comparison (F). Data represents mean + S.D. P values * <0.05, ™ <0.01.

www.oncotarget.com

1332

Oncotarget



combination with advances in early detection, and surgery metastasis in thyroid cancer [23], we sought to determine

to have a substantial impact. if mebendazole could reduce pre-neoplastic progression

Given its long-standing track record of safety of early PanIN lesions and incidence of PDAC in
and previously demonstrated anti-cancer properties preclinical models of pancreatic cancer. The efficacy
including colon cancer prevention [17] and prevention of of mebendazole was tested in two well-characterized

KPC Liver Metastasis

Control

MBZ

Figure 5: Mebendazole reduced the severity and incidence of liver metastasis in KPC mice when administered as
an early intervention. Histologic evaluation of H&E stained liver tissue from 16-week old untreated KPC and early-intervention
mebendazole (MBZ) treated KPC mice to compare metastasis (A-D). N = normal liver tissue. T = invasive metastatic carcinoma. Five of
5 control mice developed metastatic invasive adenocarcinomas compared to 1/5 of the treated mice. (E) Biliary intraepithelial neoplasia
at 60x in KPC control mouse liver. (F, G) Invasive metastatic carcinoma in KPC control, 10x & 40x. (H) Hepatitis in KPC control, 40X.
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transgenic mouse models of pancreatic cancer, the KC,
caerulein-induced model of PanIN progression and the
KPC transgenic mouse model of advanced, metastatic
PDAC. Our data reveals that mebendazole-treated mice
displayed reduced early Kras-mediated tumorigenesis,
PanIN precursor formation and reduced markers of
stromal desmoplasia in both models. In the aggressive
KPC mouse model, mebendazole treatment reduced
pancreatic tumor size and incidence and inhibited liver
metastasis. Mebendazole has evidence that its long
term use reduces chronic inflammation, [17] and our
histopathological findings in the KC caerulein-induced
pancreatitis model are consistent, but not proof, that
reduction of chronic inflammation is at least in part
an underlying mechanism here. This has implications
for patients with chronic pancreatitis at high risk for
developing PDAC. Interestingly, late intervention with
mebendazole worked equally as well as early intervention
mebendazole in the KPC mouse. Our data further suggests
that mebendazole may also be inhibiting the early stages
of PDAC tumorigenesis, leading to smaller tumors and
overall, significantly less metastasis.

Mebendazole is known to prevent the
polymerization of tubulin, the molecular target of the
widely used anticancer drugs paclitaxel and vincristine
and induce mitotic arrest selectively in tumor cells
without serious adverse side effects. Mebendazole also
acts as a multi kinase inhibitor [14, 19, 26, 27]. Although
it is difficult to determine which molecular mechanism or
combination of mechanisms contribute to the suppression
of cancer initiation, progression, or metastasis; candidates
include the disruption of microtubules and/or multi-
tyrosine kinase inhibition. Either or both molecular
mechanisms could result in one or more downstream
anti-cancer effects such as increased tumor cell apoptosis,
inhibiting Hedgehog or growth factor signaling between
PDAC and PSC cells, and/or suppressing effectors of the
RAS, PI3K/Akt or JAK/STAT3 pathways.

Mebendazole’s low toxicity profile, even at doses
higher for longer duration than that used in this study,
make it a candidate for long term use for chemoprevention
or adjuvant therapy. Periodic blood counts and serum
chemistry should be employed in this instance to screen
against anemia or elevated liver enzymes, the main
possible side effects. Mebendazole’s low toxicity is a
further advantage in allowing mebendazole to be safely
combined with other anti-cancer therapies, and possibly in
combination with radiation [21, 22]. The evidence thus far
suggests the possibility that survival benefit in pancreatic
cancer could be enhanced by combining mebendazole
with an additional treatment, and further experiments in
this direction are needed.

We envision the use of a mebendazole, a safe,
non-toxic drug, as an adjuvant therapy following
surgical resection to prevent recurrence, or in
combination with radiotherapy, targeted chemotherapy

or immunotherapy to increase the durability of
treatment responses in PDAC, without added toxicity.
Mebendazole may have utility as an adjuvant therapy
to prevent tumor recurrence in the 15-20% of PDAC
patients who undergo surgery and/or to increase the
durability of response to standard chemotherapy in the
remaining 80-85% of patients with advanced disease.
Additionally, if mebendazole alone or in combination
showed promise therapeutically for advanced PDAC,
it may be useful to study if morbidity and mortality
can be decreased by omitting surgery for high-risk
patients and/or more complex surgeries such as
pancreatoduodenectomies.

Although more challenging to demonstrate in
a clinical trial, mebendazole may have promise as a
chemoprevention either alone or in combination with
anti-inflammatories in those patients at high risk for
developing pancreatic cancer, including mucinous lesions
and certain inherited cancer syndromes that account for
5-10% of PDAC [35-37]. A starting point for future
studies is to generate additional evidence and to optimize
mebendazole for use as an adjuvant therapy to prevent
metastasis and slow tumor progression after surgery in
patients diagnosed with non-metastatic pancreatic cancer.
Such trials are feasible with fewer patients than a primary
patient trial, have a favorable benefit risk ratio, and can
quickly determine if mebendazole is effective at possibly
the last stage where more than a modest survival benefit
can be realized.

MATERIALS AND METHODS

Mouse models

All experimental procedures were approved by
the Johns Hopkins University Animal Care and Use
Committee. The program of animal care and use is
accredited by AAALAC international and follows the
Guide for the Care and Use of Laboratory Animals [38].
Kras'SH6120%, Tp 5317204 (K P) and Pdx-Cre (Cre) breeding
trios were a kind gift from Dr. Elizabeth Jaffee. These
founders were used to create breeders for KC and KPC
mouse colonies using the following crosses: A colony of
KC mice were created by crossing KP (Kras+/—;Tp53+/—)
females to Cre (+/+) males and a colony of KPC mice were
created by crossing KP (Kras+/—;Tp53+/+;Cre—/—) males
to Cre (+/+) females. Mutation status of offspring was
confirmed from tail snips using Transnetyx Inc (Cordova,
TN). Mice were randomized into experimental groups and
males and females were used at approximately equal ratios.

Kras"S“-6'?* Pdx]-Cre (KC) mouse pancreatitis
study

Activation of Kras®'?Pin the adult pancreas leads to
non-progressing, low-grade lesion formation [39]. Chronic
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pancreatitis is a risk factor for malignancy and can result
in the development of high-grade lesions, inflammation
and desmoplasia that can progress to pancreatic ductal
adenocarcinoma (PDAC) [3]. Kras™St-612P Pdx]-Cre (KC)
mice carry a Kras®'?® mutation and progressively develop
acinar-to-ductal metaplasia along with low- and high-grade
PanIN lesions and stromal desmoplasia, a process that is
accelerated with repeated intraperitoneal injections of the
proinflammatory peptide caerulein (CCK, a.k.a ceruletide)
which induces pancreatitis [40, 41]. This model has been
used for studying how cancer prevention therapies can
slow PanIN progression and reduce the pro-carcinogenic
remodeling of the pancreas stroma [42]. In our study,
chronic pancreatitis was induced in 7-week old KC mice
using caerulein (5 ug twice/week for 8 weeks) [43]. The
control group received AIN-93G purified pelleted diet
(Teklad Diet TD.94045 Envigo, Indianapolis, IN) ad
libitum. The mebendazole group averaged a daily oral
dose of 35 mg/kg mebendazole (polymorph C) achieved
by mixing mebendazole with the control diet and sesame
oil to enhance absorption [18]. Therapy began two days
before the first CCK injection and continued throughout
the duration of the study. A separate cohort of KC mice
received sham injections (PBS only, no CCK) and control
diet. A group of wild type C57BL6 mice received CCK
using the same induction regimen listed above (5 ug, 2/
week for 8 weeks) and control feed. At the end of the
study, mouse pancreas and spleens were collected and
weighed at the time of euthanasia and immersion fixed in
10% neutral buffered formalin for later analysis.

Kras'S-6120; Tp53R172H (KPC) mouse cancer
prevention study

The KPC mouse, Kras'S-C1207%Tp53R172W+ Py ] -
Cre has both a Kras®'*® and a Tp53*'™" mutation in the
pancreas that allows it to develop aggressive PDAC with
metastatic behavior and local invasiveness that accurately
mimic the human disease [40, 41]. Conditional expression
of the tumor-associated 7p53*'7?" mutation accelerates
Kras®'*P pancreatic tumorigenesis [40, 41]. These double
mutant mice develop the complete spectrum of pre-
invasive PanIN, as well as end-stage, metastatic pancreatic
cancer with 100% penetrance. KPC mice manifest tumors
with dense desmoplasia that lead to heterogeneous
advanced pancreatic ductal adenocarcinoma [44]. With
a life span of approximately 5 months, chemoprevention
studies can be conducted in KPC mice to study drug
effects on the progression from PanINs to invasive
pancreatic cancer. Histologically, five-week-old KPC
mice present with mostly normal pancreas histology with
a few low grade PanIN lesions, similar to KC mice. A
more progressive disease is observed in animals by 10
weeks of age, when the full spectrum of pre-invasive
lesions is apparent. Between 16-20 weeks of age, most
KPC mice have developed locally invasive PDAC that

is accompanied by a dense desmoplastic reaction [45].
In our study, KPC mice were randomized into two
separate experiments: i) a fixed-point early intervention
study; ii) a fixed-point late intervention study. In the
early intervention study, treated mice began receiving
daily 35 mg/kg mebendazole (polymorph C) in the feed
starting at 5 weeks of age. In the late intervention study,
treated mice began receiving daily 35 mg/kg mebendazole
in the feed starting at 10 weeks of age. All untreated
control mice were on untreated mouse meal (AIN-93G).
Sesame oil and water (4:1 ratio) were added to all mouse
chow to sufficiently mix and aid with the absorption of
mebendazole. All mice were sacrificed and analyzed at
16 weeks of age. For each experiment, mouse pancreas,
livers and spleens were harvested and weighed at the time
of euthanasia. All tissue was placed in formalin for later
analysis.

Tissue preparation and histopathology

Formalin fixed, paraffin-embedded pancreas
and liver tissues were sectioned at 5 pm spaced 50 um
apart, stained with Hematoxylin & Eosin (H&E) and
representative histologic sections were scanned at
20x using an Aperio AT2 slide scanner for analysis.
Comparative histopathology of pancreas sections was
performed by board-certified pathologists (CB, BK) to
determine the degree of dysplasia, PanIN and PDAC in
H&E stained pancreas tissue sections using QuPath digital
pathology image analysis software [46]. Liver H&E
sections from the KPC mouse study were evaluated for
degree of desmoplasia and presence of metastatic invasive
adenocarcinomas and biliary intraepithelial neoplasia by a
board-certified pathologist (D.T.).

Trichrome staining and immunohistochemistry

Masson’s trichrome staining was performed on
pancreas tissue sections using a Trichrome Stain kit from
Abcam, according to the manufacturer’s protocol. For
immunohistochemistry, paraffin-embedded pancreas tissue
slides were deparaffinized with xylene and hydrated through
a graded alcohol series. Endogenous peroxidase activity
was blocked with 3% hydrogen peroxide (Fisher Scientific)
for 10 min. Antigen retrieval was performed using Antigen
Retrieval Citra Solution pH 6 (BioGenex) in a heat cooker for
30 min, followed by avidin/biotin block (Life Technologies)
with 10% goat serum + 1% BSA in phosphate-buffered
saline and incubated for 30 min. Primary antibody for
alpha-smooth muscle actin (0-SMA, 1:200, Abcam) was
incubated overnight. Immunostaining was performed using
Super Sensitive™ THC Detection Systems (BioGenex).
Slides were counterstained with DAB chromagen. Both
Masson’s trichrome and 0-SMA stained slides were scanned
at 20x using an Aperio AT2 slide scanner. Three fields were
randomly selected from five pancreas tissue slides in each
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group, and the percent positively stained area in each field
was determined using Image J software.

Statistical analysis

The data are presented as the mean + SD.
Comparisons between groups were analyzed by Student’s
t-test using GraphPad Prism software (GraphPad Prism
version 6.0; La Jolla, CA, USA). Kaplan-Meier analysis
was used for survival analysis. Statistical significance was
declared based on a p-value <0.05.

Author contributions

Conception and design of the study (GJR, TW),
acquisition of data (TW, MCA, TBM), analysis and
interpretation of data (GJR, TW, DGT, CB, BK), article
draft (GJR, TW), article revisions and final approval (GJR,
TW, MCA, TBM, DGT, CB, BK, IMC, PPA).

ACKNOWLEDGEMENTS

We thank Bert Vogelstein for suggesting the
foundational ideas for this study and encouragement to
pursue cancer prevention studies. Todd Armstrong from
the Elizabeth Jaffee lab at Johns Hopkins generously
provided KC and KPC breeder mice and animal husbandry
expertise.

CONFLICTS OF INTEREST

Authors have no conflicts of interest to declare.

REFERENCES

1. Rawla P, Sunkara T, Gaduputi V. Epidemiology of
Pancreatic Cancer: Global Trends, Etiology and Risk
Factors. World J Oncol. 2019; 10:10-27. https://doi.
org/10.14740/wjon1166. [PubMed]

2. Orth M, Metzger P, Gerum S, Mayerle J, Schneider G, Belka
C, Schnurr M, Lauber K. Pancreatic ductal adenocarcinoma:

biological hallmarks, current status, and future perspectives
of combined modality treatment approaches. Radiat Oncol.
2019; 14:141. https://doi.org/10.1186/s13014-019-1345-6.
[PubMed]

3. Storz P. Acinar cell plasticity and development of
pancreatic ductal adenocarcinoma. Nat Rev Gastroenterol
Hepatol. 2017; 14:296-304. https://doi.org/10.1038/
nrgastro.2017.12. [PubMed]

4. Wang L, Xie D, Wei D. Pancreatic Acinar-to-Ductal
Metaplasia and Pancreatic Cancer. Methods Mol Biol.
2019; 1882:299-308. https://doi.org/10.1007/978-1-4939-
8879-2 26. [PubMed]

5. Chuvin N, Vincent DF, Pommier RM, Alcaraz LB, Gout
J, Caligaris C, Yacoub K, Cardot V, Roger E, Kaniewski

10.

11.

12.

13.

14.

15.

B, Martel S, Cintas C, Goddard-Léon S, et al. Acinar-
to-Ductal Metaplasia Induced by Transforming Growth
Factor Beta Facilitates KRASS"P-driven Pancreatic
Tumorigenesis. Cell Mol Gastroenterol Hepatol. 2017;
4:263-82. https://doi.org/10.1016/j.jcmgh.2017.05.005.
[PubMed]

Hruban RH, Maitra A, Goggins M. Update on pancreatic
intraepithelial neoplasia. Int J Clin Exp Pathol. 2008;
1:306-16. [PubMed]

Brosens LA, Hackeng WM, Offerhaus GJ, Hruban RH,
Wood LD. Pancreatic adenocarcinoma pathology: changing
“landscape”. J Gastrointest Oncol. 2015; 6:358-74. https:/
doi.org/10.3978/].issn.2078-6891.2015.032. [PubMed]

Hamada S, Masamune A, Shimosegawa T. Novel

therapeutic strategies targeting tumor-stromal interactions
in pancreatic cancer. Front Physiol. 2013; 4:331. https://doi.
org/10.3389/fphys.2013.00331. [PubMed]

Shi C, Washington MK, Chaturvedi R, Drosos Y, Revetta
FL, Weaver CJ, Buzhardt E, Yull FE, Blackwell TS, Sosa-
Pineda B, Whitehead RH, Beauchamp RD, Wilson KT,
Means AL. Fibrogenesis in pancreatic cancer is a dynamic

process regulated by macrophage-stellate cell interaction.
Lab Invest. 2014; 94:409-21. https://doi.org/10.1038/
labinvest.2014.10. [PubMed]

FuY, Liu S, Zeng S, Shen H. The critical roles of activated
stellate cells-mediated paracrine signaling, metabolism and

onco-immunology in pancreatic ductal adenocarcinoma.
Mol Cancer. 2018; 17:62. https://doi.org/10.1186/s12943-
018-0815-z. [PubMed]

Murthy D, Attri KS, Singh PK. Phosphoinositide 3-Kinase
Signaling Pathway in Pancreatic Ductal Adenocarcinoma
Progression, Pathogenesis, and Therapeutics. Front Physiol.
2018; 9:335. https://doi.org/10.3389/fphys.2018.00335.
[PubMed]

Monkman JH, Thompson EW, Nagaraj SH. Targeting
Epithelial Mesenchymal Plasticity in Pancreatic Cancer: A
Compendium of Preclinical Discovery in a Heterogeneous
Disease. Cancers (Basel). 2019; 11:1745. https:/doi.
org/10.3390/cancers11111745. [PubMed]

Lowenfels AB, Maisonneuve P. Epidemiology and

risk factors for pancreatic cancer. Best Pract Res Clin
Gastroenterol. 2006; 20:197-209. https://doi.org/10.1016/].
bpg.2005.10.001. [PubMed]

Simbulan-Rosenthal CM, Dakshanamurthy S, Gaur A, Chen
YS, Fang HB, Abdussamad M, Zhou H, Zapas J, Calvert
V, Petricoin EF, Atkins MB, Byers SW, Rosenthal DS. The
repurposed anthelmintic mebendazole in combination with
trametinib suppresses refractory NRASQ61K melanoma.
Oncotarget. 2017; 8:12576-95. https://doi.org/10.18632/
oncotarget.14990. [PubMed]

Sasaki J, Ramesh R, Chada S, Gomyo Y, Roth JA,
Mukhopadhyay T. The anthelmintic drug mebendazole
induces mitotic arrest and apoptosis by depolymerizing
tubulin in non-small cell lung cancer cells. Mol Cancer
Ther. 2002; 1:1201-09. [PubMed]

www.oncotarget.com

1336

Oncotarget


https://doi.org/10.14740/wjon1166
https://doi.org/10.14740/wjon1166
https://pubmed.ncbi.nlm.nih.gov/30834048
https://doi.org/10.1186/s13014-019-1345-6
https://pubmed.ncbi.nlm.nih.gov/31395068
https://doi.org/10.1038/nrgastro.2017.12
https://doi.org/10.1038/nrgastro.2017.12
https://pubmed.ncbi.nlm.nih.gov/28270694
https://doi.org/10.1007/978-1-4939-8879-2_26
https://doi.org/10.1007/978-1-4939-8879-2_26
https://pubmed.ncbi.nlm.nih.gov/30378064
https://doi.org/10.1016/j.jcmgh.2017.05.005
https://pubmed.ncbi.nlm.nih.gov/28752115
https://pubmed.ncbi.nlm.nih.gov/18787611
https://doi.org/10.3978/j.issn.2078-6891.2015.032
https://doi.org/10.3978/j.issn.2078-6891.2015.032
https://pubmed.ncbi.nlm.nih.gov/26261723
https://doi.org/10.3389/fphys.2013.00331
https://doi.org/10.3389/fphys.2013.00331
https://pubmed.ncbi.nlm.nih.gov/24273517
https://doi.org/10.1038/labinvest.2014.10
https://doi.org/10.1038/labinvest.2014.10
https://pubmed.ncbi.nlm.nih.gov/24535260
https://doi.org/10.1186/s12943-018-0815-z
https://doi.org/10.1186/s12943-018-0815-z
https://pubmed.ncbi.nlm.nih.gov/29458370
https://doi.org/10.3389/fphys.2018.00335
https://pubmed.ncbi.nlm.nih.gov/29670543
https://doi.org/10.3390/cancers11111745
https://doi.org/10.3390/cancers11111745
https://pubmed.ncbi.nlm.nih.gov/31703358
https://doi.org/10.1016/j.bpg.2005.10.001
https://doi.org/10.1016/j.bpg.2005.10.001
https://pubmed.ncbi.nlm.nih.gov/16549324
https://doi.org/10.18632/oncotarget.14990
https://doi.org/10.18632/oncotarget.14990
https://pubmed.ncbi.nlm.nih.gov/28157711
https://pubmed.ncbi.nlm.nih.gov/12479701

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Mukhopadhyay T, Sasaki J, Ramesh R, Roth JA.
Mebendazole elicits a potent antitumor effect on human
cancer cell lines both in vitro and in vivo. Clin Cancer Res.
2002; 8:2963—69. [PubMed]

Williamson T, Bai RY, Staedtke V, Huso D, Riggins GJ.
Mebendazole and a non-steroidal anti-inflammatory
combine to reduce tumor initiation in a colon cancer
preclinical model. Oncotarget. 2016; 7:68571-84. https://
doi.org/10.18632/oncotarget.11851. [PubMed]

Bai RY, Staedtke V, Aprhys CM, Gallia GL, Riggins GlJ.
Antiparasitic mebendazole shows survival benefit in 2

preclinical models of glioblastoma multiforme. Neuro
Oncol. 2011; 13:974-82. https://doi.org/10.1093/neuonc/
1n0r077. [PubMed]

Bai RY, Staedtke V, Rudin CM, Bunz F, Riggins GJ.
Effective treatment of diverse medulloblastoma models

with mebendazole and its impact on tumor angiogenesis.
Neuro Oncol. 2015; 17:545-54. https://doi.org/10.1093/
neuonc/nou234. [PubMed]

Bai RY, Staedtke V, Wanjiku T, Rudek MA, Joshi A,
Gallia GL, Riggins GJ. Brain Penetration and Efficacy
of Different Mebendazole Polymorphs in a Mouse Brain
Tumor Model. Clin Cancer Res. 2015; 21:3462—70. https://
doi.org/10.1158/1078-0432.CCR-14-2681. [PubMed]
Skibinski CG, Williamson T, Riggins GJ. Mebendazole
and radiation in combination increase survival through

anticancer mechanisms in an intracranial rodent model of
malignant meningioma. J Neurooncol. 2018; 140:529-38.
https://doi.org/10.1007/s11060-018-03009-7. [PubMed]
Zhang L, Bochkur Dratver M, Yazal T, Dong K, Nguyen
A, Yu G, Dao A, Bochkur Dratver M, Duhachek-Muggy
S, Bhat K, Alli C, Pajonk F, Vlashi E. Mebendazole
Potentiates Radiation Therapy in Triple-Negative Breast
Cancer. Int J Radiat Oncol Biol Phys. 2019; 103:195-207.
https://doi.org/10.1016/].ijrobp.2018.08.046. [PubMed]
Williamson T, Mendes TB, Joe N, Cerutti JM, Riggins
GJ. Mebendazole inhibits tumor growth and prevents lung
metastasis in models of advanced thyroid cancer. Endocr
Relat Cancer. 2020; 27:123-36. https://doi.org/10.1530/
ERC-19-0341. [PubMed]

Doudican N, Rodriguez A, Osman I,

Orlow SJ.
Mebendazole induces apoptosis via Bcl-2 inactivation in
chemoresistant melanoma cells. Mol Cancer Res. 2008;
6:1308-15. https://doi.org/10.1158/1541-7786.MCR-07-
2159. [PubMed]

Doudican NA, Byron SA, Pollock PM, Orlow SJ.
XIAP
growth inhibition in melanoma xenografts. Anticancer
Drugs. 2013; 24:181-88.  https://doi.org/10.1097/
CAD.0b013e32835a43f1. [PubMed]

Nygren P, Fryknds M, Agerup B, Larsson R. Repositioning
of the anthelmintic drug mebendazole for the treatment for
colon cancer. J Cancer Res Clin Oncol. 2013; 139:2133-40.
https://doi.org/10.1007/s00432-013-1539-5. [PubMed]

downregulation  accompanies  mebendazole

28.

29.

30.

31.

32.

33.

34.

35.

36.

. Tan Z, Chen L, Zhang S. Comprehensive Modeling and

Discovery of Mebendazole as a Novel TRAF2- and NCK-
interacting Kinase Inhibitor. Sci Rep. 2016; 6:33534.
https://doi.org/10.1038/srep33534. [PubMed]

Hingorani SR, Wang L, Multani AS, Combs C, Deramaudt
TB, Hruban RH, Rustgi AK, Chang S, Tuveson DA.
Trp53R172H and KrasG12D cooperate to promote
chromosomal instability and widely metastatic pancreatic
ductal adenocarcinoma in mice. Cancer Cell. 2005; 7:469—
83. https://doi.org/10.1016/j.ccr.2005.04.023. [PubMed]

Gordon-Dseagu VL, Devesa SS, Goggins M, Stolzenberg-

Solomon R. Pancreatic cancer incidence trends: evidence
from the Surveillance, Epidemiology and End Results
(SEER) population-based data. Int J Epidemiol. 2018;
47:427-39. https://doi.org/10.1093/ije/dyx232. [PubMed]

Kunovsky L, Tesarikova P, Kala Z, Kroupa R, Kysela P,

Dolina J, Trna J. The Use of Biomarkers in Early Diagnostics
of Pancreatic Cancer. Can J Gastroenterol Hepatol. 2018;
2018:5389820. https://doi.org/10.1155/2018/5389820.
[PubMed]

Blackford A, Parmigiani G, Kensler TW, Wolfgang C, Jones
S, Zhang X, Parsons DW, Lin JC, Leary RJ, Eshleman JR,
Goggins M, Jaffee EM, lacobuzio-Donahue CA, et al.
Genetic mutations associated with cigarette smoking in
pancreatic cancer. Cancer Res. 2009; 69:3681-88. https://
doi.org/10.1158/0008-5472.CAN-09-0015. [PubMed]
Springer S, Masica DL, Dal Molin M, Douville C,
Thoburn CJ, Afsari B, Li L, Cohen JD, Thompson E,
Allen PJ, Klimstra DS, Schattner MA, Schmidt CM, et al.
A multimodality test to guide the management of patients
with a pancreatic cyst. Sci Transl Med. 2019; 11:eaav4772.
https://doi.org/10.1126/scitranslmed.aav4772. [PubMed]
Lee B, Lipton L, Cohen J, Tie J, Javed AA, Li L, Goldstein
D, Burge M, Cooray P, Nagrial A, Tebbutt NC, Thomson B,
Nikfarjam M, et al. Circulating tumor DNA as a potential

marker of adjuvant chemotherapy benefit following surgery
for localized pancreatic cancer. Ann Oncol. 2019; 30:1472—
78. https://doi.org/10.1093/annonc/mdz200. [PubMed]

Mattox AK, Bettegowda C, Zhou S, Papadopoulos N,
Kinzler KW, Vogelstein B. Applications of liquid biopsies
for cancer. Sci Transl Med. 2019; 11:eaay1984. https://doi.
org/10.1126/scitranslmed.aay1984. [PubMed]

Roberts NJ, Jiao Y, Yu J, Kopelovich L, Petersen GM, Bondy
ML, Gallinger S, Schwartz AG, Syngal S, Cote ML, Axilbund
J, Schulick R, Ali SZ, et al. ATM mutations in patients with
hereditary pancreatic cancer. Cancer Discov. 2012; 2:41-46.
https://doi.org/10.1158/2159-8290.CD-11-0194. [PubMed]
Roberts NJ, Norris AL, Petersen GM, Bondy ML, Brand
R, Gallinger S, Kurtz RC, Olson SH, Rustgi AK, Schwartz
AG, Stoffel E, Syngal S, Zogopoulos G, et al. Whole
Genome Sequencing Defines the Genetic Heterogeneity

of Familial Pancreatic Cancer. Cancer Discov. 2016;
6:166-75. https://doi.org/10.1158/2159-8290.CD-15-0402.
[PubMed]

www.oncotarget.com

1337

Oncotarget


https://pubmed.ncbi.nlm.nih.gov/12231542
https://doi.org/10.18632/oncotarget.11851
https://doi.org/10.18632/oncotarget.11851
https://pubmed.ncbi.nlm.nih.gov/27612418
https://doi.org/10.1093/neuonc/nor077
https://doi.org/10.1093/neuonc/nor077
https://pubmed.ncbi.nlm.nih.gov/21764822
https://doi.org/10.1093/neuonc/nou234
https://doi.org/10.1093/neuonc/nou234
https://pubmed.ncbi.nlm.nih.gov/25253417
https://doi.org/10.1158/1078-0432.CCR-14-2681
https://doi.org/10.1158/1078-0432.CCR-14-2681
https://pubmed.ncbi.nlm.nih.gov/25862759
https://doi.org/10.1007/s11060-018-03009-7
https://pubmed.ncbi.nlm.nih.gov/30414098
https://doi.org/10.1016/j.ijrobp.2018.08.046
https://pubmed.ncbi.nlm.nih.gov/30196056
https://doi.org/10.1530/ERC-19-0341
https://doi.org/10.1530/ERC-19-0341
https://pubmed.ncbi.nlm.nih.gov/31846433
https://doi.org/10.1158/1541-7786.MCR-07-2159
https://doi.org/10.1158/1541-7786.MCR-07-2159
https://pubmed.ncbi.nlm.nih.gov/18667591
https://doi.org/10.1097/CAD.0b013e32835a43f1
https://doi.org/10.1097/CAD.0b013e32835a43f1
https://pubmed.ncbi.nlm.nih.gov/23059386
https://doi.org/10.1007/s00432-013-1539-5
https://pubmed.ncbi.nlm.nih.gov/24135855
https://doi.org/10.1038/srep33534
https://pubmed.ncbi.nlm.nih.gov/27650168
https://doi.org/10.1016/j.ccr.2005.04.023
https://pubmed.ncbi.nlm.nih.gov/15894267
https://doi.org/10.1093/ije/dyx232
https://pubmed.ncbi.nlm.nih.gov/29149259
https://doi.org/10.1155/2018/5389820
https://pubmed.ncbi.nlm.nih.gov/30186820
https://doi.org/10.1158/0008-5472.CAN-09-0015
https://doi.org/10.1158/0008-5472.CAN-09-0015
https://pubmed.ncbi.nlm.nih.gov/19351817
https://doi.org/10.1126/scitranslmed.aav4772
https://pubmed.ncbi.nlm.nih.gov/31316009
https://doi.org/10.1093/annonc/mdz200
https://pubmed.ncbi.nlm.nih.gov/31250894
https://doi.org/10.1126/scitranslmed.aay1984
https://doi.org/10.1126/scitranslmed.aay1984
https://pubmed.ncbi.nlm.nih.gov/31462507
https://doi.org/10.1158/2159-8290.CD-11-0194
https://pubmed.ncbi.nlm.nih.gov/22585167
https://doi.org/10.1158/2159-8290.CD-15-0402
https://pubmed.ncbi.nlm.nih.gov/26658419

37.

38.

39.

40.

41.

42.

Matsubayashi H, Kiyozumi Y, Ishiwatari H, Uesaka K,
Kikuyama M, Ono H. Surveillance of Individuals with a
Family History of Pancreatic Cancer and Inherited Cancer
Syndromes: A Strategy for Detecting Early Pancreatic
Cancers. Diagnostics (Basel). 2019; 9:169. https://doi.
org/10.3390/diagnostics9040169. [PubMed]

National Research Council (US) Committee for the Update
of the Guide for the Care and Use of Laboratory Animals.
Guide for the Care and Use of Laboratory Animals. 8th ed.
Washington (DC): National Academies Press (US); 2011.
[PubMed]

Carri¢re C, Young AL, Gunn JR, Longnecker DS, Korc M.
Acute pancreatitis accelerates initiation and progression to

pancreatic cancer in mice expressing oncogenic Kras in the
nestin cell lineage. PLoS One. 2011; 6:¢27725. https://doi.
org/10.1371/journal.pone.0027725. [PubMed]

Westphalen CB, Olive KP. Genetically engineered mouse
models of pancreatic cancer. Cancer J. 2012; 18:502—10.
https://doi.org/10.1097/PPO.0b013e¢31827ab4c4. [PubMed]

Guerra C, Barbacid M. Genetically engineered mouse

models of pancreatic adenocarcinoma. Mol Oncol. 2013;
7:232-47. https://doi.org/10.1016/j.molonc.2013.02.002.
[PubMed]

Chen K, Qian W, Li J, Jiang Z, Cheng L, Yan B, Cao
J, Sun L, Zhou C, Lei M, Duan W, Ma J, Ma Q, Ma Z.
Loss of AMPK activation promotes the invasion and

metastasis of pancreatic cancer through an HSF1-dependent
pathway. Mol Oncol. 2017; 11:1475-92. https://doi.
org/10.1002/1878-0261.12116. [PubMed]

43.

44,

45.

46.

Aghdassi AA, Mayerle J, Christochowitz S, Weiss FU,
Sendler M, Lerch MM. Animal models for investigating
chronic pancreatitis. Fibrogenesis Tissue Repair. 2011; 4:26.
https://doi.org/10.1186/1755-1536-4-26. [PubMed]
Gopinathan A, Morton JP, Jodrell DI, Sansom OJ. GEMMs
as preclinical models for testing pancreatic cancer
therapies. Dis Model Mech. 2015; 8:1185-200. https://doi.
org/10.1242/dmm.021055. [PubMed]

Lee JW, Komar CA, Bengsch F, Graham K, Beatty GL.
Genetically Engineered Mouse Models of Pancreatic
Cancer: The KPC Model (LSL-Kras(G12D/+) ;LSL-
Trp53(R172H/+) ;Pdx-1-Cre), Its Variants, and Their
Application in Immuno-oncology Drug Discovery. Curr
Protoc Pharmacol. 2016; 73:14.39.1-14.39.20. https://doi.
org/10.1002/cpph.2. [PubMed]

Bankhead P, Loughrey MB, Fernandez JA, Dombrowski
Y, McArt DG, Dunne PD, McQuaid S, Gray RT, Murray
LJ, Coleman HG, James JA, Salto-Tellez M, Hamilton PW.
QuPath: Open source software for digital pathology image
analysis. Sci Rep. 2017; 7:16878. https://doi.org/10.1038/
s41598-017-17204-5. [PubMed]

www.oncotarget.com

1338

Oncotarget


https://doi.org/10.3390/diagnostics9040169
https://doi.org/10.3390/diagnostics9040169
https://pubmed.ncbi.nlm.nih.gov/31683730
https://pubmed.ncbi.nlm.nih.gov/21595115
https://doi.org/10.1371/journal.pone.0027725
https://doi.org/10.1371/journal.pone.0027725
https://pubmed.ncbi.nlm.nih.gov/22140463
https://doi.org/10.1097/PPO.0b013e31827ab4c4
https://pubmed.ncbi.nlm.nih.gov/23187836
https://doi.org/10.1016/j.molonc.2013.02.002
https://pubmed.ncbi.nlm.nih.gov/23506980
https://doi.org/10.1002/1878-0261.12116
https://doi.org/10.1002/1878-0261.12116
https://pubmed.ncbi.nlm.nih.gov/28783244
https://doi.org/10.1186/1755-1536-4-26
https://pubmed.ncbi.nlm.nih.gov/22133269
https://doi.org/10.1242/dmm.021055
https://doi.org/10.1242/dmm.021055
https://pubmed.ncbi.nlm.nih.gov/26438692
https://doi.org/10.1002/cpph.2
https://doi.org/10.1002/cpph.2
https://pubmed.ncbi.nlm.nih.gov/27248578
https://doi.org/10.1038/s41598-017-17204-5
https://doi.org/10.1038/s41598-017-17204-5
https://pubmed.ncbi.nlm.nih.gov/29203879

