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Abstract Pancreatic cancer is critical for developed
countries, where its rate of diagnosis has been increasing
steadily annually. In the past decade, the advances of pancre-
atic cancer research have not contributed to the decline in
mortality rates from pancreatic cancer—the overall 5-year
survival rate remains about 5% low. This number only under-
scores an obvious urgency for us to better understand the
biological features of pancreatic carcinogenesis, to develop
early detection methods, and to improve novel therapeutic
treatments. To achieve these goals, animal modeling that
faithfully recapitulates the whole process of human pancreatic
cancer is central to making the advancements. In this review,
we summarize the currently available animal models for pan-
creatic cancer and the advances in pancreatic cancer animal
modeling. We compare and contrast the advantages and dis-
advantages of three major categories of these models: (1)
carcinogen-induced; (2) xenograft and allograft; and (3) ge-
netically engineered mouse models. We focus more on the
genetically engineered mouse models, a category which has
been rapidly expanded recently for their capacities to mimic
human pancreatic cancer and metastasis, and highlight the
combinations of these models with various newly developed
strategies and cell-lineage labeling systems.
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1 Introduction

Pancreatic cancer is one of the leading causes of cancer
death in developed countries. Histologically, the majority of
human pancreatic cancer is presented as pancreatic ductal
adenocarcinoma (PDAC), which can arise from either a PanIN
(pancreatic intraepithelial neoplasias) or IPMN (intraductal
papillary mucinous neoplasms) precursor lesion. Other non-
endocrine variants include acinar cell carcinoma, medullary
cancer, colloid/mucinous non-cystic cancer, adenosquamous
carcinoma, pancreatoblastomas, undifferentiated carcinoma,
etc.; with only 1% as endocrine tumors. Three major histolog-
ically defined precursors to invasive adenocarcinoma of the
pancreas have been described. These include pancreatic intra-
epithelial neoplasias (PanINs), which primarily derive from
the small ducts and give rise to PDAC; IPMNs, which occur in
the main pancreatic duct or branch ducts; and MCNs, where
cystic lesions are featured by lining with mucinous tall colum-
nar epithelia and surrounding with an associated ovarian-type
stroma [1–5]. The progress from pancreatic preneoplastic
lesions to invasive carcinoma is a very long process in humans
[6], which usually takes multiple steps to accumulate a series
of gene mutations including activation of oncogenes and
inactivation of tumor-suppressor genes. For example, the var-
ious grades of PanINs ranging from low-grade PanIN-1A and
1B to PanIN-2 and high-grade PanIN-3 display a correlative
relationship between accumulating clonal mutations in Kras,
p16, p53, and Smad4 with increasing cellular atypia in human
samples [4, 7–14]. Activation of Kras oncogene is virtually a
universal event in advanced pancreatic ductal carcinoma but
also can be detected as early as in ~40% of PanIN-1A and 1B
lesions [7, 15]. Inactivation of tumor-suppressor gene p16 can
be frequently detected in PanIN-2. Mutations of p53 and
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Smad4 occur relatively later in PanIN-3 [13, 16]. Similar but
not identical overall genetic profiles were also observed in the
development and progression of IPMNs and MCNs [17–20].
Unfortunately, advances achieved in our understanding of
pancreatic genetic profile have not altered the survival rates
of patients with PDAC. The challenges are that patients are
frequently diagnosed with pancreatic cancer at advanced stage
with metastasis and most patients are refractory to available
chemotherapies. Thus, animal modeling of this disease
remains in huge demand for better understanding of the
molecular mechanism of pancreatic tumorigenesis, establish-
ment of practical approaches for early detection, and testing
novel compounds of chemoprevention and chemotherapy.

In this paper, we summarize three major categories of
animal models for human pancreatic cancer: (1) carcinogen-
induced; (2) xenograft and allograft; and (3) genetically
engineered. We focus more on the genetically engineered
mouse models (GEMM) because they better mimic precan-
cerous lesions, advanced human pancreatic ductal cancer,
and metastasis at both molecular and histologic levels and
possess an immunocompetent tumor microenvironment.
These characteristics render the GEMMs a valuable plat-
form for investigations on the cellular origin and molecular
pathways of pancreatic cancer development and metastasis.
The GEMMs can also serve as an important tool in the
development of early detection methods and evaluation of
potential therapeutic strategies.

2 Carcinogen-induced animal models of pancreatic
cancer

Several carcinogens have been reported to induce a variety
of focal proliferative lesions and degenerative changes as
well as carcinoma in the pancreas of multiple animal spe-
cies. Most of those chemical carcinogens are mutagenic at
the same time. They usually reach the pancreas through
bloodstream after absorption. The administration of carci-
nogens can initiate preneoplastic lesions such as acinar to
ductal metaplasia. Additional genetic mutation is assumed
to be required for the further progression of cells from a
preneoplastic state to a fully malignant phenotype. It is noted
that animal species may contribute to the pancreatic cellular
tumor types induced by those carcinogens. For example,
development of acinar cell carcinoma is most likely to arise
in rats following treatment with carcinogens. In contrast,
hamsters develop carcinomas with ductal phenotype after
carcinogen administration, while acinar cell carcinomas are
extremely rare in this species. Relatively fewer carcinogens
have been studied in mice, and both ductal carcinomas [21]
and acinar cell carcinomas [22] have been reported.

The most widely used and studied model is Syrian gold
hamsters intraperitoneally injected with N-nitrosobis(2-

oxopropyl)amine [23–25]. More recent approaches involve
the uses of azaserine in rats [26–28] and 7,12-dimerthylben-
zanthracene in mice [29]. Table 1 is a summary of major
chemicals that have been employed to induce pancreatic
carcinoma in various animal species. Some of these models
have been shown to resemble human PDAC histologically.

However, the genetic profile of PDAC induced by carci-
nogens in mice is not yet defined and thus limits their
applications in studies involving molecular genetics and
signaling pathway analyses. Moreover, the carcinogens of-
ten produce adverse effects on tissues other than the pan-
creas, thus reducing the value of carcinogen-induced mouse
models in preclinical trials. However, chemical-induced tu-
morigenesis can simulate the spontaneous process of human
tumorigenesis by inducing cell death or tissue injury, cul-
minating with genetic mutations and the initiation of tumor
formation. Thus, the carcinogen-induced animal models
continue to serve as valuable tools in assessing the impacts
of environmental risk factors, including diet and chemo-
prevention, on pancreatic tumorigenesis [54–64].

3 Xenograft and allograft pancreatic cancer mouse
models

3.1 Xenograft pancreatic cancer mouse models

Implantation of cultured human pancreatic cancer cells or a
patient’s tumor mass into mouse pancreas or other tissue
sites has been widely used for generations of human pan-
creatic cancer mouse models, largely due to their compara-
tively low cost and rapid and predictable tumor growth.
Based on the location of the implanted tumor or tumor cells,
xenograft mouse models can be divided into two categories:
heterotopic xenograft (extra-pancreatic) and orthotopic xeno-
graft (intra-pancreatic). Both are commonly used in cancer
research to better understand the genesis of pancreatic cancer
and to test novel drug efficacies in vivo but with advantages
and limitations in their applications.

Graft rejection is always an issue in immunocompetent
mice, thus, immunodeficient mice must be chosen for such
approaches. The selection of appropriate types of immuno-
deficient mice (nude mice, severe combined immunodefi-
cient mice (SCID), NOD/SCID, etc.) for pancreatic cancer
xenograft mouse models depends on the experimental
requirements. Athymic nude mice (only T cell-deficient)
have been widely used for the establishment of orthotopic
and heterotopic human pancreatic cancer xenograft mouse
models, especially when working with established human
pancreatic cancer cell lines [65], because of their low cost
and easy breeding. SCID are defective in the immunoglob-
ulin gene and T cell receptor gene rearrangements, and thus
lack mature B and T lymphocytes [66]. Therefore, if the
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preservation of the primary pancreatic tumor heterogeneity
is the priority of the xenograft mouse models, more severe
combined immunodeficient mice like NOD/SCID (lack of
T, B, and NK cells) are better options because there is less
immune pressure in these multiple immunodeficient mouse
hosts [67]. Other benefits include fewer numbers of tumor
cell inoculums and easy tumor formation [68]. The disadvan-
tages for using severe combined immunodeficient mice are
their relatively high cost and increased incidence of surgical,
anesthetic, and infectious complications.

Through the heterotopic or orthotopic xenograft
mouse modeling platform, many promising anti-
pancreatic cancer agents, including plant-derived nature
agents [69] and novel targeting therapies [70–73], have
recently been discovered. More detailed disadvantages
and advantages of these two types of xenograft mouse
models are discussed below.

3.1.1 Heterotopic xenograft models for pancreatic cancer

Most of heterotopic pancreatic cancer xenograft models are
generated by subcutaneously injecting cultured tumor cells
into the skin of nude mice, usually along the back of the
mice or upper portion of their legs. Nude mice lack not only
T lymphocytes but also hair [74]. Therefore, the size and
volume of an initiated tumor can be easily monitored by
measuring the tumor dimensions in temporal manner in
nude mice. The operation is simple and easily manageable.
For their ease in applications, subcutaneous pancreatic can-
cer model is often employed as the first step in validating in
vitro research results. For example, a subcutaneous pancre-
atic xenograft mouse model has recently been used to val-
idate the in vitro synergistic effects of combining a first-line
agent for pancreatic cancer, gemcitabine, with a monoclonal
antibody TRA-8 to human death receptor 5 expressed on
human pancreatic cancer cells [75].

Subcutaneous xenografts can also be accomplished by
directly implanting patients’ primary tumor tissues under the
skin of nude mice. As little as 1–2 mm3 tumor fragment
resected from pancreatic cancer patients is needed for this
approach. Direct subcutaneous xenograft is often used to
expand a patient tumor mass, to propagate it in vivo, or as an
intermediate step prior to establishing it into a cell line in
culture. Direct pancreatic cancer xenografts have a number
of advantages over cultured cell xenografts. First, the biolog-
ical features of the xenograft tumors (e.g., histopathology,
desmoplastic reaction, tumor heterogeneity) more closely re-
semble those of the primary tumors than cultured cell lines
[76–78]. Secondly, direct xenografts can be used to identify
and enrich distinct subpopulations, such as tumor-initiating
cells (cancer stem cells), from various solid tumors including
pancreatic cancer [79]. Finally, direct pancreatic cancer xeno-
grafts may be used to efficiently assess drug efficacy and
screen novel therapeutic agents or novel combination of che-
motherapies over a broad range of heterogeneous patient
tumors [77, 80]. Eventually, this model system could be used
as a preliminary step to select appropriate chemotherapies for
personalized treatment due to its rapid, affordable, and feasible
techniques [81].

It’s important to recognize the limitations of this model
system. For example, the alteration of the tumor cell micro-
environment can induce changes in the gene expression
profiles, which may not reflect the same state of the original
tumor. More importantly, subcutaneous xenograft tumors
usually exhibit extensive local growth but rarely metastasize
and thereby not a feasible model to study metastasis [82].
Furthermore, subcutaneous xenograft models usually do not
display the signs and symptoms that may be caused by the
consequences of significant tumor burden in the internal
organs [83]. These limitations may have contributed to the
ineffectiveness of translating treatment success observed in
subcutaneous xenograft models to clinical efficacy.

Table 1 Carcinogen-induced
animal models of pancreatic
cancer

BOP N-nitrosobis(2-oxopropyl)-
amine, DMBA 7,12-dimerthyl-
benzanthracene, NNK
4-(methynitrosoamino)-
1-(3-pyridyl)-1-butanone, HPOP
N-nitrosol(2-hydroxypropyl)(2-
oxopropyl)amine,MNU N-meth-
yl-N-nitrosourea, 4HAQO 4-
hydroxyaminoquinoline-1-oxide

Carcinogen Animal species Phenotype References

Azaserine Rat Pancreatic acinar cell carcinoma [26, 30, 31]

BOP Hamster Pancreatic ductal carcinoma [32–36]

HPOP Hamster Pancreatic ductal carcinoma [37–39]

HPOP Rat Acinar cell carcinoma [40]

DMBA Rat Pancreatic ductal adenocarcinoma [41–43]

DMBA Mouse Pancreatic ductal adenocarcinoma [29, 44, 45]

NNK Rat Mixed ductal–squamous–islet cell carcinoma [46, 47]

NNK Hamster Ductal and acinar adenocarcinoma [48, 49]

4HAQO Rat Acinar cell carcinoma [50]

MNU Guinea pig Pancreatic ductal adenocarcinoma [51, 52]

MNU Hamster Pancreatic ductal adenocarcinoma [53]

MNU Mouse Acinar cell carcinoma [22]
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3.1.2 Orthotopic pancreatic cancer xenograft models

Although subcutaneous heterotopic mouse model is relatively
rapid, low-cost, and not technically challenging, shortcomings
of this type of model have become evident recently, especially
in preclinical studies. For instance, drug reagents shown to be
highly promising in subcutaneous mouse models often are
subsequently demonstrated to have little impacts in human
patients. As mentioned previously, subcutaneous xenograft
mouse models also rarely develop metastasis [84]. In contrast,
in orthotopic xenograft models, in which tumors or tumor
cells are either implanted or injected into the equivalent organ
from which the tumors originated, frequent metastases are
observed. Up to 60% of orthotopic xenografted pancreatic
tumors can disseminate to other organ sites [85]. The tumor
microenvironments of orthotopic xenograft models are also
more comparable to those in humans and therefore rendering
the models more relevant in predicting clinical outcomes in
humans. Because of their increased clinical relevance, ortho-
topic xenograft models have emerged as a preferred tool for
pancreatic cancer researchers over subcutaneous mouse
models, or as a necessary second step to further validate
results established in subcutaneous xenograft mouse models
[80].

Although orthotopic mouse models offer numerous
advantages, the generation of orthotopic pancreatic cancer
mouse models is labor-intensive, expensive, and technically
challenging. Tumor burden is also challenging to measure
and monitor in orthotopic mouse models, which can com-
plicate the assessment of treatment responses. This difficulty
can be lessened but not entirely overcome by incorporating
in vivo imaging methods. In addition, orthotopic implanta-
tion of tumor cells or mass into an organ such as the
pancreas would cause remarkable injury to the host animals,
which require significant time for post-operative recovery.
Although an ultrasound-guided method of injecting tumor
cells into the pancreas has recently been established for the
orthotopic pancreatic cancer mouse model in order to min-
imize the surgical wound of the recipient animals, it also
raises the technical difficulties and expenses of utilizing this
model [86]. The size and volume of implanted tumors can
be dynamically measured by ultrasound examination during
a treatment test trial in orthotopic pancreatic cancer mouse
models [87]. Magnetic resonance imaginer (MRI) has also
been employed to monitor tumor growth and metastasis in
orthotopic pancreatic tumor mouse models [88]. However,
using MRI for long-term follow-up in preclinical studies,
especially with a large number of mice, is extremely expen-
sive and time-consuming (it takes about 1 h to scan one
mouse).

When only cultured tumor cells are used for orthotopic
implantation, labeling tumor cells prior to the implantation
provides an alternative method to visualize and track tumor

growth in vivo. A number of approaches have been reported
to label tumor cells for in vivo imaging. High signal
strength, specificity, resolution, and physiological condi-
tions are all important considerations in developing a label-
ing method to report tumor progression and metastasis on a
real-time basis. The green fluorescent protein (GFP) gene is
selected based on these criteria and because its applicability
as a cellular marker has been previously demonstrated
[89–91]. A major advantage of the GFP labeling approach
is that imaging GFP-expressing tumor cells requires no
preparative procedures, contrast agents/substrates injection,
anesthesia administration, or light-tight box as other imag-
ing techniques do [92, 93]. Bouvet et al. have reported in
vivo monitoring of GFP-expressing pancreatic cancer ortho-
topically implanted in nude mice [94, 95]. They have also
described monitoring a highly metastatic model of pancre-
atic cancer that utilizes red fluorescent protein (RFP)-
expressing pancreatic cancer cells [96–100]. These RFP-
expressing pancreatic tumors have also been implanted into
the pancreas of transgenic GFP-expressing nude mice to
create dual-color models to study tumor–host interactions
[101–103].

Another common approach involves the incorporation of
the luciferase gene into tumor cells [104]. When a pancreatic
cancer cell line is stably labeled with a luciferase reporter
gene, the tumor burden including metastasis in an orthotopic
pancreatic mouse model could be monitored by utilizing
bioluminescence imaging systems such as the IVIS instru-
ment (Xenogen Corp) [105]. In a drug testing trial, tumor
growth can be dynamically assessed, and the tumor burden
of the control and treatment mice can be compared by
measuring the bioluminescence signals of the tumor cells.
Figure 1 provides an example of using luciferase imaging to
monitor tumor growth in a preclinical investigation in our
laboratory.

3.2 Allograft pancreatic cancer mouse models

In the xenograft modeling, human tumors or cell lines are
implanted either subcutaneously or orthotopically into the
mice. In these models, the host animals have to be immuno-
compromised (nude or SCID mice) to avoid graft rejection,
and therefore, the models do not necessarily recapitulate the
original human tumor microenvironment. It is well accepted
now that host immune cells in the tumor microenvironment
play critical roles in tumor progression and metastasis. There-
fore, an orthotopic mouse model with an intact immune system
would be much more desirable than an immunocompromised
one. Because it is possible to perform allograft using syngeneic
hosts, implanting murine pancreatic cancer cells in a syngeneic
immunocompetent host to generate an orthotopic pancreatic
mouse model is a logical progression in the field. Recently,
several GEMMhave been reported to mimic human pancreatic

86 Cancer Metastasis Rev (2013) 32:83–107



tumorigenesis at both molecular and histologic levels
[106–108]. Not only are these GEMMs excellent tools to the
field of pancreatic cancer research (which will be discussed
below), but cancer cell lines derived from the invasive tumors
developed in the GEMMs are also good resources for gener-
ating immunocompetent orthotopic pancreatic mouse models
[109–112]. In our laboratory, hundreds of primary pancreatic
ductal adenocarcinoma cell lines derived from mouse models
with engineered mutant KrasG12D activation and p16 deletion
have been established recently [113]. In our experiences, these
tumor cell lines grow extremely aggressively upon implanta-
tion as manifested by progressive growth in the pancreas,
peritoneal dissemination, and distant metastases to multiple
organs including the liver and lungs. These clonal tumor cell
lines, originated from 11 distinct individual genetic mutant
mice with pancreatic ductal adenocarcinomas and two metas-
tases, are useful resources for future investigations on the
molecular mechanisms for pancreatic tumorigenesis, in vitro
screening of novel chemotherapeutical compounds, and the

generation of syngeneic heterotopic or orthotopic mouse mod-
els. Allograft mouse models are the closest model system to
GEMMs because of their intact tumor microenvironment.
They hold several advantages over GEMMs in terms of their
lower costs, faster tumor growth, and the ease to incorporate
tumor cell labeling for in vivo imaging. Therefore, immuno-
competent allograft mouse models may have great potential
and may play a greater role in the future research [114].

4 Genetically engineered mouse models for pancreatic
cancer

GEMM are the most sophisticated in their designs among
the three categories. Common strategies include transgenic,
conventional, and conditional gene knock-in and knock-out.
In transgenic mouse models, target genes are randomly
incorporated into the host mouse genome with uncertain
number of gene copies. They are most likely to be

3W 4W 5W 6W

4W4W 4W 4W

Control Treatment

B

A

Fig. 1 Representative examples of tumor growth and tumor burden
dynamically being monitored and compared by measuring the biolu-
minescent signals. a The growth of pancreatic tumor mass in a control

mouse was precisely recorded at different time points; b the tumor
burden in the control panel was relatively bigger than that in the
treatment group at 4 weeks after orthotopic implantation
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ectopically overexpressed simply due to multiple copies of
gene insertion. The expression pattern of a target gene can
be restricted to particular tissues or cell lineages by placing
the target genes under the control of a tissue/cell-specific
promoter. In designing pancreas-specific mouse models,
elastase (Ela), metallothionein-1, cytokeratin 19 (CK19),
Pdx1, p48/Ptf1a, Mist1, and nestin have all been employed
to restrict target gene expression to the pancreas (Fig. 2).

The availability of these lineage-specific promoters is a
crucial rate-limiting step for robust expressions of trans-
genes in the pancreas of these GEMMs. Because the major-
ity of human pancreatic cancers are classified as PDAC,
promoters that drive gene expressions specifically in pan-
creatic ductal epithelial or exocrine cells are most desirable
when designing GEMM for pancreatic cancer. High levels
of transgene expression in the acini can be accomplished by
using the elastase promoter. Several other exocrine-specific
promoters, including Mist1 and Nestin, are also available for
targeting this compartment. Unfortunately, most promoters
whose activities are restricted to the ductal epithelial cells in
the pancreas often are also active in the epithelial cells of
other organs. For example, cytokeratin 19 exhibits high
expressions not only in the pancreatic ducts but also in the
lung, bladder, and other epithelia [115]. Transgene expres-
sion driven by metallothionein-1 gene promoter is expressed
not only in the pancreas but also in the mammary glands and
liver [116]. A recent report showed that the keratin 7 pro-
moter is more selective than the CK19 promoter in targeting
pancreatic ductal cells [117]. However, CK7 is also
expressed at low or undetectable levels in gastrointestinal
epithelial cells, and its feasibility in pancreatic cancer mod-
eling remains to be seen. Pdx1 is expressed in early embry-
onic stage of gastrulation, in a region that can give rise to

both the duodenum and the pancreas in later stage [118].
Pdx1 is expressed as early as embryonic day 8.5 and there-
fore a biomarker for pancreatic progenitor cells. Pdx1+

progenitors contribute to adult ductal epithelial cells as well
as acinar and endocrine cells, whereas Pdx1 promoter activ-
ity in the adult pancreas is largely confined to the islet cells.

Transgene expression can be further controlled temporal-
ly by Tet-on or Tet-off inducible expression control. Other
inducible models include the uses of tamoxifen–ERTM and
Cre–loxP systems. These inducible systems offer an addition-
al regulation in restricting the transgene expression pattern or
length of its expression in the pancreas when combined with
tissue-specific promoters. Examples of their applications will
be further discussed later in greater detail.

4.1 Transgenic mouse models for pancreatic cancer

The pathogenesis of PDAC remains incompletely defined,
including its cell origin. Histological and molecular evidence
support that human PDAC progress from PanIN lesions, which
are thought to initiate in the small ducts of the pancreas [1, 4,
14]. Although morphological and molecular signatures associ-
ated with PanINs and PDA suggest that duct cells are respon-
sible for these lesions, it remains unknown if other pancreatic
cell types (acinar, islet, or stem cells) might also contribute to
the pathogenesis of this disease. Recent evidence suggests that
acinar cells could be the source of some ductal neoplasms
through a process of acinar-to-ductal metaplasia [119].
Acinar-to-ductal metaplasia has been found associated with
both human and mouse PanINs [119, 120]. Acinar cells have
also been shown to directly transdifferentiate into duct-like cells
in the presence of TGF-α [121]. Furthermore, targeted expres-
sion of KrasG12V to cells of the ductal compartment failed to

PDX1 CK19

Elastase

neuroD Pax4 Insulin

Glucagon

α cell

β cell

Duct cell

Acinar cell

Pancreatic
progenitor

Endocrine 
progenitor

Exocrine 
progenitor

Mist1

Metallothionin-1

Fig. 2 Schematics of
pancreatic cell-lineage
biomarkers that have been
used or could be applied in
the generation of genetically-
modified mouse models-
Elastase (Ela), metallothionein-
1, cytokeratin 19 (CK19), Pdx1,
p48/Ptf1a, Mist1, and nestin
have all been employed to
restrict target gene expression
to the pancreas
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produce mPanINs or PDA in the K19-KrasG12V mouse model
[115, 122]. Together, these studies suggest that PanIN initiation
and progression may involve cells from the acini compartment.

However, targeting the acinar cells alone would not lead
to the development of PanIN or PDAC. Overexpressing
oncogenes under control of acinar cell-specific elastase gene
promoter, mice carrying the elastase promoter-SV40-T anti-
gen (Ela-SV40-TAg), elastase-polyoma virus middle T anti-
gen (Ela-PyMT), or elastase-H-ras (Ela-Hras) transgene
[123–125] mainly developed acinar cell carcinomas at age
of 4 to 8 months. More than half of the tumors ranged from
well-differentiated acinar cell carcinoma to anaplastic carci-
noma including moderately or poorly differentiated acinar
cell carcinomas. Transgenic mice overexpressing oncogenic
c-Myc controlled by the elastase gene promoter not only
developed acinar cell carcinomas but also mixed neoplasms
that exhibited both acinar-like neoplastic cells and duct-like
neoplastic cells [126]. Acinar cell carcinoma of the pancreas
occurred at 100% penetrance in those mice at 2 to 7 months
of age. About half of the acinar cell tumors are mixed with
regions of ductal differentiation associated with desmoplasia.
Liver metastasis was reported in about 20% of the Ela-Myc
transgenic mice by Liao et al. [127]. This is likely the first
single-transgene mouse model for pancreatic cancer that pro-
duced liver metastasis. Such Myc-induced acinar-to-ductal
metaplasia and focal acinar cell carcinoma were also observed
in Ela-Myc transgenic rats [128].

Activating mutation of the KRAS oncogene is the most
frequent and perhaps the earliest genetic alteration associated
with pancreatic cancer [7, 15]. Naturally, transgenic mouse
lines overexpressing mutant Kras have been generated in
attempt to recapitulate human pancreatic tumorigenesis. Sim-
ilar to those observed in Ela-SV40-TAg, Ela-PyMT, and Ela-
Hrasmice, transgenic mice carrying a mutant KrasG12D trans-
gene driven by the elastase promoter displayed perinatal pan-
creatic acinar cell hyperplasia and dysplasia or preinvasive
pancreatic neoplastic lesions like early mPanINs without ade-
nocarcinoma formation [129]. Transgenic mice expressing the
mutant KrasG12V allele in the pancreatic CK19+ compartment
disappointingly exhibited even milder phenotypes character-
ized by lymphocytic infiltration surrounding the pancreatic
ducts [115]. However, CK19-KrasG12V transgenic mice dis-
played mucous neck cell hyperplasia, a precursor lesion of
gastric adenocarcinoma. The distinct phenotypes again may
suggest that the development of PDAC requires the involve-
ment of multiple cell lineages in the pancreas and acinar cells
or acinar–ductal metaplasia is an essential piece of the process.

Hedgehog signaling, an essential pathway during embry-
onic pancreatic development, has been dysregulated in several
cancer types including human PDAC [130]. Sonic hedgehog
(Shh), a secreted hedgehog ligand, is abnormally expressed in
PanINs as well as PDAC [131]. Overexpression of Shh in the
Pdx-1+ compartment of the pancreas (Pdx1-Shh transgenic

mice) led to the development of abnormal tubular complexes
and PanIN-1 and PanIN-2, suggesting that the dysregulation
of this pathway is an early and critical event in pancreatic
tumorigenesis [131]. A transgenic mouse line expressing a
dominant active form of the GLI2 transcription factor (CLEG2
transgene), a downstream mediator of the hedgehog signaling
pathway that can be conditionally activated by Cre-mediated
recombination, was also generated. Pancreatic tissue-specific
activation of the transgene was achieved by crossing CAG-
LSL-CLEG2 transgenic animals with Pdx1-Cre mice. The
Pdx1-Cre; CLEG2 mice survived into adulthood without im-
paired exocrine or endocrine function, and 30% of these
animals developed undifferentiated pancreatic tumors that
are not commonly found in human patients [132]. Triple-
transgenic Pdx1-Cre; CLEG2; LSL-KrasG12D mice exhibited
extensive preneoplastic lesions, accelerated onset of tumor
formation, and shortened survival in comparison to Pdx1-
Cre; LSL-KrasG12D mice [132]. Together, these data support
that activated hedgehog signaling favors pancreatic carcino-
genesis and may play a role in early tumorigenesis.

Other than oncogenes and their pathways, growth factors
are often selectively overexpressed in transgenic mouse mod-
eling for pancreatic cancer because they have also been impli-
cated in early pancreatic carcinogenesis. For example, elevated
transforming growth factor-α (TGF-α) is consistently associ-
ated with pathological process of neoplastic transformation,
and therefore transgenic mice carrying overexpression of TGF-
α under the control of the metallothionein promoter (MT-
TGFα) or the elastase promoter (EL-TGFα) in the pancreas
were generated to investigate its potential role in pancreatic
tumorigenesis [116, 133, 134]. MT-TGFα transgenic mice
develop histopathological changes in multiple tissues includ-
ing the breast, liver, the coagulation gland, and pancreas [135,
136]. Expectedly, pathogenesis of EL-TGF-α transgenic mice
was restricted to the pancreas. Both models have similar his-
topathological characteristics in the pancreas—severe stromal
fibrosis, tubular complex, acinar hyperplasia, and the absence
of carcinoma formation. However, Liao et al. have reported
that female MT100 line of MT-TGF-α transgenic mice devel-
oped ductal adenocarcinoma, albeit at low frequency [127],
suggesting that gender and genetic background might influ-
ence the phenotypic outcomes in this model.

Chronic pancreatitis is a known risk factor for pancreatic
adenocarcinoma [137]. Interleukin-1β (IL-1β) is a proinflam-
matory cytokine involved in pancreatic inflammation [138].
Expression of human IL-1β in the pancreas under the rat
elastase promoter (Ela-IL-1β) led to chronic pancreatitis-
associated histologic and molecular changes in mice. Breeding
the Ela-IL-1β transgenic mice into p53R172H/+ background
increased the formation of precancerous lesions characterized
by tubular complexes and acinar–ductal metaplasia [139].
Cyclooxygenase-2 (Cox-2), which is a key enzyme of prosta-
glandin biosynthesis, is also overexpressed in human pancreatic
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cancer [140]. Transgenic mice carrying murine keratin 5-
promoter-driven expression of human Cox-2 gene developed
IPMN-like lesions and serous cystadenomas. This phenotype
can be reduced by feeding a Cox-2-selective inhibitor to the
transgenic mice [141]. Skin phenotypes were also observed in
these mice because keratin 5 promoter is also active in the skin
[142]. In another similar transgenic mouse line, in which the
mouse Cox-2 gene was expressed under the control of bovine
keratin 5 promoter, chronic pancreatitis-like histopathological
changes characterized by acinar-to-ductal metaplasia and a
well-vascularized fibroinflammatory stroma were observed
in the pancreas. Increased proliferation, cellular atypia, and
loss of normal tissue architecture are typical features in the
pancreases of these transgenic mice. The development of
cancer was limited to local invasion with no metastasis. The
abnormal pancreatic phenotype can also be completely pre-
vented by maintaining mice on a diet containing celecoxib, a
well-characterized Cox-2 inhibitor [143]. The presence of cho-
lecystokinin (CCK)-B/gastrin receptors has been identified in
the pancreas of higher mammals including humans [144], but
their physiological function in the pancreas is unknown. A
transgenic mouse strain expressing the human CCK-B/gastrin
receptor in the pancreatic acinar cellular compartment (Ela-
CCKB) displayed no pancreatic phenotype [145]. However,
this transgenic model is sensitized to carcinogen azaserine-
induced pancreatic neoplasia development, suggesting that ac-
tivation of CCK-B receptor and azaserine result in cumulative
effects to favor the emergence of a risk situation that is a
potential site for carcinogenesis initiation [146].

TGF-β signaling pathway is commonly believed to play
an important role in the development of pancreatic cancer
because several mediators of its pathway are proven players
in pancreatic tumorigenesis [12, 14, 130, 147]. Samd7 is
generally considered as a specific inhibitor of TGF-β sig-
naling. A transgenic mouse model with exogenous expres-
sion of Smad7 controlled by the elastase promoter mostly
developed acinar to ductal metaplasia and some lesions
similar to mPanIN at 6 months of age. This model demon-
strated that in vivo inactivation of TGF-β signaling is im-
plicated in the development of early stage of pancreatic
cancers [148]. Since TGF-β signaling is known to play dual
roles in oncogenesis, this Ela-Smad7 transgenic line can be
valuable in distinguishing the biological roles of other medi-
ators of the TGF-β signaling pathway in pancreatic carcino-
genesis by crossbreeding to conditional Smad4fl/fl knockout
and/or KrasG12D mutant mouse models [106, 149].

4.2 Combination of transgenic mice and additional genetic
alterations for accelerated development of invasive
and metastatic pancreatic cancers

Most single-transgene mouse models do not histologically
recapitulate the entire process of human pancreatic cancer

progression, specifically from the initiation of PanINs to
their progression to well-differentiated ductal adenocarcino-
ma. Transgenic expression of one single oncogene (TGF-α,
c-Myc, Kras, etc.) is usually sufficient to evoke the forma-
tion of early preneoplastic lesions characterized as acinar to
ductal metaplasia, mPanIN, or IPMN (Table 2), but their
progression to invasive cancer requires a long latency if at
all. Thus, it’s only desirable and logical to introduce addi-
tional genetic modifications, such as inactivation of tumor-
suppressor genes such as p53, p16, and Smad4, into these
transgenic mouse models to facilitate the progression to
invasive and metastatic pancreatic cancer (Table 3). The
generation of compound mutant mouse strains allows the
evaluation of the relative roles of the target genes and their
synergistic or compromised effects in tumor initiation and
progression. Additionally, the multiple genetic mutant
strains also provide good resources for dissecting the
cross-talk of the molecular signal transduction pathways
associated with these target genes.

To investigate the synergistic effects of cytokine TGF-α
and oncogenes (viral oncogene SV40- Tag or cellular onco-
gene c-Myc) on tumor development in the pancreas, MT-
TGF-α or Ela-TGF-α transgenic mice [133] were bred to
Ela-SV40-Tag [123] or Ela-Myc transgenic mice [126] to
generate double transgenic mice co-expressing TGF-α and
SV40-TAg or TGF-α and c-Myc oncogenic proteins in the
pancreatic acinar compartment. The results showed that
TGF-α dramatically accelerated the growth of tumors initi-
ated by either oncogene alone. Co-expression of TGF-α and
SV40-TAg accelerated the formation of preneoplastic foci.
Co-expression of TGF-α and c-Myc also enhanced tumor
growth in situ and produced transplantable acinar cell car-
cinomas. Observed lesions are mostly restricted to the acinar
cell compartment, although various ductal lesion, cysts, and
adenocarcinomas in these double transgenic mice were
reported by Liao et al. [127]. These findings demonstrate
the importance of TGF-α expression during pancreatic mul-
tistage carcinogenesis [163]. Pancreatic tumor development
in the EL-TGF-α transgenic mice can also be enhanced in a
germline background of p53 insufficiency (Ela-TGF-α;
p53+/− or Ela-TGF-α;p53−/−). These mice developed inva-
sive pancreatic cancers, which expressed ductal epithelial
biomarker cytokeratin 19 and increased the expression of
Pdx1 [157, 158, 166]. Concomitants with partial or com-
plete loss of p16 or Smad4 were detected in the tumors
developed from the Ela-TGF-α;p53+/− mice, probably due
to increased genomic instability exhibited in these tumors
[158, 167]. However, incorporation of inactivated tumor-
suppressor genes does not always result in tumor promotion.
Ela-TGF-α transgenic mice in conjunction of p16/p19 or
p53 heterozygous deletion dramatically increased the inci-
dence of serous cystadenomas, a benign form of pancreatic
tumor that rarely progress to invasive state [159]. The
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inconsistencies regarding p53 reported by the two groups
may be attributed to different mouse strains examined or the
genetic status of p16 [157, 159]. Further investigations into
the involvement of p16 would be desirable in bridging the
discrepancy. Concomitant expression of TGF-α and mutant
KrasG12D in Ela-TGF-α;p48Cre/+; LSL-KrasG12D mice chief-
ly leads to the development of pancreatic IPMNs and sig-
nificantly accelerates the progression from mPanIN to
metastatic pancreatic cancer. Tissue microarray analyses
showed that the protein profiles of the mouse IPMN are
similar to human pancreatobiliary IPMNs. These data sup-
port that EGF signaling cooperates with oncogenic Kras to
drive the initiation of IPMN and progression of pancreatic
cancer [168].

A novel mouse model for pancreatic cancer targeting
adult acinar cells was established through the somatic de-
livery of oncogene-bearing avian retroviruses to mice that
express Tva, the receptor for avian leukosis sarcoma virus
subgroup A, under the control of the elastase promoter
[164]. Mice bearing the Ela-Tva transgene in combination
with pancreatic-specific p53 knockout (p48Cre/+;p53fl/fl)
resulted in a progressive and metastatic pancreatic cancer
mouse model after the somatic and sporadic delivery of
avian retroviruses encoding the mouse polyoma virus mid-
dle T antigen (RACS-PyMT) [165]. In this pancreatic me-
tastasis model, the tumors metastasize most frequently to the
liver, consistent with human pancreatic carcinomas. Further
analysis of metastatic lesions demonstrated that concomitant

Table 2 Conventional trans-
genic animal models targeting
pancreatic lineages

Promoter Transgene Pancreatic phenotypes References

CK19 KrasG12V Periductal lymphocytic infiltration [115]

Elastase KrasG12D Early mPanIN [129]

Elastase TGF-α Acinar to ductal metaplasia [133, 150]

Elastase Smad7 Acinar to ductal metaplasia [148]

Elastase SV40-Tag Acinar and islet cell tumors [151, 152]

Elastase H-ras Acinar cell carcinoma [124]

Elastase PyMT Acinar cell carcinoma [125]

Elastase c-Myc Acinar, mixed acinar/ductal carcinoma [126, 128, 153]

Elastase KrasG12D Acinar cell hyperplasia and dysplasia [129]

Elastase IL-1β Pancreatitis [139]

Elastase CCKB No pancreatic phenotype [145]

Insulin SV40-TAg Islet cell tumor [154]

Keratin 5 Cox-2 IPMN and serous cystadenomas [141–143]

Metallothionein TGF-α Acinar to ductal metaplasia [116]

Metallothionein Tgfbr2(dn) Acinar tubular complexes [155]

Pdx-1 Pax6 Cystic adenoma [156]

Pdx-1 Shh Precancerous lesions, mPanIN 1 and 2 [131]

Table 3 Combination of trans-
genic mice with a second genetic
alteration for pancreatic cancer

Transgene Second genetic alteration Pancreatic phenotypes References

Ela-TGF-α p53+/− or p53−/− Pancreatic ductal carcinoma [157, 158]

Ela-TGF-α p16/19 or p53+/− Increased serous cystadenomas [159]

Ela-KrasG12D Tgfbr1+/− Reduced precancerous lesions [160]

Ela-KrasG12D PEDF−/− Invasive pancreatic ductal carcinoma [161]

Ela-KrasG12D MT1-MMP Enhanced pancreatic fibrosis [162]

Ela-SV40-TAg MT-TGFα Acinar cell tumors [163]

Ela-Myc MT-TGFα Acinar cell tumors [163]

Ela-IL-1β p53R172H/+ Acinar to ductal metaplasia [139]

Ela-Tva-PyMT p16/p19−/− Acinar and ductal carcinomas [125, 164]

Ela-Tva-Myc p16/p19−/− Pancreatic endocrine tumor (insulinoma) [125]

Ela-Tva-PyMT p48cre/+; p53fl/fl Metastatic PDAC [165]

Ins-SV40Tag Ins-Cre; Bcl-xfl/fl Abrogated invasiveness of endocrine cancer [264]
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loss of the p16Ink4a/p19Arf locus was not required for the
metastasis. Delivery of RCAS-PyMT or RCAS-c-Myc vec-
tors to the Ela-Tva;p16−/−/p19−/− mice induced the forma-
tion of pancreatic tumors. RCAS-PyMT-induced pancreatic
tumors displayed histological features of acinar or ductal
carcinomas, while RCAS-c-Myc induced endocrine tumors
exclusively, indicating specific oncogenes can prompt the
formation of particular pancreatic tumor types from one or
more multipotential progenitor origins in a single transgenic
line [125].

TGF-β signaling pathways are critically involved in hu-
man carcinogenesis including pancreatic cancer [12, 147,
169]. The roles of TGF-β signaling pathway in the devel-
opment of PDAC have been intensively investigated
through several thorough in vivo characterizations of rele-
vant GEMMs [149, 160, 170–172]. Most of the research
showed that the disruption of TGF-β signaling synergizes
with mutant Kras in driving pancreatic tumorigenesis. How-
ever, when Elastase-KrasG12D mice were crossed with con-
ventional Tgfbr1 (TGF-β receptor type 1) haploinsufficient
mice to generate Ela-KrasG12D; Tgfbr1+/− mice, phenotypic
analyses showed that only 50% of Ela-KrasG12D; Tgfbr1+/−

mice developed preinvasive lesions compared with 100% of
Ela-KrasG12D mice with wild-type Tgfbr1 genotype. The
results suggest that inhibition of TGF-β signaling promotes
the development of precancerous lesions in mice but the
inhibition of Tgfbr1 expression may lead to a decreased risk
of pancreatic cancer [160]. These contradicted observations
may be attributed to the dual roles of TGF-β signaling in
tumorigenesis [173].

The tumor microenvironment is known to be critical for
tumor progression and invasion. Increased pancreatic fat in
human pancreatic tumorigenesis is found to be associated
with tumor invasion and metastasis [174]. Pigment
epithelium-derived factor (PEDF) has been recently impli-
cated in metabolism and adipogenesis [175]. PEDF deficien-
cy in mice promotes pancreatic hyperplasia and visceral
obesity. Mice with combined Ela-KrasG12D transgene and
PEDF deficiency (Ela-KrasG12D; PEDF−/−) developed inva-
sive pancreatic ductal carcinoma associated with increased
peripancreatic fat with adipocyte hypertrophy and intra-
pancreatic adipocyte infiltration (pancreatic steatosis). These
data highlight the importance of lipid metabolism in the
pancreatic tumor development [161]. Desmoplasia is one of
histopathological hallmarks of human pancreatic cancer and a
visual reminder of the dynamic interactions between tumor
and its microenvironment. Desmoplasia has been shown re-
cently to limit delivery of chemotherapy in vivo [176]. The
proteinase membrane type 1-matrix metalloproteinase (MT1-
MMP) is believed to be required for tumor growth and inva-
sion in the collagen-rich microenvironment. Krantz et al.
crossed TRE-MT1-MMP transgenic mice, in which MT1-
MMP expression is under the control of seven tet-responsive

elements (TRE) upstream of a minimal CMV promoter [129,
177], with Ela-tTA mice [129] to generate Ela-tTA/TRE-MT1-
MMP double transgenic mice. In Ela-tTA mice, the transacti-
vator tTA is expressed downstream of elastase promoter, thus
enabling targeting of MT1-MMP to pancreatic acinar cells.
The double transgenic mice were further crossed to Ela-
KrasG12D mice [177]. The results show that mice expressing
both MT1-MMP and KrasG12D (Ela-KrasG12D;MT1-MMP)
developed a greater number of large, dysplastic mucin-
containing papillary lesions than littermate control mice
(Ela-KrasG12D alone ). The data support that the collagenase
MT1-MMP contributes to fibrosis in pancreas which may
favor pancreatic tumorigenesis [162].

These compound mouse models demonstrated that target-
ing viral or cellular oncogenes like SV40-TAg, PyMT, c-Myc,
and Kras in the pancreatic compartments may be sufficient to
induce preneoplastic lesions such as acinar to ductal metapla-
sia and acinar hyperplasia, suggesting these genes play impor-
tant roles in the initiation of pancreatic tumor. Those precursor
lesions could be focally transformed into duct-like neoplastic
lesions but may take a long latency. Combination with distinct
genetically modified mouse models can accelerate the pro-
gression from the precancerous lesions to invasive disease and
reduce the time of onset. More importantly, interactions be-
tween various cancer gene signaling pathways which are
critically associated with invasive pancreatic cancer could be
explored through the investigation of various combinations of
these transgenic mouse models.

Traditional transgenic mice are relatively faster to gener-
ate and easy to crossbreed and can express human genes.
However, the weaknesses of transgenic mouse modeling
include ectopically overexpressing target genes under for-
eign promoters at non-physiological levels, multiple copies
of an insertion, and random genomic loci of a gene inser-
tion, which could lead to inconsistent phenotypes among the
different transgenic mouse lines from the same transgenic
construct. Due to these reasons, conditional gene knock-in
or knock-out mouse models have become the preferred
targeting strategies over the traditional transgenic animal
modeling approach in the recent years for modeling pancre-
atic cancer.

4.3 Conventional and conditional gene knock-in animal
models for pancreatic cancer

Transgenic animal models ectopically expressing oncogenes
do not always accurately depict the in vivo functions of the
oncogenes during tumorigenesis because they are not
expressed at the physiological levels. Unpredictable posi-
tional effects can also influence the expression levels of the
oncogenes in transgenic mice. Gene knock-in model strate-
gy on the other hand can avoid these potential pitfalls by
controlling both the gene copy number and the site of the
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insertion. Thus, knocking in a mutant oncogenic allele by
homologous recombination to its native locus would more
faithfully reflect the natural processes of oncogenesis in
humans. This is particularly important when targeting mu-
tant Kras in pancreatic tissue, because the effects of mutant
Kras in pancreatic tumorigenesis appear to be dependent on
both its cellular context and expression levels [113, 115,
122, 129, 178–180] .

Oncogenic point mutation of Kras is a frequent genetic
alteration found in premalignant stages of PDAC [7, 15].
Several approaches have been reported to knock-in Kras
mutant allele in vivo. One classic gene knock-in approach
is homologous recombined the mutant KrasG12D cDNA to
Mist1 locus. Mist1 protein is restricted to mature pancreatic
acinar cells with no measurable expression in mature ductal
or islet cells [181].Mist1−/− mice develop progressive acinar
dysplasia and pancreatic fibrosis, whereas Mist1+/− mice
have no discernible phenotype [182]. Therefore, haploinsuf-
ficiency of Mist1 in the conventional Mist1KrasG12D/+

knock-in mice did not result in developmental defects.
However, Mist1KrasG12D/+ knock-in mice experienced re-
duced overall survival, developed acinar–ductal metaplasia,
and metastatic exocrine pancreatic carcinoma [183]. These
data are in contrast to previously described mutant mice that
ectopically expressed the Kras oncogene in either acinar or
ductal compartments [115, 122, 129]. Interestingly, many of
the Mist1KrasG12D/+ mice also developed hepatocellular car-
cinoma. The p53+/− haploinsufficiency can cooperate with
this conventional knock-in Mist1KrasG12D/+ allele to acceler-
ate lethality and promote advanced and metastatic pancreat-
ic adenocarcinoma [183]. Crossing Mist1KrasG12D/+ mice to
Mist1LacZ/LacZ mice to generate the Mist1KrasG12D/LacZ geno-
type would inadvertently result in the biallelic inactivation
of the Mist1 gene. Mist1KrasG12D/LacZ mice lost Mist1 ex-
pression but gained mutant KrasG12D expression under the
endogenous Mist promoter. These Mist1KrasG12D/LacZ mice
exhibited accelerated mPanIN development and severe exo-
crine pancreatic defects that could be rescued by ectopic
expression of Mist1 in acinar cells [184].

Guerra et al. created a distinct conditional LSL-KrasG12V

knock-in mouse line by homologous recombining a mutant
Kras (loxp-stop-loxp-KrasG12V-IRES-β-geo) allele into the na-
tive Kras locus under the control of the endogenous Kras
promoter in mouse embryonic stem cells [179]. Expression
of this conditional oncogenic allele requires removal of the
floxed STOP transcriptional cassette by Cre recombinase.
The effectiveness of the floxed stop elements have previ-
ously been demonstrated in suppressing transcriptions of
other transgenes and reporter genes [185, 186] and in a
similar Kras mutant knock-in model [106]. The expression
of the KrasG12V oncoprotein can be monitored by the co-
expression of β-galactosidase. Selective expression of the
KrasG12Voncogene in acinar/centroacinar lineage by turning

on the elastase-tTA/tetO-Cre during embryogenesis resulted
in the formation of mPanINs and invasive PDAC. However,
if the elastase promoter controlled Cre recombinase expres-
sion is not turned on until adulthood, these mice are refrac-
tory to KrasG12V-induced PanINs and PDAC development.
Adult mice expressing KrasG12V throughout the body failed
to induce proliferative phenotype or other growth abnormal-
ities for up to 8 months. Chronic pancreatitis appears to be
essential for the induction of PanINs and invasive PDAC in
addition to the activation of the mutant KrasG12V allele in
adult mice [177].

Hingorani et al. has also generated a Lox–Stop–Lox Kras
conditional knock-in mouse strain with a strong gain of
function mutation KrasG12D, which is the most commonly
identified mutation in human PDAC (LSL-KrasG12D mice)
[106, 187]. The expression of oncogenic KrasG12D protein at
physiological level in murine pancreases, activated by cross-
ing to either the Pdx1-Cre transgenic or p48Cre/+ knock-in
mouse line, is sufficient to initiate the development of pre-
cancerous lesions that recapitulate the full spectrum of hu-
man PanINs. Although at low frequency, these mPanINs in
the Pdx1-Cre; LSL-KrasG12D mice can progress spontane-
ously to invasive and metastatic adenocarcinomas [106].
Korc et al. have demonstrated that activation of this onco-
genic KrasG12D mutant allele in nestin-expressing cells also
results in mouse PanIN formation in Nestin-Cre; KrasG12D

mice [188]. Nestin is a marker of progenitor cells, and
nestin-positive progenitors contribute to the formation of
differentiated acinar cells [189]. Furthermore, nestin can
be re-expressed in acinar cells upon “de-differentiation”
during epithelial injury and regeneration [190]. Thus, activa-
tion of oncogenic Kras in the nestin-expressing lineage might
be equivalent to targeting oncogenic Kras to progenitor and
mature acinar cells.

The expression of the activated Kras mutant in these
conditional KrasG12V and Kras G12D mouse lines can be
further regulated in a temporal manner by using inducible
Cre expression systems. There are three tamoxifen-inducible
Cre mouse strains that can be used to study temporal activa-
tion of mutant KrasG12D in adult pancreas: Ela-CreERT2,
Pdx1-CreERT2, and Mist1CreERT2/+. The Ela-CreERT2 and
Pdx1-CreERT2 strains harbor transgenic CreERT2 alleles,
while the Mist1CreERT2/+ mice contain a CreERT2 knock-in
at the Mist1 locus. Habbe et al. have crossed these three
inducible Cre lines with the LSL-KrasG12D mice to investigate
the cell(s)-of-origin from which mPanIN lesions arise in
Pdx1-Cre ; LSL-KrasG12D mice [106, 191]. In that study, both
tamoxifen-induced Ela-CreERT2 and Mist1CreERT2/+ targeted
KrasG12D activation to the mature acinar cell compartment,
while tamoxifen-induced Pdx1-CreERT2 restricted KrasG12D

activation to Pdx1-expressing cells, predominantly islet β
cells within the adult pancreas. The spontaneous development
of mPanIN lesions of all histological grades was observed in
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the pancreases of adult mice with acinar-restricted KrasG12D

expression (in tamoxifen-treated Ela-CreERT2; LSL-
KrasG12D and Mist1CreERT2/+; LSL-KrasG12D mice). Contrary
to a previous report, concomitant exocrine injury was not
required in inducing the preneoplastic lesions in these mice
[177, 191]. Furthermore, no lesions were observed in the
pancreases of the tamoxifen-treated Pdx1-CreERT2; LSL-
KrasG12D population [191]. Acinar–ductal metaplasia areas
were observed within the immediate vicinity of mPanIN
lesions, with progressive transition from normal acinar paren-
chyma tometaplastic structures to mPanINs, inEla-CreERT2;
LSL-KrasG12D mice [191]. These findings provide informa-
tive insights to the cellular initiation of PDAC and suggest that
acinar compartment might be the proximate source ofmPanIN
lesions. The possibility of acinar cell derivation of mPanIN
lesions is also supported by Zhu et al., who also demonstrated
the extensive acinar–ductal metaplasia preceding the onset of
mPanIN lesions and the existence of “biphenotypic” cells
expressing markers of acinar and ductal differentiation within
the metaplastic ducts and mPanIN lesions in young p48Cre/+;
LSL-KrasG12D mice [120].

A number of GEMMs involving both mutant Kras
knock-in allele and Cre mouse strain are listed in Table 4.
The aforementioned conditional LSL-KrasG12D knock-in
mouse is one of the most popularly utilized line for model-
ing human pancreatic carcinogenesis so far [106]. This
model is preferred for several reasons: (1) The KrasG12D

mutant allele is expressed under the control of its endoge-
nous Kras promoter, which allows its expression at the
native physiological level, mimicking the expression level
of oncogenic KRAS in human tumorigenesis. (2) The LSL-
KrasG12D knock-in mouse strain can be easily combined
with assorted promoter controlled Cre transgenic or knock-
in mouse lines to generate various tissue- or cell-specific
Kras mutant mouse models. This strategy has been widely
used for pancreatic cancer as well as in other cancer types
[183, 192–195]. (3) The LSL-KrasG12D model is readily
available through the NCI Mouse Repository for academic
research. The prevalent use of LSL-KrasG12D over LSL-
KrasG12V-IRES-β-geo model is more likely associated with

the general accessibility of the LSL-KrasG12D model than
scientific rationale or consideration. Both LSL-KrasG12D and
LSL-KrasG12V-IRES-β-geo models when activated by Cre
recombinase in the pancreases can develop mPanINs and
PDAC spontaneously [122]. It is worth pointing out that
extra-pancreatic phenotypes are frequently observed in the
Pdx1-Cre; LSL-KrasG12D mice, mostly presenting as papil-
loma at the conjunction areas between skin and anal, mouth,
or eye mucus. Lung adenoma was also frequently noted in
this Pdx1-Cre-mediated mutant KrasG12D model [113].

4.4 Combination of mutant Kras-driven oncogenesis
and conditional inactivation of tumor-suppressor genes
for invasive and metastatic pancreatic cancer mouse models

It is globally accepted that Kras mutation is sufficient to
initiate pancreatic tumorigenesis. And the tumor malignant
transformation and further progression to invasive and meta-
static carcinoma require additional mutations of tumor-
suppressor genes like p16, p53, and Smad4. These tumor-
suppressor genes can be tissue-specifically inactivated in the
pancreas by crossing the floxed target gene mouse lines to
pancreatic-specific Cre-expressing mouse strains. Biallelic
inactivation of a single tumor-suppressor gene in the pan-
creas is insufficient to induce pancreatic malignancy in most
cases (Table 5). Oncogenic activation seems to play a key
role especially in initiating pancreatic tumorigenesis. The
combination of both oncogenic activation and tumor-
suppressor inactivation appears to be most effective in gen-
erating invasive and metastatic pancreatic malignancy with
short latency (Table 6).

In humans, inactivation of the tumor-suppressor gene
p16INK4A and oncogenic activation of KRAS occur in almost
all pancreatic cancers [4, 8, 9, 14]. In mice, the sole inacti-
vation of p16Ink4a/p19Arf failed to produce any preneoplastic
or neoplastic lesions in the pancreases of mice with geno-
type Pdx1-Cre;p16/p19fl/fl. Mice with both activated
KrasG12D expression and p16Ink4a/p19Arf deficiency devel-
oped mPanIN at an early age, and these neoplasms progressed
rapidly to highly invasive and metastatic cancers [211].

Table 4 Conditional oncogenic
Kras knock-in mouse models Cre mouse Kras allele Pancreatic phenotypes References

CMV-Cre LSL-KrasG12V No pancreatic phenotype [179]

Ela-tTA-Cre LSL-KrasG12V Tubular complexes [177, 179]

Ela-CreERT2 LSL-KrasG12D Full mPanINs [191]

Pdx1-Cre LSL-KrasG12D mPanINs and occasional invasive cancer [106]

Pdx1-CreERT2 LSL-KrasG12D No phenotype [191]

P48Cre/+ LSL-KrasG12D mPanINs [106, 120]

Mist1CreERT2/+ LSL-KrasG12D mPanINs [191]

Nestin-Cre LSL-KrasG12D mPanINs [188]
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However, the deletion of the p16/p19fl/fl allele inactivates both
p16 and p19 tumor-suppressor genes simultaneously. To un-
derstand the importance of p16 in pancreatic tumorigenesis,
we have generated a conditional p16 knockout mouse line
(p16fl/fl), in which p16 can selectively disrupted in a tissue-
specific manner without affecting p19 expression. We have
reported that p16fl/fl; LSL-KrasG12D; Pdx1-Cre compoundmu-
tant mice can develop the full spectrum of mPanIN lesions,
PDAC, and frequent metastases [113]. Using conventional
p16 deletion mouse line [220], similar histological and gross
phenotypes were observed in p16−/−; LSL-KrasG12D; Pdx1-Cre
mice as in p16fl/fl; LSL-KrasG12D; Pdx1-Cremice with slightly
shortened survival [113, 204]. Interestingly, mutant KrasG12D

in the context of p16Ink4a or p16Ink4a/p19Arf inactivation in the
presence of wild-type or heterozygous p53 deletion produced
PDAC with longer latency and greater propensity for distant
metastases relative to mice with homozygous deletion of p53
or p16Ink4a/p19Arf [113, 204]. Retinoblastoma 1 (RB) is a
downstream gene of p16 signaling, a cell-cycle regulator that
is functionally disrupted in most human cancers. Mice with
pancreas-specific deletion of Rb (Pdx1-Cre; Rbfl/fl) displayed
no pancreatic abnormalities, indicating that Rb inactivation
does not affect pancreatic development or induce tumorigene-
sis. In the presence of oncogenicKrasG12D, loss of Rb in Pdx1-
expressing pancreatic cells accelerated formation of mPanIN,
increased the frequency of cystic neoplasms, and promoted
rapid progression toward PDAC. Nearly 20% of the Pdx1-Cre;

LSL-KrasG12D; Rbfl/fl compound mutant mice died during the
first month of life. Overall median survival of Pdx1-Cre; LSL-
KrasG12D; Rbfl/fl mice is only ~10 weeks. These data empha-
size that the p16/Rb axis actively partakes in inhibiting pan-
creatic carcinogenesis and progression, further supporting the
widely accepted concept that activated Kras serves to initiate
PanIN lesions, and the removal of the p16INK4A-controlled
senescence is essential to the malignant conversion of these
PanIN lesions into lethal ductal adenocarcinoma [221].

P53 mutation occurs in 50–70% of human PDAC [4, 11,
13, 14, 16]. Loss of the p53 tumor-suppressor gene has been
associated with tumor progression and metastasis in several
tumor types including pancreatic ductal adenocarcinoma.
Conditional p53 knock-out mice in p48-expressing pancre-
atic epithelial cells (P48Cre/+;p53fl/fl) displayed no pancreatic
phenotypes. In combination with elastase–Tva transgene,
P48Cre/+;p53fl/fl mice can develop progressive and metastatic
pancreatic cancers after the somatic and sporadic delivery of
RACS-PyMT viral vector [165]. Analysis of metastatic
lesions demonstrated that concomitant loss of the p16/p19
locus was not required for metastasis; however, pancreas-
specific deletion of a single p16/p19 allele cooperated with
p53 heterozygous deletion to accelerate tumor development
and metastasis (P48Cre/+; p53fl/+;p16/p19fl/+) [165]. Hingorani
et al. has established a conditional p53mutant mouse line that
can conditionally express point mutant allele p53R175H [107].
The concomitant expression of p53R172H and KrasG12D in the

Table 5 Conditional gene
knock-out mouse models
in the pancreatic tissue

Cre mouse Target gene Phenotypes References

Insulin-Cre Foxa2fl/fl Hyperinsulinemic hypoglycemia [196]

Insulin-Cre Men1fl/fl Insulinoma [197, 198]

Pdx1-Cre Men1fl/fl Pancreatic neuroendocrine tumor [199]

Pdx1-Cre Igf-Ifl/fl Hyperinsulinemic and hypoglycemia [200]

Pdx1-Cre Ptenfl/fl Ductal metaplasia and papillary carcinoma [201]

Pdx1-Cre Brca2fl/fl No formation of PanINs and tumor [202]

Pdx1-Cre Brca2fl/fl;p53R172H/+ Invasive PDAC [203]

Pdx1-Cre p16fl/fl No abnormal phenotype in the pancreas [113]

Pdx1-Cre p16/p19fl/fl No abnormal phenotype in the pancreas [204]

Pdx1-Cre Smad4fl/fl No abnormal phenotype in the pancreas [170]

Pdx1-Cre Tgfbr2fl/fl No pancreatic phenotype [171]

Pdx1-Cre Stat3fl/fl No pancreatic phenotype [205]

P48Cre/+ Stat3fl/fl No pancreatic phenotype [206]

P48Cre/+ Notch1fl/fl No obvious phenotype [207, 208]

P48Cre/+ Notch2fl/fl Focal acinar atrophy [208]

Pdx1-Cre Lkb1fl/fl Mucinous cystadenomas [209]

P48Cre/+ Rac1fl/fl No pancreatic abnormalities [199]

Pdx1-Cre CAG-LSL-GLI2ΔN Undifferentiated pancreatic cancer [132]

Pdx1-Cre RosaNotch1 Decreased endocrine α and β cells [210]

Ngn3-Cre RosaNotch1 Reduction of Ngn3+ cell numbers [210]

Pdx1-Cre Ptenfl/fl;p53−/− Enhanced papillary carcinoma [201]
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mouse pancreas of Pdx1-Cre; LSL-KrasG12D;p53R172H/+ mice
revealed their synergy in promoting invasive and widely
metastatic carcinoma [107]. This stood in contrast to the
results obtained from Pdx1-Cre; LSL-KrasG12D;p53f/f mice,
where loss of p53 did not lead to the development of metas-
tasis [204]. This functional difference between the expression
of mutant p53R175H and the complete loss of p53 protein
expression in pancreatic metastasis became evident in a direct
comparison of Pdx1-Cre; LSL-KrasG12D;p53R172H/+ and
Pdx1-Cre; LSL-KrasG12D;p53fl/f+ mice showing that loss and
mutation of p53 both drive rapid progression of premalignant
lesions to PDAC, but only mutant p53R172H appears to pro-
mote metastasis in comparison to loss of p53 [212]. The
underlying mechanism is unknown presently.

TGF-β signaling is known to play an important role in
PDAC development and progression. SMAD4, a central
mediator downstream of TGF-β signaling, is deleted or
mutated in about 50% of patients with pancreatic cancer
[12, 169]. Using Pdx1-Cre or p48Cre/+ mouse strains, three
independent laboratories have reported that pancreas-specific

deletion of Smad4 in mice showed no abnormal pathology
within the pancreas, indicating that Smad4 is dispensable for
normal pancreas development [149, 170, 172]. Although all
three reports agreed that, in the presence of oncogenic
KrasG12D, loss of Smad4 significantly enhanced the develop-
ment of pancreatic invasive cancer in comparison tomice with
KrasG12D activation alone, there were several discernible dif-
ferences among them. The compound Pdx1-Cre; LSL-
KrasG12D; Smad4fl/flmice exhibited a high incidence of IPMN
and active fibrosis, and the IPMN occasionally progressed to
locally invasive cancer with little evidence of metastases by
6 months of age and without loss of p53 or p16Ink4A expres-
sions detected [172]. However, in p48cre/+; LSL-KrasG12D;
Smad4fl/fl mice, MCNs were the predominant precancerous
lesions, and their progression to invasive disease was accom-
panied by the inactivation of p53 or p16 [149]. The histolog-
ical differences observed in the two models cannot be simply
attributed to the uses of two difference Cre-expressing mouse
lines driven by two different promoters. In the study by
Bardeesy et al., the precancerous lesions were characterized

Table 6 KrasG12D-driven dou-
ble mutant animal models
for pancreatic cancer

First alteration Second alteration Phenotypes References

Ela-tTA-Cre; KrasG12V p53+/− Metastatic PDAC [177]

Pdx1-Cre; KrasG12D Smad4fl/fl IPMN [170, 172]

Pdx1-Cre; KrasG12D p16 fl/fl Metastatic PDAC [113]

Pdx1-Cre; KrasG12D p16−/− Metastatic PDAC [211]

Pdx1-Cre; KrasG12D Rbfl/fl Enhanced PDAC [145]

Pdx1-Cre; KrasG12D p53−/− Metastatic PDAC [107]

Pdx1-Cre; KrasG12D p53R172H/+ Enhanced metastasis, tumor growth [212]

Pdx1-Cre; KrasG12D TIF1fl/fl Cystic tumor [213]

Pdx1-Cre; KrasG12D Brca2fl/fl Abrogated PanINs and tumor growth [202]

Pdx1-Cre; KrasG12D Brca2+/− Enhanced PDAC [214]

Pdx1-Cre; KrasG12D Lkb1fl/fl Accelerated PDAC development [209]

Pdx1-Cre; KrasG12D Stat3fl/fl Diminished PanINs and PDAC formation [205]

Pdx1-Cre; KrasG12D Ikk2fl/fl Abrogated mPanINs progression [215]

Pdx1-Cre; KrasG12D TNFαfl/fl Abrogated mPanINs progression [215]

Pdx1-Cre; KrasG12D Notch1fl/fl Enhanced mPanINs progression [216]

Pdx1-Cre; KrasG12D p21+/− Accelerated PDAC development [209]

Pdx1-Cre; KrasG12D Ptenfl/fl Accelerated PDAC and metastasis [163]

Pdx1-Cre; KrasG12D CAG-LSL-CLI2ΔN Full spectrum of PanINs and PDAC [132]

Pdx1-CreERT; KrasG12D RosaNotch1 Enhanced mPanINs formation [217]

P48Cre/+; KrasG12D Stat3fl/fl Diminished PanIN development [164]

P48Cre/+; KrasG12D Notch1fl/fl Increased tumor development [208]

P48Cre/+; KrasG12D Notch2fl/fl Abrogated mPanIN development [208]

P48Cre/+; KrasG12D Smad4fl/fl Enhanced IPMN development [170]

P48Cre/+; KrasG12D Smad4fl/+ Mucinous cystic neoplasm [149]

P48Cre/+; KrasG12D Transgenic MUC1 Enhanced PanINs and PDAC [218, 219]

P48Cre/+; KrasG12D Tgfbr2fl/fl Aggressive PDAC [171]

P48Cre/+; KrasG12D Rac1fl/fl Diminished mPanINs [199]

P48Cre/+; KrasG12D Ela-TGFα Cystic papillary neoplasms [168]
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as IPMN in both Pdx1-Cre; LSL-KrasG12D; Smad4fl/fl and
p48cre/+; LSL-KrasG12D; Smad4fl/flGEMMs [170]. In addition
to SMAD4, the TGF-β receptor type II (TGFBR2) gene is also
altered in a subset of human PDAC [147]. Pancreas-specific
Tgfbr2 knockout mice alone (p48cre/+; Tgfbr2fl/fl) did not
exhibit discernible phenotype in 1.5 years. Remarkably, in
the context of mutant KrasG12D expression, Tgfbr2 knockout
mice rapidly succumbed to well-differentiated PDAC with
100% penetrance and significantly reduced the median sur-
vival to 59 days [171]. One notable histological feature of this
compound mutant model is that only differentiated ductal
adenocarcinoma was observed and undifferentiated or sarco-
matoid tumors were markedly absent. Undifferentiated and
sarcomatoid tumors have been commonly documented in
other compound GEMMs involving mutant Kras [107, 113,
204, 211] but are infrequently presented in human pancreatic
cancers. These data would suggest that invasive pancreatic
tumors in the p48cre/+; LSL-KrasG12D; Tgfbr2fl/fl model may
have the closest histologic presentation to human PDAC of
the existing GEMMs [171]. Recently transcriptional interme-
diary factor 1γ (TIF1γ) has been proposed to function as a
regulator of the TGF-β signaling pathway [222]. Conditional
inactivation of TIF1γ in the pancreas (Pdx1-Cre; Tif1γfl/fl) did
not impact its normal development. In combination with
mutant KrasG12D expression, the loss of Tif1γ induced the
growth of pancreatic precancerous lesions reminiscent of hu-
man IPMNs [213]. These mucinous cystic lesions resembled
those observed in Pdx1-Cre; LSL-KrasG12D; Smad4fl/fl mice
[170, 172]. This particular model provides a useful tool to
further interrogate the interaction of TIF1γ with TGF-β sig-
naling during carcinogenesis. Activin receptor type 1B
(ACVR1B) is a member of TGF-β superfamily. TheACVR1B
gene was first identified by us as a bona fide tumor-suppressor
gene in human PDAC [223]. Conventional knockout of the
Acvr1b gene resulted in mouse embryonic lethality [224].
Thus, we have generated a conditional floxed Acvr1b mouse
line to investigate its role in tumorigenesis [225]. We have
found that disrupted activin signaling in the pancreas can
result in focal chronic pancreatitis-like histopathological
changes such as inflammatory cell infiltration, acinar to ductal
metaplasia, and fibrosis in Pdx1-Cre; Acvr1bfl/fl mice older
than 8 months of age. In compound Pdx1-Cre; LSL-KrasG12D;
Acvr1bfl/flmice, the dysregulated activin signaling particularly
accelerated the development of IPMNs, but not mPanINs. The
progression to invasive ductal carcinomas appears to require
additional p16 inactivation. Our data provide the first critical
evidence supporting a role for activin signaling in pancreatic
tumorigenesis (unpublished data).

We have previously reported the involvement of the
phosphatidylinositol 3-kinase (PI3K) signaling pathway in
the development of human pancreatic tumor [226]. Tumor-
suppressor gene PTEN is a negative regulator of PI3K
signaling. Loss of PTEN expression is less frequently

identified in human PDAC in comparing with tumor-
suppressive genes p16, p53, and SMAD4 [227]. The loss
of Pten in the pancreas was sufficient to evoke acinar to
ductal metaplasia in Pdx1-Cre; Ptenfl/fl mice [201]. A frac-
tion of these mice can develop ductal carcinoma. These
results indicate that dysregulation of the PI3K pathway in
pancreatic progenitor cells can lead to the initiation of
pancreatic carcinoma in vivo [201]. In combination with
mutant KrasG12D, Ptenfl/+ haploinsufficiency significantly
accelerated the development of acinar-to-ductal metaplasia
and mPanIN, and their progression to PDAC occurred in
less than a year [228]. Mice with activated KrasG12D and
homozygous deletion of Pten in the pancreas led to prema-
ture demise of the Pdx1-Cre; LSL-KrasG12D; Ptenfl/fl mice
from pancreatic cancer by 3 weeks of age [229]. Taken
together, these data have demonstrated that the Pten-
regulated signaling can affect the initiation and progression
of pancreatic cancer.

Inherited heterozygous mutations in the BRCA2 tumor-
suppressor gene have been associated with an increased risk
of many cancer types including pancreatic cancer. These
germline mutations in BRCA2 account for ~6% of familial
pancreatic cancer [230, 231]. Mice with conditional Brca2
knockout in the pancreas (Pdx1-Cre; Brca2fl/fl) developed
mPanINs at 5 months of age, and about 15% of the cases
progressed to invasive and metastatic PDAC at a latency of
15 months or greater [203]. In combination with p53 inac-
tivation, mice carrying the genotype Pdx1-Cre; Brca2fl/fl;
p53R172H/+ uniformly developed PDAC with variable histo-
logical features [203]. Another recent GEMM employing a
conventional Brca2+/− knockout strain to model familial
pancreatic cancer in humans showed that germline hetero-
zygosity of Brca2 was sufficient to promote PDAC initiated
by oncogenic KrasG12D, irrespective of p53 status [214]. In
this study, pancreatic tumors retaining a functional wild-
type Brca2 allele were reported in this GEMM as well as
in human specimens; loss of heterozygosity (LOH) at
BRCA2 was deemed unessential for pancreatic tumorigene-
sis [214]. This new concept could potentially change the
strategy for therapies targeting BRCA2 signaling pathway.
Further confounding our understanding, Rowley et al. did
not detect obvious abnormalities in the pancreas of Pdx1-
Cre; Brca2fl/fl mice. In combination with mutant KrasG12D,
Brca2 deletion unexpectedly inhibited growth of premalig-
nant lesions and tumors, but in the presence of disrupted
p53, Brca2 inactivation promoted the development of pre-
malignant lesions and pancreatic tumors [202]. These data
indicate that the involvement of BRCA2 in pancreatic tu-
morigenesis is complex, and its dependency on p53 status
remains to be further elucidated. Other than BRCA2, patients
carrying germline mutations of LKB1/STK11 are also at
greater risk of developing pancreatic cancer [230, 232,
233]. In mice, conventional Lkb1-knockout mice are not
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viable [234]. Conditional homozygous deletion of the Lkb1
gene in the pancreas (Pdx1-Cre; Lkb1fl/fl) was sufficient to
trigger total penetrance of pancreatic mucinous cystadeno-
mas, a benign form of pancreatic tumor, but not PDAC.
Heterozygous Pdx1-Cre; Lkb1fl/+ mice were disease-free
[209]. However, Lkb1 haploinsufficiency cooperated with
oncogenic KrasG12D in vivo in increasing incidences of
PanINs and PDAC and shortening medium survival signif-
icantly [209]. In addition to PDAC, tumors with cystic
components were also observed in Pdx1-Cre; LSL-
KrasG12D; Lkb1fl/+ mice. This is not unexpected and is
consistent with our previous reports that LKB1 germline
and somatic mutations are more frequently detected in hu-
man pancreatic cancer associated with IPMN than in PDAC
[17, 18, 232].

Inflammation has been documented to promote PDAC
initiation and progression recently. For example, the recep-
tor for advanced glycation end-products (RAGE) is a multi-
ligand receptor and a member of the immunoglobulin su-
perfamily of cell surface molecules, which has been be
implicated in pancreatic tumorigenesis [235]. To evaluate
the impact ofRAGE deletion on the development of pancreatic
cancer, we generated Pdx1-Cre; LSL-KrasG12D;p16−/−;
RAGE−/− mice. We found that RAGE gene deficiency
inhibited the development of ductal neoplasia and prolonged
survival. These data provide critical information for targeting
the ligand–RAGE axis as a possible early intervention and
prophylaxis for patients with high risk for developing pancre-
atic cancer [236]. The Stat3 transcription factor is an important
regulator of inflammation. Conditional Stat3 knockout mice
(Pdx1-Cre; Stat3fl/fl) developed normally, and these mice did
not exhibit evident physiologic alterations. Compound Pdx1-
Cre; LSL-KrasG12D; Stat3fl/fl mutant mice displayed drastical-
ly reduced incidences of acinar to ductal metaplasia and
mPanINs in comparison to Pdx1-Cre; LSL-KrasG12D mice
[205]. Similar results were reported in a similar model using
p48Cre/+ (p48Cre/+; KrasG12D; Stat3 fl/fl), thus supporting that
Stat3 signaling is dispensable for pancreas development, but
the ablation of Stat3 signaling can inhibit the development of
mutant Kras-initiated preneoplastic formation [206]. The ac-
tivation of NF–κB, a major transcription factor of inflamma-
tory responses, has been reported to be a downstream target of
oncogenic KrasG12D-induced transformation [237, 238].
Pancreas-specific deletion of inhibitor of κB kinase 2 (Ikk2),
a component of the canonical NF–κB signaling pathway,
substantially delayed the process of the KrasG12D-induced
pancreatic tumorigenesis [215, 239]. Conditional deletion of
TNF-α, an upstream stimulus of NF–κB, in combination with
mutantKrasG12D activation yielded similar results observed in
Pdx1-Cre; LSL-KrasG12D; Ikk2fl/fl mice [215]. Notch and IL-
1α are also reported to be involved in KrasG12D-induced
NF–κB activation [215, 239], all supporting that inflammato-
ry responses regulated by NF–κB is crucial to KrasG12D-

initiated pancreatic tumorigenesis. MUC1, a membrane-
tethered mucin glycoprotein, is overexpressed and aberrantly
glycosylated in more than 80% of human ductal pancreatic
adenocarcinomas [240]. Transgenic mice that express human
MUC1 under its own promoter [241] when bred to p48Cre/+;
LSL-KrasG12D GEMM significantly enhanced the develop-
ment of mPanINs and their progression to adenocarcinoma
[218]. Tumors from the MUC1;p48Cre/+; LSL-KrasG12D

GEMM express higher levels of cyclooxygenase-2 (Cox-2);
thus the model is ideally suited for testing novel therapeutic
strategies against pancreatic cancer targeting MUC1 and/or
Cox-2 [218]. Mukherjee et al. has recently shown that a triple
therapy combining a novel MUC1-based vaccine, a Cox-2
inhibitor (celecoxib), and low-dose chemotherapy
(gemcitabine) was effective in preventing the progression of
preneoplastic intraepithelial lesions to invasive pancreatic
ductal adenocarcinoma in theMUC1;p48Cre/+; LSL-KrasG12D

GEMM [219].
GEMMs targeting more than two genetic loci (Table 7)

are useful strategies for investigating gene functions that
may mitigate the progression and metastasis of KrasG12D-
driven pancreatic cancer, especially genes potentially asso-
ciated with tumor angiogenesis, cell adhesion, and motility.
Glypican-1 (GPC1) was reported to be involved in the
angiogenesis and metastasis of human pancreatic ductal
adenocarcinoma [243]. To further examine its role in vivo,
Whipple et al. generated a GPC1 null model in combination
of pancreas-specific Cre-mediated activation of oncogenic
KrasG12D and deletion of tumor-suppressive p16INK4A/p19Arf

allele (Pdx1-Cre; LSL-KrasG12D;p16/p19fl/fl; GPC1−/− ). In
comparison with Pdx1-Cre; LSL-KrasG12D;p16/p19fl/fl mice
that were wild-type for GPC1, the Pdx1-Cre; LSL-KrasG12D ;
p16/p19fl/fl; GPC1−/− mice exhibited attenuated pancreatic tu-
mor growth and invasiveness and decreased cancer cell prolif-
eration and mitogen-activated protein kinase activation. These
mice also exhibited suppressed angiogenesis. These in vivo
data directly demonstrate that GPC1 promotes tumor growth,
angiogenesis, and invasion in conjunction with oncogenic
Kras-driven PDAC [242]. N-cadherin upregulation has been
observed in many cancers including PDAC [244]. Pdx1-Cre;
LSL-KrasG12D; p53fl/fl mice with N-cadherin haploinsuffi-
ciency (N-cad+/−) had significant longer medium survival
(177 versus142 days) than animals expressing two wild-type
copies of the N-cadherin gene, indicating a role for N-cadherin
in PDAC and its potential prognostic value [197]. RAS-related
C3 botulinum substrate 1 (Rac1), which controls actin reorga-
nization and can be activated by Ras, is upregulated in several
human cancers [198]. Deletion of Rac1 in p48-expressing
pancreatic progenitor cells did not result in pancreatic abnor-
malities. However, deletion of Rac1 reduced the formation of
acinar to ductal metaplasias, PanINs, and pancreatic tumors in
P48Cre/+; LSL-KrasG12D;p53R172H/+ mice, and significantly
prolonged their survival [199]. Rac1 is required for early
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metaplastic changes and neoplasia-associated actin rearrange-
ments in development of pancreatic cancer, suggesting that
Rac1 has the potential as an early diagnostic marker or a
chemopreventive target for PDAC [199].

GEMMs targeting more than two genetic loci have also
been employed to demonstrate that genes associated with
development are involved in pancreatic tumorigenesis.
Notch receptor signaling is reactivated in a subset of PDACs
[106], therefore the roles of individual Notch receptors in
pancreatic tumorigenesis are of great interest to the field.
Conditional deletion of Notch1 in the pancreas did not result
in major pancreatic abnormalities in mice [200, 207]. But
ectopic expression of activated Notch1 in the presence of
mutant KrasG12D in the mouse pancreatic epithelial cells
(Rosa26NIC; LSL-KrasG12D; Pdx1CreERT) promoted rapid
reprogramming of acinar cells to a duct-like phenotype and
synergized in inducing PanIN formation, suggesting that
Notch1 signaling may act as an oncogene in the pancreatic
tumorigenesis [217]. However, in another mouse model in
which Notch1 is deleted in conjunction of oncogenic Kras
activation in the pancreas (Pdx1-Cre; LSL-KrasG12D;
Notch1fl/fl), the loss of Notch1 resulted in increased tumor
incidence and progression, implying that Notch1 functions
as a tumor-suppressor gene in the development of pancreatic
tumor [216]. Notch2 is predominantly observed to in ductal
cells and PanIN lesions in humans [208]. Pancreas-specific
deletion of Notch2 in mice (p48Cre/+; Notch2fl/fl) did not
induce obvious morphological or functional abnormalities.
But focal exocrine atrophy was noted in mice older than
12 months of age [208]. In combination with mutant
KrasG12D, loss of Notch2 in the pancreas mainly developed
MCN-like lesions. The progression of mouse PanIN lesions
induced by mutant KrasG12D was completely blocked by the
Notch2 deficiency in the pancreas but not Notch1 [208]. The
reasons for the discrepant phenotypes reported in these
GEMMs are not apparent presently different Cre mouse
lines and mouse genetic background are some potential
factors that could have contributed to the differences but
remain to be demonstrated. β-catenin is crucial for acinar
cell development and is upregulated in mPanINs and PDAC
[245]. Conditional knockout of β-catenin in murine pancre-
as (p48Cre/+;β-cateninfl/fl) resulted in the severe reduc-
tion of acinar cells [246]. The β-catenin-deficient
pancreas also displayed a significant decrease in the

acinar area after caerulein treatment. Coexpressing sta-
bilized β-catenin in the acinar compartment with mutant
KrasG12D expression (β-cateninexon3/-; LSL-KrasG12D;
p48Cre/+) in mice led to pancreatic tumor development
resembling human intraductal tubular tumors via the
PanIN to PDAC path, indicating that the stabilized β-
catenin signaling antagonized mutant Kras-driven acinar to
ductal metaplasia and PanIN development [247]. Mist 1 ex-
pression is restricted to the acinar cells. To evaluate the impact
of Mist1 loss in the presence of oncogenic Kras in the same
compartment, mice with mutant KrasG12D knocking into the
Mist 1 locus (Mist1KrasG12D/+) were crossed to Mist1LacZ/LacZ

mice to generate Mist1KrasG12D/LacZ mice. In this model, loss
of the Mist1 expression and gain of the KrasG12D transcription
under the endogenous Mist promoter occur simultaneously in
the same pancreatic cells. These Mist1KrasG12D/LacZ mice dis-
played accelerated mPanIN development and severe exocrine
pancreatic defects that could be rescued by ectopic expression
of Mist1 in acinar cells [184].

4.5 General considerations in generating GEMMs

Compound GEMMs have become more widely employed in
preclinical trials and testing of potential novel target thera-
pies [176, 248–252]. It is important to point out that, when
generating a multiple conditional gene knockout mouse
model, the chromosome loci of these target genes must be
particularly considered, because secondary genomic DNA
recombination could be induced by the Cre DNA recombi-
nase. Each conditional recombined locus still carries one
residual lox-P site, and if both residual lox-P sites are in the
same chromosomal arm and in close enough proximity, a
secondary recombination can occur. There are three differ-
ent outcomes of DNA recombination induced by Cre recom-
binase, which depend on the orientation of two lox-P sites.
The DNA sequence between the two lox-P sites would be
recognized and incised by the Cre enzyme if the two 34-
nucleotide base pairs of lox-p sites are in the same direction.
If they are in the opposite orientation, the DNA sequence
between the two lox-P sites would be reversed. When the
two lox-P sites are in the same orientation at the same locus,
but different alleles, the DNA sequences behind the lox-P
sites will be translocated between the two alleles [253]. The
efficiency of chromosomal rearrangement induced by the

Table 7 KrasG12D-driven triple
mutant animal models for
pancreatic cancer

First genetic alteration Second Third Phenotypes References

P48Cre/+; KrasG12D p53R172H/+ Rac1fl/fl Inhibited development of PDAC [199]

Pdx1-Cre; KrasG12D p53R270H/+ Brca2+/− Accelerated PDAC [214]

Pdx1-Cre; KrasG12D p16−/− RAGE−/− Delayed development of PDAC [236]

Pdx1-Cre; KrasG12D p16/p19fl/fl GPC−/− Attenuated tumor invasiveness [242]

Pdx1-Cre; KrasG12D p53fl/fl N-cad+/− Delayed development of PDAC [197]
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Cre enzyme is reversely associated with the genomic dis-
tance of two lox-P sites [254]. This means that longer the
distance between two lox-P sites may result in less efficient
DNA recombination. In addition, it is imperative to empha-
size that mouse genetic background should be considered as
a compulsory factor in the analysis of phenotypes in
GEMMs [255]. Genetic susceptibility loci to pancreatic
ductal adenocarcinoma have recently been identified in the
Ela-KrasG12D mouse models in various mouse strains [256].
C57BL6, 129, and FVB strains are generally utilized for the
generation of knockout, transgenic, and conditional
GEMMs. These distinct mouse strains harbor different sus-
ceptibility loci to mutant Kras-driven pancreatic tumorigen-
esis [256]. GEMMs involving multiple target genes are
usually mixed with various degrees of these mouse strain
background simply due to different breeding steps and
breeding strategies that may result in distinct genetic back-
grounds. Because of this, mouse models with the same
genotype generated in different laboratories may display
divergent phenotypes. Thus, setting up the littermates as
the control group for comparison is a minimal obligatory
necessity [257].

5 Newly developed models that can be used for tracking
mutant cell lineage and reversing expression of mutant
allele in pancreatic tumor

Conditional gene knock-in and knock-out mouse lines, if
combined with advanced cellular lineage labeling techni-
ques, could help us better comprehend the dynamic process
of pancreatic carcinogenesis. Metastasis is the leading cause
of cancer-associated death, but many details of the meta-
static process are still unknown. Rhim et al. applied a
Rosa26YFP lineage-labeling technique to track pancreatic
epithelial cells with genetic modifications by introducing a
lox-stop-lox-Rosa26YFP allele into Pdx1-Cre; LSL-KrasG12D;
p53fl/fl or Pdx1-Cre; LSL-KrasG12D;p16/p19fl/fl GEMM [258].
In these GEMMs, YFP+ cells consistently represent the Cre+

pancreatic epithelial lineage which harbors recombined
KrasG12D allele and deletion of p53 or p16/19 tumor-
suppressor gene. Using this strategy, the YFP+ cells reportedly
invaded and entered the bloodstream early, even before pan-
creatic malignant transformation. Furthermore, mesenchymal
biomarkers were detected in these disseminated and circulat-
ing mutant pancreatic cells, suggesting that these cells lost
their original pancreatic epithelial markers like CK19 and E-
adhesion to achieve epithelial to mesenchymal transit for the
invasion and dissemination. These results support the authors’
hypothesis that tumor cellular invasion could be a very early
event that may occur before tumor formation [258].

Recently, a novel mutant KrasG12D knock-in mouse line
was established by Collins et al. [259], in which the

expression of mutant KrasG12D is double controlled by Cre
enzyme expression and doxycycline administration as well.
Oncogenic Kras G12D protein is exclusively transcribed in
Cre-expressing cells with sustained doxycycline treatment.
The expression of mutant KrasG12D oncogenic protein in
those Cre+ cellular compartments would be suspended when
doxycycline administration was withdrawn. In combination
with p53 haploinsufficiency, mice receiving doxycycline
administration would accelerate mutant KrasG12D-driven
pancreatic cancer development and progression to invasive
PDAC. The authors found that the inactivation of mutant
KrasG12D in initiated precursor lesions or during progression
to cancer through simply suspending the doxycycline ad-
ministration would result in regression of the lesions, indi-
cating that mutant KrasG12D was required for not only the
initiation of pancreatic tumor but the maintenance of estab-
lished neoplastic lesions. This is consistent with our recent
finding that mutant Kras continues to partake in the pro-
gression to metastasis in pancreatic tumorigenesis [113].
Similar strategies have been employed to restore p53
tumor-suppressor function, which resulted in tumor growth
inhibition and regression, supporting the rationale and ben-
efits of novel therapies aiming to restore or mimic p53
function in tumors harboring altered p53 [260, 261].

6 Conclusions

In summary, although there are numerous strategies to mod-
el for human pancreatic cancer, it is commonly agreed that
GEMMs better recapitulate the full spectrum of human
pancreatic tumorigenesis. Furthermore, by crossbreeding
existing GEMMs, versatile new models can be easily gen-
erated to serve as a useful platform to accommodate new
research directions in investigations of cancer cell origin,
molecular pathways for pancreatic cancer development, the
processes of metastasis, etc. These GEMMs are also valu-
able tools in translational research, such as the development
of early detection methods and the evaluation of potential
therapeutic strategies. Needless to say, it is critical to choose
proper animal models for successful completion of pancre-
atic cancer research projects, and the choice of a particular
model depends on the specific emphasis of each experimen-
tal design. Briefly, xenograft mouse models are direct trans-
plantation of already transformed tumor cells which
completely lack precursor lesions and the conversion from
premalignant state to invasive cancer, but offer rapid devel-
opment of invasive tumors. GEMMs, on the other hand, can
spontaneously develop precancerous lesions, but cannot
recapitulate the process of mutagenesis. Carcinogen-
induced cancer mouse models can mimic the entire process
of pancreatic tumorigenesis but the lack of the tissue-
specificity of the carcinogens and the uncharacterized
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genetic profiles of these tumors currently limit their utilities
in testing target therapies. Thus, each model has its strengths
and weaknesses, and we hope that this review has provided
its audience insights into choosing the most appropriate
animal model for any pancreatic cancer research project.
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