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Mechanisms Underlying 
Metastatic Pancreatic Cancer
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Abstract
Pancreatic ductal adenocarcinoma is an 
overwhelming fatal disease that often pres-
ents with overt metastases and ultimately 
causes the majority of cancer-associated 
deaths. The mechanisms underlying the met-
astatic cascade are complex, and research in 
recent years has begun to provide insights 
into the underlying drivers of this phenome-
non. It has become clear that cancer cells, in 
particular pancreatic cancer cells, possess 
properties of plasticity involving bidirec-
tional transition between epithelial and mes-
enchymal identities. Furthermore, recent 
work has begun to establish that there are 
distinct hybrid states between purely epithe-
lial and purely mesenchymal states that 
cancer cells may reside, in order to thrive 
at  different stages of carcinogenesis. We 
discuss how this plasticity is important for 

different phases of the metastatic cascade, 
from delamination to colonization, and how 
different epithelial–mesenchymal states may 
affect metastatic organotropism. In this 
review, we summarize the current under-
standing of pancreatic cancer cell plasticity 
and metastasis, and highlight current model 
systems that can be used to study these 
phenomena.

Keywords
Pancreatic cancer · Epithelial-mesenchymal 
transition (EMT) · Cellular plasticity · 
Metastasis · Metastatic organotropism

�PDAC Metastasis and Outcomes

Pancreatic ductal adenocarcinoma (PDAC) is a 
major health issue in the USA, accounting for 
over 55,000 new cases and 44,000 deaths annu-
ally [1]. With fewer than 7% of patients surviv-
ing beyond 5 years and a projected increase in 
PDAC-associated deaths, PDAC will become 
the second leading cause of cancer deaths by 
2020 [2]. Despite a significant emphasis being 
placed on improving early detection methods in 
PDAC patients, the majority of patients present 
with metastatic disease. The nearly universal 
mortality rate observed in PDAC is likely  
due to this unchecked metastatic potential. 
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This dismal prognosis has not improved signifi-
cantly for decades, likely due to the recently 
observed phenomenon that pancreatic cancer 
tumor cells are able to metastasize very early 
on during neoplastic transformation, before 
frank carcinoma is observed [3]. This observa-
tion, gleaned from genetically engineered 
mouse models (GEMMs) of PDAC, has rejuve-
nated the field of metastasis biology and pro-
vides an ideal model system for biologists to 
study the molecular underpinnings driving 
the metastatic cascade in this disease. The pre-
vailing view in the field is that metastasis is 
facilitated through a process called epithelial-
to-mesenchymal transition (EMT), where 
tumor cells lose their epithelial cell identity and 
begin to gain mesenchymal characteristics. In 
this chapter, we will discuss the role of epithe-
lial cell plasticity in pancreatic cancer metasta-
sis and introduce new paradigms thought to 
drive the metastatic cascade in this disease.

�Models of Metastasis

�Genetically Engineered Mouse 
Models of Metastatic PDAC

A landmark genetic mouse model of pancreatic 
cancer has become a mainstay in the field and has 
been a vital tool to shape our understanding of 
the molecular pathogenesis of PDAC [4]. 
Hingorani and colleagues looked to mimic the 
genetic mutations in human PDAC patients, 
which are dominated by activating mutations in 
KRAS codon 12, 13, or 61 (up to 95% of patients) 
and TRP53 gain-of-function mutations (approxi-
mately 70% of patients) [5]. The resulting KPC 
mice, with inducible endogenous expression of 
mutant KrasG12D and mutant Trp53R172H driven by 
the pancreatic epithelial cell-specific Pdx1-Cre 
transgene, developed invasive and metastatic 
PDAC that mirrors the human disease. These 
mice succumb to disease with a median survival 
of approximately 5 months, at which point metas-
tasis to the liver and lung is evident. KPC mice 
have re-shaped the field and revolutionized our 
understanding of PDAC biology, including semi-

nal studies that have utilized the KPC mouse to 
establish roles for the TGF-ß pathway [6–8], 
Hedgehog signaling [9, 10], Ink4a/Arf [11, 12], 
Brca1/2 [13–15], and other genes in PDAC 
tumorigenesis and progression. This now nearly 
ubiquitous model has provided an ideal model 
system to study the effect that genetic knockout 
of countless genes has on primary tumor forma-
tion and disease progression.

This model was expanded upon by Andrew 
Rhim in the laboratory of Ben Stanger through 
the introduction a Cre-inducible YFP lineage 
label driven by the same Pdx1-Cre transgene 
used to activate mutant KrasG12D and mutant 
Trp53R172H [3]. The subsequently named KCPY 
mice were used to show that dissemination occurs 
prior to frank malignancy and is driven by an 
underlying activation of an EMT program within 
the tumor cells. This model allows one to trace 
elegantly the metastatic process in pancreatic 
cancer, and is an invaluable resource in the field 
of metastasis biology. In particular, these mice 
grant us the ability to study of all stages of the 
metastatic cascade in  vivo, from early invasion 
and growth into the surrounding tissue, to intrav-
asation into the vasculature, travel through circu-
lation, extravasation at the metastatic site, and 
colonization of the secondary tumor.

�Orthotopic Models of Pancreatic 
Cancer Metastasis

The field has also adopted an orthotopic model of 
pancreatic cancer to quickly address the roles 
that a given gene may have during tumorigenesis 
and metastasis. Orthotopic injection of pancre-
atic tumor cells directly into the pancreas is an 
elegant approach that has been utilized for many 
years to efficiently test the effect of genetic alter-
ations in PDAC tumor cells. Direct injection of 
KPC tumor cell cultures into the pancreas of syn-
geneic mice (or nude mice if cells are derived 
from a mixed background) yields primary tumors 
within days and metastatic lesions within weeks 
(protocol for orthotopic injection reviewed in 
[16]). This relatively easy and reliable in  vivo 
method of pancreatic tumor formation is easier to 
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genetically manipulate than autochthonous 
GEMMs, and yields reproducible primary tumor 
growth and metastasis kinetics. Injection of 
KCPY cultures gives the added advantage of 
being able to study metastasis in vivo, as previ-
ously discussed. Many studies in the pancreatic 
cancer field utilize both GEMMs and orthotopic 
models of cancer to address different aspects of 
tumor formation and metastatic disseminations, 
and both tools are great resources for studying 
the effect of genetic perturbation or pharmaco-
logical inhibition.

�Mechanisms of Metastasis

�EMT-MET Axis and Cellular Plasticity

The KPC and KPCY autochthonous pancreatic 
cancer models have been used by many in the 
field to determine the role of epithelial plasticity 
in PDAC metastasis. The original KCPY study 
demonstrated that YFP-tagged tumor cells 
undergo EMT and invade at an early stage to 
form micrometastases at the secondary site [3]. 
Subsequent studies have shown that a reversion 
to epithelial morphology, a phenomenon termed 
mesenchymal-to-epithelial transition (MET), is 
required to thrive and form macrometastases at 
the secondary site [17]. Conventionally, PDAC 
tumor cells are thought to gain more mesenchy-
mal characteristics by undergoing EMT within 
the primary tumor, giving them the ability to 
invade into the tumor parenchyma, as they look 
for vasculature to begin their metastatic journey. 
After intravasating into blood vessels, tumor cells 
maintain their mesenchymal status and travel 
through the circulatory system, until they reach 
their eventual metastatic site, at which point they 
must extravasate into the secondary organ and 
undergo mesenchymal-to-epithelial transition 
(MET) to re-establish their epithelial identity. 
Once returned to an epithelial state, the tumor 
cells will begin to colonize and proliferate in the 
metastatic site. The prevailing thought is that the 
EMT–MET axis is very plastic, with tumor cells 
existing at various states throughout the spectrum 
in order to survive and thrive in their new envi-

ronments (reviewed in [18]). Epithelial status is 
thought to be a pro-proliferative state, while mes-
enchymal status is a migratory state. Furthermore, 
cells undergoing EMT are thought to be more 
drug-resistant with a certain degree of stemness 
that allows them to thrive in adverse conditions, 
such as in circulation and when first arriving in 
foreign organ.

The EMT process is largely regulated at the 
transcriptional level through various transcription 
factors such as zinc finger E-box-binding homeo-
box 1 (ZEB1), twist-related protein 1 (TWIST), 
zinc finger protein SNAI1 (SNAIL), zinc finger 
protein SNAI2 (SLUG), and paired related 
homeobox protein 1 (PRRX1) (reviewed in [18]), 
although post-translational mechanisms have 
been invoked recently [19]. Conventionally, these 
transcription factors are thought to activate an 
EMT program as well as a stem cell-like program. 
However, the two processes are not completely 
linked, as is the case for PRRX1, which uncou-
ples EMT and stemness [20]. Furthermore, 
PRRX1 has been shown to regulate other forms of 
epithelial plasticity within the pancreas, such as 
acinar-to-ductal metaplasia (ADM) [21], which 
indicate that these transcription factors have vari-
ous context-specific roles for regulating plasticity 
at multiple levels. Perhaps more interesting, 
PRRX1 has two main isoforms, PRRX1A and 
PRRX1B, which promote MET and EMT, respec-
tively [22]. This ability for these two isoforms to 
regulate both epithelial and mesenchymal states 
highlights the complex nature of the EMT–MET 
axis and showcases the plasticity inherent to the 
system. This has become especially evident in 
recent years, as various groups have begun to 
describe partial EMT intermediate or hybrid 
states. The epithelial state has been historically 
defined by E-CADHERIN (here E-CAD) and 
cytokeratins, and the mesenchymal state primar-
ily through N-CADHERIN (herein N-CAD) and 
vimentin [23]. Therefore, EMT has classically 
been defined as loss of E-CAD and gain of 
N-CAD.  However, the intermediate EMT states 
that have been described (i.e., partial loss of 
E-CAD or co-expression of both epithelial and 
mesenchymal markers within the same cell), 
the so-called hybrid epithelial and mesenchymal 
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phenotypes, have broadened the definition of an 
EMT cell. Importantly, these hybrid cells can 
undergo further EMT to become more mesenchy-
mal, or the reverse MET to re-establish their epithe-
lial identity. Indeed, one recent publication posited 
that EMT is dispensable for metastasis [24].

�Metastatic Organotropism: The Role 
of Exosomes and EMT Modulators

Metastatic organotropism may have first been 
described over a century ago by the English sur-
geon, Stephen Paget, when he elegantly described 
a non-random pattern of metastasis in over 700 
women who died from breast cancer [25]. Paget 
went on to postulate that tumor cells are a seed 
that will only propagate when they fall on conge-
nial soil. This provocative idea continued to per-
plex biologists for much of the last century, as 
some have argued that tumor cells have intrinsic 
properties that help it choose the secondary organ, 
while others have shown that the metastatic site 
itself provides an environment that is favorable 
for growth. This debate is particularly well suited 
for PDAC, as it is one of the most metastatic can-
cers, with upwards of 80% of pancreatic cancer 
patients presenting with metastases [26]. In PDAC 
patients, the two most common sites of metasta-
ses are the liver and the lung, and recent evidence 
has begun to elucidate mechanisms that may 
determine liver-versus lung-tropic programs. This 
may be of particular clinical importance for 
PDAC patients, as those with isolated pulmonary 
recurrence after pancreaticoduodenectomy have 
significantly increased overall survival compared 
with patients who have metastases to other sites 
(40.3  months versus 20.9  months, respectively) 
[27]. A separate study corroborated this finding in 
an independent cohort by demonstrating that 
PDAC patients with lung-only metastases had a 
median survival of 31.8 months, while those with 
liver-only metastases survived 9.1  months [28]. 
Therefore, we will delve into the underlying pro-
cesses that have been proposed to control meta-
static organotropism in PDAC.

Tumor exosomes, small membrane vesicles 
(30–100 nm) secreted by tumor cells, are pack-

aged with a plethora of biological molecules 
including, but not limited to, DNA, RNA, 
miRNA, and protein (reviewed in [29]). 
Exosomes produced by the primary tumor are 
able to enter the circulation and have been shown 
to set up a pre-metastatic niche in secondary 
organs prior to tumor cell arrival and seeding. 
This pre-metastatic niche alters the local micro-
environment to make it conducive for growth of 
the parental exosome-producing cell. Thus, to 
extend Paget’s analogy, exosomes are secreted by 
the seed and fundamentally change the soil, thus 
priming it for implantation of the seed. In PDAC, 
this has been shown elegantly by David Lyden’s 
group, where they established that tumor-derived 
exosomes are taken up by resident cells at the 
metastatic site to prepare the pre-metastatic niche 
[30]. Specifically, they demonstrated that the 
exosomal integrins α6β4 and α6β1 were associated 
with lung metastasis, while exosomal integrin 
αvβ5 with liver metastasis. Thus, their work 
has  established that pre-metastatic niche 
formation by exosomal education is a potential 
mechanism of metastatic organotropism in 
PDAC.  Furthermore, this work has led to the 
premise that identification of sub-populations of 
tumor-derived exosomes in circulation may help 
to predict eventual sites of metastases, and that 
increased monitoring to those sites may be 
beneficial. A related study by Achim Krüger’s 
group identified Tissue Inhibitor of 
Metalloproteinases-1 (TIMP-1) as a pre-metastatic 
niche modifier in the hepatic microenvironment 
and showed that patients with high plasma TIMP-1 
have increased incidence of liver metastases [31]. It 
is not yet undetermined if TIMP-1 is a global pro-
metastatic molecule (i.e., promotes all metastases, 
and not just liver-tropic metastases), as the authors 
did not discuss potential roles in other metastatic 
sites, outside of the liver. However, the proposed 
mode of action for promoting liver metastasis by 
TIMP-1 is that it activates hepatic stellate cells to 
prime the liver for metastases, and we speculate 
that this is a liver-tropic mechanism of metastasis 
and would not apply to the resident lung environ-
ment. Future studies might identify that other 
secreted factors are able to act on resident lung 
cells as potential lung-tropic mechanisms.
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Another proposed mechanism of liver versus 
lung metastatic tropism is that internal mecha-
nisms within the tumor cell give it unique 
characteristics that will determine the liver- or 
lung-tropic phenotype. Specifically, we have 
shown that genetic deletion of either P120CTN 
(encoded by Ctndd1) or E-CAD (encoded by 
Cdh1) in KPCY mice forces tumor cells to 
undergo EMT and dramatically increases meta-
static load specifically to the lung [32]. This is in 
stark contrast to control KPCY mice, which pri-
marily metastasize to the liver, at a much lower 
rate. We propose that tumor cells that metastasize 
to the liver require P120CTN-mediated re-
stabilization of membranous E-CAD, in order to 
undergo MET and colonize the liver. Cells that 
lack P120CTN or E-CAD are unable to undergo 
MET and exclusively metastasize to the lung, 
which allows for metastatic colonization in cells 
that maintain a mesenchymal state (i.e., cells that 
have undergone EMT, but cannot revert to an epi-
thelial state through MET). Taken in the context 
of the potential hybrid EMT cells discussed ear-
lier, it is likely that, in an evolving tumor, sub-
populations of cells exist that are at various stages 
of the EMT–MET axis, and that these cells may 
seed the lung if they are more mesenchymal and 
the liver if they are more epithelial.

We do not propose that these are the only 
mechanisms of metastatic organotropism, and 
likely that many systems are likely at play de 
novo in PDAC patients. It is tantalizing to specu-
late that the cell-intrinsic mechanisms that drive 
tropism (i.e., P120CTN or E-CAD protein loss in 
the primary tumor) could give rise to two differ-
ent cell populations that interact with their pre-
metastatic niche in unique ways. In this scenario, 
cells which have undergone EMT, and are there-
fore possessing mesenchymal characteristics, 
might have increased expression of lung-tropic 
exosomes with integrins α6β4 and α6β1. On the 
opposite side of the spectrum, cells that can 
undergo MET and thus possess epithelial charac-
teristics might express exosomes with αvβ5 and 
metastasize to the liver. This may, in part, explain 
why some patients present with both liver and 
lung metastases, as their heterogenous primary 
tumor may be comprised of cells with both epi-

thelial and mesenchymal characteristics, which 
simultaneously send both liver-tropic and lung-
tropic exosomes to their secondary sites, prepar-
ing both for colonization. It is likely that these 
and many other mechanisms of metastatic organ-
otropism are working simultaneous and that their 
interplay is what ultimately determines the site of 
metastasis.

�Epigenetic and Post-Transcriptional 
Regulators of EMT and Metastasis

As previously mentioned, EMT has classically 
been described as a transcriptionally regulated 
process through EMT-transcription factors 
(EMT-TFs herein). However, recent data in 
PDAC have started to shift this paradigm by 
establishing that EMT can also be regulated 
through epigenetic and post-transcriptional 
mechanisms.

The primary means of regulating PDAC EMT at 
the epigenetic level have been through histone 
modifications, DNA methylation, and miRNA-
mediated control of canonical EMT-TFs (reviewed 
in [33, 34]). Histone Deacetylase 1 and 2 (HDAC1 
and HDAC2 herein) have been the most well-stud-
ied deacetylases that facilitate the epithelial plastic-
ity observed PDAC, mostly in regard to their 
silencing of E-cadherin (CDH1) expression. This 
silencing is observed in highly metastatic PDAC 
cells and is mediated through a transcriptional 
repressor complex between SNAIL and HDAC1/2 
that hones to the CDH1 regulatory elements [35]. A 
similar study showed that recruitment of the 
HDAC1/2 to the CDH1 promoter can also be 
accomplished by ZEB1/HDAC repressor com-
plexes [36], indicating that this may be a more gen-
eralized mechanism of regulating epithelial identity 
in PDAC.  In the absence of SNAIL or ZEB1, 
CDH1 remains acetylated and silenced, as HDACs 
are unable to be recruited to the promoter [35, 36]. 
Clinically, the class I HDAC inhibitor, mocetino-
stat, has the ability to reverse EMT by interfering 
with ZEB1 function [37]. This is not unique to 
HDAC inhibitors, as various small molecular 
inhibitors of epigenetic readers, writers, and  
erasers have shown promise in PDAC GEMMs 
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previously discussed (reviewed in [38]). High 
expression of the histone methyltransferase 
enhancer of zeste homologue 2 (herein EZH2), in 
particular, has been shown to promote PDAC cell 
plasticity and to be a poor prognosis indicator in 
PDAC patients [39]. Genetic deletion or pharmaco-
logic inhibition of EZH2: enhanced the anti-prolif-
erative effect of gemcitabine, reversed EMT, and 
inhibited cellular migration in PDAC cells [40, 41]. 
Collectively, these studies have demonstrated that 
many different histone modifiers have the ability to 
modulate cellular plasticity in PDAC and targeting 
these molecules may be an Achilles heel in the 
EMT cascade. One of the most well-studied routes 
of miRNA-mediated epigenetic regulation of EMT 
in PDAC is through the miR-200 family. The p53-
miR-200c axis has been studied in PDAC, where 
loss of p53 downregulates miR-200c, which allevi-
ates normally represses the EMT program by 
degrading EMT-TF mRNAs [42, 43]. The broader 
miR-200 family appears to have similar roles in 
negatively regulating EMT [44–46], and overex-
pression of miR-200a or miR-200b in PDAC cells 
downregulated EMT-TFs [47], suggesting a con-
served mechanism. All of these processes being 
described fundamentally alter the expression levels 
of critical EMT regulators, and either suppress or 
enhance EMT.

Ben Stanger’s group has recently provided 
some provocative work demonstrating that regu-
lation of E-CAD protein level and localization is 
important for the degree of plasticity achieved 
during EMT.  To that end, they established that 
two distinct EMT programs exist in PDAC: com-
plete EMT (C-EMT) and partial EMT (P-EMT) 
[19, 54]. C-EMT was shown to be primarily 
driven through transcriptional repression of the 
epithelial program (i.e., downregulated expres-
sion of classical epithelial genes like Cdh1), 
while P-EMT maintained epithelial cell identity 
transcripts, but functionally altered the protein 
products of these genes. Specifically, P-EMT is 
mediated by re-localization of E-CAD from the 
membrane to the cytoplasm, causing cells to lose 
their epithelial cell qualities. Ultimately, both 
sub-types turn on mesenchymal gene programs 
during their respective EMTs, but repressed 
their  epithelial cell identity through different 

mechanisms. Interestingly, both types of EMT 
cells were able to undergo MET, but differed in 
their invasive and metastatic qualities. P-EMT 
cells maintained their cell-to-cell contacts and 
invaded as clusters of cells, while C-EMT cells 
completely lost the ability to form cell junctions 
and invaded as single cells. This is important 
in vivo, as it has been known for nearly 40 years 
that circulating tumor cells (CTCs) that form 
clusters are more metastatic [48–52], and sug-
gests that P-EMT cell clusters will have enhanced 
metastatic potential. Furthermore, this model of 
partial EMT fits well with the previously GEMM 
data in that P120CTN loss causes re-localization 
of E-CAD protein from the membrane to the 
cytoplasm, akin to the P-EMT [32]. Importantly, 
others have shown that PDAC patients who have 
cytoplasmic staining of P120CTN have signifi-
cantly decreased survival relative to those with 
membranous P120CTN [53], which may mark a 
patient population undergoing partial EMT.

�Concluding Remarks

We have discussed various means of regulating 
epithelial cell identity in PDAC and have intro-
duced emerging paradigms that are re-shaping 
the broader EMT field. The publications reviewed 
herein have truly re-invigorated the field of EMT 
research in pancreatic cancer, and new insights 
will hopefully translate into new approaches for 
early detection, risk stratification, and therapy.
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