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Abstract

An epithelial-to-mesenchymal transition (EMT) is thought to be an important process in the 

acquisition of capabilities required for metastasis. Until recently, studies of EMT involved mostly 

in vitro assays and transplantation experiments of cancer cells that overexpressed known EMT 

drivers. While valuable, these studies do not allow us to conclude if an EMT sustained under 

“physiologic conditions” within the tumor microenvironment leads to the myriad changes in 

phenotype observed in vitro. Here we review our recently published work using a lineage labeled 

genetically engineered mouse model of pancreatic ductal adenocarcinoma to characterize cells that 

have sustained an EMT in vivo.

An epithelial-to-mesenchymal transition (EMT) is a complex reprogramming event during 

which epithelial cells lose many of the properties of such cells, including maintaining tight 

cell-to-cell contacts and apical-basal polarity, and gain abilities and characteristics 

commonly ascribed to mesenchymal cells, including invasive capacity, motility, and anoikis 

and apoptosis resistance1. Initially described in the context of embryonic development2, a 

wealth of published reports have implicated EMT as being involved in allowing for cancer 

cells to invade, disseminate and metastasize3. Indeed, pioneering work by the laboratories of 

Thiery, Weinberg, and Polyak, among many others, have established a potentially central 

role for EMT in the metastatic cascade4 and in the generation of cancer cells that are 

enriched for stem cell-like traits5. In this brief synopsis, we will review the state of evidence 

implicating EMT in metastasis and cancer and review recently published data that provides 

the first evidence that EMT under physiologic conditions may be involved in the acquisition 

of a disseminating phenotype that is enriched for tumor-initiating capability.

Theoretically, EMT provides a compelling mechanism by which epithelial cancer cells can 

acquire the abilities necessary to establish metastatic disease. The preponderance of data 

implicating EMT to cancer, however, involves genetically manipulated cells in vitro or 

transplantation models in vivo, neither of which fully recapitulate the salient aspects of 

tumor formation in humans. The vast majority of studies in the field feature human cancer 

cell lines in which selected drivers of EMT are either silenced or overexpressed, the 

implications of which are assessed through various in vitro assays or orthotopically in 
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immunocompromised murine hosts. Indeed, through these systems, strong evidence has 

been presented that various EMT drivers, such as Twist1, Snail1, and Zeb1, among others, 

may be required for the acquisition and/or maintenance of an invasive and motile 

phenotype6–9. Furthermore, elegant studies by the Weinberg group and others has 

established then upon an EMT, induced by overexpression of Snail or Twist, mammary cells 

can acquire a phenotype reminiscent of stem cells, replete with the capacity to self-renew 

and initiate tumors in xenografts5 and may lead to a change in the chemosensitivity within 

these cells10–13.

However, it has yet to be determined, whether cancer cells that undergo EMT under 

“physiologic” conditions, within the tumor microenvironment and in the absence of genetic 

manipulation, also acquire an invasive and stem cell-like phenotype. Addressing this 

question has been hindered by the intrinsic difficulty of identifying (and hence isolating) 

cancer cells from a tumor that have sustained an EMT in vivo in the first place. As 

illustrated in Fig. 1A, when epithelial cells undergo an EMT, de novo expression of a 

mesenchymal program is accompanied by the progressive downregulation of epithelial-

specific markers and proteins. When an EMT is completed, cells lack epithelial markers and 

the typical polarized morphology used to identify such cells on histology, making it almost 

impossible to identify which cells within a tumor derive from an EMT. However, 

investigators used double-immunofluorescence analysis to identify tumor cells that express 

both epithelial and mesenchymal markers, representing cells in the process of undergoing an 

EMT (highlighted in square); indeed, using this strategy, pathologists have been able to 

identify approximately 9% of all tumor cells have evidence of an EMT (Fig. 1B). However, 

since most reliable mesenchymal markers are intracellular, the isolation of such cells using 

FACS sorting has heretofore not been successful.

We have recently developed a system to identify and study EMT under “physiologic 

conditions” within a genetically engineered mouse model of pancreatic ductal 

adenocarcinoma (PDAC), termed PKCY14. In this model, depicted in Fig. 1C, Cre-

recombinase technology is used to achieve pancreas epithelial-specific expression of two of 

the most common genetic alterations in human PDAC: an oncogenic mutation in Kras 

(codon 12) and a single inactivated allele of the p53 tumor suppressor. In this well-

established model, derived from seminal work by David Tuveson and colleagues15, 10-wk 

old mice contain only precancerous pancreatic intraepithelial neoplasias (PanINs) and no 

histologic evidence of cancer (heretofore called PanIN mice) and by about 16 weeks of age, 

pancreas tumors with metastases form (PDAC mice). Moreover, the tumors that arise in this 

model recapitulate most of the salient features of PDAC that are lacking within conventional 

xenograft or orthotopic transplantation models, including a dense inflammatory desmoplasia 

and relative hypovascularity within the tumor microenvironment16. To indelibly mark all 

pancreas epithelial-derived cells, a conditional yellow fluorescent protein (YFP) allele was 

bred into mice. This lineage label allows for the detection of all cancer cells derived from 

the epithelial compartment within the pancreas, including those that have completed an 

EMT. Thus, by finding YFP+ cells that also express a mesenchymal marker (Fig. 1D, 

highlighted by square), one may be able to more sensitively identify cells that have 

undergone an EMT compared to conventional methods. Indeed, using this approach, 42.2% 

of all YFP+ tumor cells within PKCY mice were found to have evidence of an EMT—a 4–
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5-fold increase in the rate of detection (Fig. 1E). Thus, lineage labeling is a sensitive tool to 

detect EMT in situ, within the confines of a tumor. Using this tool, we were also able to 

identify evidence of EMT within a portion of PanIN 2 and 3 lesions in mice aged 10 weeks, 

prior to the histologic appearance of cancer. This “early” EMT was confirmed on the 

transcriptional level (data not shown).

Genetic lineage labeling also creates an opportunity to specifically isolate populations of 

pancreas epithelial-derived cells within PKCY mice (Fig. 2A). Since all pancreas epithelial-

derived cells endogenously express YFP, FACS sorting can be used to isolate these cells 

away from stromal cells within pancreas preps and circulating pancreas cells (CPCs) from 

blood specimens. Indeed, CPCs could be recovered from not only tumor-bearing mice, but 

also 10 week old PanIN mice. CPCs were found to be enriched for cells that expressed 

mesenchymal markers such as Zeb1 and Snail1 and were devoid of epithelial markers such 

as E-cadherin (Ecad) and cytokeratin 19 using a FACS-based assay. Thus, in a spontaneous 

genetic mouse model of PDAC, cells that have acquired the ability to enter the bloodstream 

were enriched for a mesenchymal immunophenotype, supporting the notion that an EMT 

under physiologic conditions was indeed associated with an invasive and disseminating 

phenotype. Moreover, 100-fold more CPCs expressed both CD24 and CD44, putative 

pancreatic cancer stem cell markers as identified by Simeone and colleagues17, compared to 

sister YFP+ tumor cells in the pancreas in PanIN and PDAC mice (Fig. 2B). This provided 

further evidence that a physiologic EMT may be associated with a stem cell-like phenotype.

Our genetic lineage labeling approach also allows for functional characterization of cells 

that have sustained an EMT. By staining for the surface epithelial marker, E-cadherin (E-

cad), one can isolate YFP+ cells that are enriched for an EMT (i.e., YFP+, E-cad−; depicted 

in Fig. 2A) for functional analyses. Using this approach, we performed pancreatosphere 

assays, a surrogate test for self-renewal properties akin to the mammosphere assay18. In 

these experiments, we sorted individual YFP+ cells from PanIN and PDAC mice into 

individual wells of an ultra-low attachment plate. We further subdivided cells based on E-

cad expression. In both PanIN and PDAC mice, YFP+, E-cad− (EMT+) cells were enriched 

for sphere-forming capability compared to YFP+, E-cad+ control cells from the same 

pancreas, though a statistical difference was only within PanIN mice (Fig. 2C).

To determine if an EMT is associated with enhanced tumor initiating capabilities, we 

orthotopically transplanted 100,000 EMT+ and EMT− cells from PanIN and PDAC into 

individual NOD/SCID mice. Surprisingly, but predicted by the pancreatosphere 

experiments, there was no difference in tumor incidence 3 weeks after transplantation (5/5 

animals in each group formed tumors). Upon histologic analysis, tumors from EMT+ and 

EMT− transplanted animals were comprised of both E-cad+ and E-cad− cells. This result 

suggested that EMT is plastic within PDAC mice; and, because of this plasticity, 

interpretation of these experiments are difficult. That is, since PDAC cells are likely cycling 

between epithelial and mesenchymal states, it is difficult to parse if an EMT is indeed 

associated with enhanced tumor-initiating properties. However, starkly different results were 

found when the experiment was repeated with cells from PanIN mice. 0/5 mice transplanted 

with E-cad+ cells gave rise to tumors, but 3/5 mice with Ecad− (EMT+) cells formed tumors 

in 8 weeks. YFP+ cells were found within E-cad+ recipient mice, but all such cells were E-
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cad+ and formed what appeared to be normal-appearing acinar structures. This suggests that 

E-cad+ PanIN cells have limited propensity to undergo an EMT, thus providing an adequate 

negative control for these experiments. On the other hand, the tumors that arose from YFP+, 

E-cad− (EMT+) cells reflected a histology seen in PDAC transplanted mice—tumors were 

comprised of a mix of E-cad+ and E-cad− cells. Thus, based on these data, we concluded 

that an EMT under physiologic conditions was indeed associated with enhanced tumor-

initiating capability at the PanIN stage.

Our studies provides first evidence that a “physiologic” EMT, that is one that arises from a 

spontaneous tumor in vivo, not from genetic manipulation ex vivo, is associated with an 

invasive and disseminating phenotype that is also enriched for enhanced tumor initiating 

potential. We suspect that genetic lineage labeling will provide an important for future 

studies of EMT in cancer in the future, as such experiments provide a profound advantage 

over highly controlled and simplified in vitro studies.
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Figure 1. Lineage labeling is a sensitive tool for the detection of EMT in tumors
A) Illustration of the detection of EMT using conventional methods. In this scenario, 

transitional cells undergoing an EMT can only be detected using immunofluorescence by 

finding cells that express both epithelial and mesenchymal markers (highlighted by square). 

This strategy does not allow for robust detection of cells that have completed an EMT. B) 

Example of using conventional methods to identify bi-phenotypic transitional cells (see 

square). Green, E-cad (epithelial marker); Red, Zeb1 (mesenchymal marker); Blue, DAPI 

(nuclear stain). C) Schematic of the lineage labeled mouse model to study PanIN and PDAC 

in vivo. D) Illustration of how genetic lineage labeling allows for more sensitive detection of 

EMT in vivo. Since all pancreas epithelial derived cells are marked with YFP (green), cells 

undergoing and having completed and EMT can be identified as cells that are YFP+ and 

express a mesenchymal marker (red). E) Example of using the YFP lineage label to identify 

EMT in situ within a murine tumor. A cell exhibiting both morphologic features and marker 

expression of an EMT is highlighted in the square. Green, YFP (pancreas epithelial lineage 

label); Red, Zeb1 (mesenchymal marker); Blue, DAPI (nuclear stain).
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Figure 2. Functional analysis of PDAC cells in PKCY mice reveals EMT+ cells may be enriched 
for stem cell-like traits
A) Schema depicting isolation of various populations of pancreas epithelial-derived cells 

from PKCY mice. B) Ratio of CD24+, CD44+ cells within sorted YFP+ cells in Pdx-Cre; 

YFP (nl) mice, and tumor-bearing PKCY mice from the pancreas (Panc) and the circulation 

(CTCs). C) Determination of pancreatosphere formation from single sorted YFP+ cells as 

denoted after seven days of culture. n=3–5 for each cohort.
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