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Background & Aims—The ETS-transcription factor ETV1 is involved in the epithelial–

mesenchymal transition (EMT) during pancreatic development and is induced in mouse pancreatic 

intraepithelial neoplasia (PanIN) and pancreatic ductal adenocarcinoma (PDAC). We investigated 

the function of ETV1 in stromal expansion of PDAC and metastasis, as well as its effects on its 

downstream target Sparc, which encodes a matricellular protein found in the PDAC stroma that 

has been associated with invasiveness and metastasis and poor outcomes of patients.

Methods—Pancreatic ductal cells were isolated from Pdx1Cre;KrasG12D/+ mice (PanIN), 

Pdx1Cre;KrasG12D/+;p53fl/+ and Pdx1Cre;KrasG12D/+;p53fl/+;Rosa26YFP mice (PDAC), and 

Pdx1Cre;KrasG12D/+; p53fl/+;Sparc-/- mice. Cells were grown in 3-dimensional organoid culture to 

analyze morphology, proliferation, and invasion. Human PanIN and PDAC tissues were evaluated 

for ETV1 expression. Orthotopic transplants of ETV1-overexpressing PDAC and control cells 

were assessed in mice.

Results—Analyses of orthotopic xenografts revealed that ETV1 induced significantly larger 

primary tumors than controls, with significantly increased stromal expansion and significantly 

more ascites and metastases. Three-dimensional organoids that overexpressed ETV1 had a 

disrupted cyst architecture, underwent the EMT, and were more invasive. ETV1 expression was 

increased in human PanINs and even more so in primary and metastatic PDACs. We identified 

Sparc as a functional gene target of ETV1 by luciferase assays, and SPARC and ETV1 proteins 

co-localized in vivo. Disruption of Sparc reduced the phenotype of stromal expansion and 

metastasis found with ETV1 overexpression in vivo. We identified Has2 as another downstream 

factor of ETV1; it may mediate ETV1's significant expansion of hyaluronic acid. Conversely, 

disruption of Etv1 in PDAC mice (Pdx1Cre;KrasG12D/+;p53fl/+;Rosa26YFP;Cre;Etv1fl/fl) reduced 

levels of SPARC and hyaluronic acid in the stroma.

Conclusions—ETV1 is critical in the desmoplastic stromal expansion and metastatic 

progression of pancreatic cancer in mice, mediated functionally in part through SPACR2 and 

HAS2.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading cause of cancer death in the 

United States and is projected to be the second leading cause by 2020.1 Underlying the poor 

median survival of 6 months after diagnosis is that the vast majority of patients present with 

clinically evident metastatic disease, and even those who exhibit no signs of metastasis and 

undergo surgical resection for small tumors eventually develop metastatic disease.2,3 It has 

been theorized that epithelial-mesenchymal transition (EMT) is required for cancer 

progression, including in PDAC.4-7 The pancreatic tumor microenvironment is characterized 

by an intense desmoplastic stroma that contributes to therapeutic resistance through 

biophysical limitations in drug delivery and prominent immune cell infiltration.8,9 However, 

the factors that shape the tumor microenvironment and promote EMT remain incompletely 

understood.
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A growing and complex body of evidence is emerging that the role of the stroma in 

pancreatic cancer can be varied. There are elements that are hallmarks of poor prognosis and 

an impediment to therapeutics that may benefit from depletion, such as hyaluronic acid 

(HA),10 and yet other elements of the stroma that may serve to restrain carcinogenesis.11,12 

Secreted protein acidic and rich in cysteine (Sparc/osteonectin) has been examined in 

pancreatic cancer and found to be a frequent constituent of tumor associated desmoplastic 

stroma, but absent in most PDAC and PDAC derived cell lines.13 It has been found 

subsequently that peritumoral fibroblast expression of Sparc in PDAC has been associated 

with poorer patient outcomes in association with differentiation status.14-16 Most recently, 

Sparc has been identified as a critical factor in circulating tumor cells in pancreatic cancer 

that may mediate invasiveness and metastatic capacity as well as regulating extravasation 

and metastasis in melanoma.17 {Tichet:2015gu} However, the factors upstream of Sparc that 

may regulate this behavior remain unknown.

To date, key pancreatic transcriptional factors have been identified that govern endocrine cell 

lineage (Pdx1) and exocrine cell lineage fates (Ptf1a or p48 for acinar cells and likely, Sox9, 

Hnf1beta, Hnf6 and Prrx1 for ductal cells).18 Transcriptional factors that regulate 

convergence on ductal cell fate have remained elusive apart from Prrx1 and Sox9.19 In an 

effort to identify transcriptional factors that may serve as “drivers” of pancreatic ductal fate, 

the transcriptional profile of cells derived from embryonic ductal pancreata, pancreatitis 

injury/regeneration model (acinar-ductal metaplasia), and early neoplasia (pancreatic 

epithelial neoplasia or PanIN) were analyzed. Strikingly elevated levels of the Ets-

transcriptional factor Etv1 were observed in these three processes.19

Approximately 30 Ets factors have been described in mammals, characterized by their 

conserved helix-turn-helix binding motif, called the Ets domain that binds to the GGAA/T 

core consensus sequence.20 Ets factors have been classified into 9 subfamilies, with Etv1 

and Etv5 belonging to the PEA3 subfamily.21 These factors are known downstream targets 

of Kras (mutated in >90% of human PDAC) and have been implicated in cell proliferation, 

senescence, apoptosis, and differentiation.20 In development, the PEA3 family of Ets 

transcription factors has been observed in organs that undergo branching morphogenesis 

such as the lung, salivary gland and pancreas, with Etv5 expressed in epithelial buds and 

Etv1 found in the mesenchymal compartment, indicating a potential role for these factors in 

epithelial-mesenchymal plasticity.22,23 Given their distinct epithelial and mesenchymal 

expression in branching morphogenesis and potential role in EMT in carcinomas, we sought 

to examine the role of Etv1 in EMT and metastasis in PDAC.

Herein we define novel functional roles for Etv1 in the regulation of EMT, stromal 

expansion, and metastasis. To examine the process of pancreatic carcinogenesis in vitro, we 

utilized cell lines from mice that yield Pancreatic Intraepithelial Neoplasia (PanIN) (Pdx1-
Cre;LSL-KrasG12D) (KC) and from mice that develop tumors and metastatic disease similar 

to human PDAC (Pdx1-Cre;LSL-KrasG12D;Trp53fl/+; Rosa26YFP and Pdx1-Cre;LSL-
KrasG12D;Trp53fl/+) (KPfC-Y and KPfC, respectively).24-26 Utilizing orthotopic 

transplantation, the overexpression of Etv1 caused the development of significantly larger 

tumors with significantly increased stroma, including hyaluronic acid (HA) correlating to 

increased tumor volume. Etv1 was associated with significantly more liver and lung 
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metastasis. Mechanistically, Etv1 overexpression disrupted cyst architecture in 3D organoid 

culture models; induced EMT-regulators, mesenchymal markers and matrix degrading 

enzymes; and increased invasiveness. In an effort to identify the regulators underlying these 

striking findings, we have identified two novel targets of Etv1: hyaluronic acid synthase 2 

(Has2) and Sparc. Indeed, genetic in vivo experiments demonstrated that the loss of Sparc 

completely abrogated the dramatic phenotype of increased primary tumor volume, stromal 

expansion, and increased metastasis associated with Etv1 overexpression. Furthermore, 

preliminary data from conditional knockout of Etv1 in KPfCY mice demonstrates decreased 

Sparc and HA expression. Taken together, we demonstrate a novel regulatory axis governing 

EMT, stromal expansion and metastasis in pancreatic cancer mediated through Etv1 and its 

downstream targets Has2 and Sparc. These targets may potentially provide a new platform 

for translational therapeutics.

Materials and Methods

Cell lines, cell culture and in vitro assays

Cell lines were generated from PanIN-bearing LSL-KrasG12D/+;Cre mice (termed KC),19,24 

PDAC-bearing LSL-KrasG12D/+;p53fl/+;Cre mice (termed KPfC),25 and PDAC-bearing 

LSL-KrasG12D/+;p53fl/+;Rosa26YFP;Cre (termed KPfCY).26 In addition, cell lines from 

PDAC-bearing mice with a global SPARC deletion that have been previously described and 

characterized27 were utilized (termed KPfC Sparc-/-). Mouse primary pancreatic cells were 

cultured and maintained as described previously.19,28 KPfC and KPfC Sparc-/-cells were 

transduced with dTomato to allow for lineage labeling in vivo. Sorting and Isolation of Ecad
+ and Ecad- fractions from KPfCY mice is described in detail in Supplemental Experimental 

Procedures. Invasion assays were performed as described previously19 and as detailed in 

Supplemental Experimental Procedures. Quantitative RT-PCR and Western Blotting were 

performed as described previously.28 Details of these techniques, small interference RNA 

(siRNA) knockdown, luciferase assay, and site directed mutagenesis are included in 

Supplemental Experimental Procedures.

Lentiviral transduction and vector constructs

Coding sequences of mEtv1 and Has2 were amplified from genomic cDNA (Supplemental 

Table 1). mEtv1 was Flag-tagged at the N terminus (Supplemental Table 1). Following PCR 

amplification, coding sequences were digested using Age1 and Mlu1 and subcloned into 

pTRIPZ (RHS4743; Open Biosystems). dTomato was obtained from Addgene (FUdGW-

Tomato, Plasmid #22771). Lentiviral transduction was completed as described previously.28 

Parental cell lines were transduced in parallel with Etv1-Flag constructs or empty vector 

constructs (Control).

Three-dimensional (3D) pancreatic ductal cell organoids

Three-dimensional (3D) pancreatic ductal cell organoids were performed as described 

previously28,29 and as detailed in Supplemental Experimental Procedures.
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Immunohistochemical/immunofluorescence staining and histopathology

Immunohistochemisty (IHC) and immunofluorescence (IF) staining were carried out as 

described previously.30 For details on the construction and grading of paired primary and 

metastatic pancreatic cancer human tissue microarray (TMA) please see Supplemental 

Experimental Procedures. For antibodies, conditions, and grading parameters see 

Supplemental Experimental Procedures.

Orthotopic Transplant Procedures

The Institutional Animal Care and Use Committee (IACUC) of the University of 

Pennsylvania approved all animal studies (Protocol #8049-20). Eight week old female Ncr 
nude mice were purchased from Taconic (USA) and orthotopic transplantation in the 

pancreas was performed as described previously.31 The subcapsular space of the pancreas of 

nude mice was injected with 1×105 KPfCY control, KPfCY mEtv1, KPfC control, KPfC 

mEtv1, or KPfC Sparc -/- mEtv1 cells suspended in 25μl of DMEM/10%FBS. The mice 

were sacrificed 15 days after the procedure. Pancreata, livers, and lungs were harvested for 

examination. For details on tumor volume,32 ascites, and metastasis33,34 grading please see 

Supplemental Experimental Procedures.

Generation and analysis of conditional Etv1 knockout in KPfCY background

A previously generated conditional knockout of Etv1,35 was bred into the KPfCY 

background to generate LSL-KrasG12D/+;p53fl/+;Rosa26YFP;Cre;Etv1fl/fl mice. The Pdx1Cre 
was derived from Melton and colleagues36 and recombination was verified by robust 

expression of YFP on sacrifice.

Statistical Analysis

For all in vitro experiments, statistical analyses were performed using the Mann-Whitney-

Wilcoxon test, except where noted otherwise. For in vivo experiments, statistical analyses 

were conducted using Welch's t-test for IF, trichrome/hyaluronic acid staining, or tumor 

volume. Frequency of metastases was analyzed using a Mann-Whitney Test. Chi-square test 

and Pearson correlation coefficients were used to examine the relationship between 

hyaluronic acid or trichrome staining area with tumor volume. p<0.05 was considered 

statistically significant. Number of mice or replicates (n) is indicated in each experiment. 

Values are expressed as mean ± SEM or SD.

Results

Etv1 is expressed in mouse and human PanIN, PDAC, and metastasis

To evaluate Etv1 as being potentially important in pancreatic carcinogenesis, we first 

examined tissue from normal mouse pancreata (C57BL/6), PanIN lesions from KC mice, 

invasive PDAC from KPfCY mice, and matched liver metastasis from KPfCY mice (Figure 

1A, Supplemental Figure 1D). While Etv1 is limited to the ductal compartment in the 

normal pancreas, it becomes more pronounced in PanIN lesions, and is detected in PDAC 

and metastasis, especially at the invasive front (Figure 1A). We examined Etv1 expression in 

a TMA of human PanIN which demonstrated similar expression in 88% (15/17) of low-
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grade PanIN and 100% (5/5) of high-grade PanIN lesions (Supplemental Figure 1A). Next 

we examined Etv1 expression in a unique cohort of matched human primary PDAC and 

associated metastasis from a rapid autopsy cohort TMA. We found 88%(14/16) primary and 

94%(15/16) matched metastatic lesions expressed Etv1, with a similar distribution in 

staining intensity. IHC staining in both PanIN and PDAC TMAs was predominantly nuclear 

but also occasionally mixed nuclear and cytoplasmic (Supplemental Figure 1A, 1B). There 

were poorly differentiated elements in 12/16 primary and metastatic PDAC, and thus Etv1 

status and degree of differentiation is difficult to extrapolate. In a separate cohort of 

surgically resected human PDAC, we then examined Etv1 expression in paired tumor and 

tumor associated desmoplastic stroma. Interestingly, Etv1 was expressed strongly in both 

compartments (Supplemental Figure 1C). Finally, in silico analysis of Etv1 gene expression 

revealed a significant increase in human PDAC compared with normal controls 

(Supplemental Figure 1E).37

Etv1 induces increased tumor volume via expansion of the tumor stroma

Given these initial findings, we sought to evaluate the mechanistic underpinnings of Etv1 in 

PDAC. We developed cell lines from KC, KPfC, and KPfCY mice that have been reported 

previously.19,25,26 We found a stepwise increase in mEtv1 gene expression by qPCR in 

comparing wild type pancreatic ductal cells (PDC) with parental cell lines from KC and 

KPfC animals (Supplemental Figure 2A). Lentiviral transduction was employed to 

overexpress control or FLAG-tagged Etv1 constructs, and overexpression was confirmed by 

both qPCR for Etv1 (Supplemental Figure 2A) and western blot analysis for FLAG 

(Supplemental Figure 2B). With regards to overexpression, in comparison to the 184-fold 

increase in mEtv1 observed between PDC and KPfC parental cell lines, transduced cell lines 

had a 6-8 fold increase over their respective controls (Supplemental Figure 2A). 

Subsequently, orthotopic pancreatic transplantation of KPfCY control and KPfCY over-

expressing Etv1 cells was performed into 8-week-old Ncr nude mice.31 Pilot experiments 

were conducted with non-transduced cell lines to evaluate the optimal time point for reliable 

development of primary tumors and the initiation of metastasis without the mice becoming 

moribund (data not shown). After 15 days, primary tumors formed with 100% penetrance 

and mice were sacrificed and pancreata, livers, and lungs removed for histological 

examination (Figure 1B). Strikingly, we found that in KPfCY mEtv1 animals, primary 

tumors were significantly larger than their control counterparts by >2-fold (Figure 1C). 

Examination of these tumors histologically demonstrated prominent stromal expansion 

(Figure 1D). Utilizing Masson's Trichrome staining to quantify this stromal expansion, 

KPfCY mEtv1 tumors were noted to have significantly more trichrome staining than 

respective controls (Figure 1D,E). Furthermore, the trichrome area correlated significantly 

with increased tumor volume that was observed in Etv1 over-expressing tumors (Figure 1F). 

Examination of the primary tumors from Etv1 over-expressing mice demonstrated no 

increase in Ki67 index or change in TUNEL staining for apoptosis (Supplemental Figure 

3A,B). WST-1 assay demonstrated minimal difference in proliferation between KPfC 

Control and KPfC mEtv1 cells, with control cells proliferating at a slightly higher rate 

(Supplemental Figure 3C). Taken together, these data suggest that Etv1, through expansion 

of the tumor stroma, promotes a significant increase in tumor volume.
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Etv1 promotes the development of increased metastasis

Upon sacrifice of animals with orthotopic transplantation of Etv1-overexpressing tumors, it 

was apparent that there was significantly more frequent and higher-grade ascites present in 

these animals (Supplemental Figure 3D). To examine the effects of Etv1 on dissemination 

and metastasis, we examined the liver and lungs from mice that had undergone orthotopic 

transplantation with KPfCY control or KPfCY mEtv1 cells. Metastases were classified into 

three subtypes: isolated tumor cells (ITC) that were <0.2mm and <200cells, micrometastasis 

that were 0.2-2mm in size with >200cells, or macrometastasis that were >2mm in size based 

upon a published classification scheme.33,34 We found examples of ITCs (Figure 2A), tumor 

thrombus (2B), micrometastasis (Figure 2C), and macrometastasis (Figure 2D) in mEtv1-

overexpressing animals. Very interestingly, there was a marked stromal expansion in many 

of the micrometastases observed in Etv1 overexpressing tumors that is reminiscent of the 

stromally expanded primary tumors from these animals (Figure 2C). The presence of the 

YFP lineage label allowed us to track cancer cells as they underwent EMT and gave rise to 

distant metastasis. Thus, metastatic events were confirmed further utilizing 

immunofluorescence staining (Figure 2E). Overall, 80% of KPfCY mEtv1 animals 

developed metastatic events in comparison to 22% of control animals (p<0.023) (Figure 2F). 

Furthermore, irrespective of metastasis size, there were significantly more metastatic liver 

events in total in the Etv1-overexpressing animals (Figure 2F). Similarly, we found 

significantly more frequent lung metastasis in the Etv1-overexpressing animals in 

comparison to their controls although all these events were ITCs (Supplemental Figure 

3E,F).

The matricellular protein Sparc is regulated by Etv1 in vitro and in vivo

As a significant proportion of the tumor associated stroma in our lineage labeled orthotopic 

model is YFP+ and frequently appears spindle shaped and E-cadherin (ECAD) negative 

(Figure 3C,E) we sought to examine factors known to be important in the desmoplastic 

reaction within PDAC. Examining known matricellular factors in pancreatic cancer9,38,39 we 

performed an in silico screen for potential Etv1 binding sites and found several possible 

targets (Supplemental Table 2). Given the relative frequency of Ets binding sites, we sought 

to validate stromal targets that are significantly modulated by Etv1 in vitro. Thus, we found 

in KPfC cell lines that Etv1 overexpression was associated with Sparc increase by 3.5 fold 

and, conversely, knockdown of Etv1 by siRNA was associated with Sparc decrease by 0.5 

fold (Figure 3A). In silico screening demonstrated several putative Ets binding sites in the 

Sparc promoter (Supplemental Figure 3A). We generated a Sparc luciferase reporter gene 

construct that contains the portion of the Sparc promoter with these Ets binding sites 

(Supplemental Figure 4A). Etv1 overexpression significantly increased Sparc luciferase 

activity in comparison to the control pGL3 vector (Figure 3B). Furthermore, in vivo 
validation in KPfCY mEtv1 orthotopic transplant animals demonstrated significant 

colocalization of Sparc and YFP (Figure 3C,D). These data suggest a novel and exciting 

potential regulation of Sparc by Etv1.
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Etv1 induces EMT and invasion in vitro

Careful examination of the primary pancreatic tumors from KPfCY mEtv1 orthotopic 

transplants demonstrated that the population of cells with cololocalization of YFP and 

SPARC were essentially uniformly ECAD negative (Figure 3C,E). These cells were also 

notably spindle shaped in their morphology (Figure 3E). In a separate analysis of KPfCY 

genetically engineered mice (GEMM), we isolated YFP+ tumor cells from primary 

pancreatic tumors and sorted them into Ecad+ and Ecad- fractions. We found a significant 

increase in 2/3 of these tumors for Etv1 and 3/3 of these tumors for SPARC in the ECad- 

fraction in comparison to the Ecad+ fraction (Supplemental Figure 4B,C). Given these 

observations, namely that Etv1 overexpression was associated with an expansion of a 

population of cells that apparently had undergone EMT with loss of ECAD expression and 

the association of Etv1 with increased development of distant metastasis, we sought to 

examine the role of Etv1 in EMT in vitro. To examine the potential role of Etv1 in 

pancreatic ductal morphogenesis, we utilized a 3D organoid culture system.28 Using KC 

cells, we noted that these ductal organoids suspended in collagen tend to form regular cysts 

with hollow lumens (Figure 3F). However, in Etv1 overexpressing cells, we saw 

significantly more cysts that are highly irregular/disrupted and demonstrate a spindle-shape 

morphology (Figure 3F). Concurrent with this change in morphology we see significant 

upregulation in classical regulators of EMT as well as matrix metalloproteases including 

Slug, Snail, Twist, Vimentin, Zeb1, Zeb2, mmp3, and mmp9 (Supplemental Figure 4D). 

Conversely, knockdown of Etv1 was associated with significant reductions in Zeb1 in vitro 
(Supplemental Figure 4F). In experiments utilizing TGF-β to induce EMT in vitro in KC 

cells, we see a stepwise, significant increase in Etv1 with induction of EMT in parallel with 

Snail, Zeb1, Zeb2, N-cad, and a corresponding decrease in Etv1 and these markers with 

withdrawal of TGF-β (Supplemental Figure 5A). Canonical invasion assays were also 

performed to examine the functional role of Etv1 in dissemination. We found that in 

comparison to control KC cells, KC mEtv1 cells demonstrated a significant increase in 

invasive capacity (Supplemental Figure 4E). Conversely, in comparison to control KPfC 

cells, KPfC cells with knockdown of Etv1 demonstrated significantly less invasive capacity 

(Supplemental Figure 4F).

The loss of Sparc abrogates the increased expansion of stroma and development of 
metastasis mediated by Etv1

To examine the loss of the downstream target Sparc on Etv1's effect on tumor stroma and 

metastasis in vivo, we utilized KPfC, KPfC mEtv1, and KPfC Sparc-/- mEtv1 mouse 

pancreatic cancer cell lines in an independent orthotopic pancreatic transplantation model 

(Figure 4A). The KPfC and KPfC Sparc-/- parental lines used in these experiments were 

derived from littermates. All cell lines were transduced lentivirally with dTomato in addition 

to mEtv1-FLAG as indicated to allow for lineage labeling in vivo (Supplemental Figure 

2A,B; Supplemental Figure 5C). KPfC Sparc-/- mice have been characterized as developing 

PDAC tumors with similar latency and metastasis frequency to the original descriptions of 

the KPfC model with the notable absence of Sparc in tumor associated stroma and some 

differences in collagen maturation.25,27 In vitro, we observed that while Etv1 overexpression 

was associated with increases in levels of EMT regulators like Snail, Zeb1, and Zeb2, the 

loss of Sparc abrogated the capacity of Etv1 to induce these factors (Supplemental Figure 
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5B). Orthotopic transplantation was performed with NCr nude mice for 15 days. Once again, 

in an independent cell line, in comparison with control KPfC cells, Etv1 overexpressing 

KPfC cells were associated with a significant expansion of primary tumor volume by 5.4 

fold (Figure 4B,C). As was noted previously, these tumors were associated with significantly 

expanded tumor stroma, as measured by Masson's Trichrome staining (Figure 4D). 

Strikingly, the loss of Sparc in KPfC Sparc-/- mEtv1 cells completely abrogated this increase 

in tumor volume (Figure 4B,C) and the expansion of the tumor stroma (Figure 4D). 

Similarly, there was a significant correlation of primary tumor volume to trichrome staining 

among the KPfC, KPfC mEtv1, and KPfC Sparc-/- mEtv1 tumors (Figure 4E). Primary 

tumors were validated by immunofluoresence staining for dTomato and Sparc. While there 

was continued co-localization of dTomato and Sparc in the KPfC mEtv1 tumors, this was 

very low in the KPfC Control and absent in KPfC Sparc-/- mEtv1 tumors (Supplemental 

Figure 5C). Interestingly, there was apparent host-derived Sparc detected in the KPfC 

Sparc-/- mEtv1 tumors in the dTomato negative tumor associated stroma (Supplemental 

Figure 5C).

In addition to the abrogation of stromal expansion and increased tumor volume, the loss of 

Sparc also abrogated significant Etv1 associated increases in the frequency and grade of 

ascites present in the animals at sacrifice (Supplemental Figure 5D). Careful examination of 

livers from these animals demonstrated that while 44% (4/9) of KPfC Control animals had 

metastatic events, significantly more (100% (8/8), p<0.029) KPfC mEtv1 animals had 

metastatic events (Figure 4F). In comparison, the loss of Sparc returned the frequency of 

liver metastasis to levels similar to the control group (4/9 vs 3/9, p<NS). Dividing metastatic 

events into isolated tumor cells, micrometastasis, or macrometastasis, KPfC mEtv1 had 

significantly more total events in comparison to KPfC control or KPfC Sparc-/- mEtv1 

(Figure 4F). Taken together, this data demonstrate that Etv1 mediates its effects on stromal 

expansion and metastasis in part via Sparc.

Etv1 mediated stromal expansion is associated with hyaluronic acid synthase 2 (Has2)

We next performed immunofluorescence analysis of the primary tumors from KPfCY and 

KPfCY mEtv1 orthotopic transplants for αSMA, classically associated with activated 

fibroblasts, and GFAP. We found no significant difference in αSMA or GFAP in association 

with mEtv1 over-expression (Supplemental Figure 6A,B). Given the observation of 

differences in Masson's Trichrome staining and a possible association with collagen 

crosslinking, we next examined the primary tumors for lysyl-oxidase (LOX) and Collagen I 

by immunofluorescence but similarly found no significant difference (Supplemental Figure 

6C,D). We also evaluated KPfCY Control and KPfCY mEtv1 cell lines for Collagen I, III, 

and FAP by qPCR and found no significant differences (Supplemental Figure 6E).

Further examination of our in silico screen of potential matricellular downstream targets of 

Etv1 demonstrated a potential interaction with Hyaluronan Synthase 2 (Has2) (Supplemental 

Table 2). Has2 has been identified in vitro as significantly overexpressed in fibroblast co-

culture experiments with PDAC cells39 and has been associated with significantly increased 

hyaluronic acid secretion.40,41 Hyaluronic acid has been identified as a critical factor in the 

pancreatic tumor microenvironment that increases interstitial fluid pressure, collapsing 
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potential vascular access to tumors.10 PDAC xenografts utilizing over-expression of Has2 
demonstrated increased tumor growth, loss of membranous E-cadherin and increased 

accumulation of cytoplasmic β-catenin.41 Indeed, Has2 has been associated with poorer 

survival in human PDAC.42 We found Etv1 overexpression was associated with Has2 
increase by 4 fold (Figure 5A). In silico screening demonstrated 3 putative Ets binding sites 

in the Has2 promoter (Figure 5B). We generated a Has2 luciferase reporter gene construct 

that contains the portion of the Has2 promoter with these Ets binding sites (Figure 5B). Etv1 

overexpression significantly increased Has2 luciferase activity and knockdown of Etv1 

significantly decreased Has2 luciferase activity in comparison to the control pGL3 vector 

(Figure 5C). Subsequently, we performed site directed mutagenesis of a putative Etv1-

binding site located 1119bp upstream of the transcriptional start site, which significantly 

abrogated Etv1 associated luciferase activity (Figure 5D). The proximity of this binding site 

to the promoter suggests direct activation of the Has2 promoter through Etv1.

Furthermore, in vivo validation in KPfCY mEtv1 orthotopic transplant animals was 

completed utilizing staining for hyaluronic acid with the molecular probe HTI601. KPfCY 

mEtv1 orthotopic transplants demonstrated significantly more hyaluronic acid staining in 

comparison to the control animals (Figure 5E). In addition, the hyaluronic acid staining and 

tumor volume significantly correlated, more so in fact than trichrome staining (Figure 5F, 

Figure 1F). Taken together, these data suggest a novel and exciting potential regulation of 

Has2 and hyaluronic acid deposition in the pancreatic tumor stroma by Etv1.

The conditional loss of Etv1 in KPfCY mice is associated with decreased Sparc and HA

We generated a conditional knockout of Etv1 in the KPfCY background to better understand 

the role of Etv1 in tumorigenesis and the tumor stroma. In a preliminary evaluation, we 

compared, three mice aged 6-8 months as this was when tumors were clinically apparent, to 

three KPfCY mice aged 2-3 months with clinically apparent tumors. Two additional KPfcY 

Etv1fl/fl mice sacrificed at 3 months demonstrated no evidence of primary tumors. Liver 

metastasis were not seen in the three KPfCY Etv1fl/fl mice sacrificed at 6-8 months 

examined (data not shown). Interestingly, in a qualitative analysis by IF, SPARC expression 

appeared dramatically decreased in KPfCYEtv1fl/fl mice in comparison with KPfCY 

controls (Figure 6A). There was still expression of SPARC, but this was seen only in the 

YFP- fraction. Also, while there were several examples of delaminated YFP+/Ecad- cells in 

the KPfCY tumors that also expressed SPARC, these cells were not appreciated in the 

KPfCY Etv1fl/fl mice. With regards to HA, staining confirmed reduced, although not absent, 

HA in KPfCYEtv1fl/fl tumor associated stroma in comparison to KPfCY tumors (Figure 

6B). Thus, this preliminary data from a novel GEMM is validation of our orthotopic 

transplantation model's findings of Etv1's relationship with increased Sparc expression in 

delaminated YFP+ cells and HA expression.

Discussion

We demonstrate that the Ets-transcription factor Etv1 induces stromal expansion in PDAC 

leading to the development of significantly larger primary tumors. Correlating with this 

increased tumor volume we also observe both increased frequency and severity of ascites as 

Heeg et al. Page 10

Gastroenterology. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



well as increased frequency of liver and lung metastasis in a murine model of pancreatic 

cancer. Utilizing 3D pancreatic organoids, we demonstrate that Etv1 in concert with an 

oncogenic KrasG12D mutation disrupt cyst architecture, induce known EMT associated 

genes, and increase invasive capacity. We identify the matricellular protein Sparc as a novel 

downstream factor of Etv1, the loss of which completely abrogates the phenotype of stromal 

expansion and metastasis seen with Etv1 overexpression in vivo. Additionally, we identify 

Has2 as a second novel downstream factor that mediates the expansion of hyaluronic acid in 

the tumor microenvironmentm(Figure 6C). Preliminary experiments demonstrate that the 

conditional loss of Etv1 in the KPfCY mouse model is associated with decreased HA and 

SPARC.

Ets-transcription factors of the PEA3-family, namely Etv1 and Etv5, display a distinct 

expression pattern during the development of organs that undergo branching morphogenesis, 

such as the lung, salivary gland and pancreas. Branching morphogenesis is the result of the 

well-orchestrated interaction of epithelial and mesenchymal tissue compartments. In this 

process the expression of Etv1 is restricted to the mesenchymal compartment surrounding 

the growing epithelial buds that display high levels of Etv5, suggesting that Etv1 may play 

an important role for mesenchymal differentiation and stromal tissue identity.43 In human 

gastrointestinal stromal tumors (GIST) Etv1 has been demonstrated to serve as a lineage 

survival factor for the cKIT positive interstitial cells of Cajal that give rise to this tumor, 

indicating the important role of Etv1 for the mesenchymal differentiation and stromal tissue 

identity in this tumor.44 In this context, we are able to demonstrate that Etv1 induces EMT 

and invasion, in PanIN- and PDAC-cells in vitro and promotes metastasis and stromal 

expansion in vivo. Interestingly, two recent studies have suggested that EMT is seemingly 

dispensable in metastatic dissemination.45,46 It is conceivable that EMT and non-EMT 

mechanisms may be both involved in primary tumor formation and metastasis. However, it is 

interesting that Etv1 associated stromal expansion is associated so clearly with more 

aggressive primary and metastatic tumor behavior in vivo. Besides their well-described role 

as downstream effectors of Ras-signaling, Ets factors can be induced by multiple other 

signaling pathways that are active in PDAC and contribute to the desmoplastic tumor stroma, 

such as TGF-β signaling.

Besides early metastasis, PDAC is characterized by a pronounced desmoplastic stromal 

reaction composed of fibroblasts, immune cells, and endothelial cells embedded within a 

dense and complex extracellular matrix (ECM).10,39,47 We found that expression of Etv1 

induces a remarkable increase of ECM in pancreatic orthotopic tumors through Sparc and 

Has2, suggesting that Etv1 might be an important regulator within the transcriptional 

networks that control the ECM in the tumor stroma of pancreatic cancer. In vitro we found 

that Sparc was required for Etv1associated induction of EMT factors Zeb1, Zeb2, and Snail. 
Very interestingly, we found that the loss of Sparc abrogated the increased hyaluronic acid 

deposition associated with Etv1 over-expression, suggesting an interplay between Sparc, 

Has2, and Etv1 in governing the ECM and tumor stroma. However, in KPfC cells in vitro, 

the loss of Sparc is not associated with changes in Has2, and over-expression of Has2 is not 

associated with changes in Sparc (Supplemental Figure 7). It is possible, if not likely, that 

modulation of the stroma, through both cell autonomous and non-cell autonomous 

mechanisms, provides a microenvironment permissive for tumor cell migration, invasion and 
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dissemination into the circulation and ultimately, metastatic colonization. Sparc and Has2, in 

concert with Etv1, may be playing interrelated roles in the modification of the tumor stroma 

to facilitate tumor invasion, dissemination and metastasis. Further examination of the 

regulatory axis involving these factors is currently underway.

Sparc has been characterized as a frequent constituent of tumor associated desmoplastic 

stroma but was found absent in most PDAC and PDAC derived cell lines.13 Expression of 

Sparc in peritumoral fibroblasts has been found to be associated with poorer patient 

outcome.14 However, the mechanisms that regulate Sparc in PDAC still remain elusive. In 

our model, Etv1 drives the development of significantly larger primary tumors, more 

frequent metastasis and expansion of the tumor stroma, all of which are completely 

abrogated by the loss of Sparc. In line with our findings, Sparc has been recently identified 

as a critical factor in circulating tumor cells in pancreatic cancer that may mediate 

invasiveness and metastatic capacity.17 These and our data indicate that Sparc is not 

exclusively expressed in stromal cells and its expression in tumor cells contribute to the 

stromal expansion observed in these tumors. Moreover, expression of Sparc via Etv1 confers 

invasive and metastatic capacity to at least a subset of pancreatic tumor cells.

Hyaluronic acid (HA) is a major component of the ECM in many tumors and is synthesized 

by hyaluronic acid synthases 1-3 (Has1-3). In PDAC HA is abundant and its deposition 

begins with early precursor lesions.10 High amounts of HA and expression of Has2 in PDAC 

have been associated with shorter survival after resection, but the molecular mechanisms that 

lead to increased expression of HA in PDAC have not been elucidated.42 It has been 

demonstrated that abundance of HA and other ECM components results in increased 

interstitial fluid pressure within the tumor that leads to compression of intratumoral blood 

vessels and represents a barrier to perfusion, diffusion, and convection of chemotherapeutic 

agents as well as small molecule therapeutics.10 We have identified Etv1 as a transcriptional 

activator of Has2 expression, resulting in remarkably increased HA deposition within the 

PDAC stroma that in turn leads to larger tumors and is accompanied by a more metastatic 

phenotype. Recent data from human primary tumors and respective metastases revealed 

similar levels of stromal expansion and demonstrated that HA has been associated with 

shorter median survival.48 HA has been successfully ablated in mouse PDAC utilizing an 

enzymatic approach, which is associated with an improved response to conventional 

chemotherapy and is now undergoing testing in human clinical trials.10,49 Indeed, Etv1's 

association with hyaluronic acid deposition may lend it to potentially complementary 

therapeutic targeting in this context.

Our data now provide mechanistic insight and define novel functional roles for Etv1 in the 

regulation of EMT, stromal expansion, and metastasis through both Sparc and Has2. By 

regulating both stromal expansion as well as invasion and metastatic progression in PDAC, 

Etv1 might very well serve as a convergence point of different oncogenic signaling pathways 

making it a possible target for future therapeutic approaches.50 Moreover, identification of 

additional Etv1 targets in PDAC may enhance our understanding of the complex interactions 

of tumor cells and stroma in pancreatic cancer.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Overexpression of Etv1 in KPfCY-cells significantly expands the desmoplastic stroma
(A) Etv1 immunohistochemistry in mouse sections with the indicated genotypes. Expression 

of Etv1 is restricted to the ductal compartment in the normal pancreas. Pancreatic 

Intraepithelial Neoplasia (PanIN) lesions display elevated levels of Etv1, while Etv1 is 

diffusely expressed in Pancreatic Ductal Adenocarcinoma (PDAC). (B) Schematic 

experimental design of orthotopic xenograft transplantation experiments with KPfCY and 

KPfCY mEtv1 cells. (C) Primary tumor volumes of KPfCY control and KPfCY mEtv1-

overexpressiong orthotopic xenograft tumors. Etv1 overexpressing KPfCY cells form 

significantly larger primary tumors. (D) Hematoxylin/Eosin and Masson's trichrome staining 

of KPfCY Control (upper row) and KPfCY mEtv1 (lower row) orthotopic xenograft tumors. 

Image processing to perform semi-quantitation on trichrome staining is depicted adjacent. 

(E) Etv1 overexpressing orthotopic xenograft tumors display a significant increase in tumor 

stroma as measured by trichrome staining compared to control animals. (F) Correlation of 

tumor volume and trichrome positive area between KPfCY control (green dots) and KPfCY 
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mEtv1 (red dots). The percentage of the trichrome positive area measured in (E) correlates 

significantly to the increase in tumor volume measured in (C).
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Figure 2. Overexpression of Etv1 in KPfCY -cells significantly increases liver metastasis (A-D)
Types of liver metastases observed in Etv1 overexpressing tumors including Isolated Tumor 

Cells (A), tumor microthrombi (B), micrometastasis (C), & macrometastasis (D). (C) 
Metastases demonstrate stromal expansion reminiscent of primary Etv1 overexpressing 

tumors (right panel expanded from white box in lower magnification). (E) Matched H&E 

and immunofluorescence staining for YFP (green) of liver metastasis of Etv1 overexpressing 

KPfCY tumors. (F) The number of animals with liver metastatic events is significantly 

higher among Etv1 overexpressing tumors. In addition, Etv1 overexpression was associated 

with a significantly larger number of total metastatic events of all subtypes pictured in (A-

D).
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Figure 3. The matricellular protein Sparc is regulated by Etv1 in vitro and in vivo (A-E)
(A) Quantitative PCR of Sparc after knockdown oroverexpression of Etv1 in KPfC cells. 

Knockdown of Etv1 through siRNA by is associated with a significant decrease of Sparc. 

Conversely, Sparc is upregulated by 3.5-fold in Etv1 overexpressing cells compared to 

control. (B) Luciferase reporter assay of the Sparc promoter. Sparc promoter activity is 

significantly increased in Etv1 overexpressing KPfC cells compared to control. (C) 
Immunofluorescence staining for YFP (green) and Sparc (red) in KPfCY tumors. Sparc is 

mainly expressed in the YFP-negative stroma of KPfCY control tumors (upper row). 

However, KPfCY mEtv1 tumors display a large population of delaminated, YFP+ cells. 

These cells are found to express both YFP and Sparc (lower row). (D) The fraction of 

delaminated, YFP-positive tumor cells that coexpress Sparc is significantly higher in KPfCY 

mEtv1 tumors than in KPfCY control tumors. (E) Delaminated tumor cells that co-express 

YFP and Sparc (left panel) are negative for E-cadherin (right panel) and display a spindle 
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shaped morphology. (F) 3D organoid culture of KC control and KC mEtv1 cells. KC control 

cells form regular three dimensional cysts with a hollow lumen surrounded by a single layer 

of epithelial cells reminiscent of pancreatic ductal structures (left panel, upper row). KC 

mEtv1 cells form significantly more disrupted/irregular cysts and display a high proportion 

of spindle shaped cells that fail to form cystic structures (left panel lower row).
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Figure 4. Loss of Sparc abrogates the increased expansion of stroma and development of 
metastasis mediated by Etv1
(A) Schematic representation of independent orthotopic pancreatic xenograft transplantation 

experiments of KPfC Control, KPfC mEtv1, and KPfC Sparc-/- mEtv1 cells. All cells were 

lentivirally transduced with dTomato to allow for lineage labeling. (B) Representative 

pancreata of KPfC control, KPfC mEtv1 and KPfC Sparc-/- mEtv1 xenografts. Examples of 

large tumors in KPfC mEtv1 animals in comparison to KPfC Sparc-/- mEtv1 in situ in the 

abdomen of sacrificed mice are noted below. (C) Overexpression of Etv1 is associated with 

significant increase in tumor volume in comparison to KPfC control. However, the loss of 

Sparc completely abrogates the increase in tumor volume observed with mEtv1 

overexpression. (D) Masson's trichrome staining of KPfC Control, KPfC mEtv1, and KPfC 

Sparc-/- mEtv1 tumors. Representative images are shown and semi-quantitative image 

processing was used as demonstrated adjacent. The increase in trichrome positive tumor 

stroma observed with Etv1 overexpression is abrogated by the loss of Sparc in KPfC Sparc-/- 
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mEtv1 xenografts. (E) Correlation of tumor volume and trichrome positive area between 

KPfC Control (yellow dots), KPfC mEtv1 (red dots), and KPfC Sparc-/- mEtv1 (green dots) 

tumors. The percentage of the trichrome positive area measured in (D) correlates 

significantly to the increase in tumor volume measured in (C). (F) The overexpression of 

Etv1 is associated with the development of significantly more liver metastasis in comparison 

to KPfC Control. However, the loss of Sparc completely abrogates this Etv1 associated 

increase in metastasis development.
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Figure 5. Etv1 mediated stromal expansion is associated with Has2
(A) Quantitative PCR analysis of Has2 expression. Etv1 overexpression induces the 

expression of Has2 by 4 fold in KPfC cells. (B) Schematic diagram of the Has2 promoter 

upstream of the 5′ untranslated region. Green boxes indicate predicted Etv1 binding sites. 

The promoter fragment was subcloned into the pGL3 Vector for Luciferase reporter analysis. 

PCR based site directed mutagenesis was used to mutate a predicted Etv1 binding site 

located 1119bp upstream of the transcriptional start site. Mutated bases are indicated in red. 

(C) Luciferase reporter Assay of the Has2 promoter. Has2 promoter activity is significantly 

increased in Etv1 overexpressing KPfC cells compared to control while knockdown of Etv1 

via siRNA significantly decreases Has2 promoter activity. (D) Luciferase reporter assay of 

the Has2 promoter with wildtype and mutated Etv1 binding site, respectively in KPfC 

mEtv1 cells. Mutation of the putative Etv1 binding site is associated with loss of Has2 

promoter activity. (E) Staining for hyaluronic acid with the molecular probe HTI601 and 
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quantification. KPfCY mEtv1 tumors display significantly more hyaluronic acid positive 

areas than KPfCY control. (F) Correlation of tumor volume and hyaluronic acid positive 

area between KPfCY Control (green dots) and KPfCY mEtv1 (red dots). The percentage of 

the hyaluronic positive area measured in (E) correlates significantly to the increase in tumor 

volume associated with mEtv1 overexpression.
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Figure 6. 
(A) Immunofluorescence staining for YFP (green) and Sparc (red) in Pdx1Cre;LSL-
KrasG12D;TRP53fl/+;Rosa26YFP- and Pdx1Cre;LSL-KrasG12D;Trp53fl/+;Rosa26YFP;Etv1fl/fl-

mice (KPfCY Etv1fl/fl). Loss of Etv1 is associated with decreased expression of Sparc (row 

2), however Sparc expression is not completely abrogated and retained in some areas of the 

YFP-negative stromal compartment (row 3). The fraction of delaminated, YFP-positive E-

cadherin-negative tumor cells that coexpress Sparc is lower in KPfCY Etv1fl/fl in 

comparison to KPfCY mice. (B) Staining for hyaluronic acid with the molecular probe 

HTI601. Hyaluronic acid is reduced in tumors of KPfCY Etv1fl/fl in comparison to KPfCY 

mice. (C) Model of Etv1 induced effects on tumor volume, stromal expansion, and 

metastasis formation in pancreatic cancer.
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