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ABSTRACT
Pancreatic ductal adenocarcinoma (PDAC) has a 5-year survival rate of 7%. 

This dismal prognosis is largely due to the inability to diagnose the disease before 
metastasis occurs.  Tumor cell dissemination occurs early in PDAC. While it is known 
that inflammation facilitates this process, the underlying mechanisms responsible 
for this progression have not been fully characterized. Here, we functionally test the 
role of metastasis suppressor 1 (MTSS1) in PDAC. Despite evidence showing that 
MTSS1 could be important for regulating metastasis in many different cancers, its 
function in PDAC has not been studied. Here, we show that loss of MTSS1 leads to 
increased invasion and migration in PDAC cell lines. Moreover, PDAC cells treated 
with cancer-associated fibroblast-conditioned media also have increased metastatic 
potential, which is augmented by loss of MTSS1. Finally, overexpression of MTSS1 
in PDAC cell lines leads to a loss of migratory potential in vitro and an increase in 
overall survival in vivo. Collectively, our data provide insight into an important role 
for MTSS1 in suppressing tumor cell invasion and migration driven by the tumor 
microenvironment and suggest that therapeutic strategies aimed at increasing MTSS1 
levels may effectively slow the development of metastatic lesions, increasing survival 
of patients with PDAC.

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is now 
the 3rd leading cause of cancer-related deaths in the 
United States [1, 2] with a 5-year survival rate of just 
7% [1]. Furthermore, by 2030, PDAC is projected to 
surpass colorectal cancer to become the second leading 
cause of cancer-related deaths [3]. This dismal outlook 
is largely due to the inability to diagnose the disease 
before metastasis occurs. 53% of patients afflicted with 
pancreatic cancer are diagnosed at the metastatic stage 
[4]. Since few patients have resectable disease at the time 
of diagnosis, these patients are offered either treatment 
regimens that are unsuccessful [5, 6] or palliative care 
to ease their pain.  Thus, there is a critical need to better 

understand what causes early tumor cell dissemination and 
metastatic progression in this disease. 

One of the hallmarks of early stages of PDAC is 
inflammation [7, 8]. It is well known that patients with 
chronic pancreatitis have a much higher chance to develop 
PDAC [9–12]. While many studies have focused on 
elucidating the mechanisms by which this inflammation 
drives PDAC progression, few have focused on the role 
inflammation plays in metastasis. Cancer-associated 
fibroblasts (CAFs) are one of the major components of the 
inflammatory tumor microenvironment that is a hallmark 
of PDAC. CAFs make up the majority of the cells that 
comprise the tumor bulk in PDAC [6, 13, 14]. While 
many studies investigating how CAFs influence PDAC 
initiation and progression have been performed [13, 15–
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17], how CAFs influence the PDAC metastatic cascade is 
only beginning to be uncovered [18], leaving this area of 
research largely an enigma [19]. 

We previously established a mouse model of PDAC 
where tumor development is driven by a mutant allele of 
Kras and Pten heterozygosity [20]. Subsequently, we set 
out to determine how inflammation contributes to tumor 
development. In order to elucidate this, we overexpressed 
cyclooxygenase-2 (COX-2) in our mouse model of PDAC. 
Cyclooxygenases, COX-1 and COX-2 are enzymes that 
are essential for production of prostaglandins [21].  
While COX-1 is a constitutively expressed housekeeping 
enzyme, COX-2 expression is upregulated in pancreatitis 
[22] and pancreatic cancer [23]. We previously tested 
how Cox-2 overexpression would affect tumorigenesis in 
the Kras/Pten mouse model of PDAC. Our data showed 
that Cox-2 overexpression leads to not only accelerated 
PDAC tumor development, but also dense tumor stroma 
formation [24]. 

Studies show that COX-2 overexpression is positively 
correlated with increased tumorigenic and metastatic 
potential in breast [25], gastric [26], and colon cancer 
[27]. These results suggest that the inflammation driven by 
COX-2 expression plays an important role in tumor cell 
dissemination and metastasis. However, the mechanisms 
through which COX-2 overexpression causes increased 
metastasis require further elucidation. In this study, 
starting from our mouse model of PDAC, we show that 
inflammation in PDAC is correlated with loss of a recently 
discovered metastatic tumor suppressor gene, metastasis 
suppressor 1 (MTSS1). Moreover, we show that CAF-
derived factors are capable of decreasing the expression 
level of MTSS1. Furthermore, PDAC cells lacking MTSS1 
expression have a more invasive and migratory phenotype, 
whereas overexpression of MTSS1 significantly reduces 
these metastatic characteristics. Finally, we show that 
overexpression of MTSS1 in metastatic PDAC cell lines 
leads to an increase in overall survival in vivo, suggesting 
that MTSS1 levels may play a critical role in regulating the 
metastatic cascade of PDAC.

RESULTS

Mouse/human Affymetrix Array analysis 
comparison identifies MTSS1 as inflammation-
mediated gene that correlates with patient 
prognosis

In order to investigate how the dense tumor 
microenvironment affects PDAC metastasis, we utilized a 
genetically engineered mouse model that exhibits severe 
desmoplasia to determine which proteins are altered under 
inflammatory conditions. KrasG12D/+;Ptenlox/+;Cox-2 COE 
mice displayed more intense Trichrome staining in both the 
PanIN and PDAC stage as compared to the KrasG12D/+;Ptenlox/+ 
mice and wild type mice (Figure 1A, 1B). These results 

indicated that inflammation mediated by COX-2  
expression leads to a significant increase in reactive stroma 
during tumor progression.

We then investigated the genomic profile of the 
KrasG12D/+;Ptenlox/+;Cox-2 COE  mice via Affymetrix Array 
analysis. Our previous Affymetrix Array analysis identified 
genes differentially expressed in KrasG12D/+;Ptenlox/+;Cox-2 
COE  mice  compared to non-tumor controls [24] 
(GSE38988). We took those differentially expressed genes 
and compared them to a list of genes indicative of poor 
prognosis identified in an Affymetrix analysis of human 
PDAC patient samples [28] (GSE32688) in order to 
identify candidate genes that linked inflammation and poor 
prognosis (Figure 1C). 17 genes differentially expressed in 
KrasG12D/+;Ptenlox/+;Cox-2 COE  mice that also were on the 
list of genes indicative of poor prognosis in PDAC patients 
were identified from this mouse/human comparison 
(Supplemental Table 1). Expression of the metastatic 
tumor suppressor gene, metastasis suppressor 1 (MTSS1), 
was decreased (2.46-fold) in the KrasG12D/+;Ptenlox/+;Cox-2 
COE  mice compared to baseline of the 17 genes on our 
list (Supplemental Table 1). Moreover, MTSS1 was a gene 
from our list that had been previously linked to metastatic 
progression in a number of different cancer models 
[29 33], but that had yet to be investigated in pancreatic 
cancer. Thus, we chose to focus our subsequent analysis 
on MTSS1.

MTSS1 expression correlates with metastatic 
potential of human PDAC cell lines

In order to determine if MTSS1 expression correlated 
with metastatic potential, we determined the level of 
MTSS1 expression in six human pancreatic cancer cell 
lines that were originally derived from either primary or 
metastatic lesions. PANC-1, MIA PaCa-2, and BxPC-3 
cells are derived from primary pancreatic cancer sites [34], 
whereas L3.6pl, Hs 766T, and AsPC-1 cells were all derived 
from pancreatic cancer metastatic sites [34, 35]. Western 
blot analysis showed that the three PDAC cell lines derived 
from primary lesions display higher MTSS1 expression 
levels overall compared to PDAC cell lines derived from 
metastatic lesions (Supplementary Figure 1A, 1B). 

Loss of MTSS1 leads to a more invasive and 
migratory phenotype in PDAC cells

In order to elucidate the effect that loss of MTSS1 
has on cells derived from primary PDAC sites, cell invasion 
and migration assays were performed on PANC-1 cells. 
PANC-1 cells, which were found to express a moderate 
level of MTSS1 (Supplementary Figure 1A, 1B), were 
treated with either (–) control siRNA or MTSS1 siRNA 
(siMTSS1) to establish a transient knockdown of MTSS1 
expression. Knockdown of MTSS1 was confirmed via 
RT-qPCR and western blot analysis (Supplementary 
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Figure 2A–2C). We attained 50% knockdown of MTSS1 
expression using a siMTSS1 combination compared to (–) 
control siRNA (Supplementary Figure 2A–2C). Compared 
to (–) control, siMTSS1 PANC-1 cells exhibit significantly 
increased migration via scratch assay analyses (Figure 2A, 
representative images, Figure 2B). Knockdown of MTSS1 
causes PANC-1 cells to migrate approximately 150μm 
farther in serum-free conditions and 50μm farther in wound 
healing serum-containing conditions over a 48-hour period 
(Figure 2A). Next, (–) control and siMTSS1 PANC-1 cells 
were plated on Matrigel-coated transwell membranes in 
order to determine if MTSS1 knockdown had any effect on 
tumor cell invasion. PANC-1 cells treated with siMTSS1 
show a significant 1.67-fold increase in the ability to 
invade through the Matrigel-coated membrane compared 
to PANC-1 cells treated with (–) control siRNA (Figure 2C, 
representative images, Supplementary Figure 3).

These experiments were performed in an additional 
PDAC cell line derived from a primary site, MIA PaCa-2 
cells. MTSS1 was transiently knocked down using siRNA in 
MIA PaCa-2 cells (Supplementary Figure 4A, 4B). Control 
and siMTSS1 MIA PaCa-2 cells were then plated in serum-
containing and serum-free scratch assay conditions. It was 
found that siMTSS1 MIA PaCa-2 cells were significantly 
more capable of migrating in serum-containing conditions, 
travelling over 100 μm farther than control as well as in 

serum-free conditions, travelling over 100μm farther than 
control (Supplementary Figure 4C). Additionally, siMTSS1 
MIA PaCa-2 cells were able to migrate over 3-fold farther 
than (–) control (Supplementary Figure 4D).

Our data thus far showed that knockdown of 
MTSS1 promoted cell migration and invasion. We next 
investigated if MTSS1 played a role in cell proliferation. 
Our data show that there is no significant difference 
in proliferation between (–) control and siMTSS1  
PANC-1 cells over a 96-hour period (Figure 2D). These 
results indicate that MTSS1 knockdown significantly 
increases PDAC cell migration and invasion, but it has no 
effect on cell proliferation.

Overexpression of MTSS1 leads to a less invasive 
and migratory PDAC phenotype

Having established that loss of MTSS1 leads to a 
more invasive and migratory phenotype in PDAC cells 
derived from primary tumor sites, we next overexpressed 
MTSS1 in a PDAC cell line derived from a metastatic 
site (AsPC-1) in order to investigate the effect it would 
have on cell invasion and migration. AsPC-1 cells were 
chosen because of their lack of MTSS1 expression 
(Supplementary Figure 1A, 1B). AsPC-1 cells transfected 
with a MTSS1 plasmid (AsPC-1 MOE) display increased 

Figure 1: Mouse/Human array data comparison identifies MTSS1 as an inflammation linked gene that predicts 
poor prognosis in human PDAC. (A) Masson’s trichrome staining for reactive stroma presence in samples from wild type mice, 
KrasG12D/+;Ptenlox/+ mice,  and KrasG12D/+;Ptenlox/+;Cox-2 COE  mice. (B) Quantification of staining intensity of Masson’s trichrome staining 
of tissue from wild type mice, KrasG12D/+;Ptenlox/+ mice,  and KrasG12D/+;Ptenlox/+;Cox-2 COE  mice. (C) Schematic detailing strategy for 
comparing mouse and human array data in order to obtain a list of genes that are differentially expressed in KrasG12D/+;Ptenlox/+;Cox-2 COE  
mice that also predict survival in human PDAC patients. *p-value < 0.05, ***p-value < 0.0001.
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protein expression of MTSS1 compared to control cells 
(Figure 3A). Similar to the results seen in the proliferation 
assays between PANC-1 (–) control cells versus siMTSS1 
cells, there was no significant difference seen in the 
proliferative ability of AsPC-1 WT cells as compared 
to AsPC-1 MOE cells (Figure 3B). However, AsPC-1 
MOE cells plated at the same cellular density as control 
(200,000 cells/well) display significantly decreased 
migration in both serum-containing scratch assays (~4-fold)  
and serum-free scratch assays (~2-fold) as compared to 
AsPC-1 WT control (Figure 3C, representative images, 
Figure 3D). Furthermore, AsPC-1 MOE cells exhibit a 
significant 1.6-fold decrease in the ability to invade through 
the Matrigel-coated membrane compared to AsPC-1 WT 
cells (Figure 3E, representative images, Supplementary 
Figure 5). These results show that MTSS1 overexpression 
in metastatic cells with low MTSS1 expression leads to 
significantly decreased cell migration and invasion, but 
has no effect on proliferation. These functional assays were 
also completed in a second cell line, namely PANC-1 cells, 
through the same transfection method used for the AsPC-1  
cell overexpression (Supplementary Figure 6A, 6B). 

PANC-1 cells that overexpress MTSS1 were significantly 
less migratory in both serum-free and serum-containing 
conditions, with the cells migrating approximately  
50 μm and 75 μm less, respectively (Supplementary 
Figure 6C). Additionally, PANC-1 MOE cells were 
significantly less able (~1.8-fold) to migrate through a 
Matrigel-coated membrane as compared to PANC-1 WT 
cells (Supplementary Figure 6D).

CAF-conditioned media decreases MTSS1 
expression and increases migration, invasion, 
and proliferation of PDAC cells

Thus far, our data show that cell-intrinsic expression 
of MTSS1 affects cell migration and invasion in PDAC 
cells. We had originally identified MTSS1 while searching 
for metastasis-related genes whose expression was linked to 
COX-2-driven desmoplasia (Figure 1). Thus, we next sought 
out to determine if cell-extrinsic factors from fibroblast 
cells played a role in MTSS1 expression and the invasion 
and migration of PDAC cells. In order to explore how the 
fibroblasts impact metastatic potential in PDAC, we first 

Figure 2: Loss of MTSS1 leads to a more invasive and migratory, but not more proliferative phenotype in PDAC.  
(A) Scratch assays were performed in both serum-containing and serum-free conditions with PANC-1 (–) and PANC-1 siMTSS1 cells.  
(B) Representative scratch assay images of PANC-1 (–) and PANC-1 siMTSS1 cells in either the presence or absence of serum. Images 
were taken at 10X magnification. (C) PANC-1 (–) and PANC-1 siMTSS1 cells were plated for a transwell migration assay in the presence 
of Matrigel, stained with hematoxylin, and counted after 48 hours of incubation. (D) PANC-1 (–) and PANC-1 siMTSS1 cells were plated 
and harvested at various timepoints to determine any changes in proliferative abilities. *p-value < 0.05, **p-value < 0.001.



Oncotarget16477www.impactjournals.com/oncotarget

treated PANC-1 cells with conditioned media from PDAC 
patient-derived cancer-associated fibroblast (CAF) cells. 
These CAF-conditioned media (CAFM) cells were compared 
via western blot analysis to PANC-1 epithelial-conditioned 
media (EpM) at various timepoints to determine any changes 
CAF exposure has on PANC-1 cells. Our data show that 
PANC-1 cells treated with CAFM had lower expression 
of MTSS1 at any lysate harvest timepoint (Figure 4A). 
Additionally, PANC-1 cells were treated with fresh, non-
conditioned media (FreshM), PANC-1 EpM, or CAFM for 
48 hours. Our data show that PANC-1 cells treated with 
CAF-conditioned media exhibit increased COX-2 expression 
as well as 3-fold lower MTSS1 expression at 48 hours when 
compared to both non-conditioned and epithelial-conditioned 
media (Supplementary Figure 7A, 7B). 

Next, we performed a variety of assays to determine 
if CAF-conditioned media affects invasion and migration 
of PDAC cells. PANC-1 cells were plated and, upon 
reaching confluence, were scratched and incubated in 
either EpM or CAFM conditions. CAF media-treated cells 

(PANC-1 CAFM) migrate significantly farther (~4-fold) 
than epithelial media-treated cells (PANC-1 EpM) at just 
24 hours (Figure 4B, representative images, Figure 4C). 
PANC-1 cells were then utilized for a transwell invasion 
assay, where they were either incubated in EpM or CAFM 
conditions. Results show that there is a significant 2.5-
fold increase in the number of cells able to migrate across 
the membrane in the PANC-1 cells treated with CAFM 
compared to PANC-1 cells treated with EpM (Figure 4D, 
representative images, Supplementary Figure 8).

Finally, we investigated whether CAF-conditioned 
media affects proliferation of PDAC cells. PANC-1 cells 
were incubated in either CAFM or EpM and harvested at 
various timepoints to observe any change in proliferative 
ability. Our data show that PANC-1 cells treated with 
CAFM are significantly more proliferative than PANC-1 
cells treated with EpM (Figure 4E). These results show 
that CAF-conditioned media has the ability to decrease 
MTSS1 expression and increase the migration, invasion, 
and proliferation of PDAC cells.

Figure 3: Overexpression of MTSS1 leads to a less invasive and migratory PDAC phenotype. (A) AsPC-1 metastatic 
PDAC cells were transduced with MTSS1 plasmid to establish a transient overexpression of MTSS1. (B) AsPC-1 (–) and AsPC-1 MOE 
cells were plated and harvested at various timepoints to determine any changes in proliferative abilities. (C) Scratch assays were performed 
in both serum-containing and serum-free conditions with AsPC-1 WT and AsPC-1 MOE cells. (D) Representative scratch assay images of 
AsPC-1 WT and AsPC-1 MOE cells in either the presence or absence of serum. Images were taken at 10X magnification. (E) AsPC-1 WT 
and AsPC-1 MOE cells were plated for a transwell migration assay in the presence of Matrigel, stained with hematoxylin, and counted after 
48 hours of incubation. *p-value < 0.05, **p-value < 0.001.
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Knockdown of MTSS1 augments increased 
metastatic phenotype seen in PDAC cells treated 
with CAF-conditioned media

Having established that CAF-conditioned media 
affects the metastatic properties of PDAC cells, we next 
set out to establish if MTSS1 loss in PDAC cells treated 
with CAF-conditioned media enhances these effects. 
We performed functional assays to determine if MTSS1 
knockdown and CAF-conditioned media treatment 
produced additive effects on cell proliferation, migration, 
and invasion. Proliferation assays revealed that siMTSS1 
PANC-1 cells treated with CAFM have a significant 
increase in proliferation as compared to (–) control PANC-1 
cells treated with the same CAFM (Figure 5A). Moreover, 
siMTSS1 PANC-1 cells treated with CAFM demonstrate a 
significant increase in invasion through a Matrigel-coated 
transwell membrane compared to (–) control PANC-1 cells 
in either EpM or CAFM, exhibiting a nearly 2-fold increase 
in cells that travelled through the membrane compared to (–) 
control cells treated with CAFM (Figure 5B, representative 
images, Supplementary Figure 9). Finally, we performed 

a scratch assay utilizing the same experimental setup. Our 
data show that CAFM-treated siMTSS1 PANC-1 cells 
migrate significantly farther as compared to EpM-treated 
PANC-1 cells and CAFM-treated PANC-1 cells (Figure 5C, 
representative images, Figure 5D). 

In order to demonstrate that this increased invasion, 
migration, and proliferation was due to an additive effect 
of losing MTSS1 expression while also being treated 
with CAF-conditioned media, and not solely due to CAF-
conditioned media increasing proliferation rates, we treated 
PANC-1 WT and MOE cells with either CAF-conditioned 
media or epithelial-conditioned media and performed 
a scratch invasion assay. PANC-1 WT cells treated with 
CAFM invaded approximately 350 μm farther than 
PANC-1 MOE cells treated with CAFM (Supplementary 
Figure 10). Similarly, PANC-1 WT cells treated with 
EpM were able to invade approximately 4-fold farther 
than PANC-1 MOE cells treated with EpM, which moved 
roughly as far as PANC-1 MOE cells treated with CAFM 
(Supplementary Figure 10). Additionally, we performed a 
scratch invasion assays on PANC-1 cells that were treated 
with either CAFM or serum-free CAFM. CAFs were plated 

Figure 4: Treatment with CAF media results in decreased MTSS1 and increased proliferation and migration in 
PANC-1 cells. (A) Western blot analysis of PANC-1 cells treated with either epithelial-conditioned media (EpM) or CAF-conditioned 
media (CAFM) and harvested at various timepoints. (B) PANC-1 cells were treated with either EpM or CAFM and submitted to a scratch 
assay for 24 hours. (C) Representative images of PANC-1 cells treated with either EpM or CAFM during scratch assay analysis. Images 
were taken at 10× magnification. (D) PANC-1 cells were plated for a transwell migration assay with either EpM or CAFM in the upper 
chamber. After 48 hours, cells were fixed to the membrane, stained with hematoxylin, and counted for analysis. (E) PANC-1 cells were 
incubated in either CAFM or EpM and harvested at various timepoints to observe any changes in proliferative ability. *p-value < 0.05, 
**p-value < 0.001, ***p-value < 0.0001.
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in complete media, and then 24 hours post-plating, were 
placed in serum-free media, and then left to incubate for 
72 hours before media harvest. Our data show that when 
PANC-1 cells are treated with either complete CAFM or 
serum-free CAFM, there is no difference in invasiveness 
(Supplementary Figure 11). These results show that 
reduction of MTSS1 expression in PDAC cells augments 
the increased cell proliferation, migration, and invasion 
seen in those cells treated with CAF-conditioned media. 

Increased MTSS1 expression in metastatic 
PDAC cells leads to increased survival in vivo

Our in vitro data shows that MTSS1 expression 
plays a key role in inhibiting cell migration and invasion 
of PDAC cells. We next set out to determine the effect 
of modulating MTSS1 expression in PDAC cells in vivo. 
Our initial analysis had identified MTSS1 as a gene 
whose expression predicted survival in patient dataset 
GSE32688. To provide additional validation of this finding, 
we examined another publically available PDAC patient 
dataset, GSE21501, to determine if MTSS1 expression 

correlated with patient outcome. We found that high 
MTSS1 expression was again revealed to be a significant 
predictor of better overall survival (HR: 0.7, p = .0051644; 
Supplementary Figure 12).

Since this data strongly implicated MTSS1 in 
impacting the prognosis and survival of PDAC patients, we 
next explored the in vivo consequences of overexpressing 
MTSS1 in an intraperitoneal injection (IP) xenograft model 
of PDAC, which has been previously shown to closely 
mimic the metastatic progression of the clinical disease 
[36–38]. NOD/SCID/IL2γ null mice were intraperitoneally 
injected with either AsPC-1 WT cells or AsPC-1 MTSS1-
overexpressing (MOE) cells that had been stably 
transduced with a MTSS1 retrovirus. Mice injected with 
AsPC-1 WT cells survived significantly shorter, on average 
44.3 days, compared to mice injected with AsPC-1 MOE 
cells, which survived for 51.2 days on average (p = 0.0276; 
Figure 6A). 

Additionally, histological examination of tissues 
taken from animals sacrificed at the same early time-point 
from both cohorts of mice revealed that mice injected with 
AsPC-1 WT cells had pronounced adenocarcinoma tumor 

Figure 5: Increased metastatic phenotype seen with MTSS1 loss is augmented by CAF-conditioned media. (A) Proliferation 
assay of PANC-1 (–) vs. PANC-1 siMTSS1 cells treated with CAFM for various timepoints. (B) PANC-1 cells were treated with either (–) 
control siRNA or siMTSS1 and then plated for a transwell migration assay in the presence of either EpM or CAFM. (C) PANC-1 (–) and 
siMTSS1 cells were treated in either EpM or CAFM and subjected to scratch assay conditions for 48 hours. (D) Representative images 
of PANC-1 (–) and PANC-1 siMTSS1 cells treated with either EpM or CAFM during scratch assay analysis. Images were taken at 10X 
magnification. *p-value < 0.05, **p-value < 0.001, ***p-value < 0.0001.
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cell presence in both the lung and the peritoneum (red 
arrow, representative images, Figure 6B and Supplementary 
Figure 13), organ commonly associated with PDAC 
metastasis [39], while mice injected with AsPC-1 MOE cells 
had normal lung and peritoneal tissue upon harvest (green 
arrow, representative images, Figure 6B and Supplementary 
Figure 13). Taken together, these data show that expression 
of MTSS1 plays a critical role in the suppression of cell 
invasion and migration in vitro; moreover, increasing MTSS1 
expression in metastatic cells increases survival in vivo.

DISCUSSION

In this study, we show that MTSS1 plays an important 
role in suppressing pancreatic cancer cell invasion and 
migration driven by the tumor microenvironment. We 
initially identified MTSS1 while searching for metastasis-
related genes whose expression was linked to desmoplasia 
and poor prognosis in patients. In order to functionally 
determine the role MTSS1 plays in pancreatic cancer 
aggressiveness, we first showed that MTSS1 knockdown 
significantly increases PDAC cell migration and invasion. 
Conversely, we showed that MTSS1 overexpression leads 
to significantly decreased cell migration and invasion. Next, 
we demonstrated that CAF-conditioned media has the 

ability to increase the migration, invasion, and proliferation 
of PDAC cells, while also being able to decrease MTSS1 
protein expression. Additionally, we showed that reduction 
of MTSS1 expression augments the increased metastatic 
potential seen in CAFM-treated PDAC cells. Finally, 
we demonstrated that increasing MTSS1 expression in 
metastatic cells increases survival in an in vivo model of 
metastatic pancreatic cancer.

PDAC is the 3rd leading cause of cancer-related 
deaths in the United States with a 5-year survival rate of 
7% [1]. A major contributing factor to this poor prognosis 
is the fact that, currently, an astounding 53% of patients 
afflicted with PDAC are diagnosed at the metastatic 
stage [4]. This indicates that there is a critical need to 
better understand the molecular mechanisms that lead to 
metastasis. While data clearly show that inflammation in 
PDAC plays an important role as a driver of tumor cell 
dissemination that leads to metastasis [18], the molecular 
mechanisms responsible for this effect have yet to fully 
elucidated. Our data suggest that the desmoplastic stroma 
that is a hallmark of PDAC [40] suppresses MTSS1 activity, 
aiding tumor cell dissemination that can lead to metastasis.

The role in which the PDAC tumor microenvironment 
plays in PDAC progression has been enigmatic. There are 
multiple published studies indicating contradictory functions 

Figure 6: Increased MTSS1 expression leads to significantly prolonged survival in vivo. (A) Kaplan-Meier survival curve of 
NOD-Scid mice injected intraperitoneally with either AsPC-1 WT or MOE cells. (B) H&E stained sections of tissues from AsPC-1 WT and 
MOE mice. H&E images were taken at 40x magnification (representative images from sacrifice at day 51). *p-value < 0.05.
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for the stroma, some suggesting it is pro-tumorigenic, 
others suggesting it is anti-tumorigenic. Some of these 
anti-tumorigenic findings have shown that depletion of 
the PDAC stroma via blocking hedgehog signaling can 
actually restrain metastatic progression [6, 41]. Different 
studies have yielded similar anti-tumorigenic findings where 
stromal depletion allowed for greater chemotherapy delivery 
and thus greater tumor cell death [42]. Conversely, the tumor 
stroma also has been studied in pro-tumorigenic fashion as 
well where researchers have found evidence of increased 
communication between the cells of the microenvironment 
and the tumor epithelium, resulting in its increased 
oncogenic potential [43, 44]. Needless to say, a better 
understanding of how the tumor stroma affects all stages of 
pancreatic tumorigenesis is critical for understanding how to 
better treat pancreatic cancer.

While a number of different studies have begun the 
process of characterizing the function of MTSS1 in a variety 
of cancer models, to our best knowledge, no functional 
characterization has been performed for MTSS1 in PDAC. 
In this study, we show that PDAC cell lines derived from 
previously characterized primary lesions display higher 
MTSS1 expression levels than PDAC cell lines derived 
from previously characterized metastatic lesions. This 
supports existing data that show that while MTSS1 is 
expressed normally in early phases of tumorigenesis, it 
is lost in metastatic stages of disease [30–32, 45, 46]. We 
show that knockdown of MTSS1 leads to a more invasive 
and migratory phenotype in primary PDAC cells in vitro. 
Conversely, both transient and stable overexpression of 
MTSS1 in a metastatic PDAC cell line revert those cells to 
a more stationary, less migratory phenotype, and also lead 
to significantly increased survival in vivo.

There is conflicting data on whether MTSS1 
expression is an indicator of good or poor prognosis in 
patients. Many studies have found that loss of MTSS1 is 
detrimental to patient survival and prognosis [32, 33, 47–50]; 
however, in both colorectal and hepatocellular carcinoma, 
data show that elevated MTSS1 is an indicator of poor 
prognosis [51, 52]. Our data show that in PDAC, high 
MTSS1 expression is a significant predictor of better overall 
survival in PDAC patients.

Interestingly, while our data show an increase in 
the metastatic potential of PDAC cells with decreased 
MTSS1 expression, intrinsically altering MTSS1 
expression alone did not result in any difference in 
proliferation rates. This suggested that MTSS1 functions 
as a specific metastasis suppressor protein which regulates 
cell invasion and migration, as opposed to a canonical 
tumor suppressor protein which would also regulate cell 
proliferation and tumor growth [53]. However, when 
intrinsic loss of MTSS1 was coupled with exposure to 
CAF-conditioned media, increased proliferation of PDAC 
cells with decreased MTSS1 expression is observed. This 
increase in proliferation driven by CAFM conditions can 
be misconstrued as to being the sole reason why cells 

with decreased MTSS1 expression may migrate farther 
in a scratch assay. However, our data argue against this 
possibility since the results of the Matrigel transwell assay, 
one of the defining in vitro assay of metastasis [54, 55], 
mirrored the results of the scratch assays. In our studies, 
cells with decreased MTSS1 expression show in increase 
in cell invasion/migration. Thus, we believe our finding 
that loss of MTSS1 in the presence of CAF-conditioned 
media leads to increased invasion and migration in PDAC 
is based on increases in metastatic potential rather than 
proliferation rates. That being said, we cannot rule out the 
possibility that, when in concert with CAF-conditioned 
media, MTSS1 may play some role in increasing the 
proliferative ability of PDAC cells.

This additive phenomenon is important to note 
because a large majority of patients presenting with 
late stage disease have not only decreased MTSS1 
expression, but also the characteristically dense stromal 
microenvironment of PDAC. In another setting, perhaps 
MTSS1 loss would simply give cancer cells more of an 
advantage to disseminate from the primary tumor; however, 
in PDAC, where the CAF population is so massive, the 
loss of MTSS1 may not just aid in dissemination, but 
proliferation as well.

In this study, we show that CAF-conditioned 
media has the ability to increase the migration, invasion, 
and proliferation of PDAC cells. Metastasis suppressor 
proteins like MTSS1 could be critical for preventing the 
early dissemination of PDAC cells. Our data show that 
reduction of MTSS1 expression enhances the increased cell 
proliferation, migration, and invasion seen in PDAC cells 
treated with CAF-conditioned media. Our data suggest that 
the desmoplasia found during even the beginning stages 
of tumor formation eventually causes the downregulation 
of MTSS1 in PDAC epithelial cells. Given that the 
stroma makes up the majority of cells in the tumor bulk 
in PDAC [56], it is possible that factors from the cancer-
associated fibroblasts could lead to the selection of PDAC 
cells better able to migrate and invade. 

We hypothesize that one of the key factors in 
generating the increased metastatic phenotype in pancreatic 
cancer cells is the major inflammatory response regulator, 
COX-2. It has previously been shown that co-culture of 
pancreatic cancer cells with fibroblasts induces COX-2  
expression in the cancer cells [57]. One of the ways in 
which this COX-2 upregulation may lead to eventual 
loss of MTSS1 expression is through inflammation-
mediated proteasome upregulation. Interleukin-6 (IL-6)  
is a known COX-2 dependent cytokine that exerts 
its effects through activation of oncogenic signaling 
pathways involved STAT3 [58, 59]. It has been shown 
that IL-6 upregulation can lead to increase in proteasome 
expression [60, 61]. This connection of COX-2 expression 
to proteasomal upregulation is key because it has been 
demonstrated that one of the ways MTSS1 is regulated is 
via proteasome ubiquitination [62]. If the inflammatory 
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stromal microenvironment is responsible for upregulation 
of COX-2 in the pancreatic cancer cells, then it may 
also be responsible for the upregulation of the SCFβTRCP 
proteasome, which leads to increased degradation and loss 
of MTSS1 expression. 

Given the long latency between initial tumor cell 
development and metastasis in PDAC [63], it is likely 
multiple factors from the cancer-associated fibroblasts 
could influence MTSS1 levels in PDAC cells over time. 
The exact mechanisms through which the stroma may 
exert its effect on MTSS1 are still unknown. Studies 
show that multiple microRNAs are capable of regulating 
MTSS1 expression [64–67]. Moreover, as previously 
mentioned, ubiquitination-driven destruction and DNA 
methylation have also been found to play a role in the 
downregulation of MTSS1 [62, 68, 69]. Future studies are 
needed to elucidate the relationship stromal-cell released 
factors and MTSS1 expression in PDAC. 

In summary, increased desmoplasia in PDAC 
tumors corresponds to lower levels of the metastasis 
suppressor protein, MTSS1. Knockdown of MTSS1 
expression leads to increased PDAC cell invasion and 
migration, whereas overexpression of MTSS1 in PDAC 
cell lines halts migration and invasion significantly. MTSS1 
overexpression in PDAC cells also leads to significantly 
increased survival in vivo. Increased migration and invasion 
of PDAC cells is also seen when these cells are treated with 
CAF-conditioned media. Moreover, there is an additive 
effect seen when cells are both MTSS1-deficient and treated 
with CAF media. These findings indicate a cell-extrinsic 
mechanism for the regulation of MTSS1 in PDAC and help 
elucidate the process through which PDAC cells enhance 
properties that promote tumor cell dissemination in this 
deadly disease.

MATERIALS AND METHODS

Cell culture

Patient-derived, cancer-associated fibroblast (CAF) 
line UH1301-63 (S63) was obtained from Melissa L. Fishel, 
Ph.D. (Department of Pediatrics, IU School of Medicine) and 
prepared for study as previously described [70]. PANC-1,  
MIA-PaCa, L3.6, S63, and BxPC3 cells were cultured 
in DMEM supplemented with 10% FBS, 100 U/mL of 
penicillin, and 100 μg/mL of streptomycin with 5% CO2 at 
37°C. AsPC-1 and Hs-766T cells were cultured in RPMI 
supplemented with 10% FBS, 100 U/mL of penicillin, 
and 100 μg/mL of streptomycin with 5% CO2 at 37°C. 
Cells were trypsinized and put in fresh complete media at 
approximately 90% confluence.

Cell authentication and sequencing

Cell line authentication of both fibroblast and 
epithelial cell lines was completed by Genetica DNA 

Laboratories. All epithelial cell lines were determined 
to be a 97%–100% match to the appropriate cell line in 
both the ATCC and DSMZ database. The L3.6 cell line, 
which was graciously shared by Dr. Timothy Donahue 
from UCLA, is an epithelial patient-derived cell line [71]. 
The cancer-associated fibroblast cell line used in these 
studies was determined not to have a match in either 
the ATCC or DSMZ cell line database. These cells were 
also determined to be non-tumorigenic in mice and did 
not harbor a mutation for K-RAS [70], suggesting no cell 
contamination with epithelial cells. 

Mouse/human array comparison analysis

320 differentially expressed genes (+/– 2-fold change) 
in our mouse model of PDAC based on the presence or 
absence of COX-2 [24] (GSE38988), were compared 
to a list of genes identified in an Affymetrix analysis of 
human patient samples indicative of poor prognosis [28] 
(GSE32688), in order to identify 17 candidate genes that 
were linked with inflammation and poor prognosis.

Patient dataset analysis

The prognostic value of MTSS1 in PDAC patients 
was analyzed in publically available microarray dataset, 
GSE21501 [72], using PROGgene gene expression based 
survival analysis web application [73].

Retrovirus production and transduction

293-T cells at 60% confluence were transfected with 
vector control plasmid (5 μg), WT MTSS1 plasmid (5 μg), 
or MTSS1 S322A plasmid (5 μg). VSVG (3 μg) and GAG 
(2 μg) plasmids along with Lipofectamine 2000 (10 μg) 
(Qiagen) were added to the plasmids of interest in order 
to gain properly packaged retrovirus that was collected 
48 hours later. Harvested retroviral media was then added to 
70% confluent AsPC-1 cells supplemented with polybrene 
(1:1000 dilution). Treated cells were then centrifuged for 
at 2500rpm for one hour for two days post-transduction. 
Verification of MTSS1 expression was accomplished via 
qRT-PCR and western blot analysis.

Murine in vivo survival study

1 × 106 WT and retrovirally transduced AsPC-1 cells 
to overexpress MTSS1 were diluted in 500 uL serum-free 
RPMI media and IP injected into male NOD/SCID/IL2γ 
null mice using 25-gauge syringe. Tumors were allowed 
to develop until death or necessary sacrifice was warranted 
according to protocol. The mice were divided into 2 cohorts, 
10 mice per cohort: (1) AsPC-1 WT control and (2) AsPC-1 
MTSS1-overexpression (MOE). Mice were monitored daily 
and, upon morbidity, were sacrificed. Time of death was 
determined from the day of the cellular injection. Statistical 
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analysis of in vivo data was completed using GraphPad 
Prism Version 6.0 software, specifically the Log-rank 
(Mantel-Cox) test.  

Immunohistochemistry

Immunohistochemical analysis was conducted on 
formalin-fixed, paraffin-embedded tissue. Tissue was 
harvested from freshly sacrificed mice and left in 10% 
formalin overnight at room temperature. Tissue was then 
rinsed with deionized water for approximately 3 minutes 
and placed in 70% ethanol until ready for staining. Staining 
was completed by the University of Notre Dame Integrated 
Imaging Facility Histology Core, and all slides were 
reviewed by a board certified pathologist before analysis.

siRNA transfection

Cells were plated at a density of 200,000 epithelial 
or 100,000 fibroblast cells/well in 6-well plates (Corning) 
and transfected with 100 nM siRNA 24 hours post-
plating using HiPerfect transfection reagent (Qiagen). 
The following siRNAs were used: Murine MTSS1 
(Qiagen GS211401) and Human MTSS1 (Qiagen 
GS9788). The siRNA sequences that were used are 
as follows: Hs_MTSS1_5 (SI02757755) CCGACG 
GATGTTCCAAGCCAA, Hs_MTSS1_6 (SI04438392) 
TCCCGTCATCTCAGATCCCTA, Hs_MTSS1_4 (SI00 
107954) CCGTATGGTCATTGTTCTATA, Hs_MTSS1_3 
(SI00107947) ACAGGTGATTCTGGACTTGAA. Murine 
siRNA was used initially before human siRNA became 
available. Results were the same regardless of siRNA 
used; however, all figures represent assays completed 
using the human MTSS1 siRNA. Homology of MTSS1 
gene between mouse and human is 96% [69], and 
sufficient knockdown (~30%–50%) was achieved using 
both methods. 48 hours post-transfection, cells were either 
harvested for validation or replated for additional analysis.

RNA collection and qRT-PCR

RNA from cells was harvested via Trizol according to 
standard protocol, resuspended in RNAase free water and 
analyzed for purity by 260/280 absorbance via nanodrop. 
qRT-PCR was conducted on the BioRad-CFX-Connect 
cycler using Qiagen OneStep RT-PCR kit (Qiagen 210210) 
and the following primers: Human GAPDH (Qiagen 
PPH00150F) and Human MTSS1 (Qiagen PPH10073B).

Western blot

Cell lysates were lysed in radioimmunoprecipitation 
(RIPA) buffer supplemented with a protease inhibitor cocktail 
tablet (Roche 11836153001). Concentration was verified by 
BCA analysis (BioRad) and subjected to gel electrophoresis 
(BioRad Mini Protean TGX Gel 400091313) and transferred 

to a nitrocellulose membrane. The membranes were blocked 
in 5% dry milk in TBS-T. Primary antibodies diluted in 1% 
dry milk and TBS-T used includes: MTSS1 (Cell Signaling 
4386S), COX-2 (Cell Signaling 12282S), and β-Actin (Cell 
Signaling 4970L) at 1:1000. Secondary antibodies used 
include: Anti-Rabbit (Cell Signaling 7074S). Protein levels 
were detected by enhanced chemiluminescence (ECL) 
(Thermo Scientific 32106) and quantitated with Image Lab 
software (Bio-Rad). Densitometry analysis was completed 
using ImageJ software.

Conditioned media collection

Media from cancer-associated fibroblasts or PANC-1  
cells was collected after 3–4 days at 80–90% confluence 
and centrifuged at 2,500 RPM for 5 minutes in order to 
pellet any debris. Media was stored at 4°C until needed. 
For serum-free CAFM studies, CAF cells were plated in 
complete DMEM for 24 hours, then washed with PBS 
and placed in serum-free DMEM for 72 hours. Media was 
collected and centrifuged at 2,500 RPM for 5 minutes in 
order to pellet any debris.

Transwell assays

40,000 epithelial cells (25,000 cancer-associated 
fibroblasts) were plated on a 24-well transwell 
polycarbonate membrane with 8.0 μm pore size (Corning 
3422). Wells used for migratory studies were coated with 
50 μL of 3 mg/mL Matrigel (Corning 354230) and kept at 
37°C for 24 hours before plating to ensure solidification. 
Cells plated in the upper chamber, unless treated with 
conditioned media, were placed in 150 μL of the appropriate 
serum-free media, whereas the bottom chamber contained  
700 μL of the appropriate serum-containing media to act 
as the chemoattractant in the study. Once the cells were 
plated, the assay was run for 48 hours before cells were 
briefly and gently rinsed with ddH2O and then fixed for 
20 minutes with 10% formalin (Azer Scientific). After 
fixation, the cells were placed in hematoxylin (Sigma) for 
2 minutes, quickly rinsed in ddH2O, quickly dipped in 1% 
acid alcohol (Sigma), and rinsed a final time in ddH2O. 
Membranes were then imaged and individual cells were 
counted manually using an AMG EVOS XL Core Cell 
Imaging System microscope (AMEX1000). 

Scratch assays

Cells were plated in 6-well plates (Corning) and 
allowed to reach 90% confluence. Once at the appropriate 
confluence, media was removed from the wells and 
scratches were made down the center of the well using 
a P10 pipette tip. Cells were then washed twice with 1X 
PBS (Sigma). Once the PBS was removed, 2 mL of serum-
free, serum-containing, or conditioned media was added 
to the appropriate wells. Images were taken at 0, 12, 24, 
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and 48 hours post-scratch using the AMG EVOS FL Cell 
Imaging System microscope (AMEX4300). Analysis was 
completed in triplicate using ImageJ. 

Statistical analysis

Experiments were performed with a minimum 
of three biological replicates.  Data are presented as the 
mean ± standard deviation.  Statistical significance was 
calculated via Microsoft Excel using a Student t test 
or ANOVA as appropriate. *Denotes p-value < 0.05 
**denotes p-value < 0.01 ***denotes p-value < 0.0001
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