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Abstract
Objective—Pancreatic stellate cells (PSCs) are important players in pancreatic fibrosis and are
major contributors to the extracellular matrix proteins observed with the stromal response
characteristic of pancreatic ductal adenocarcinoma (PDAC). PSCs are also believed to secrete
soluble factors that promote tumor progression, however no comprehensive analysis of the PSC
proteome in either the quiescent or activated state has been reported.

Methods—Using two-dimensional tandem mass spectrometry and the RLT-PSC cell line, we
present the first comprehensive study describing and comparing the quiescent and activated human
PSC secreted proteomes.

Results—Very few proteins are secreted in the quiescent state. In stark contrast, activated PSCs
secreted a vast array of proteins. Many of these proteins differed from those secreted by PDAC
derived cell lines. Proteins associated with wound healing, proliferation, apoptosis, fibrosis and
invasion were characterized. Selected proteins were verified in human tissue samples from PDAC,
dysplastic pancreas, and normal pancreas using Western blot analysis and immunohistochemical
staining.
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Conclusions—Our study represents the first comprehensive analysis of proteins secreted by
PSCs. These findings lay the foundation for characterizing PSC derived proteins involved in
stroma-tumor interactions and the promotion of pancreatitis and PDAC.

Keywords
Pancreatic cancer; pancreatic stellate cells; secretome; tumor microenvironment; pancreatitis;
RLT-PSC

INTRODUCTION
Since their initial description in 1998,1,2 pancreatic stellate cells (PSCs) have become
increasingly recognized as important players in pancreatic fibrosis as seen in pancreatitis
and pancreatic ductal adenocarcinoma (PDAC). An exuberant stromal response is a defining
feature of PDAC. Indeed, cancer cells compose on average less than 40% of PDAC tumors3

and accumulating evidence supports PSCs as a major contributor to the extracellular matrix
(ECM) proteins observed with this stromal response.4,5

Under normal conditions, PSCs reside in the exocrine pancreas in a quiescent state,
characterized by the expression of desmin, vimentin, and glial fibrillary acidic protein
(GFAP) and the ability to store vitamin A.4 PSCs become activated in vivo in response to
pancreatic injury.1,2 Upon activation, PSCs proliferate, lose the ability to store vitamin A,
and express α-smooth muscle actin (α-SMA) and collagen I.2,5 It has been reported that
activated PSCs produce autocrine factors like PDGF, TGF-β, cytokines, and
cyclooxygenase-2 to perpetuate the activated phenotype 6–10 however, no comprehensive
analysis of the PSC proteome in either the quiescent or activated state has been reported.

While knowledge of the intracellular proteome is important, it is the secreted proteome, or
secretome, that is of particular interest with regards to understanding intercellular
interactions, for example with tumor cells. It remains difficult to characterize proteins
secreted by a single cell type to the exclusion of all others in vivo. One solution to this
problem is studying cell lines derived from the cell type of interest in vitro, an approach we
have already used to study the secretome of PDAC cells.11

In the current study, we exploit the RLT-PSC cell line, an immortalized cell line derived
from human PSCs, to characterize the secretome of both the quiescent and activated PSC.
The RLT-PSC cell line can be maintained in a quiescent state when grown on a soft
substrate, or in an activated state when grown on untreated culture plates.12 We report the
first comparative proteomic study demonstrating a remarkable differential secretome upon
PSC activation and highlighting the potential biological functions of these proteins.
Expression of selected proteins are verified in human pancreatic tissue samples.

MATERIALS AND METHODS
Cell Culture

The human PDAC cell lines MiaPaCa-2 and CAPAN-2, and the immortalized human PSC
line RLT-PSC12 were cultured according to standard practice using Dulbecco's Modified
Eagle Medium (DMEM, Sigma, St. Louis, MO) supplemented with 10 % fetal bovine serum
(Sigma) and 1 % antibiotic (penicillin/streptomycin, Invitrogen, Grand Island, NY).
Secreted proteins were harvested by allowing cells to grow to 80 % confluence, washing
with phosphate buffered saline (Invitrogen), and incubating the cells with serum-free media
at 37 °C for 48 hr. This media was collected, passed through a 0.22 µm filter, and stored at
−80 °C until used. To induce a quiescent phenotype, 80 % confluent RLT-PSCs were treated
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with trypsin (Invitrogen), resuspended in serum-free DMEM supplemented with 1 %
antibiotic and 2.5 mM N-acetyl cysteine (Sigma), then plated at a concentration of 20,000
cells/cm2 on collagen I coated cover-slips or plates (BD Biosciences, San Jose, CA) and
incubated at 37 °C for 24 hr. RLT-PSCs were plated on uncoated tissue culture plates to
achieve an activated state.

Cell culture immunocytochemistry
RLT-PSCs were plated on either uncoated (activated cells) or collagen I coated (quiescent
cells) coverslips and incubated at 37 °C for at least 24 hr to allow attachment. Cells were
formalin fixed, washed with propylene glycol (PolyScientific, Bay Shore, NY) and
incubated with oil red O (0.5 % in propylene glycol, PolyScientific) for 1 hr at RT. Cells
were then washed with 85 % propylene glycol, blocked with 1 % bovine serum albumin/
PBS (Sigma), and labeled overnight at 4 °C with antibodies against either α-SMA (mouse,
Sigma) or GFAP (rabbit, Sigma) diluted 1:1,600 and 1:600, respectively, in blocking
solution. Cells were incubated with a Cy2 conjugated secondary antibody (donkey anti-
mouse or -rabbit, Jackson ImmunoResearch, West Grove, PA) diluted 1:600 in blocking
solution for 1 hr at RT. Finally, cells were incubated with DAPI (Sigma), diluted 1:10,000 in
water, for 45 sec. Fluorescence was visualized using a Nikon (Melville, NY) E600
fluorescent microscope equipped with a CCD camera and IPLab image analysis software
(BD Biosciences).

2D LC-MS/MS
Two biological replicates were analyzed for each cell line. Secreted proteins were
concentrated using 3 kDa MW cutoff spin-filters (Millipore, Billerica, MA), and then
precipitated using methanol-chloroform extraction. 100 µg of protein from each cell line
was digested and separated by strong cation exchange (SCX) chromatography using
standard methods as previously described.13 SCX fractions were subjected to reversed phase
chromatography using a C18 column (0.3 × 150 mm, 4 µ, 90 Å Jupiter Proteo, Phenomenex,
Torrence, CA) on a microflow high pressure liquid chromatography system (Eksigent,
Dublin, CA). A chromatographic gradient increasing mobile phase B (95 % acetonitrile, 0.1
% formic acid) from 0 to 60 % over 30 min at a flow rate of 12 µl/min was used to elute
peptides online to a linear ion trap mass spectrometer (LTQ, ThermoFisher, San Jose, CA)
with positive ESI. Data dependent scanning was used to identify the 5 most intense
precursor masses, which were then subjected to collision-induced dissociation to produce
product ion spectra.

Protein identification
Raw data were submitted to Bioworks Browser version 3.2 (ThermoFisher) and batch
searched through SEQUEST™ against the NCBI RefSeq human reference sequence
database (version updated 03/17/09) containing 75,484 sequences consisting of 37,742
proteins and 37,742 decoy entries (1 reverse sequence for each real entry). The database was
indexed using the following criteria: precursor and fragment mass tolerance of 1 amu, strict
trypsin cleavage rules with up to two internal cleavage sites; differential modifications of
methionine oxidation and carboxyamidomethylation on cysteine. The sequences were
further processed using the Trans-Proteomic Pipeline software (version 2.8, Institute for
Systems Biology, Seattle, WA) for analysis and validation of peptides and proteins using
Peptide Prophet™ (version 3.0) and ProteinProphet™ (version 2.0), respectively.
ProteinProphet™ results were filtered using a minimum probability score of 0.6, translating
to a false discovery rate of 5 %. Proteins identified by fewer than two unique peptide
sequences were discarded. Proteins that contained similar peptides and could not be
differentiated based on MS/MS analysis alone were grouped to satisfy the principles of
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parsimony. The remaining proteins in each replicate were recombined to generate a
complete list of secretome proteins for each cell line.

Bioinformatics
Pathway analysis was performed on proteins using the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database 14 as a reference using methods previously described.11 Gene
ontology (GO) analysis was also conducted using the functional annotation tool available
through the DAVID Bioinformatics Database.15,16

Western blot analysis
The following primary polyclonal rabbit anti-human antibodies were obtained: pyruvate
dehydrogenase kinase (PKM2) (GenWay, San Diego, CA), urokinase plasminogen activator
preproprotein (PLAU) (Abgent, San Diego, CA) and transforming growth factor, beta-
induced, 68kDa (TGFBI) (Proteintech Group, Inc., Chicago, IL). Primary goat anti-human
serpin peptidase inhibitor, clade I (pancpin), member 2 (SERPINI2) antibody was obtained
(Everest, Oxfordshire, UK). The following mouse monoclonal antibodies were obtained:
ubiquitin carboxyl-terminal esterase L1 (UCHL1), matrix metallopeptidase 2 (MMP2),
plasminogen activator inhibitor-1 (SERPINE1), non-metastatic cells 1, protein (NM23A)
(NME1), ezrin (EZR), annexin A2 (ANXA2), and galectin-3-binding protein (LGALS3BP)
(Santa Cruz Biotechnology, Santa Cruz, CA). Alexa Fluor 680 conjugated secondary
donkey anti-mouse, anti-rabbit, and anti-goat antibodies were obtained (Invitrogen). Cells
were lysed in either 25 % sample loading buffer (LDS, Invitrogen) or 6 M urea/2 M thiourea
containing HALT™ Protease Inhibitor Cocktail (Pierce, Rockford, IL). Secreted proteins
were concentrated using 3 kDa MW cutoff spin filters, precipitated using methanol-
chloroform, then resuspended in 6 M urea/2M thiourea. Protein concentration of
reconstituted whole cell lysates and secreted proteins was determined according to the
Bradford method. 8 µg of protein was loaded per well on NuPAGE® 4–12 % Bis-Tris gels
(Invitrogen) then separated in MOPS buffer (Invitrogen). Proteins were transferred to a
PVDF membrane (Millipore, Billerica, MA), blocked with 5 % powdered milk in TBST
(Teknova, Hollister, CA), then incubated with primary antibody overnight at 4 °C at a
dilution of 1:200. After washing with TBST, membranes were incubated with secondary
antibody for 30 min at RT at a dilution of 1:10,000 in the dark, then washed again with
TBST. Fluorescence was measured used the Odyssey® Imaging System (LI-COR
Biosciences, Lincoln, NE).

Tissue immunohistochemistry
The following primary polyclonal rabbit anti-human antibodies were obtained: PKM2
(GenWay, San Diego, CA), and TGFBI (Proteintech Group, Inc., Chicago, IL). Primary goat
anti-human SERPINI2 antibody was obtained (Everest, Oxfordshire, UK). The following
mouse monoclonal antibodies were obtained: MMP2 (Calbiochem, San Diego, CA), NME1,
EZR, ANXA2, and LGALS3BP (Santa Cruz Biotechnology, Santa Cruz, CA), α-SMA,
vimentin, CD31, and UCHL1 (Dako, Glostrup, Denmark). Biotinylated secondary donkey
anti-mouse, -rabbit, or -goat antibodies were obtained (Vector, Burlingame, CA). Formalin-
fixed paraffin embedded human pancreatic tissue was obtained from patients treated at the
Hospital of the University of Pennsylvania through Institutional Review Board approved
protocols. In total, 5 tissue samples of normal human pancreas, 5 tissue samples of human
PDAC, and 2 tissue samples of PDAC metastasis to lymph node were analyzed. 4 µm serial
sections were dewaxed, slides were microwaved in 10 mM citric acid pH 6 solution to
achieve antigen retrieval, then endogenous peroxidases were quenched using 30 % hydrogen
peroxide solution. Slides were incubated with successive solutions of avidin and biotin
blocking solutions (Vector) and StartingBlock blocking buffer (Pierce, Rockford, IL) for 15
min each at RT and primary antibody overnight at 4 °C. Slides were incubated with biotin
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conjugated secondary antibody followed by the VECTSTAIN® HRP-ABC reagent (Vector,
Burlingame, CA), each for 30 min at 37 °C. After developing the signal with
diaminobenzadine (Vector), slides were washed with water and counterstained with
hematoxylin. Images were captured using a Nikon (Melville, NY) E600 fluorescent
microscope equipped with a CCD camera and IPLab image analysis software (BD
Biosciences).

RESULTS
RLT-PSCs recapitulate primary human PSCs

RLT-PSC is a human PSC line immortalized via transfection with SV40 large T antigen.12

When cultured on Matrigel plus N-acetyl cysteine treatment, RLT-PSCs exhibit a quiescent
phenotype.12 We have found that RLT-PSCs cultured on collagen I coated cover slips or
plates also maintain a quiescent phenotype denoted by morphology (Figure 1a), expression
of GFAP (Figure 1d), presence of lipid droplets and absence of α-SMA (Figure 1e). The
quiescent PSCs can then be activated by application of conditioned media harvested from
MiaPaCa-2 pancreatic cancer cell lines. This activation is illustrated by morphology (Figure
1b), loss of oil red O staining, and expression of α-SMA (Figure 1f). PSCs cultured on
uncoated tissue culture plates yielded an activated phenotype as well (Figure 1c). These
results show that RLT-PSCs recapitulate features typical of primary human PSCs.

PSC secretion is altered upon activation
Proteomic profiling of the media harvested from cells in culture was undertaken to assess
changes in the secretome of PSCs upon activation. Proteins identified by fewer than two
different unique peptide sequences within a replicate were excluded. Reverse database
analysis revealed a false discovery rate of less than 4 %. A list of all quiescent and activated
PSC proteins and pancreatic cancer cell proteins is shown in Supplemental Table 1
(Supplemental Digital Content 1, http://links.lww.com/MPA/A36). Duplicate analyses were
used in an effort to include as many potential biomarkers and therapeutic targets as possible,
a reasonable approach given that any leads would be subject to further validation. A total of
641 unique proteins were identified in the secretome from activated PSCs. This is
significantly higher than the 46 unique proteins indentified in the secretome from quiescent
PSCs. The secretomes from CAPAN-2 and MiaPaCa-2 cancer cell lines contained 432 and
529 unique proteins, respectively. Proteins identified in the quiescent PSCs, activated PSCs,
and cancer cell lines were compared to identify unique and shared proteins (Figure 2).

The activated PSC data set was sorted by total number of spectra per protein to estimate
relative abundance. A literature search was conducted on the most abundant proteins to
identify those previously linked to cancer progression, including roles in angiogenesis,
invasion, and apoptosis. These proteins (Table 1) were then chosen for further validation
studies.

Western blot analysis confirms MS results
Expression of proteins secreted by activated RLT-PSCs (Table 1) was verified by Western
blot analysis (Figure 3). Protein expression was also assessed in RLT-PSC whole cell lysate.
Relative protein levels varied greatly. SERPINI2, PLAU, SERPINE1, MMP2, TGFBI, and
EZR were undetected and LGALS3BP, PKM2, and UCHL1 showed faint bands in the
activated RLT-PSC whole cell lysate. ANXA2 showed similar levels in the whole cell lysate
and secretome. NME1 was expressed at higher abundance in the whole cell lysate than the
secretome. All proteins were undetected in the quiescent RLT-PSC secretome. All proteins
observed in the activated RLT-PSC whole cell lysate were also seen in the quiescent whole
cell lysate.
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IHC analysis confirms in vitro results
IHC analysis conducted on human tissue samples from patients with PDAC or normal
controls was used to confirm and localize expression of selected proteins in relation to PSCs.
PSCs were visualized by staining serial sections of tissue using PSC markers α-SMA and
vimentin (Figure 4). To differentiate PSCs from endothelial cells, which also express α-
SMA and vimentin, the endothelial cell marker, CD-31, was used.17 Therefore PSCs could
be readily identified by the presence of α-SMA and vimentin and the absence of CD-31.
Staining of serial sections was organized such that IHC staining of proteins of interest were
performed in a tissue section immediately adjacent to a set of PSC markers (Table 2).

In PDAC tissue sections, SERPINI2, PKM2 (Figure 4), LGALS3BP, and NME1 (Figure 5),
were detected in the cytosol of cancer cells and PSCs (Figure 4). In the dysplastic human
pancreas, SERPINI2, PKM2 (Figure 4), LGALS3BP, and NME1 (Figure 5) were detected in
ductal cells and PSCs. These proteins were also detected within the cytosolic region of
acinar and ductal cells in normal human pancreas. UCHL1 was detected distinctly in the
nuclei of PSCs in PDAC tissue sections and at low levels in the nuclei of some ductal cells
and PSCs in the dysplastic pancreas and some acinar and ductal cells in normal pancreas
(Figure 5). TGFBI was the only protein detected distinctly in stromal regions, to the
exclusion of cancer cells in PDAC tissue (Figure 4). In the dysplastic pancreas, TGFBI was
found in the fibrotic region containing PSCs (Figure 4). Interestingly, TGFBI was also
observed in vesicles in normal pancreatic tissue. In PDAC tissue, EZR was detected in the
cytosol of cancer cells, but also was distinctly present at the luminal membrane of ductal
cells and the nuclei of PSCs (Figure 5). EZR was also detected in the cytosol of ductal cells
with strong localization to the luminal surface of ductal cells in dysplastic pancreas. In
normal pancreas, EZR was detected in the centroacinar space and within a few acinar cells
in the cytosolic region bordering the centroacinar space. In PDAC tissue, ANXA2 was
detected in the cytosol of cancer cells and PSCs. Similar to EZR, ANXA2 was detected
along the luminal membrane of ductal cells. ANXA2 was also detected in the cytosol of
ductal cells and PSCs in the dysplastic pancreas. ANXA2 localization in normal pancreas
was similar to that of EZR with strong staining observed in the centroacinar space and the
bordering cytosol of acinar cells.

Bioinformatics analysis
Of the 641 proteins identified in the RLT-PSC secretome 174 (27%) were implicated in at
least one biological pathway according to analysis against the KEGG database (Table 3).
Most classifiable proteins were involved in metabolism. As expected for secreted proteins,
none were classified as involved with transcription pathways. The most highly populated
pathway was cell communication followed closely by the immune system. Many proteins
were also identified within the cell motility pathway. 17 proteins have been implicated in
various cancers, of which 14 were implicated in pancreatic cancer.

GO analysis was conducted to elucidate biological function (data not shown). As was seen
with the KEGG analysis, the majority of proteins were related to cellular metabolic
processes, however, a significant number of proteins were involved in fibrosis, invasion,
inflammation, cell division, and apoptosis. PSCs are believed to play important roles in
wound healing, inflammation, fibrosis, tumor progression and invasion through matrix
remodeling (Figure 6). To identify activated PSC proteins that effect these changes, GO
terms that relate to these functions were probed and the resulting list of proteins is presented
in Supplemental Table 2 (Supplemental Digital Content 2, http://links.lww.com/MPA/A37).
Some functions, such as wound healing, inflammation, and apoptosis relate readily to the
GO terms available. Other important pathways, such as fibrosis, cannot be studied using GO
terms currently available. Fibrotic tissue consists largely of ECM proteins and proteases
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control the remodeling of these proteins. For this reason, proteins relating to the ECM or
protease inhibitors are listed under the category of fibrosis in Supplemental Table 2
(Supplemental Digital Content 2, http://links.lww.com/MPA/A37). To identify proteins
associated with proliferation, all proteins classified as relating to the cell cycle, mitogens, or
cell proliferation were grouped together (see Supplemental Table 2, Supplemental Digital
Content 2, http://links.lww.com/MPA/A37). Finally, to identify proteins that play a role in
invasion, proteins relating to cell motility and vasculature development were compiled and
are presented in Supplemental Table 2 (Supplemental Digital Content 2,
http://links.lww.com/MPA/A37).

DISCUSSION
The crucial role of PSC activation in the pathobiology of PDAC has only recently begun to
be appreciated. PSCs potentiate pancreatic tumors implanted in vivo,18,19 and conditioned
media from activated PSCs enhances proliferation and invasion of PCCs in vitro.20,21 These
observations support the hypothesis that PSCs secrete soluble factors that promote tumor
progression. Therefore, this first characterization of the secretome from activated PSCs
could provide insight into mechanisms of tumor progression.

While PSCs secrete few proteins in the quiescent state, activation results in a rich and
complex mixture of secreted proteins. It is likely that the secretome of immortalized PSCs
differ in some ways from freshly isolated PSCs. A comparison of gene expression profiles
demonstrated few differences following immortalization, involving extracellular matrix
proteins, integrins, intermediate filament proteins and cytokines.7 In our study the protein
MMP2, which has previously been described as expressed at low levels in the quiescent
PSC,22 was not identified in the quiescent RLT-PSC secretome. A number of factors are
likely at play, such as differences resulting from immortalization and across species. Most
importantly, previous studies have used cell lines which are only transiently quiescent,
whereas the RLT-PSC cell line can be stably maintained in a quiescent state indefinitely. It
is possible that the low level of MMP2 expression previously observed reflects low level
PSC activation.

It is likely that the proteins secreted by activated PSCs are dependent upon the activating
stimulus. Future studies will look at proteins secreted by PSCs activated in response to other
stimuli, such as PDAC cells, to study these differences. Interestingly, many proteins secreted
by activated PSCs are also secreted by the cancer cell lines studied. Approximately 60% of
the proteins identified in the activated PSC secretome and one half to three-quarters of the
cancer cell line secretomes were found common to both cell types (Figure 2).

Many proteins secreted by activated PSCs play important roles in proliferation, invasion,
inflammation and fibrosis, pathways important for the proposed role of PSCs in supporting
tumor growth and metastasis. The potential roles of individual proteins present within the
identified PSC secretome are discussed below.

Wound healing
Wound healing is a primary function of PSCs. It has been hypothesized that cancer cells
exploit this PSC function to support tumor growth. 21 proteins associated with wound
healing were identified, including PLAU and SERPINE1. SERPINE1 inhibits tissue
plasminogen activator (tPA) and urokinase (uPA), the activators of PLAU, a key enzyme in
fibrinolysis. High levels of SERPINE1 have been correlated with a poor outcome in
PDAC.23 Expression of PLAU and SERPINE1 have been previously reported in
desmoplastic regions of PDAC tissue.24–27
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Inflammation
33 proteins associated with inflammation were identified. Inflammation is one of the
primary activators of PSCs in the pancreas. Chronic pancreatitis, a condition of prolonged
inflammation, is one of the risk factors for PDAC. Inflammatory processes are thought to
potentiate PDAC through classical mechanisms, such as oxidative-stress induced DNA
damage. Another recently proposed mechanism implicates recruitment of
immunosuppressive cells as a key pathway for evasion of immune surveillance early in
pancreatic carcinogenesis.28 Our findings support the hypothesis that PSCs play a role in
perpetuating a state of inflammation in the tumor microenvironment.

Proliferation
Accumulating evidence supports the presence of factors secreted by activated PSCs that
enhance cancer cell proliferation. Among the 68 secreted PSC proteins involved in
proliferation, NME1 and UCHL1 expression was verified in the current study. NME1, a
nucleoside diphosphate kinase, was observed at higher levels in cervical, thyroid29,30 and
metastatic ovarian tumors,31 suggesting a role in enhancing cancer cell proliferation.

UCHL1 is an enzyme whose function varies with dimerization and post-translational
modifications.32 In some cancers, the gene for UCHL1 is methylated, and restoration of
UCHL1 expression inhibited proliferation in hepatocellular carcinoma.33 Other studies have
shown that UCHL1 is upregulated in lung cancer, invasive colorectal cancer, and
PDAC.34–36

Apoptosis
Inhibition of apoptosis is a key mechanism in tumor growth. 49 proteins associated with
apoptosis were identified, including NME1. NME1 has shown the ability to limit the
expression of the apoptotic protein Bcl-2.37 Thus, in addition to promoting PCC
proliferation, NME1 may support PDAC progression through inhibition of apoptosis.

Fibrosis and invasion
Activated PSCs are known to secrete ECM proteins such as collagens I, III, and IV, and
fibronectin.1,2 This matrix then serves to promote cell proliferation and migration to heal
wounded areas. Chronic activation, as seen in chronic pancreatitis or PDAC, results in the
accumulation of fibrotic tissue. PSCs are also known to produce factors that break down
ECM, which may play a role in promoting invasion. Indeed, PDAC lymph node metastases
were observed to contain stroma and PSCs (see Supplemental Figure 1, Supplemental
Digital Content 3, http://links.lww.com/MPA/A35). 24 ECM proteins and proteases and 40
proteins associated with cell motility and vasculature development were identified.

ANXA2, a phospholipid binding protein, is believed to play a role in angiogenesis, invasion,
and metastasis, and its expression has been best described in colon cancer.38,39 ANXA2 has
also been reported to serve as a receptor for plasminogen40 and as such may play a role in
the plasminogen activator pathway The urokinase plasminogen activator pathway is
believed to play a role in cancer cell invasion in the pancreas24,26 and includes the proteins
MMP2 and SERPINE1, along with PLAU. SERPINI2 is a protein specific to the pancreas
and to breast cancer stroma.41,42 The function of SERPINI2 is poorly understood, however
its sequence identifies it as a serine protease inhibitor in the same family as SERPINE1,
suggesting a role in the plasminogen activator pathway, as well. LGALS3BP, a protein
expressed in advanced gastric cancer,43 binds the receptor galectin-3, a protein highly
expressed in PDAC metastases.44 LGALS3BP modulates cell-integrin interactions to either
promote or inhibit cell attachment.45 NME1 has been implicated as a suppressor of tumor
metastasis in melanoma and breast cancer.46,47 In vitro studies have shown that NME1
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suppresses tumor metastatic potential and negatively regulates cell migration, possibly via
regulation of integrin expression or trafficking.48–50 TGFBI is a secreted RGD-containing
protein and has anti-adhesive properties.51,52 TGFBI is upregulated in renal cell carcinoma
and esophageal adenocarcinoma53,54 and has been reported to inhibit cell attachment in
vitro.51

Finally, UCHL1 and EZR are believed to enhance invasion. UCHL1 is thought to modify
cell morphology through modulation of the Akt-signaling pathway.55 EZR is a mediator of
cell-integrin interactions and high expression of EZR has been associated with prostate and
pancreatic cancer progression.56,57 By organizing the interaction between the cytoskeleton
and the cell membrane EZR regulates cell adhesion, migration and invasion.58 Furthermore,
EZR has been found to be essential to the metastatic potential of some cell lines.59,60 Taken
together, our results demonstrate PSCs are an important source of proteins that regulate
ECM remodeling, cell motility and invasion.

The proteins discussed here are a sampling of the many secreted proteins identified from the
activated PSC secretome. It is clear that the PSC secretome is an important source of
proteins that regulate proliferation, inflammation, and ECM remodeling as well as cell
motility and invasion. Characterization of the activated PSC secretome is an important first
step in elucidating the complex role of PSCs in PDAC progression. This work lays the
foundation for future studies, for example, characterizing the proteins involved in paracrine
signaling with PDAC cells. Further studies will determine whether secreted PSC proteins
identified here can serve as biomarkers of PDAC progression or potential new therapeutic
targets.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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α-SMA alpha smooth muscle actin

ANXA2 annexin A2

DAPI 4',6-diamidino-2-phenylindole

ECM extra-cellular matrix

EZR ezrin

GFAP glial fibrillary acidic protein

GO gene ontology

KEGG Kyoto Encyclopedia of Genes and Genomes

LGALS3BP galectin-3-binding protein
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MMP2 matrix metallopeptidase 2

NME1 non-metastatic cells 1, protein (NM23A)

PCC pancreatic cancer cell

PDAC pancreatic ductal adenocarcinoma

PIR Protein Information Resource

PKM2 pyruvate dehydrogenase kinase, muscle isoform

PLAU urokinase plasminogen activator

PSC pancreatic stellate cell

SERPINE1 plasminogen activator inhibitor-1

SERPINI2 serpin peptidase inhibitor, clade I (pancpin), member 2

SILAC stable isotope labeling of amino acids in cell culture

TBST TBS with 1% Tween 20

TGFBI transforming growth factor, beta-induced, 68kDa

UCHL1 ubiquitin carboxyl-terminal esterase L1
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Figure 1.
Bright field microscopy demonstrating morphology of RLT-PSCs in (A) the quiescent state,
and activated by (B) exposure to PCC conditioned media, or (C) growth on a tissue-culture
treated plate. Fluorescent microscopy demonstrating (D) quiescent PSC lipid droplets (red),
GFAP Expression (green), and nucleus (blue); (E) quiescent PSC lipid droplets (red), α-
SMA (green), and nucleus (blue); and (F) activated PSC loss of lipid droplets (red), α-SMA
Expression (green), and nucleus (blue). Cells in images A, B, D, E, and F were plated on
collagen I coated coverslips, while those in image C were plated on tissue-culture treated
plates. All cells were plated under serum-free conditions.
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Figure 2.
Venn diagram of secreted proteins identified from pancreatic stellate cells in the quiescent
and activated states. All identifications were made in the conditioned media derived from
cells in culture.

Wehr et al. Page 15

Pancreas. Author manuscript; available in PMC 2012 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Western blotting of conditioned media supernatant (S) and lysate (L) from activated or
quiescent PSCs demonstrating the presence of proteins of interest. Equal amounts of protein
were added to each well.
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Figure 4.
Immunohistochemical staining of serial sections of normal human pancreas tissue (first
column), dysplastic human pancreas tissue (middle column), and human pancreatic ductal
adenocarcinoma (last column). Positive stain is in brown and indicated by black arrows.
PSCs were visualized by the expression of markers α-SMA and vimentin and the absence of
CD31. PSCs are indicated by red arrows.
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Figure 5.
Immunohistochemical staining of serial sections of normal human pancreas tissue (first
column), dysplastic human pancreas tissue (middle column), and human pancreatic ductal
adenocarcinoma (last column). Positive stain is in brown and indicated by black arrows.
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Figure 6.
Diagram illustrating proposed activated stellate cell functions. The number of proteins
identified within a function is given in parentheses. Proteins selected for validation are listed
below the function.
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Table 1

List of activated PSC proteins selected for further validation. The activated PSC secretome was sorted by total
number of sequenced peptides per protein to estimate relative abundance. The most abundant proteins were
screened via literature search to identify those most likely to play a role in cancer progression. These proteins
were then chosen for further validation by western blot and IHC analysis.

GI accession # Abbreviation Protein Name

gi|5453886 SERPINI2 serpin peptidase inhibitor, clade I (pancpin), member 2

gi|4505863 PLAU urokinase plasminogen activator preprotein

gi|10835159 SERPINE1 plasminogen activator inhibitor - 1

gi|11342666 MMP2 matrix metallopeptidase 2

gi|4507467 TGFBI transforming growth factor, beta-induced, 68kDa

gi|5031863 LGALS3BP galectin-3-binding protein

gi|33286418 PKM2 pyruvate kinase, muscle isoform 1

gi|66392203 NME1 nucleotide diphosphate kinase 1

gi|161702986 EZR ezrin

gi|50845386 ANXA2 annexin A2

gi|21361091 UCHL1 ubiquitin carboxyl-terminal esterase L1

Pancreas. Author manuscript; available in PMC 2012 May 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Wehr et al. Page 21

Table 2

Serial section staining scheme. IHC analysis conducted on human tissue samples from patients with
pancreatitis, PDAC, or disease-free subjects was used to confirm and localize expression of selected proteins
in relation to PSCs. PSCs were visualized by staining serial sections of tissue using PSC markers α-SMA and
vimentin. To differentiate PSCs from endothelial cells, which also express α-SMA and vimentin, the
endothelial cell marker, CD-31, was used. Therefore PSCs could be readily identified by the presence of α-
SMA and vimentin and the absence of CD-31. Staining of serial sections was organized such that IHC staining
of proteins of interest, listed in black, were performed in a tissue section immediately adjacent to a set of PSC
markers, italicized.

Slide # Protein

1 SERPINI2

2     α-SMA

3     CD-31

4     vimentin

5 PKM2

6 TGFBI

7     α-SMA

8     CD-31

9     vimentin

10 EZR

11 LGALS3BP

12     α-SMA

13     CD-31

14     Vimentin

15 UCHL1

16 NME1

17     α-SMA

18     CD-31

19     vimentin

20 ANXA2
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Table 3

Activated PSC proteins identified with KEGG pathways. The activated PSC secretome was subjected to
pathway analysis using the KEGG database as a reference. The number of proteins identified within each
pathway is presented.

Pathways Number of Gis

Metabolism 48

Genetic Information Processing

Transcription 0

Translation 7

Folding, Sorting and Degradation 18

     Proteasome 11

Replication and Repair 10

Environmental Information Processing

Membrane Transport 0

Signal Transduction 15

     MAPK Signaling pathway 7

Signaling Molecules and Interaction 14

Cellular Processes

Cell Motility 22

Cell Growth and Death 12

Cell Communication 31

     Focal adhesion 21

     Insulin signaling pathway 10

Immune System 30

     Leukocyte transendothelial migration 5

Nervous System 6

Sensory System 2

Development 5

Behavior 0

Human Diseases

Cancers 17

Immune Disorders 8

Neurodegenerative Diseases 9

Metabolic Disorders 2

Infectious Diseases 14
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