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Abstract
Pancreatic stellate cells (PaSC) are emerging as key mediators in chronic pancreatitis and
pancreatic cancer pathogenesis. Proteins regulating the biomolecular pathways involved in the
conversion of quiescent to activated PaSC may have a significant influence in the development of
chronic pancreatitis. We aim to compare differentially expressed proteins in activated and serum-
starved non-proliferating PaSC using a mass spectrometry-based proteomics strategy. We cultured
an immortalized rat PaSC cell line in media supplemented with 10% fetal bovine serum and in
serum-free media. Using gel-based mass spectrometry (GeLC-MS/MS), we identified nearly 1500
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proteins. Qualitative and quantitative proteomic analysis revealed several hundred proteins as
differentially abundant between the two cell states. Proteins of greater abundance in activated
PaSC included isoforms of actin (e.g., smooth muscle actin) and ribosomal proteins. Conversely,
proteins more abundant in non-proliferating PaSC than in activated PaSC included signaling
proteins MAP kinase 3 and Ras-related proteins. In addition, we have determined the molecular
functions and biological pathways for these proteins. We are confident that the application of mass
spectrometry-based strategies, such as that described herein, to investigate specific proteins in
PaSC may lead to a better understanding of the molecular mechanisms involved in pancreatic
diseases, such as chronic pancreatitis.
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INTRODUCTION
Chronic pancreatitis is a progressively debilitating disorder which can only be detected at a
moderate to advanced stage on radiologic / endoscopic imaging, and as such, only
symptomatic treatment is possible. Early-stage chronic pancreatitis has been defined by the
development of pancreatic fibrosis [1] and has been modeled by the SAPE hypothesis [2].
Under this hypothesis, an initial insult to acinar and duct cells (e.g., alcohol) is followed by
the invasion of inflammatory cells, which produce cytokines and activate baseline quiescent
PaSC. Understanding the mechanisms that activate and control the cellular functions of
PaSC could provide potential targets for the treatment or diagnosis of pancreatic fibrosis,
which is a precursor to the development of chronic pancreatitis [3].

Pancreatic stellate cells (PaSC) are myofibroblast-like cells residing in exocrine areas of the
pancreas and have been shown to toggle from the quiescent to activated phenotypes,
analogous to hepatic stellate cells [2]. In addition, studies have shown 99% mRNA
conservation between PaSC and hepatic stellate cells [4]. PaSC may have a role in
pancreatic repair and regeneration by way of secretions which may nucleate cell
proliferation, migration, and assembly [5-8]. When activated, PaSC migrate to the injured
location, and participate in tissue repair activities, such as secreting extracellular matrix
components. In addition, PaSC may be a major factor in the pathogenesis of pancreatitis and
pancreatic cancer. In response to pancreatic injury, PaSC undergo functional changes
including the expression of several growth factors and cytokines, which participate in
inflammatory and fibrotic processes [5, 9-14]. Proteins secreted from activated PaSC may be
pivotal to the development of chronic pancreatitis.

Pancreatic stellate cell research remains an untapped source of potential biomarker proteins.
Investigation of the roles of PaSC in pancreatic disease may lead to a better understanding of
the mechanism of fibrosis associated with chronic pancreatitis. Although extensive studies
have focused on the proteomic analyses of hepatic stellate cells [15-20], to date, analogous
large-scale studies focusing on PaSC have been sparse.

In this study, we aim to 1) characterize the proteomes of a PaSC cell line [21] in the
presence and absence of fetal bovine serum (FBS) in the growth media using SDS-PAGE/
mass spectrometry-based proteomic analysis (GeLC-MS/MS), 2) apply label-free spectral
counting quantification strategies (QSPEC) [22] to identify differentially abundant proteins
between the two cell states, and 3) bioinformatically analyze the identified proteins to
determine the localization, molecular function and signaling pathways of the differentially-
abundant proteins using gene ontology (GO) and KEGG pathway analysis.
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Here we present the first proteomic analysis of rat PaSC in the activated and a non-
proliferating state. The proteins and pathways identified herein provide a foundation for
future studies investigating the roles of stellate cells in pancreatic disease.

MATERIALS AND METHODS
Materials

Dulbecco’s Modified Eagle Media (DMEM; 11330) was purchased from Gibco (Carlsbad,
CA). Fetal bovine serum (FBS; F0392) was purchased from Sigma (St. Louis, MO).
CellStripper (25-056-CL) was purchased from Mediatech (Manassas, VA). SeeBluePlus2
Pre-Stained standard (LC5925), LDS (lithium dodecyl sulfate) sample buffer (NP0008),
NuPAGE 4-12% Bis-Tris polyacrylamide gels (NP0335), SimplyBlue Coomassie stain
(LC0665), and MES-SDS electrophoresis buffer (NP002) were from Invitrogen (Carlsbad,
CA). Other reagents and solvents were from Sigma-Aldrich (St. Louis, MO) and Honeywell,
Burdick & Jackson (Morristown, NJ), respectively.

Experimental Workflow
The experimental workflow is illustrated in Figure 1. An immortalized cell line of rat PaSC
[21] was grown in DMEM either with or without fetal bovine serum (FBS). The experiments
were performed in triplicate, that is, the following procedure was repeated in parallel for
three plates of each cell state. Cells were harvested by dislodgment from a 10-cm cell
culture dish using non-enzymatic CellStripper reagent. The cells were lysed via
homogenization and crudely fractionated into soluble and membrane-enriched solubilized
protein fractions by ultracentrifugation at 100,000 × g for 1 hr. The isolated protein fractions
were separated by SDS-PAGE and processed using standard GeLC-MS/MS techniques.
Finally, the collected mass spectrometric data were analyzed using a series of bioinformatics
methods, including database searching with ProteinPilot, spectral counting (QSPEC), gene
ontology (GO) classification, and KEGG pathway analysis. The cell culture and mass
spectrometry experiments were performed at the Proteomics Center at Children’s Hospital
Boston (J.P. and H.S.) and the immortalized PaSC cell line originated from the Mayo Clinic
(R.U.).

Cell growth and harvesting
An immortalized pancreatic stellate cell line from rat (rattus norvegicus) origin was
propagated in DMEM supplemented with 10% fetal bovine serum (FBS). Upon achieving
90% confluence (on the order of 107 cells), the growth media was aspirated and the cells
were washed 3 times with ice-cold PBS. For the preparation of non-proliferating cells,
DMEM was added without FBS supplementation. In parallel, fresh DMEM with 10% FBS
was added to those cells which were slated to remain in the activated state. Twenty-four
hours following the addition of fresh media, the cells were dislodged with non-enzymatic
CellStripper, harvested with the addition of 10 mL PBS and pelleted by centrifugation at
3,000 × g for 5 min at 4°C, after which the supernatant was removed.

Cell lysis and crude fractionation
This procedure was summarized in Figure 2. One milliliter of TBSp (50 mM Tris, 150 mM
NaCl, pH 7.4 supplemented with 1X Roche Complete protease inhibitors) was added per
plate of cells, which were then homogenized with 20-25 strokes of a Potter-Elvehjem glass
homogenizer. The homogenate was centrifuged at 100,000 × g for 60 minutes at 4°C to
sediment proteins in membrane vesicles. The supernatant (s1) was collected; the pellet was
reconstituted in 1 mL ice-cold TBSp plus 1% Triton X-100 and 0.5% SDS. The
reconstituted pellet was once again homogenized with 20-25 strokes of a Potter-Elvehjem
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glass homogenizer and incubated on ice with gentle agitation for 1 hour. Detergent-
solubilized proteins (s2) were separated from the insoluble proteins and cellular debris by
ultracentrifugation at 100,000 × g for 60 minutes at 4°C. Protein concentrations for both the
s1 and s2 fractions were determined using the BCA assay (23225, ThermoFisher Scientific).

SDS-PAGE analysis of cell lysates
LDS sample buffer (20 μl) was added at a 1X concentration to 100 μg of protein. To each
sample, 2 μl of 0.1 M DTT (dithiothreitol) were added, and the sample was then incubated at
56°C for 1 hour. After cooling, samples were alkylated with 2 μl of 40% acrylamide for 30
minutes at 23°C. SDS-PAGE protein separation was performed at 150 volts in MES buffer
for 45 minutes. Gels were rinsed in deionized water for 10 minutes, fixed in 45% methanol/
45% water/10% acetic acid for 30 minutes, stained with SimplyBlue Coomassie for 1 hour,
and destained overnight in deionized water.

GeLC-MS/MS analysis
In total, six gel lanes (3 for activated cells and 3 for non-proliferating cells) of cell lysate
proteins were subjected to in-gel tryptic digestion followed by reversed-phase liquid
chromatography in-line with a tandem mass spectrometer (GeLC-MS/MS). In brief, entire
gel lanes were divided into 10 sections and proteins in each gel section were digested with
trypsin [23, 24]. Peptides extracted from each gel section were fractionated and analyzed by
a nanoflow reversed-phase ultra-high pressure liquid chromatography system (UPLC,
Eksigent) in-line with a linear trap quadrupole-Fourier transform ion cyclotron resonance
mass spectrometer (LTQ-FT Ultra, Thermo Scientific). The LC columns (15 cm × 100 μm
ID) were packed in-house (Magic C18, 5 μm, 100 Å, Michrom BioResources). Samples
were analyzed with a 60-minute linear gradient (0-35% acetonitrile with 0.2% formic acid)
and data were acquired in a data-dependent manner, with 6 MS/MS scans for every full scan
spectrum.

Bioinformatics and data analysis
Data generated from the gel sections were searched against the UniProt human database
(20,330 entries, downloaded: November 11, 2010) using the Paragon Algorithm [25], which
is integrated into the ProteinPilot search engine (v.3; AB SCIEX, Foster City, CA). Search
parameters were set as follows: sample type, identification; Cys alkylation, propionamide;
Digestion, trypsin; Instrument, Orbitrap/FT (1-3 ppm); Special factors, gel-based ID; ID
focus, none; database, UniProt; detection protein threshold, 99.0%; and search effort,
thorough ID. We defined an identified protein as one containing a peptide of >95%
confidence, as determined by the Paragon Algorithm [25]. The analysis included a decoy
database search, which resulted in a false discovery rate of less than 1% as determined using
the Proteomics System Performance Evaluation Pipeline Software (PSPEP) which was built
into the ProteinPilot software.

Spectral counting
We performed relative protein quantitation using a label-free technique, spectral counting,
which compared the number of identified tandem MS spectra for the same protein across
multiple data sets. In searching for differences in the protein profile among data sets,
spectral counts were normalized based on the total spectral counts, as previously suggested
[26]. More specifically, spectral counts of each protein were divided first by the total
spectral counts of all proteins from the same sample, and then multiplied by the total
spectral counts of the sample with the maximum total number of spectral counts.
Significance analysis of our spectral count data was performed using QSPEC, a recently
published algorithm for determining the statistical significance of differences in spectral
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counting data from two sample sets [27]. This algorithm used the Bayes Factor, in lieu of the
p-value, as a measure of statistical significance [28, 29]. According to convention, a Bayes
factor greater than 10 suggests strong evidence that a particular protein was differentially
expressed with statistical significance between the two cell states, thus a value of 10 was
used as our significance threshold [30].

Gene Ontology (GO) Analysis
GO analysis [31] was performed using the GoFact online tool [32, 33] and verified manually
using the UniProt [34] database using both the exclusive and differentially abundant
proteins. Annotation categories used were as follows: functions: enzyme regulator activity,
ion binding, kinase activity, lipid binding, nucleic acid binding, nucleotide binding, oxygen
binding, peptidase activity, protein binding, signal transducer activity, structural molecule
activity, transcription regulator activity, and transporter activity; cellular component:
cytoplasm (includes both cytoskeletal and cytosolic protein categories), endoplasmic
reticulum (ER), endosome, extracellular matrix, extracellular region, Golgi apparatus,
lysosomes, membrane, mitochondrion, nucleus, ribonucleoprotein complex, and vacuole.

KEGG Pathway Analysis
Using the DAVID (Database for Annotation, Visualization and Integrated Discovery)
Bioinformatics Database (http://david.abcc.ncifcrf.gov/) interface [35, 36], we analyzed the
exclusive and differentially abundant proteins with KEGG (Kyoto Encyclopedia of Genes
and Genomes) pathway analysis [37-39].

RESULTS
Morphological differences were apparent in PaSC after growth for 24 hrs in FBS-
containing and serum-free media

PaSC were successfully grown in DMEM with and without supplementation of 10% FBS.
The cells grown in serum-free media for 24 hr, remained attached to the culture dish, but
generally acquired a more rounded morphology, similar to quiescent PaSC [40-42]. In
addition, the cells lacking FBS in the media stopped proliferating and remained in such a
state for 3 to 4 days, after which they are no longer viable. It is of interest to note that if FBS
is added to the cells within the 3 to 4 days of “non-proliferation,” the cells revert back to
their “activated state” morphology. This particular observation may be considered a topic for
future analyses.

SDS-PAGE revealed similar protein patterns between lysates of activated and non-
proliferating PaSC

Following 24 hr of growth in the selected media, both activated and non-proliferating cells
were lysed and processed as depicted in Figure 2. SDS-PAGE fractionation was performed
on the s1 and s2 fractions for both cell states (Figure 3). Similar protein banding patterns
were obtained for replicates both within and between the two cell states. It was also worth
noting that the s1 and s2 fractions vary significantly in their protein banding patterns. This
difference was prevalent particularly in the lower molecular weight range of the s2 lanes, as
protein bands representing histones from the nucleus were visible. For GeLC-MS/MS
analysis, each gel lane was subdivided into 10 sections that were individually processed and
analyzed. The data were merged in ProteinPilot so that each replicate sample included
proteins from an s1 fraction and the corresponding s2 fraction.
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Proteins exclusive to either activated or non-proliferating PaSC were identified using our
GeLC-MS/MS protein identification strategy

We identified a total of 1174 non-redundant proteins in activated PaSC and 1350 proteins in
non-proliferating PaSC (Table 1). Qualitatively, 124 of these proteins were exclusive to
activated PaSC (Supplementary Table 1) and 300 proteins were exclusive to pseudo-
activated PaSC (Supplementary Table 2). Proteins exclusive to activated PaSC included:
several ribosomal proteins, alpha-1-macroglobulin, plasminogen activator inhibitor 1,
tubulin alpha-1B chain and several serine/threonine-protein kinases, mTOR, PAK 2, 2A, 4,
and PP1-alpha. Similarly, proteins exclusive to the non-proliferating PaSC included alpha
skeletal muscle actin, ADP-ribosylation factor 5, calmodulin-like protein 3, desmin,
elongator complex protein 1, various isotypes of myosin, and Ras-related protein Rab-35,
Rab-4B, Rab-8A, and Rab-8B.

Spectral counting analysis determined statistically significant abundance differences
between proteins common to both activated and non-proliferating PaSC

We used the QSPEC algorithm to determine statistically significant differences between
proteins that were identified in both activated and non-proliferating PaSC. We summarized
these differences in protein identifications by two Venn diagrams (Figure 4). A total of 52
proteins were determined to be of statistically significant higher abundance in activated
PaSC (Supplementary Table 3) and likewise, 75 were of higher abundance in non-
proliferating PaSC (Supplementary Table 4). In addition, there were 923 proteins which did
not show statistically significant differential abundance in either cell state (Supplementary
Table 5). We listed the peptides and associated parameters for all proteins identified in this
study in Supplementary Table 6.

Proteins determined to be of higher abundance via QSPEC analysis in activated PaSC
included: myosin-9, vimentin, plectin, and various isotypes of actin, including the
cytoplasmic 1 and 2, gamma-enteric smooth muscle, and aortic smooth muscle types.
Similarly, proteins determined to be of higher abundance via QSPEC analysis in non-
proliferating PaSC included: cullin-associated NEDD8-dissociated protein 1 (Cand1), Ras-
related protein Rab-1B, and protease anionic trypsin-1, cationic trypsin-3, and
aminopeptidase B. Proteins for which differences were not statistically significant in
activated and non-proliferating PaSC and have the highest number of combined spectral
counts included alpha-actinin-4, the common housekeeping protein glyceraldehyde-3-
phosphate dehydrogenase, tubulin beta-5 chain, annexin A2, and alpha-enolase. These
proteins may be considered a part of a core set which may be useful for normalization
purposes in downstream biochemical assays.

Gene ontology (GO) annotation analysis revealed differences in subcellular localization
and molecular function between the activated and non-proliferating PaSC cell states

As summarized in Figure 4, we determined 176 proteins as exclusive to (124) or of
statistically higher abundance (52) in activated PaSC. Likewise, we determined 375 as
exclusive to (300) or of statistically higher abundance (75) in non-proliferating PaSC. These
two sets of differentially abundant proteins (176 for activated PaSC and 375 for non-
proliferating PaSC) were used for GO and KEGG pathway analyses. Using the GoFact
online tool [32, 33], we examined the subcellular localization (Figure 5A) and molecular
function (Figure 5B) of these proteins. The analysis of the subcellular localization indicated
that activated PaSC showed a greater percentage of proteins that were of cytoplasmic,
endoplasmic reticulum (ER), membrane, or ribonucleic protein complex origin. However,
non-proliferating PaSC showed a greater percentage of proteins that were of extracellular,
Golgi complex, or nuclear origin. Similarly, when examining the molecular function of the
differently expressed proteins, we noted that activated PaSC showed a greater percentage of
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proteins that were enzyme regulating, nucleic acid binding, nucleotide binding, protein
binding, or transporters. However, GO analysis of non-proliferating PaSC showed a greater
percentage of proteins that were kinases, ion binding, or peptidases.

KEGG pathway analysis revealed differences in biological pathways between the activated
and non-proliferating PaSC cell states

Using the DAVID interface [35, 36], we surveyed the biomolecular pathways of which
proteins that we determined to be differentially expressed between the two cell states were
members. Of note, not all proteins identified were associated with a KEGG pathway, thus
we were limited to those proteins annotated in the KEGG pathway database. Tables 2 and 3
listed the pathways and the number of proteins within the given pathway for activated and
non-proliferating PaSC cell states, respectively. For activated PaSC (Table 2), the ribosome
pathway was among those with the highest number of associated proteins. For the non-
proliferating PaSC (Table 3), regulation of actin cytoskeleton, focal adhesions, and
lysosomes were among the pathways with the highest number of associated proteins. In
addition, there were several pathways which included proteins from both cells states,
including smooth muscle contraction, tight junctions and the signaling pathways ErbB,
GnRH, and VEGF. A complex network of proteins were involved in these pathways with
certain proteins activating or inhibiting others through different mechanisms, and so proteins
from both lists are expected to be found in common pathways.

DISCUSSION
We have successfully identified differentially-expressed proteins from an immortalized rat
PaSC cell line in the presence and absence of FBS in the growth media using a GeLC-MS/
MS-based strategy. In total, 1174 proteins are identified in activated PaSC and 1350 are
identified in non-proliferating PaSC. Of these, 176 proteins are identified exclusively or
determined to be of higher abundance with statistical significance in the activated cells.
Analogously, for the non-proliferating cells (grown in serum free media), 375 proteins are
exclusive to or determined to be of higher abundance with statistical significance in this cell
state.

GO analysis reveals variations in both the cellular origin and molecular function of the
differentially expressed proteins from each cohort. In terms of cellular origin, the most
striking difference is the increase of proteins from ribonucleic complexes and endoplasmic
reticulum in activated PaSC, while non-proliferating cells show a higher abundance of
differentially-expressed proteins in the Golgi complex and the extracellular region. In terms
of molecular function, activated cells have a larger proportion of nucleotide, protein, and
nucleic acid binding proteins, while peptidases and ion binding proteins are predominant
among the up-regulated proteins in the non-proliferating cells.

We investigate further the differentially expressed proteins by KEGG pathways analysis to
gain insight into the dissimilarity in GO classifications between the two cell states. KEGG
pathway analysis investigates the biomolecular pathways in which these proteins have been
previously determined to have a role. In activated PaSC, protein synthesis, of which a major
component is the ribosome, is the pathway with the greatest number of identified proteins.
Similarly, we identify a high number of proteins in ribonucleic complexes and the
endoplasmic reticulum, as well as the nucleotide and nucleic acid binding function by GO
analysis of activated PaSC. Again, such a result indicates the importance of protein synthesis
in the proliferating, activated PaSC, relative to their counterparts grown in serum-free
media. When evaluating the GO and KEGG pathway analyses for the non-proliferating
cells, there is also correlation, albeit less apparent than for the activated cells. Regulation of
actin cytoskeleton, focal adhesion, and lysosome (proteolytic) pathways are those with the
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greatest number of proteins that are of statistically significant higher abundance in the non-
proliferating cells. The lysosomal enzymes are particularly relevant as peptidases also
appear to be up-regulated in activated PaSC according to GO analysis. The morphological
changes occurring during the conversion of PaSC from activated to non-proliferating may be
a result of proteins involved in the regulation of actin cytoskeleton and focal adhesion. It
cannot be concluded, without further supporting evidence, that the pathways under
consideration are being positively or negatively regulated by the identified proteins, but
rather that these proteins are present in the pathway in some capacity. Similarly, the
implication of these pathways in pancreatic fibrosis will require further study to understand
better these cellular mechanisms.

Protein quantitation is an important aspect of our analysis, as the mere presence or absence
of a protein is not the sole indicator of differential expression. It follows that one or more
proteins present at a lower or higher level relative to another state could drive the cellular
machinery in an alternate direction. To quantify protein abundance in our study, we use the
spectral counting approach that allows for label-free quantitation [27]. We choose this
method of quantitative data analysis, as we had not performed a priori labeling. In addition,
studies have demonstrated that there is a good linear correlation between relative protein
abundance and sequence coverage, with a dynamic range of over two orders of magnitude
[43]. Furthermore, spectral counting quantitation has been shown to be more reproducible
and as having a higher dynamic range than peptide ion chromatogram-based quantitation
[44].

Although we use the well-established and accepted spectral counting method for relative
protein quantitation, other methods are available which can exploit multiplexing capabilities
and allow for more robust protein quantitation. iTRAQ (isobaric tag for relative and absolute
quantification) or TMT (tandem mass tag) labeling strategies [45, 46] may offer further
advantages, as under ideal conditions all N-terminus and side-chain amines of peptides are
labeled and, thus, quantifiable. Here peptide samples are covalently labeled with isobaric
isotope-coded tags that fragment during the MS/MS process producing reporter ions of
known masses for which intensities correlate to the abundance of the associated peptides,
thus proteins, in a given sample. The multiplexing ability of these approaches allows for
comparison of up to 8 different cell states/growth conditions. Another alternative labeling
strategy, metabolic labeling of cell cultures, ensures that all proteins in the culture are
labeled prior to digestion. SILAC (stable isotope labeling by/with amino acids in cell
culture), for example, is the most commonly used and versatile of such methods and can
quantitatively compare up to three [47] or even five [48] cell states in a single set of mass
spectrometric analyses. Such strategies should be considered for future comparison of PaSC
cell states.

As a result of PaSC becoming activated upon culturing, we are limited by the unavailability
of a truly quiescent PaSC cell line for comparison with the activated PaSC cell line. This
deficiency prompted us to exclude FBS from the growth media resulting in non-proliferating
PaSC. At this time, we do not have evidence of whether or not these PaSC grown in serum-
free media mimic the quiescent PaSC cell state, or if they are merely responding to stress
associated from serum withdrawal. Although we did not notice fat droplets, we did see a
significant increase in spectral counts for smooth muscle actin when comparing the two cell
states. Further verification would be required to ensure that the isolated cells are indeed
activated or quiescent. Such experiments would exploit the time window when freshly
isolated quiescent PaSC may be harvested before the transition to activation. In particular,
the work of Masamune, et al [41], has shown PaSC that have been freshly isolated and can
remain in a non-proliferative state for 7 days in the presence of curcumin. Similarly, 25 hrs
after plating, freshly isolated PaSC retain their lipid droplets, as work by Bachem, et al [49]

Paulo et al. Page 8

J Proteomics. Author manuscript; available in PMC 2012 December 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



has shown, and which has been supported by a study from Vonlaufen, et al [42]. It addition,
Wehr et al [40] have shown recently that PaSC may remain quiescent when plated on
collagen-I coated plates. It follows that further studies are needed compare the proteomes of
the immortalized PaSC cell lines and those of freshly isolated PaSC for future analyses.
Such experiments will confirm that the cell line can be indeed a surrogate for freshly
isolated PaSC and that our findings may be translated directly to in vivo studies.

In addition, when the experiments described herein were performed, we were unaware of the
availability of an immortalized human PaSC cell line. As the ultimate goal of understanding
the molecular mechanisms of chronic pancreatitis is to develop a means of decreasing the
burdens of the disease in humans, differences in the biomolecular mechanisms among
species may confound certain findings. A cross-species proteomic comparison between the
rat and human PaSC cell lines may be beneficial to alleviate such concerns. Nonetheless, the
study of rodent models, which have stringently controlled genetics and experimental
parameters, provides a conduit from which pharmacological studies can emerge and
develop. Moreover, recently developed knockout rat technology may be of potential future
use once specific proteins to be targeted are determined [50]. Furthermore, the methodology
utilized herein is a valuable resource for analogous future investigations, including those
involving human PaSC.

In conclusion, the propagation of PaSC in the presence and absence of fetal bovine serum
(FBS) in tandem with GeLC-MS/MS analysis has laid the foundation for the elucidation of
the molecular mechanisms which may have a role in the activation of PaSC. We have
successfully identified and quantified proteins differentially expressed in activated and non-
proliferating PaSC. Such work is in line with the long-term goal of understanding how this
transition can be arrested or reversed in human pancreatic diseases, such as chronic
pancreatitis. Proteins determined to be of greater abundance in activated PaSC include
isoforms of actin (e.g., smooth muscle actin) and ribosomal proteins. Conversely, proteins
determined to be more abundant in non-proliferating PaSC than in activated PaSC include
signaling proteins MAP kinase 3 and Ras-related proteins. Furthermore, validation of our
findings via an orthogonal methodology, such as western blotting and/or ELISA, may be
performed at an individual protein level. In addition, mRNA expression profiling on tissues
and/or isolated PaSC may be performed to further support our work [21, 51-53]. In
conclusion, we have established a workflow that resulted in the identification of proteins and
associated pathways which are potential targets for further studies investigating the
proteome of PaSC.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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LIST OF ABBREVIATIONS

FBS fetal bovine serum

GeLC-MS/MS SDS-PAGE (gel) coupled with liquid chromatography tandem mass
spectrometry

GO gene ontology

KEGG Kyoto encyclopedia of genes and genomics

PaSC pancreatic stellate cells
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Figure 1. General workflow
The general workflow was as follows: a. Rat PaSC were grown in DMEM media either with
or without fetal bovine serum. b. Cells were lysed and crudely fractionated into cytoplasmic
and membrane-rich protein fractions. c. The isolated protein fractions were separated by
SDS-PAGE and GeLC-MS/MS was performed. d. The mass spectrometric data was
analyzed using a series of bioinformatics methods.
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Figure 2. PaSC sample processing for GeLC-MS/MS analysis
The general workflow was as follows: A) Cells were grown in the absence or presence of
10% FBS. B) The cells were washed with phosphate buffered saline and dislodged with
CellStripper. C) The cells were lysed and homogenized. D) Following ultracentrifugation,
the soluble protein (s1) was collected. E) Meanwhile, the insoluble fraction was
homogenized in detergent-containing buffer. F) The insoluble fraction was once again
subjected to ultracentrifugation to isolate the detergent-solubilized fraction (s2). G) The two
isolated fractions were subjected to GeLC-MS/MS and subsequent bioinformatics analysis.
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Figure 3. SDS-PAGE protein fractionation of PaSC lysates
Each gel lane represented approximately 100 μg of proteins from either A) activated PaSC
(grown in DMEM and 10% FBS) or B) non-proliferating PaSC (grown in serum-free
media). Fraction indicates either the soluble protein (s1) or the detergent solubilized protein
(s2).
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Figure 4. Venn diagram of the total number of non-redundant proteins identified by GeLC-MS/
MS in the two cell states (activated and non-proliferating)
In total, 1174 non-redundant proteins were identified in activated PaSC and 1350 proteins
were identified exclusively in non-proliferating PaSC. A total of 124 and 300 proteins were
identified exclusively in activated and non-proliferating PaSC, respectively. Statistically
significant differences between the remaining 1050 proteins that were identified in both
activated and non-proliferating PaSC were examined using QSPEC. This analysis revealed
an additional 52 proteins that were of statistically significant (Bayes factor ≥ 10) higher
abundance in activated PaSC and 75 proteins which were of likewise higher abundance in
non-proliferating PaSC.
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Figure 5. Gene ontology analysis of A) subcellular localization and B) molecular function for
proteins that were differentially expressed in activated and non-proliferating PaSC
Gene ontology classification of proteins which were either exclusive to or determined to
have statistically significant differences in a particular cell state was performed manually
with the UniProt [34] database or using the GoFact online tool [32, 33].
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Table 2

KEGG pathways analysis of proteins that were present exclusively, or with statistically significant higher
abundance, in activated PaSC.

Pathway # proteins % of total proteins

Ribosome 11 6.25%

Tight junction 9 5.11%

Vascular smooth muscle contraction 9 5.11%

Gap junction 8 4.55%

GnRH signaling pathway 7 3.98%

Insulin signaling pathway 7 3.98%

Long-term depression 7 3.98%

Long-term potentiation 7 3.98%

ErbB signaling pathway 6 3.41%

Spliceosome 6 3.41%

T cell receptor signaling pathway 6 3.41%

VEGF signaling pathway 6 3.41%
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Table 3

KEGG pathways analysis of proteins that were present exclusively, or with statistically significant higher
abundance, in non-proliferating PaSC.

Pathway # proteins % of total proteins

Regulation of actin cytoskeleton 15 4.00%

Tight junction 14 3.73%

Focal adhesion 13 3.47%

Insulin signaling pathway 10 2.67%

Lysosome 9 2.40%

Glutathione metabolism 8 2.13%

PPAR signaling pathway 8 2.13%

T cell receptor signaling 8 2.13%

Vascular smooth muscle contraction 8 2.13%

Cardiac muscle contraction 7 1.87%

Citrate cycle (TCA cycle) 7 1.87%

ErbB signaling pathway 7 1.87%

Fatty acid metabolism 7 1.87%

GnRH signaling pathway 7 1.87%

Propanoate metabolism 7 1.87%

Valine, leucine and isoleucine degradation 7 1.87%

Arginine and proline metabolism 6 1.60%

Glioma 6 1.60%

Long-term potentiation 6 1.60%

VEGF signaling pathway 6 1.60%
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