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INTRODUCTION

In the United States, pancreatic cancer is the fourth 
most common cause of death due to cancer and has 
an average one and five year survival rate of 25% and 
5%, respectively [1]. In pancreas adenocarcinoma - 
the major form of pancreatic cancer - tumor cells arise 
from pancreatic ductal epithelium. Pancreatic ductal 
adenocarcinoma has a mortality rate of nearly 100% 
within 2 years and comprises over 90% of all pancreatic 
cancers [2]. Pancreatic duct cells are epithelial cells that 
line the branched tubes of the organ, secrete bicarbonate, 
and thus conduct enzymes produced by acinar cells into 
the duodenum [3]. Delineating the molecular mechanisms 
regulating pancreatic duct cell function, in addition to 
alterations produced by cellular stresses, such as nicotine, 
will add to our general understanding of the disease. 

One of the most prominent risk factors correlated with the 
development of pancreatic cancer is cigarette smoking [4, 
5]. However, only limited research has been performed 
to investigate this association. Cigarette smoking may 

promote the development of chronic pancreatitis by 
increasing disease severity and pancreatic calcifications 
which can further damage the pancreas [6]. Elucidating 
the underlying cellular events promoted by smoking in 
the development of pancreatic disease is vital to timely 
intervention aimed at counteracting the disease. 

Many of the toxic compounds found in tobacco smoke 
are absorbed into the blood stream and several have 
been detected in pancreatic fluid [7]. Cigarette smoke is 
an admixture of over 4,000 compounds, for which over 
50 are suspected carcinogens [8]. Although not directly 
implicated in cancer, nicotine is a major toxic component of 
tobacco. In addition, cigarette smoking cessation programs 
often rely on nicotine replacement therapy (NRT), 
such as transdermal patches, nasal sprays or emerging 
e-Cigarette technology. Nicotine is readily absorbed by 
the lungs as well as other, more distal organs via systemic 
circulation [9]. Nicotine interacts with a population of 
nicotinic acetylcholine receptors (nAChR), with varying 
affinities and downstream effectors [10] and as such is  as 
a contributing factor to myocardial [11, 12] , atrial [13], 
pulmonary [14, 15] and biliary fibrosis [16] diseases. The 
binding of nicotine to cell surface receptors transduces 
extracellular signals to the intracellular space resulting 
in ion transport and/or initiation of phosphorylation 
cascades and other signaling pathways [17-19]. 

Various cancers and chronic diseases have been linked to 
nicotine, yet the mechanisms of such are poorly understood 
[20, 21]. Concerning pancreatic disease, cigarette smoking 
may induce fibrosis and metastasis, hallmarks of chronic 
pancreatitis and pancreatic adenocarcinoma, respectively 
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Experimental Strategy

The experimental strategy was outlined in Figure 1. This 
procedure was performed in parallel for both HPNE 
and PanC1 cell lines. Cells were lysed and proteins were 
extracted via methanol-chloroform precipitation and then 
digested with LysC and trypsin. Each sample was labeled 
with a specific TMT isobaric tag. The pooled sample 
was fractionated by basic pH reversed-phase (BpRP) 
chromatography and subjected to LC-MS3 analysis.

Cell Growth and Harvesting of Pancreatic Duct Cells

Methods of cell growth and propagation followed 
previously utilized techniques [28, 29]. In brief, cells were 
propagated in Dulbecco's modified Eagle's-F12 medium 
(DMEM) supplemented with 10% fetal bovine serum (FBS). 
Upon achieving 85-90% confluency, the growth media was 
aspirated and the cells were washed 3 times with ice-cold 
phosphate-buffered saline (PBS). This cell density was 
chosen so as to maximize the amount of cells for harvesting 
while ensuring that the cells are proliferating. Assigned cell 
culture dishes were supplemented with 1 µM nicotine and 
control cell culture dishes were mock treated with an equal 
volume of sterile deionized water. Twenty-four hours after 
the addition of fresh media, the cells were dislodged with a 
non-enzymatic reagent, harvested by trituration following 
the addition of 10 mL PBS, pelleted by centrifugation 
at 3,000 x g for 5 min at 4°C, and the supernatant was 
removed. One milliliter of buffer containing TBSp (50 mM 
Tris, 150 mM NaCl, pH 7.4 supplemented with 1X Roche 
Complete protease inhibitors), 1% Triton X-100 and 0.5% 
SDS was added to each 10 cm cell culture dish.

Cell Lysis and Protein Digestion

Cells were homogenized by 12 passes through a 27 gauge 
(1.25 inches long) needle and incubated at 4°C with gentle 
agitation for 1 hr. The homogenate was sedimented by 
ultracentrifugation at 100,000 x g for 60 min at 4°C. 
Protein concentrations were determined using the 
bicinchoninic acid (BCA) assay (ThermoFisher Scientific). 
Proteins were subjected to disulfide bond reduction with 
5 mM dithiotreitol (37°C, 25 min) and alkylation with 10 
mM iodoacetamide (room temperature, 30 min in the 
dark). Excess iodoacetamide was quenched with 15 mM 
dithiotreitol (room temperature, 15 min in the dark).

Methanol-chloroform precipitation was performed prior 
to protease digestion. In brief, 4 parts of neat methanol 
was added to each sample and vortexed, 1 part chloroform 
was added to the sample and vortexed, and 3 parts water 
was added to the sample and vortexed. The sample was 
centrifuged at 10,000 RPM for 15 min at room temperature 
and subsequently washed twice with 100% acetone, prior 
to air-drying. 

Samples were resuspended in 1 M urea, 50 mM HEPES, 
pH 8.5. Protein concentrations were determined using the 
BCA assay. Approximately 150μg of protein was digested 
at 37°C for 3 hrs with LysC protease at a 100:1 protein-to-
protease ratio. Trypsin was then added at a 100:1 protein-

[22] . Evidence suggests that protein expression is altered in 
pancreatic duct cells (PaDC), and such cellular changes are 
implicated in pancreatic cancer and chronic pancreatitis 
[23]. However, to date, no comprehensive analysis of the 
effects of nicotine on PaDC in an in vitro environment has 
been published. In various cell types, nicotine is known to 
induce alterations in protein expression that affect cellular 
proliferation, chemotaxis, and attachment to various 
surfaces [24, 25]. 

Here, I focus on changes in the global proteome of cultured 
pancreatic cells when subjected to nicotine treatment. I 
investigate two PaDC cell lines, first a normal epithelial 
cell line, HPNE (human pancreatic Nestin-expressing), and 
second a well-studied pancreatic cancer cell line, PanC1 
(pancreatic cancer 1). Identifying differences in proteins 
that are altered in abundance under nicotine stress is an 
initial step to gain a comprehensive understanding of 
the cellular physiology regulating the development and 
progression of pancreatic disease. Research such as that 
presented herein may broaden our knowledge of the 
effects of nicotine on the pancreas and further validation 
via targeted studies may provide targets for drug therapies 
aiming to retard or reverse the clinical manifestations of 
pancreatic disease.

MATERIALS AND METHODS
Materials

Dulbecco's modified Eagle's-F12 medium (DMEM/F12; 
11330) was purchased from Gibco (Carlsbad, CA). Fetal 
bovine serum (FBS; F0392) was purchased from Sigma (St. 
Louis, MO). CellStripper (25-056-CL) for non-enzymatic 
cell dislodgement was purchased from Mediatech 
(Manassas, VA). Tandem mass tag (TMT) isobaric reagents 
were from Thermo Scientific (Rockford, IL). Water and 
organic solvents were purchased from J.T. Baker (Center 
Valley, PA). (-)-Nicotine (≥99%) (N3876) was purchased 
from Sigma (St. Louis, MO). Sequencing-grade modified 
trypsin (V5111) was obtained from Promega (Madison, 
WI). Unless otherwise noted, other reagents and solvents 
were from Sigma-Aldrich and Burdick & Jackson, 
respectively. Primary antibody against amyloid precursor 
protein (ab15272) was from Abcam (Cambridge, MA), 
while secondary horseradish peroxidase anti-rabbit 
antibody (sc-2313) was from SantaCruz Biotechnology 
(Santa Cruz, CA).

Cell Lines

The PaDC cell line, hTERT-HPNE (CRL-4023), was 
purchased from ATCC (Manassas, VA). These cells were 
immortalized by transduction with the catalytic subunit 
of human telomerase (hTERT) [26]. The well-established 
tumor-cell line from a human carcinoma of the exocrine 
pancreas, PanC1, was also purchased from ATCC [27]. Both 
cell lines are adherent epithelial pancreatic duct cells from 
males. However, these cells are not isogenic as they have 
unique origins and have been isolated differently. Cells 
lines were passaged 5 times in our hands.
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to-protease ratio and incubated overnight for 37°C. This 
reaction was then quenched with 1% formic acid, subjected 
to C18 solid-phase extraction (SPE) (Sep-Pak, Waters) and 
subsequently vacuum-centrifuged to near-dryness.

Tandem Mass Tag Labeling

In preparation for TMT labeling, desalted peptides 
were dissolved in 200 mM HEPES, pH 8.5. Peptide 
concentrations were determined using the microBCA 
assay. Approximately 100 μg of peptides from each sample 
were labeled with TMT reagent.

TMT reagents were dissolved in anhydrous acetonitrile 
and added to the peptides to achieve a final acetonitrile 
concentration of 30% (v/v). Following incubation at room 
temperature for 1 hr, the reaction was quenched with 
hydroxylamine at a final concentration of 0.3% (v/v). The 
TMT-labeled samples were combined at a 1:1:1:1:1:1 ratio. 
The samples were vacuum centrifuged to near dryness and 
subjected to C18 solid-phase extraction (Sep-Pak, Waters).

Offline Basic pH Reversed-phase (BpRP) Fractionation

The peptide mixture was separated into a total of 96 
fractions using an Agilent 1100 quaternary pump equipped 
with a degasser and a photodiode array (PDA) detector 
(set at 220 and 280-nm wavelength) from ThermoFisher 
(Waltham, MA). A 50 min linear gradient from 5% to 35% 
acetonitrile in 10mM ammonium bicarbonate pH8 at a flow 
rate of 0.8 mL/min separated the peptides on an Agilent 
300Extend C18 column (5 μm particles, 4.6 mm ID and 220 
mm in length). The 96 fractions were consolidated into 12 
using a checkerboard pattern. Samples were subsequently 
acidified with 1% formic acid and vacuum centrifuged to 
near dryness. Each fraction was desalted via StageTip, 
dried with vacuum centrifugation, and reconstituted in 5% 
acetonitrile, 5% formic acid for LC-MS/MS processing.

Liquid Chromatography and Tandem Mass 
Spectrometry

The mass spectrometry data were collected using an 
Orbitrap Velos Pro mass spectrometer (Thermo Fisher 
Scientific, San Jose, CA) coupled to an Accella 600 liquid 
chromatography (LC) pump (Thermo Fisher Scientific) 
and a Famos autosampler (LC packings). Peptides were 
separated on a 100 μm inner diameter microcapillary 
column packed with ∼0.5 cm of Magic C4 resin (5 μm, 100 
Å, Michrom Bioresources) followed by ∼20 cm of Maccel 
C18 resin (3 μm, 200 Å, Nest Group). For each analysis, ~1 
μg of peptide was loaded onto the column.

Peptides were separated using a 3 hr gradient of 6 to 
30% acetonitrile in 0.125% formic acid with a flow rate 
of ∼300 nL/min, using an MS3-based TMT method [30]. 
The scan sequence began with an MS1 spectrum (Orbitrap 
analysis, resolution 60,000, 300−1500 Th, automatic gain 
control (AGC) target 1 × 106, maximum injection time 150 
ms). The top ten precursors were then selected for MS2/
MS3 analysis. MS2 analysis consisted of collision-induced 
dissociation (CID), quadrupole ion trap analysis, automatic 
gain control (AGC) 2 × 103, NCE (normalized collision 

energy) 35, q-value 0.25, and maximum injection time 100 
ms. Following acquisition of each MS2 spectrum, an MS3 
spectrum was collected with a recently described method 
in which multiple MS2 fragment ions were captured in the 
MS3 precursor population using isolation waveforms [30] 
with multiple frequency notches. MS3 precursors were 
fragmented by HCD and analyzed using the Orbitrap (NCE 
50, Max AGC 1.5 × 105, maximum injection time 250 ms, 
isolation specificity 0.8 Th, resolution was 30,000 at 400 Th).

Data Analysis

Mass spectra were processed using a Sequest-based 
in-house software pipeline. First, mass spectra were 
converted to mzXML using a modified version of ReAdW.
exe. Database searching included all entries from the 
human IPI database (v. 3.87), which was concatenated 
with a database composed of all protein sequences in 
reversed order. Searches were performed using a 50 ppm 
precursor ion tolerance. Product ion tolerance was set to 
0.03 Th. TMT tags on lysine residues and peptide N termini 
(+229.163 Da) and carbamidomethylation of cysteine 
residues (+57.021 Da) were set as static modifications, 
while oxidation of methionine residues (+15.995 Da) was 
set as a variable modification. 

Peptide-spectrum matches (PSMs) were altered to a 
1% false discovery rate (FDR) [31]. PSM filtering was 
performed using a linear discriminant analysis, as 
described previously [32], while considering the following 
parameters: XCorr, ΔCn, missed cleavages, peptide length, 
charge state, and precursor mass accuracy. The signal-
to-noise (S/N) ratio for each TMT channel was extracted 
for TMT-based reporter ion quantitation, and the closest 
matching centroid to the expected mass of the TMT 
reporter ion was determined. 

The search space for each reporter ion was limited to a 
range of 0.002 Th to prevent overlap between the isobaric 
reporter ions. For protein-level comparisons, PSMs were 
identified, quantified, and then collapsed further to a final 
protein-level FDR of 1%. Furthermore, protein assembly 
was guided by principles of parsimony to produce the 
smallest set of proteins necessary to account for all 
observed peptides. Proteins were quantified by summing 
reporter ion counts across all matching PSMs. PSMs with 
poor quality MS3 spectra (more than 4 TMT channels 
missing and/or fewer than 75 total reporter ions) or no 
MS3 spectra were excluded from quantification.

Student t-tests were then used to identify proteins that 
were differentially expressed and the method of Benjamini 
and Hochberg was subsequently applied to control for 
multiple testing [33]. A Benjamini-Hochberg-corrected 
p-value < 0.01 was considered statistically significant, and 
a secondary threshold requiring a ±1.5 fold change was 
used. Protein quantitation values were exported for further 
analysis in Excel or Mathematica. Hierarchical clustering 
was performed using Multi Experiment Viewer [34].



468JOP. Journal of the Pancreas–http://www.serena.unina.it/index.php/jop–Vol. 15 No. 5 – Sep 2014. [ISSN 1590-8577]

JOP. J Pancreas (Online) 2014 Sep 28; 15(5): 465-474

Data Access

RAW files will be made available upon request.

RESULTS
Over 5,000 Proteins were Detected per Cell Line Using 
TMT-MS3 Analysis

Following the schema as outlined in Figure 1, I detected 
5211 proteins in the HPNE cell line and 5930 in the PanC1 
cell line. Of these, 4243 proteins were present in both cell 
lines, while 968 were unique to HPNE and 1687 were unique 
to PanC1 (Figure 2a). The significance threshold was set at 
a Benjamini-Hochberg corrected p-value of <0.01 and only 
those proteins with a fold change of ±1.5 were considered. 
Using these criteria, 315 proteins were significantly 
different in abundance upon nicotine treatment within the 
HPNE cell line (221 up-regulated and 94 down-regulated). 
Similarly, 731 proteins were significantly different within 
the PanC1 cell line (239 up-regulated and 492 down-
regulated), as illustrated in Table 1. Comparing both cell 
lines, only 57 of the 989 non-redundant proteins with 
statistically significant alterations in abundance in at least 
one cell line were significantly altered in both cell lines 
(Figure 2b).

Nicotine Altered Protein Abundance Levels in Both 
HPNE and PanC1 Cell Lines

I have illustrated protein fold changes and statistical 
significance graphically as volcano plots for HPNE (Figure 
3a) and PanC1 (Figure 3b). In these plots, the -log10 of 

the Benjamini-Hochberg corrected p-value was plotted 
against the log2 ratio of the protein abundance. This ratio 
was calculated using the average for the three nicotine-
treated replicates of the summed peptide signal to noise 
for each protein divided by the corresponding average 
of the control replicates. In each volcano plot, the upper 
leftmost section represented those proteins with a 1.5-fold 
or greater decrease in abundance and a significant p-value, 
while the upper rightmost section represented those 
proteins with a 1.5-fold or greater increase in abundance, 
again with a significant p-value. 

In efforts to discover pathways that were modulated 
upon nicotine treatment, I then performed Panther 
pathway analysis via DAVID (Database for Annotation, 
Visualization and Integrated Discovery) [35]. Here, I 
highlighted pathways that were involved in JAK/STAT 
signaling, nAChR-binding, cytokine receptor binding and 
cell proliferation. I chose to limit the discussion to a set of 
pathways that were relevant to nicotine–induced signaling 
(JAK/STAT signaling and nAChR-binding) alterations as 
well as pancreatic disease (cytokine receptor binding 
and cell proliferation). Although I have associated these 
proteins to specific pathways, most proteins partake in 
more than one pathway, either with a minor or major role. 
For example, I have classified, E3 ubiquitin-protein ligase 
(UHRF1) as involved in cell proliferation, but it also has a 
role in chromatin structure and gene expression and is an 
oncogene for hepatocellular carcinoma [36]. Therefore, 
the pathway categories listed are not exclusive for that 
particular set of proteins.

Protein abundance data for the four pathways that I have 
chosen to investigate were illustrated in Supplemental 
Figure 1. First, proteins involved with JAK/STAT signaling 
include Interferon gamma (IFNGR1), Interleukin-13 
receptor subunit alpha-1 (IL13RA1), Tyrosine-protein 
kinase (JAK1), and Oncostatin-M-specific receptor subunit 
beta (OSMR) (Supplemental Figure 1a). Second, proteins 
demonstrating cytokine receptor binding include Cation-
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Figure 1. Workflow of the quantitative mass spectrometry-based TMT 
MS3 experiments. Following cell lysis and protein extraction, proteins 
were digested with LysC and then trypsin. Each sample was labeled with a 
specific TMT isobaric tag (control cells were labeled with 126-128 colored 
in blue and PanC1 with 129-131 colored in red) and then combined. The 
pooled sample was fractionated by basic pH reversed-phase (BpRP) 
liquid chromatography and subjected to LC-MS3 analysis. This procedure 
was performed in parallel for both HPNE and PanC1 cell lines.

Number of proteins 
detected

Statistically significant

up down

HPNE 5211 221 94

PanC1 5930 239 492

Table 1. Summary of proteins quantified and those differentially 
abundant between the HPNE and PanC1 cell lines.

Figure 2. Protein overlap between cell lines. A) Venn diagram illustrating 
that a total of 5211 proteins were detected in the HPNE cell line, while 
5930 proteins were detected in the PanC1 cell line, of which there was 
an overlap of 4243 proteins. B) Venn diagram representing he number 
of proteins demonstrating statistically significant differences (p<0.01 and 
fold change ±1.5) in abundance upon nicotine stress.
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independent mannose-6-phosphate receptor (IGF2R), 
Alpha-2-macroglobulin (A2M), Cysteine rich protein 61 
(CYR61), and Thrombospondin-1 (THBS1) (Supplemental 
Figure 1b). Third, proteins involved in cell proliferation 
include High-temperature requirement A serine peptidase 
(HTRA1), E3 ubiquitin-protein ligase (UHRF1), ERBB 
receptor feedback inhibitor 1 (ERRFI1), and Transcription 
initiation factor 1 (TAF1) (Supplemental Figure 1c). 
Fourth, suspected nAChR binding partners include 
Amyloid-like protein 2 (APLP2), Apolipoprotein B (APOB), 
and Amyloid beta A4 protein (APP) (Supplemental Figure 
1d). Some functional overlap was present within these 
groups, as CYR61 and HTRA1 can have roles in both cell 
proliferation and cytokine receptor binding, while OSMR 
also functions in cytokine receptor binding, as well as JAK/
STAT signaling. 

Although the abundance of most proteins above were 
altered either up or down in both cell lines, a few proteins 
changed in opposing directions. In both cell lines, all three 
of the suspected nAChR binding proteins were of higher 
abundance in the nicotine-treated samples than the 
untreated samples. In contrast, A2M, CYR61, HTRA1, and 
THBS1, all of which have functions in cytokine receptor 
binding, were of higher abundance in nicotine-treated 
HPNE cells compared to control, however the opposite 
was true for PanC1. Conversely, UHRF1 was of relatively 
lower abundance in HPNE cells than PanC1 upon nicotine 
treatment. The mechanistic relationship between nicotine 
and the alteration in proteins expression requires further 
clarification. Investigating signaling cascades associated 
with these proteins may explain such variations. 

Nicotine Affected the Abundance of Different Sets of 
Proteins in the Two Cell Lines 

In total, 989 proteins showed statistically significant 
differences in abundance in at least one cell line upon 
treatment with nicotine. Hierarchical clustering was 
performed subsequently on these proteins. Data for each 
protein across quantified channels for the HPNE cell line 
(Figure 4a) were normalized with respect to the average 
wildtype abundance levels, as were data for PanC1 (Figure 
4b) independently. In both cell lines, samples clustered 
first by triplicate, that is, untreated cells clustered together, 
as did the nicotine-treated cells. I divided the clustering 
diagrams into 5 sections according to the direction of 
changes in protein abundance. The DAVID bioinformatics 
resource allows data mining with a comprehensive set 
of biologically-relevant functional annotation tools [35]. 
Using this tool, I assigned the major enriched protein class 
categories for each cluster, which are listed to the right of 
the heat maps in Figure 4. 

Only 57 of the 989 proteins with statistically significant 
alterations in abundance in at least one cell line were 
significantly altered in both cell lines (Figure 3b). I then 
divided the proteins into four groups corresponding to 
the direction of protein expression in terms of nicotine 
treatment to controls for both cell lines (Figure 4), that is, 

up in both, down in both, down in HPNE but up in PanC1, 
and up in HPNE but down in PanC1. Of these proteins, 28 
showed altered expression in the same direction. More 
specifically, 18 were of higher abundance upon treatment 
with nicotine, and 10 of lower abundance. Conversely, 29 
proteins were significantly altered in opposite directions. Of 
these, seven were of lower abundance in HPNE and higher 
abundance in PanC1, while 22 were of higher abundance in 
HPNE and lower abundance in PanC1 relative to nicotine 
treatment. The differences in abundance changes provide 
support for cell line-specific effects of nicotine.

DISCUSSION

The data indicate that nicotine extensively alters protein 
abundance in pancreatic duct cells with distinctive proteins 
being differentially regulated in HPNE and PanC1 cell lines. 
An isobaric tandem mass tag mass spectrometry approach 
detected 5211 proteins in the HPNE cell line and 5930 
proteins in the PanC1 cell line. Considering both cell lines, 
I determined 989 proteins to be differentially abundant 
with statistical significance (Benjamini-Hochberg 
corrected p-value <0.01 and fold change greater than 
±1.5), 57 of which were altered upon nicotine treatment in 
both cell lines. Nicotine exposure affected the expression 
of different classes of proteins in both cell lines. Such data 
may support published evidence that the effects of nicotine 
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470JOP. Journal of the Pancreas–http://www.serena.unina.it/index.php/jop–Vol. 15 No. 5 – Sep 2014. [ISSN 1590-8577]

JOP. J Pancreas (Online) 2014 Sep 28; 15(5): 465-474

may be different in the initiation and progression of the 
disease [37, 38].

Functional annotations were culled from the DAVID 
bioinformatics resource to examine the pathways in which 
the proteins detected may have a role. As proteins may have 
several different functions in a cell, the categories listed 
are representative of the whole cluster and may not reflect 
the major functional category of certain proteins. Of the 
pathways listed, cell surface receptor signal transduction 
proteins were up-regulated following nicotine treatment 
in both cell lines, which is consistent with the frequently 
observed effect in various systems [39, 40]. In PanC1, 
certain membrane proteins appear to be down-regulated 
upon nicotine treatment, such as those involved in cell 
adhesion and transmembrane/ion transport as well as 
oxidative phosphorylation [41]. In HPNE, up-regulated 
proteins included those involved in cytokine response, 
steroid biosynthesis, cell migration, extracellular structure 
organization and the JAK/STAT signaling pathway, all 
of which have been implicated as cellular responses 
to nicotine [17, 20, 42]. Cell division, ribosomes, and 
certain cell cycle proteins trended down in HPNE and up 
in PanC1, emphasizing the different effects that nicotine 
has on the cell lines. Overall, these data show that altered 
proteins spanned a wide-range of cellular functions, albeit 
differently between cell types. Such differences were 
expected as PanC1 cells are substantially differentiated 
from non-cancerous PaDC (HPNE) both functionally and 
morphologically. 

Among the functional annotations highlighted by 
David, cytokine response is of particular interest in 
relation to its cellular interactions with the surrounding 
microenvironment. Cytokines are known to affect the 
development and progression of pancreatic cancer and 
chronic pancreatitis [43, 44]. Studies using pancreatic 
stellate cells, for example, have underscored the expression 
of several growth factors, chemokines and cytokines, 

known to participate in inflammatory and fibrotic 
responses to pancreatic injury. These responses are often 
precursors to malignant and pre-malignant lesions [43, 
45, 46]. Moreover, nicotine has also been implicated in 
the release and expression modulation of cytokines in a 
variety of cellular systems [47, 48]. In this study, several 
differentially expressed proteins were involved in cytokine 
receptor binding and JAK/STAT signaling (Supplementary 
Figure 1a). The expressed regulatory factors controlling 
the cellular functions of pancreatic cells represent potential 
diagnostic and therapeutic targets. However, the effects 
of nicotine on the expression and cellular regulation of 
cytokines and associated pathways have not been thoroughly 
investigated and merit further study.

Related to the inflammatory and fibrotic responses, the 
amyloid precursor protein (APP) was up-regulated in both 
cell lines treated with nicotine (Supplementary Figure 
1d). Western blotting against APP, using actin as a protein 
loading control (Supplemental Figure 1e), validated 
the mass spectrometric data which showed similarly 
increased levels of APP expression in both cell types when 
treated with nicotine. APP is well studied in the nervous 
system and is linked to the development of Alzheimer’s 
disease [49, 50]. APP has been identified previously in 
an interactome study of the α7 nAChR from mouse brain 
tissue [19] and has been shown in several studies to 
bind and modulate the activity of this receptor [51, 52]. 
In addition to expression in the nervous system, APP has 
been identified at high levels in the pancreas, epidermis, 
and thyroid [53, 54]. In neurons, APP is suspected to 
have an effect in cell growth and process extension [49], 
although the physiological role of APP in the pancreas and 
other organs has not been well defined. However, evidence 
has suggested APP may be involved in inflammatory and 
cytokine-mediated response [55], which correlates well 
with the effects of nicotine on cytokine-related proteins 
as observed herein. APP has been noted previously as 
being up-regulated in nicotine-treated pancreatic cells in a 
cross-species analysis, which included pancreatic stellate 
cells from mouse, rat, and human species [56]. Moreover, 
an in vitro study using pancreatic ductal epithelial cells 
has indicated that increased APP expression in pancreatic 
cancer may influence cellular proliferation [57]. This study 
revealed the expression and cellular localization of APP 
and associated proteins in pancreatic ductal epithelial cell 
lines under standard growth conditions without exogenous 
perturbations (e.g., nicotine treatment). As such, further 
investigation may lead to a link among nicotine, APP 
expression, inflammatory response, and pancreatic cancer 
(Figure 5). 

Physiologically, nicotine binds specifically to nicotinic 
acetylcholine receptors (nAChR) that participate in signal 
transduction resulting in intracellular phosphorylation 
cascades. nAChRs have key roles in the chemical 
transmission of electrical signals at nerve cell synapses 
and at neuromuscular junctions [58]. These receptors, 
particularly the α7 subtype, have been found also in non-
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neuronal cells and are thought to be important regulators 
of cellular function [59-61]. Nicotine induces cell 
proliferation in breast, lung, and pancreatic cancer cells. In 
one study, nicotine increases the levels of vimentin [38]. 
Another study has demonstrated that nicotine acts via the 
α3 nAChR and increases the expression of fibrosis-related 
proteins [62]. Also, in lung cancer cells, nicotine has been 
shown to activate proliferation by the phosphorylation 
of Bcl-2 [63]. Ca2+ - induced kinase-based signaling is of 
particular interest due to the ionotropic nature of nAChRs 
[64, 65]. More recently, nicotine has been shown to affect 
secretion in pancreatic acinar cells via calcium signaling 
[64]. Herein, I have identified proteins differentially 
expressed upon nicotine treatment that are involved in JAK/
STAT signaling and have not been identified previously in 
the context of PaDC function. Understanding the dynamics 
of kinase activity and phosphorylation patterns associated 
with nicotine and PaDC function may provide targets for 
the early detection of pancreatic disease. 

The research outlined herein may be expanded in several 
diverse directions using the presented techniques. As 
proteins involved in cytokine receptor binding showed 
significant changes in protein abundance, we could 
interrogate the spent culture media for secreted proteins 
in future analyses. Secretion of cytokines in media, for 
example, would indicate an autocrine signaling function as 
has been described for the activation of pancreatic stellate 
cells [66]. In addition, like nicotine, cellular stress resulting 
from treatment with metabolic products of nicotine and 
carcinogens present in cigarette smoke, such as cadmium, 
toluene, NNK, formaldehyde, may have significant effect 
on cellular protein expression. Such effects may be similar, 
more subtle, or more intense than that of nicotine and 
merit study in future investigations. Moreover, although 
pancreatic enzymes are conducted to the duodenum via 
pancreatic duct cells, the acinar cells produce the pancreatic 
enzymes involved in protein digestion. Dysregulation of 
these enzymes, particularly characterized by intracellular 
activation, often results in pancreatitis and later pancreatic 
cancer [67]. As such, these cells may offer an alternative 
target for studying the effect of nicotine on the pancreas, 
which may have a different set of altered pathways. 

With the data acquired herein, we can identity proteins that 
change in abundance, but we cannot assertively determine 
the molecular mechanisms regulating associated pathway 
alterations. To understand better these phenomena, 
posttranslational signaling studies may be informative. 
Future investigations may include phosphoproteomic 
analysis of these cell types to study changes resulting 
from treatment with nicotine. Proteins do not function 
in isolation, but in complex networks of cross-talking 
pathways. Phosphorylation events, resulting from the 
activity of kinases, are major initiators and propagators 
of signaling events. Evidence supports nicotine as a factor 
that can alter protein phosphorylation events. For example, 
nicotine has been shown to induce cell proliferation using 
a Src and Akt-dependent pathway in pancreatic cancer 
cells [68] and has a role in the phosphorylation of CREB, 
ERK, Src, and AKT. Moreover, Shin et al. has shown that 
nicotine promotes growth of gastric cancers via PKC and 
ERK1/2 phosphorylation [69]. Such activity resulting 
from nicotine exposure has not been studied extensively 
in pancreatic cells and doing so will significantly enhance 
our understanding of the signaling pathways implicated 
in the biomolecular alterations triggered by nicotine. 
The techniques outlined here could be adapted to 
phosphorylation analysis to allow further interrogation of 
signaling pathways regulated by nicotine treatment. 

Alterations in signaling pathways, may also be heavily 
dependent on the concentration of nicotine added to the 
media. For this study, the nicotine concentration was 1 
μM, which has been used routinely in gastrointestinal 
cancer research [70] and for multiple cell lines [38]. This 
concentration approximates the supposed upper limit in 
the blood of cigarette smokers, which can vary from 25 to 
444 nM [71]. A recent study investigated nicotine-induced 
cell proliferation in variety of cell lines with the maximum 
effect of nicotine being observed at a 1 μM concentration 
[72]. However, protein changes have also been noted at 
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a range of concentrations, as a prior study investigating 
hepatic stellate cells showed similar alterations at nicotine 
concentrations ranging from 100 pM to 10 μM [73]. 
Future studies may explore the consequences of nicotine 
treatment on PaDC resulting from dose-dependent effects, 
particularly lower, and physiological, concentrations to 
show the minimum needed for a significant alteration in 
abundance, as well as time-dependent protein abundance 
alterations elicited by nicotine treatment. Tracking the 
cellular proteomic response to these conditions may 
provide additional evidence for changes observed in 
the present study and result in further insights into the 
mechanisms of disease.

The investigation of signaling pathways can also 
be enhanced by technological improvements and 
methodological innovations for mass spectrometric 
analyses. As proteomic techniques develop further and 
instrument sensitivity increases, such improvements may 
refine further the initial investigation described herein. 
Until recently, only limited targeted mass spectrometry-
based strategies were available. These methods require 
specialized triple quadrupole instruments and intense 
assay development (multiple and single reaction 
monitoring, abbreviated MRM and SRM, respectively) [74]. 
Emerging methods in mass spectrometry may facilitate 
such strategies and allow for multiplexed, targeted 
absolute quantitation [75]. Such assays will allow for 
multiple targets to be analyzed quantitatively, and as such 
facilitate the simultaneous analysis of several proteins 
within a pathway. These advancements indicate a positive 
outlook for future mass spectrometry-based pathway 
studies.

In conclusion, the data show significant changes in the 
protein profiles of PaDC following nicotine treatment. 
Future studies exploring further the impact of nicotine on 
cellular functions considering dose and time-dependent 
effects may enable the tracing of alterations in the 
abundance of specific proteins or modulation of certain 
pathways thereby expanding our knowledge concerning 
the effects of nicotine on the pancreas. Moreover, although 
difficult to obtain and culture, the use of isogenic primary 
cells that originate from diseased and healthy areas of the 
same patient would support further the data presented 
herein. In summary, the data demonstrate that exposure 
of pancreatic cells to nicotine alters the abundance of 
certain proteins, the mediation of which may be linked to 
pancreatic diseases, including pancreatic adenocarcinoma 
and chronic pancreatitis.

SUPPLEMENTS
Supplemental Figure 1. Examples of statistically significant, 
differentially abundant proteins following nicotine treatment. 
The proteins above demonstrate significant changes in 
abundance in both pancreatic cell lines. These proteins were 
classified as either A) JAK/STAT signaling proteins, B) 
nAChR interacting proteins, C) cytokine binding proteins, 

or D) cell proliferation-related proteins. E) Western blotting 
analysis probing for amyloid precursor protein (APP,) which 
is up-regulated in both cell lines upon nicotine treatment, and 
corresponding actincontrol blot.
Supplemental Table 1. Proteins quantified in HPNE and 
PanC1 TMT6-plex analysis. Columns include: Protein 
identification number, gene symbol, protein description/
name, number of peptides identified per protein (peptides), the 
normalized summed signal to noise for each of the 6 channels 
(126_sn_norm to 131__sn_norm).
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