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Nicotine-induced protein expression profiling reveals mutually
altered proteins across four human cell lines

Joao A. Paulo and Steven P. Gygi
Department of Cell Biology, Harvard Medical School, Boston, MA, USA

Abstract

Mass spectrometry-based proteomic strategies can profile the expression level of proteins in
response to external stimuli. Nicotine affects diverse cellular pathways, however, the nicotine-
induced alterations on the global proteome across human cell lines have not been fully elucidated.
We measured perturbations in protein levels resulting from nicotine treatment in four cell lines—
HEK, HeLa, PaSC, and SH-SY5Y—in a single experiment using tandem mass tags (TMT10-plex)
and high-resolution mass spectrometry. We quantified 8590 proteins across all cell lines. Of these,
nicotine increased the abundance of 31 proteins 1.5-fold or greater in all cell lines. Likewise,
considering proteins with altered levels in at least three of the four cell lines, 64 were up-regulated,
while one was down-regulated. Gene ontology analysis revealed that ~40% of these proteins were
membrane bound, and functioned in transmembrane signaling and receptor activity. We
highlighted proteins, including APP, APLP2, LAPTMA4B, and NCOA4, which were dysregulated
by nicotine in all cell lines investigated and may have implications in downstream signaling
pathways, particularly autophagy. Using the outlined methodology, studies in additional (including
primary) cell lines will provide further evidence that alterations in the levels of these proteins are
indeed a general response to nicotine and thereby merit further investigation.
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1 Introduction

Multiplexing strategies in mass spectrometry-based quantitative proteomics have
significantly expanded the depth, efficiency, and throughput of comprehensive protein
analyses. Isobaric tag-based methodologies, such as tandem mass tags (TMT), are well-
established for relative quantification of peptides and associated proteins [1-3]. Using this
technique, the relative abundances of several thousand proteins can be measured
simultaneously in currently up to ten different samples—equivalent to performing thousands
of quantitative Western blotting analyses in a single experiment [4]. Here, we use a strategy
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which employs TMT to enhance our ability to quantitatively analyze proteomic alterations
resulting from nicotine treatment.

Cigarette smoke is a mixture of over 4000 compounds, including over 50 carcinogens [5].
The toxic compounds in tobacco smoke are absorbed into the bloodstream and several have
been detected in other body fluids, such as urine [6] and pancreatic fluid [7]. Nicotine, a
major component of tobacco, is directly absorbed by the lungs and by more distal organs via
systemic circulation [8]. Although not considered carcinogenic, nicotine may act as a tumor
promoter. Specifically, nicotine has been shown to enhance cell invasion, proliferation,
migration and angiogenesis in many cell types [9]. Recent evidence suggests that nicotine
may have a role in DNA damage and is potentially mutagenic [10, 11]. Although exposure
to nicotine is known to be detrimental to cells, the full extent of its effects on the global
cellular proteome has yet to be elucidated. Typically, nicotine has been studied in the context
of lung and brain cell models, due in part to its oncological and psychological roles.
However, once consumed, nicotine has a wide distribution in body systems presenting at
high concentration in liver, kidney, and spleen [12]. Also, nicotine crosses the placental
barrier and has been detected in fetal serum [13]. The extent of the systemic effects of
nicotine are currently undetermined, but this drug may cause damage to the genome, disrupt
metabolic processes, and facilitate the growth and spreading of cells, all of which have far-
reaching pathological effects.

The extracellular targets of nicotine are predominantly nicotinic acetylcholine receptors
(nAChR). Nicotine interacts with a broad population of these receptors that are composed of
distinct subunits each having varying affinities and downstream effectors [14, 15]. Nicotine
binding to these cell surface receptors can transduce extracellular signals to the intracellular
space resulting in ion transport and/or initiation of phosphorylation cascades and other
signaling pathways [16-18]. Although primarily associated with neuronal cells, these
receptors, particularly the homopentameric a7 subtype, have been found also in non-
neuronal cells, including mesenchymal, immune, endothelial, and epithelial cells, and are
thought to be important regulators of cellular function [19-21].

Here we investigate the global proteomic effects of nicotine on four well-established human
cell lines: HEK (embryonic kidney), HeLa (cervical adenocarcinoma), PaSC (pancreatic
stellate cells) and SH-SY5Y (bone marrow-derived neuroblastoma). The HEK 293 cell line
is used ubiquitously in cell biology research for protein expression-based studies, among
many other applications [22]. Another common immortalized cell line, HeL a, is derived
from adenocarcinoma of the cervix and is heavily investigated in cancer biology [23]. The
PaSC cell line (RLT-PSC) is a myofibroblast-like cell line that has a role in the pathogenesis
of pancreatitis and pancreatic cancer [24]. In contrast, SH-SY5Y is a human neuroblastoma
cell line that is derived from bone marrow and is typically used in neuroscience studies,
including those with nicotine and other nicotinic receptor ligands [25]. Although the effects
of nicotine have been investigated in various other cell types, we present the first quantitative
analysis of nicotine alterations across these four cell lines. In this study, we demonstrate that
nicotine stimulates proteomic alterations across different cell lines. Here, we quantified the
effect of nicotine on the abundance of over 8500 proteins in a single TMT-based experiment.
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Additionally, we classified proteins with altered abundances resulting from nicotine
treatment and highlight those which may be indicative of a general response to nicotine.

2 Materials and methods

2.1 Materials

Tandem mass tag (TMT) isobaric reagents were from Thermo Fisher Scientific (Waltham,
MA). Nicotine was purchased from Sigma (St. Louis, MO). Water and organic solvents were
from J.T. Baker (Center Valley, PA). Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) were from LifeTechnologies (Waltham,
MA). Unless otherwise noted, all other chemicals were from Sigma (St. Louis, MO).

2.2 Cell growth and harvesting

Methods of cell growth and propagation followed previously utilized techniques [26, 27]. In
brief, cells were propagated in DMEM supplemented with 10% FBS. Upon achieving 80%
confluency, the growth media was aspirated and the cells were washed thrice with ice-cold
phosphate-buffered saline (PBS). Designated cell culture dishes were supplemented with 1
UM nicotine and control cell culture dishes were mock-treated with an equal volume of
sterile deionized water, in buffer adjusted to pH 7.4. Twenty-four hours after the addition of
the drug, the cells were dislodged with a non-enzymatic reagent, harvested by trituration
following the addition of 10 mL PBS, pelleted by centrifugation at 3000 x g for 5 min at
4°C, and the supernatant was removed. One milliliter of HBSp (50 mM HEPES, 50 mM
NaCl, pH 8.0 supplemented with 1X Roche Complete protease inhibitors), and 2% SDS
were added per each cell pellet.

2.3 Cell lysis and protein digestion

Cells were homogenized by ten passes through a 21-gauge (1.25 inches long) needle and
incubated at 4°C with gentle agitation for 30 min. The homogenate was sedimented by
centrifugation at 21 000 x g for 5 min and the supernatant was transferred to a new tube.
Protein concentrations were determined using the bicinchoninic acid (BCA) assay
(ThermoFisher Scientific). Proteins were subjected to disulfide bond reduction with 5 mM
tris (2-carboxyethyl)phosphine (room temperature, 30 min) and alkylation with 10 mM
iodoacetamide (room temperature, 30 min in the dark). Excess iodoacetamide was quenched
with 10 mM dithiotreitol (room temperature, 15 min in the dark). Methanol-chloroform
precipitation was performed prior to protease digestion. In brief, four parts of neat methanol
were added to each sample and vortexed, one part chloroform was added to the sample and
vortexed, and three parts water was added to the sample and vortexed. The sample was
centrifuged at 14 000 rpm for 2 min at room temperature and subsequently washed twice
with 100% methanol. Samples were resuspended in 100 mM HEPES, pH 8.5 and digested at
room temperature for 13 h with Lys-C protease at a 100:1 protein-to-protease ratio. Trypsin
was then added at a 100:1 protein-to-protease ratio and the reaction was incubated for 6 h at
37°C.
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2.4 Tandem mass tag labeling

Approximately, 50 ug of peptides from each sample were labeled with TMT reagent. A total
of 5 uL of the 20 ng/uL stock of TMT reagent was added to the peptides along with 20 pL of
acetonitrile to achieve a final acetonitrile concentration of approximately 30% (v/v).
Following incubation at room temperature for 1 h, the reaction was quenched with
hydroxylamine to a final concentration of 0.5% (v/v) for 15 min. The TMT-labeled samples
were pooled ata 1:1:1:1:1:1:1:1:1:1 ratio. The sample was vacuum centrifuged to near
dryness and subjected to C18 solid-phase extraction (SPE) (Sep-Pak, Waters).

2.5 Off-line basic pH reversed-phase (BPRP) fractionation

We fractionated the pooled TMT-labeled peptide sample using BPRP HPLC [28]. We used
an Agilent 1100 pump equipped with a degasser and a photodiode array (PDA) detector (set
at 220 and 280 nm wavelength) from Thermo Fisher Scientific (Waltham, MA). Peptides
were subjected to a 50 min linear gradient from 5 to 35% acetonitrile in 10 mM ammonium
bicarbonate pH 8 at a flow rate of 0.8 mL/min over an Agilent 300Extend C18 column (5
um particles, 4.6 mm id and 220 mm in length). The peptide mixture was fractionated into a
total of 96 fractions. Fractions were collected into a 96-well plate from left to right along a
row. Samples were consolidated into 12 by combining the columns of the 96-well plate
(outlined in Supporting Information Fig. 5 of [29]). Samples were subsequently acidified
with 1% formic acid and vacuum centrifuged to near dryness. Each consolidated fraction
was desalted via StageTip, dried again via vacuum centrifugation, and reconstituted in 5%
acetonitrile, 5% formic acid for LC-MS/MS processing.

2.6 Liquid chromatography and tandem mass spectrometry

Our mass spectrometry data were collected using an Orbitrap Fusion mass spectrometer
(Thermo Fisher Scientific, San Jose, CA) coupled to a Proxeon EASY-nLC 1000 LC pump
(Thermo Fisher Scientific). The capillary column was a 75 pm id microcapillary column
packed with ~0.5 cm of Magic C4 resin (5 um, 100 A, Michrom Bioresources) followed by
~30 cm of GP-18 resin (1.8 pm, 200 A, Sepax, Newark, DE). For each analysis, we loaded 2
ug onto the column.

Peptides were separated by using a 3 h gradient of 6 to 26% acetonitrile in 0.125% formic
acid at a flow rate of ~450 nL/min. Each analysis used the Multi-Notch MS3-based TMT
method [30]. The scan sequence began with an MS1 spectrum (Orbitrap analysis; resolution
120 000; mass range 400-1400 /7/z, automatic gain control (AGC) target 2 x 10°; maximum
injection time 100 ms). Precursors for MS2/MS3 analysis were selected using a TopSpeed of
2 sec. MS2 analysis consisted of collision-induced dissociation (quadrupole ion trap
analysis; AGC 4 x 103; normalized collision energy (NCE) 35; maximum injection time 150
ms). Following acquisition of each MS2 spectrum, we collected an MS3 spectrum using our
recently described method in which multiple MS2 fragment ions were captured in the MS3
precursor population using isolation waveforms with multiple frequency notches [30]. MS3
precursors were fragmented by high energy collision-induced dissociation (HCD) and
analyzed using the Orbitrap (NCE 55; AGC 5 x 104 maximum injection time 150 ms,
resolution was 60 000 at 200 Th).
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2.7 Data analysis

Mass spectra were processed using a Sequest-based in-house software pipeline [31]. Spectra
were converted to mzXML using a modified version of ReAdW.exe. Database searching
included all entries from the human UniProt database. This database was concatenated with
one composed of all protein sequences in the reversed order. Searches were performed using
a 50 ppm precursor ion tolerance for total protein level analysis. The product ion tolerance
was set to 0.9 Da. These wide mass tolerance windows were chosen to maximize sensitivity
in conjunction with Sequest searches and linear discriminant analysis [31, 32]. 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-spectral matches (PSMs) were adjusted to a 1% false discovery rate (FDR) [33, 34].
PSM filtering was performed using a linear discriminant analysis, as described previously
[31], while considering the following parameters: XCorr, ACn, missed cleavages, peptide
length, charge state, and precursor mass accuracy. For TMT-based reporter ion quantitation,
we extracted the summed signal-to-noise (S:N) ratio for each TMT channel and found the
closest matching centroid to the expected mass of the TMT reporter ion. For protein-level
comparisons, PSMs were identified, quantified, and collapsed to a 1% peptide false
discovery rate (FDR) and then collapsed further to a final protein-level FDR of 1%.
Moreover, 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 using in-
house software, as described previously [31]. PSMs with poor quality, MS3 spectra with
more than eight TMT reporter ion channels missing, MS3 spectra with TMT reporter
summed signal-to-noise ratio less than 100, or with no MS3 spectra were excluded from
quantification [4]. Each reporter ion channel was summed across all quantified proteins and
normalized assuming equal protein loading of all ten samples. Protein quantification values
were exported for further analysis in Microsoft Excel or SAS JMP.

We used JMP Pro 12.2 to perform our Spearman correlation analysis. In our TMT data set,
17 zero measurements were present and these proteins were eliminated from the analysis.
Spearman’s p correlation coefficient is computed on the ranks of the data, using the same
formula as the Pearson correlation [35]. The p-value for significance was determined by the
t-distribution, and significance level was set at p-value <0.05.

2.7.1 Data access—Supporting Information Tables 1 and 2 list all quantified proteins and
peptides, respectively, as well as the associated TMT reporter ion intensities used for
quantitative analysis. The mass spectrometry proteomics data (RAW files) have been
deposited to the ProteomeXchange Consortium [36] via the PRIDE partner repository with
the dataset identifier PXD005361.
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3 Results and discussion

3.1 Our mass spectrometry workflow quantified over 8500 proteins across four cell lines in
a single experiment

3.2 Nicotine
investigated

Our experimental design consisted of four cell types (HEK293, HelLa, PaSC, and SH-SY5Y)
each of which were mock- or nicotine-treated for 24 h. As a control, we included a
biological replicate of PaSC (for both mock- or nicotine-treated samples). These samples
were processed via our TMT workflow and analyzed using Multi-Notch MS3 analysis on an
Orbitrap Fusion mass spectrometer (Fig. 1).

In total, we quantified 8590 proteins across all ten samples. These proteins were represented
by 120 411 total peptides that corresponded to 83 043 unique peptides (Table 1). In Fig. 2A,
a heat map illustrates the relative protein abundance across all samples and the associated
dendrogram shows sample grouping. We noted that identical cell types clustered together
closely and that the PaSC cells—which were analyzed in duplicate—did so by treatment.
Clustering by cell type was expected as we did not anticipate that proteomic alterations
resulting from the 24 h nicotine treatment would predominate over cell type-specific
proteomes. Furthermore, we produced a Spearman correlation matrix comparing the relative
protein abundance across the ten samples (Fig. 2B). As expected, protein abundance for the
PaSC replicates correlated tightly (p>0.9), while correlation coefficients were lower between
cell types. As such, we examined further the protein alterations resulting from nicotine stress
across cell types having very diverse proteomes.

We produced a biological replicate of this TMT10-plex workflow. Venn diagrams illustrated
that approximately 75% of the identified proteins were in common between datasets
(Supporting Information Fig. 1A). We also constructed scatter plots of the TMT relative
abundance values to visualize the correlation between the two datasets for each cell line and
treatment (Supporting Information Fig. 1B). In accordance with these plots, the Spearman
coefficient, p, for the replicate sample pairs were >0.7 and the p-value < 0.001, showing
strong correlation between the two datasets (Supporting Information Fig. 1C). These well-
correlated datasets are encouraging, yet orthogonal validation of proteins meriting further
investigation is recommended.

altered the relative abundance of over 400 proteins in the cell lines

Inclusively, we determined a total of 402 non-redundant proteins in our dataset as having
increased levels greater than 1.5-fold when cells were treated with nicotine. Of these, 31
proteins were quantified in all four cell lines, while an additional 33 proteins showed such an
increase in at least three of the four cell lines (Fig. 3A). In addition, we identified a total of
32 non-redundant proteins as having a greater than 1.5-fold decrease in abundance upon
nicotine treatment in our dataset. Of these, none were determined to be down-regulated in all
four cell lines, while only one was down-regulated in three of the four cell lines (Fig. 3B). In
Fig. 4, we indicate the 31 proteins that demonstrated a 1.5-fold or greater increase in all four
cell lines when treated with nicotine. The dot plot denotes the percentage of total signal
contributed by each sample across the ten channels for a given protein. Similarly, we specify
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the 33 proteins with higher abundance in at least three of the four cell lines (Supporting
Information Fig. 2A) and 1 protein that showed greater than 1.5-fold decrease when treated
with nicotine (Supporting Information Fig. 2B) with a similar plot.

3.3 Several proteins that participate in nAChR signaling, autophagy, and other signaling
pathways demonstrated higher abundance across all cell lines

We highlighted eight proteins that demonstrated higher abundance when treated with
nicotine across all cell lines. Amyloid beta A4 protein (APP, Fig. 5A) is well studied in the
nervous system and is linked to the development of Alzheimer’s disease [37, 38]. APP has
been identified previously in an interactome study of the a7 nAChR from mouse brain tissue
[18] and several studies have shown APP to bind and modulate the activity of this receptor
[39, 40]. APP has also been observed previously as up-regulated in nicotine-treated
pancreatic cells in a cross-species analysis, which included PaSC from mouse, rat, and
human species [41]. Moreover, an in vitro study using pancreatic ductal epithelial cells has
indicated that increased APP expression in pancreatic cancer may influence cellular
proliferation [42]. Like APP, Amyloid-like protein 2 (APLP2, Fig. 5B) was also among
those proteins demonstrating higher abundance across cell lines when treated with nicotine
[43]. Moreover, APLP2 may interact with proteins in cellular G-protein signaling pathways,
which have been shown to associate with nAChR [44, 45], and likewise are members of a
murine nAChR interactome [18].

While the effects of nicotine have been associated with up-regulation of APP and APLP2
expression, we provide additional evidence that supports nicotine as having an effect on the
expression of other proteins. For example, abundance differences in complement C4-A
(C4A, Fig. 5C) have been shown previously to predict survival of patients with metastatic
renal cell carcinoma [46] and members of the complement family have been also associated
with nicotine exposure [47]. An unrelated protein, calcium-binding and coiled-coil domain-
containing protein 2 (CALCOCO?2, Fig. 5D) may be linked to the ionotropic role of nAChR.
As a7 nAChR is a calcium channel, the influx of calcium in the presence of nicotine is
likely to affect CALCOCO2 turnover [48]. CALCOCO2 has been observed previously to be
elevated in PANC1 and HPNE pancreatic duct cells following treatment with nicotine [47].
Moreover, CALCOCO2 may have a role in actin cytoskeletal organization and is also
involved in autophagy [49]. Potentially also linked to autophagy, lysosomal-associated
transmembrane protein 4A (LAPTMA4A, Fig. 5E) and 4B (LAPTMA4B, Fig. 5F) are members
of the mammalian four-transmembrane spanning protein superfamily that are of lysosomal
and late endosomal origin [50]. While LAPTMA4A confers multidrug resistance as a small
molecule transporter, LAPTM4B promotes autophagy and tolerance to metabolic stress in
cancer cells. LAPTM4B is overexpressed in human hepatocellular carcinoma [51] and is
associated with colorectal and esophageal cancers [52]. Likewise, nuclear receptor
coactivator 4 (NCOA4, Fig. 5G) has a potential role in thyroid carcinoma, papillary and
prostate cancer [53, 54]. NCOA4 is a transcriptional co-regulator and is a coactivator of the
peroxisome proliferator-activated receptor (PPAR) gamma [55]. NCOAA4 also functions in
ferritin degradation and autophagy [56]. Moreover, NCOA4 has been observed previously as
elevated in PANC1 and HPNE pancreatic duct cells following nicotine treatment [47].
Another protein demonstrating higher abundance upon nicotine treatment is tumor necrosis
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factor receptor superfamily member 10B (TNFRSF10B, Fig. 5H). TNFRSF10B is a cell
surface receptor of the TNF superfamily that mediates apoptosis [57]. Although no direct
link has been established between TNFRSF10B and nicotine, nicotine can block TNF-
mediated interaction with NMDA receptors [58].

In addition, we used actin (ACTB, Fig. 5I) as a housekeeping control. We show that no
substantial effect on actin concentration was noted when the cells were exposed to nicotine.
We have identified novel and previously-observed proteins as up-regulated when cells were
treated with nicotine. In our replicate dataset we have quantified the same nine proteins
highlighted in Fig. 5 (Supporting Information Fig. 3). These proteins show a very similar
TMT relative abundance profiles in both datasets. However, further validation with
orthogonal strategies will be needed to determine the role of these proteins in cells under
nicotine stress.

3.4 Gene ontology and interaction analysis classification revealed enrichment of
membrane protein-associated categories

We submitted differentially abundant proteins to the GOrilla server [59] to determine gene
ontology enrichment (Table 2). Analysis of molecular function showed enrichment of
proteins involved in transmembrane receptor and signaling function. It follows that the
enriched terms for the cellular component category included plasma membrane-associated
classifications. In addition, we examined the lists of differentially expressed proteins from
each of the four cell lines individually, as nicotine may have cell line-specific effects. The
proteins classified under a specific GO category were tallied and compared across the four
cells lines (proteins are listed in Supporting Information Table 3). Generally, the percentage
of differentially abundant proteins was similar across all cell lines. However, HeL a cells did
not show enrichment for the categories: endosome, membrane raft, and receptor complex
cellular component. This result may be expected as HelLa cells showed the least number of
altered proteins and likewise these categories (i.e., endosome, membrane raft, and receptor
complex cellular component) also represented the lowest percentage of altered proteins in
the three other cell lines. Overall, these data provided supporting evidence that nicotine
treatment promoted alterations in the abundance of membrane proteins and those involved in
signaling pathways.

The 65 proteins that demonstrated changes in abundance =|1.5] in at least three of the four
cell lines (as listed in Fig. 3 and Supporting Information Fig. 2) were subjected to String
biological network analysis [60]. Figure 6 depicts the network diagram of these 65 proteins
with respect to known and predicted protein-protein interactions. The degree of association
is graphically illustrated by the thickness of the edges connecting nodes, which included the
evidence parameters: experiments, databases, co-expression, neighborhood, gene fusion and
co-occurrence. The largest cluster consisted of 18 proteins and was anchored by APP and
Notchl. The majority of these are membrane proteins and many have roles in metabolism
and are involved in intramembrane cleavage of integral membrane proteins, such as Notch
receptors, as well as in APP processing. To this end, previous evidence supports the potential
effect of nicotine on Notch signaling [61,62] and APP expression [39,40]. A smaller, yet
interesting, cluster was composed of the proteins MSMO1, FDFT1, and CYP51A1. These
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proteins are involved in steroid biosynthesis, a process which has recently been shown to be
affected by nicotine exposure and may merit further targeted investigation [63]. This
analysis has shown that some of the proteins altered by nicotine across cell lines fall into
known biological networks. These data provide evidence supporting the merit of extending
the methodologies outlined herein to investigate the effect of nicotine exposure in animal
and/or primary cell models.

3.5 These data and the associated methodologies present a platform for further
investigation of the cellular effects of nicotine

In this study, we measured perturbations in protein levels resulting from nicotine treatment
in four cell lines using tandem mass tags (TMT10-plex). Our data show that several proteins
increase in abundance across four cell lines. However, we recognize that this study is limited
with respect to the effect of nicotine in a physiological environment. To understand better
the true biological relevance of nicotine’s effect, a more rigorous experimental design should
be applied. For example, the cellular dosage should be investigated further with nicotine
concentrations spanning and extending beyond the physiological range. Alterations in
protein abundance due to chemical treatments, such as nicotine, are typically concentration
dependent. The data presented herein provide the protein profile of a single concentration of
nicotine at a specific time point. The concentration used (1uM) and the time point chosen
(24 h) mimics several previous studies [9, 64]. This concentration approximates the
supposed upper limit in the blood of cigarette smokers, which can vary from 25 to 444 nM
[65]. However, protein changes have also been noted at a range of nicotine concentrations.
For example, one particular study investigated hepatic stellate cells and showed similar
alterations at nicotine concentrations ranging from 100 pM to 10 uM [66]. As such, a wide
range of nicotine concentrations may be investigated which would reveal a spectrum of
proteomic alterations.

Studies may be designed to explore the consequences of nicotine treatment on cell lines
resulting from dose-dependent effects. Particularly, lower concentrations should be used to
show the minimum dosage 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 proteomic
changes observed in the present study and result in further insights into the mechanisms of
disease. These studies expand the scope of our investigation by considering the dosage and
temporal effects of nicotine.

Moreover, the use of primary cell lines will produce a more physiologically relevant nicotine
effect than do cell lines. Specifically, hepatic and hippocampal primary cells are known to be
affected by nicotine and may serve as positive controls when examining other cells. Finally,
determining a cellular read-out assay which is specific to nicotine treatment would better
quantify nicotine’s impact on cellular function. For example, MTT cell proliferation assays,
and wound healing (scratch) assays could complement well the proteomics data, thereby
providing a phenotype which may be directly or indirectly associated with proteomic
alterations.
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In addition, future experiments may also extend the TMT10-plex strategy that we have
outlined herein. For example, effects of different nAChR ligands could be investigated. Also,
as the majority of proteins that are up-regulated with nicotine treatment have roles in cellular
signaling events, the ubiquitylome and/or phosphoproteome may also be investigated using
analogous TMT-based methods [67].

4 Concluding remarks

Here we highlight several proteins that are dysregulated in all four cell lines investigated
when treated with nicotine. Future studies may use techniques similar to those herein to
assay other cell lines or specifically target proteins with parallel reaction monitoring assays
[68]. In addition to identifying individual candidate proteins for future studies, gene
ontology analysis provides insight into the localization and functions of these altered
proteins. This analysis reveals that several membrane-related processes may be altered.
Accordingly, 58% of the dysregulated proteins are predicted as having transmembrane
topology. The binding of nicotine to transmembrane NAChR modulates the internalization
rate of these receptors, as such membrane protein landscape alterations are expected [69-
71]. Additional studies using immunofluorescence or membrane-specific proteome analysis
can examine further the induced differences in the membrane protein landscape. In
summary, we have identified proteins and pathways that are altered following nicotine
exposure in various cell types. The majority of the differentially abundant proteins are
membrane-related and have roles in signal transduction and several are involved in cellular
autophagy. Moreover, varying nicotine concentrations and incubation times may offer
additional insight into potential time- and dose-dependent nicotine-induced changes in
cellular proteomes. We conclude that nicotine exposure may cause widespread proteomic
alterations and that this consequence merits further investigation in additional cell lines and
model systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance of the study

Nicotine is a stimulant drug found in tobacco plants and used as smoking prevention in
forms of patches, gums, and popular e-cigarettes. However, nicotine can perturb cellular
pathways and can induce alterations in many proteins across different cell types, yet the
mechanisms thereof remain undetermined. We used a multiplexed Tandem Mass Tag
(TMT10-plex)-based approach to study the proteomic alterations resulting from nicotine
exposure in four common cell lines: HEK, HeLa, PaSC, and SH-SY5Y. We quantified
8590 proteins across the four cell lines. Of these proteins, 31 were altered by nicotine in
all four cell lines, many of which were implicated in downstream signaling pathways,
particularly autophagy. The outlined methodology along with studies in other cell lines
will provide further evidence of proteomic alterations as a general response to nicotine
exposure.

Proteomics. Author manuscript; available in PMC 2017 August 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Paulo and Gygi

PasC (1) HEK293 | HeLa SH-SYSY || PasC(2) |
- O - - - - - .- - -
! oo b oo | } |
Nicotine = + - + - - + - +

+
| U T S I } | |

cell lysis, reduction and alkylation, chloroform-methanol precipitation, digestion with
Lys-C and then trypsin

| | | | | | | | | |

™T \126 127N 127C 128N 128C 129N 129C 130N 130C 131

9 e

)

Basic pH reversed-phase (BPRP) liquid chromatography fractionation
i

SPS-MS? analysis on an Orbitrap Fusion mass spectrometer for each of the 12 fractions

Figurel.

Experimental overview of the SPS-MS3 strategy. Four cell types (PaSC—in duplicate,
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HEK?293, HeLa, and SH-SY5Y) were propagated and designated cultures were mock or
nicotine treated. Proteins were extracted and then digested with Lys-C and trypsin. The
resulting peptides were labeled with TMT, pooled, and fractionated via basic pH reversed-
phase high performance liquid chromatography (BPRP-HPLC) prior to MS3 analysis on an

Orbitrap Fusion mass spectrometer.
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Total of 8590 proteins were quantified by using the SPS-MS3 strategy. (A) Heat map and
associated dendrogram of samples analyzed in the TMT10-plex experiment. Data were
normalized to the average untreated PaSC samples. (B) Spearman correlation (p) matrix of
protein abundance for all ten samples. Highlighted in red and blue are the correlations of the
replicates for PaSC and PaSC+nicotine, respectively, both of which demonstrated p>0.9. nic,
nicotine.
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Figure 3.
Venn diagrams of proteins with altered abundance following nicotine treatment. The Venn

diagrams display the protein overlap for (A) 402 non-redundant proteins that exhibited an
increase (=1.5-fold) in abundance, and (B) the 32 that exhibited a decrease (=1.5-fold) in
abundance when the cell lines were treated with nicotine for 24 h.
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Figure 4.
Proteins (/7= 31) demonstrating a significant increase in abundance following nicotine

treatment in all four cell lines. Heat map scale is the percentage of the total abundance of a
protein across all ten channels.
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Bar graphs of proteins differentially expressed with statistical significance across cell lines.
(A-H) Plots illustrate examples of proteins that demonstrate abundance greater than 1.5-fold
in at least three of the four cell types investigated. (I) Actin is plotted as a control and does
not show significant alteration in abundance in any cell line following nicotine treatment.
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Figure®6.
Network of 65 proteins that demonstrate differences in abundance (fold change =1.5). Line

thickness of the edges indicates the strength of data supporting the interactions. Analysis
was performed by using String [60] and evidence connecting nodes included experiments,
databases, co-expression, neighborhood, gene fusion and co-occurrence.
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Table 1

Summary of mass spectrometry data

Unique peptides  Total peptides  Quantified proteins®)

83 043 120 411 8590

a)Proteins quantified across all ten TMT channels, with an FDR <1%.
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Gene ontology category enrichment of differentially abundant proteins

Table 2

GO term Description FDR g-value®)  Fold enrichment?)  No. of proteins®)
Molecular function

G0:0004888 Transmembrane signaling receptor activity 2.56E-08 6.82 20
G0:0004872 Receptor activity 1.77E-08 4.74 27
G0:0038023 Signaling receptor activity 8.73E-08 5.69 21
G0:0060089 Molecular transducer activity 5.27E-06 3.2 31
G0:0004871 Signal transducer activity 2.94E-05 3.36 26
G0:0005102 Receptor binding 4.46E-05 2.64 35
Cellular component

G0:0005576 Extracellular region 3.47E-11 51 30
G0:0005765 Lysosomal membrane 5.97E-03 35 13
G0:0005768 Endosome 4.36E-03 2.69 20
G0:0005886 Plasma membrane 7.61E-09 2.2 67
G0:0010008 Endosome membrane 1.04E-04 3.52 20
G0:0016021 Integral component of membrane 8.60E-31 3.26 105
G0:0043235 Receptor complex 1.29E-05 5.86 14

a)

b)
c)

Cut-off chosen was a false discovery rate <0.001.

Fold enrichment is with respect to all proteins quantified in the dataset.
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