1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Proteomics. Author manuscript; available in PMC 2018 June 07.

-, HHS Public Access
«

Published in final edited form as:
Proteomics. 2018 June ; 18(11): €1700475. d0i:10.1002/pmic.201700475.

Isobaric tag-based protein profiling of a nicotine-treated alpha7
nicotinic receptor-null human haploid cell line

Joao A. Paulo! and Steven P. Gygil#
1Department of Cell Biology, Harvard Medical School, Boston, MA 02115, United States

Abstract

Nicotinic acetylcholine receptors (NAChR), the primary cell surface targets of nicotine, have
implications in various neurological disorders. Here we investigate the proteome-wide effects of
nicotine on human haploid cell lines (wildtype HAP1 and a 7KO-HAP1) to address differences in
nicotine-induced protein abundance profiles between these cell lines. We performed an SPS-MS3-
based TMT10-plex experiment arranged in a 2-3-2-3 design with two replicates for the untreated
samples and three for the treated samples for each cell line. We quantified 8,775 proteins across all
10 samples, of which several hundred differed significantly in abundance. Comparing a7KO-
HAP1 and HAP1wt cell lines revealed significant protein abundance alterations, however we also
measured differences resulting from nicotine treatment in both cell lines. Among proteins with
increased abundance levels due to nicotine treatment included those previously identified: APP,
APLP2, and ITM2B. The magnitude of these changes was greater in HAP1wt compared to the
a7KO-HAP1 cell line, implying a potential role of the a7 nAChR in HAP1 cells. Moreover, the
data revealed that membrane proteins and proteins commonly associated with neurons were
predominant among those with altered abundance. This study, which is the first TMT-based
proteome profiling of HAP1 cells, defines further the effects of nicotine on non-neuronal cellular
proteomes.
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1. INTRODUCTION

Tobacco use is among the leading causes of preventable illness and death in the United
States. Tobacco products have long been associated with multiple cancers types and chronic
diseases affecting virtually all organ systems [1]. For example, cigarette smoking is a
prominent risk factor for heart attacks, strokes, chronic obstructive pulmonary disease
(COPD), and cancer (most prominently, lung cancer, cancers of the larynx and mouth, and
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pancreatic cancer). Understanding the underlying mechanisms that dictate the course of
disease is vital to developing counteracting intervention.

Cigarette smoke consists of a mixture of greater than 4,000 compounds, for which over 50
are suspected carcinogens [21. Nicotine is a natural alkaloid present predominantly in
tobacco-related products. As a major component of tobacco, nicotine is readily absorbed by
the lungs, as well as distal organs via systemic circulation [3]. Aside from its presence in
tobacco, nicotine is a main component in smoking cessation products and electronic
cigarettes [4l. Growing evidence has linked nicotine to the disruption of cellular metabolic
processes and its potential to be genotoxic and tumor-promoting [®1. Nicotine has been
shown to induce cell proliferation and invasion in multiple lung and breast cancer lines (6],
and to alter the phosphorylation states of proteins in pancreatic stellate cells []. Various
cancers and chronic diseases have been linked to nicotine, yet the mechanisms thereof
remain poorly understood (8],

Pharmacologically, nicotine binds specifically to nicotinic acetylcholine receptors (nAChR)
with varying affinities. Downstream effectors involved in signal transduction result in the
modulation of intracellular phosphorylation cascades. NAChR can bind distinct ligands and
evidence suggests that each subtype has a unique set of interacting proteins, a wide array of
ligands, and varying affinities to nicotine [°]. Nicotine binding to these cell surface receptors
transduces extracellular signals to the intracellular space. This molecular mechanism is
manifested by ion transport and/or initiation of phosphorylation cascades and other signaling
pathways [10: 111 nAChRs, particularly the a7 subtype, have been discovered in non-
neuronal cells and are important regulators of cellular function [12], For example, some
nAChR subtype (including the a7 nAChR) are expressed in the HAP1 cell line.

The HAP1 cell line is near-haploid, having a single copy of each chromosome, aside from a
30-megabase fragment of chromosome 15 that was integrated into the long arm of
chromosome 19 [13], This immortalized human cell line was derived from the KBM-7 cell
line which originated from a patient with chronic myeloid leukemia, a disease in which near
haploid cells are often observed [14]. HAP1 cells are advantageous in biomedical research as
typical cell lines are diploid and some even have multiple copies of a given allele. As such,
genetic manipulation is simplified as only a single allele must be edited [13]. Here we
compare the global proteome profile of the a7 nAChR null HAP1 cell line (a7KO) with
wildtype HAP1 (HAP1wt) to study the effects of nicotine, using a multiplexed quantitative
proteomics approach.

Multiplexing strategies in mass spectrometry-based quantitative analyses, such as tandem
mass tags (TMT) and isobaric tags for relative and absolute quantitation (iTRAQ) have
many advantages for whole proteome profiling [16]. Such strategies allow for samples to be
analyzed simultaneously, thereby reducing instrument time and costs, while producing fewer
missing values between samples and permitting multiple comparisons in a single
experiment. Here we used a TMT-based strategy to quantitatively compare the global
proteome abundance measurements of two cell lines under two conditions: mock-treated
HAP1wt cells, HAP1wt cells treated with nicotine, mock-treated a.7KO cells, and a7KO
cells treated with nicotine. The TMT10-plex experiment is arranged in a 2-3-2-3 design with
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two replicates for the untreated samples and three for the treated samples. We present the
first global proteome profiling analysis of HAP1 cell lines using TMT-based proteome
profiling, with the aim of furthering our knowledge of the role of nicotine in cellular
pathway dysregulation.

2. METHODS

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). Trypsin was purchased from Pierce Biotechnology (Rockford, IL) and Lys-C from
Wako Chemicals (Richmond, VA). Unless otherwise noted, all other chemicals were from
Pierce Biotechnology (Rockford, IL). The HAP1wt cell line (C859) and the CRISPR/Cas
edited a7KO cell line (HZGHC003352c012) were from Horizon Discovery (Saint Louis,
MO).

Cell growth and harvesting

Methods of cell growth and propagation followed techniques utilized previously [171. 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. We used the S(-)- enantiomer of
nicotine (Sigma N3776), as it is present in this form in tobacco products and has been shown
to be several times more potent than (+) or racemic nicotine [18l. Less than 0.2% of (+)-
nicotine was present in our nicotine stock solution. 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 3,000 x g for 5 min at
4°C, and the supernatant was removed. One milliliter of 200 mM EPPS, 8M urea, pH 8.5
supplemented with 1X Roche Complete protease inhibitors was added per each 15 cm cell
culture dish.

Cell lysis and protein digestion

Cells were homogenized by 10 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, 4 parts of neat methanol
were added to each sample and vortexed, 1-part chloroform was added to the sample and
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vortexed, and 3 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 200 mM EPPS, 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.

Tandem mass tag labeling

TMT reagents (0.8 mg) were dissolved in anhydrous acetonitrile (40 puL) of which 10 pL
was added to the peptides (100 pg) with 30 uL 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 0.3% (v/v). The
TMT-labeled samples were pooled at a 1:1:1:1:1:1:1:1:1:1 ratio across the 10 samples. The
pooled sample was vacuum centrifuged to near dryness and subjected to C18 solid-phase
extraction (SPE) (Sep-Pak, Waters).

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

We fractionated the pooled TMT-labeled peptide sample using BPRP HPLC [19]. We used an
Agilent 1200 pump equipped with a degasser and a photodiode array (PDA) detector (set at
220 and 280 nm wavelength) from ThermoFisher 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 0.6 mL/min over an Agilent 300Extend C18 column (3.5
um particles, 4.6 mm ID and 220 mm in length). The peptide mixture was fractionated into a
total of 96 fractions, which were consolidated into 24, from which 12 non-adjacent samples
were analyzed [20], 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.

LC-MS/MS analysis

All samples were analyzed on an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher
Scientific, San Jose, CA) coupled to a Proxeon EASY-nLC 1200 liquid chromatography
(LC) pump (Thermo Fisher Scientific). Peptides were separated on a 100 um inner diameter
microcapillary column packed with 35 cm of Accucore C18 resin (2.6 um, 150 A,
ThermoFisher). For each analysis, we loaded approximately 2 ug onto the column. Peptides
were separated using a 150min gradient of 3 to 25% acetonitrile in 0.125% formic acid with
a flow rate of 450 nL/min. Each analysis used an MS3-based TMT method [21], which has
been shown to reduce ion interference compared to MS2 quantification [22]. Prior to starting
our analysis, we perform two injections of trifluoroethanol (TFE) to elute any peptides that
may be bound to the analytical column from prior injections to limit carry over. The scan
sequence began with an MS1 spectrum (Orbitrap analysis, resolution 120,000, 350-1400 Th,
automatic gain control (AGC) target 5E5, maximum injection time 100 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)
2E4, NCE (normalized collision energy) 35, g-value 0.25, maximum injection time 120 ms),
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and isolation window at 0.7. Following acquisition of each MS2 spectrum, we collected an
MS3 spectrum in which multiple MS2 fragment ions are captured in the MS3 precursor
population using isolation waveforms with multiple frequency notches. MS3 precursors
were fragmented by HCD and analyzed using the Orbitrap (NCE 65, AGC 1.5E5, maximum
injection time 150 ms, resolution was 50,000 at 400 Th). For MS3 analysis, we used charge
state-dependent isolation windows: For charge state z=2, the isolation window was set at 1.3
Th, for z=3 at 1 Th, for z=4 at 0.8 Th, and for z=5 at 0.7 Th.

Data analysis

Mass spectra were processed using a Sequest-based pipeline [23]. 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.
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 adjusted to a 1% false discovery rate (FDR) [24],
PSM filtering was performed using a linear discriminant analysis (LDA), as described
previously [231, 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%,
which resulted in a final peptide level FDR of <0.1%. 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, as
described previously [231. PSMs with poor quality, MS3 spectra with more than eight TMT
reporter ion channels missing, MS3 spectra with TMT reporter summed signal-to-noise of
less than 100, or having no MS3 spectra were excluded from quantification [25]. Each
reporter ion channel was summed across all quantified proteins and normalized assuming
equal protein loading of all 10 samples. Student t-tests were used to determine statistical
significance between each treatment and controls for each cell lines, as well as to compare
protein abundance levels between cell lines. In all cases, a p-value <0.05 was considered
statistically significant. A second threshold based on a log2 fold change of greater than 1.5-
fold or less than -1.5-fold was chosen so as to focus the data analysis on a small set of
proteins with the largest alterations in abundance. Protein quantification values were
exported for further analysis in Microsoft Excel (dot plots and bar graphs), Mathematica
(histograms and descriptive statistics), or SAS JMP (hierarchical clustering/heat maps). Each
reporter ion channel was summed across all quantified proteins and normalized to assume
equal protein loading of all 10 samples across the TMT10-plex.
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RAW files will be made available upon request.

3. RESULTS and DISCUSSION

Over 8,700 proteins were quantified across all ten samples, some of which significantly
differed in abundance between comparison groups

We used an SPS-MS3-based TMT10-plex experiment in a 2-3-2-3 arrangement: two
biological replicates each of mock-treated HAP1wt and a. 7KO-HAPL1 cells and three
replicates each of nicotine-treated HAP1wt and a7KO-HAP1 cells (Figure 1). Our TMT10-
plex analysis quantified a total of 126,810 peptides, of which 75,711 were unique. These
peptides were assigned to a total of 8,775 non-redundant proteins at a 1% protein false
discovery rate (FDR) (Table 1). We compared the overall protein abundance profiles among
samples in this dataset. Using all quantified proteins, we performed unsupervised Ward’s
hierarchical clustering to investigate sample grouping via the JMP software package. As
illustrated by the dendrogram, clustering was the tightest within replicates and we observed
the most deviation (earlier separation) between cell types (Figure 2A).

The layout of our TMT10-plex experiment lent itself to multiple comparisons, specifically,
we focused on four: 1) a7KO versus HAP1wt (both untreated), 2) HAP1wt+nicotine versus
HAP1wt (untreated), 3) a.7KO+nicotine versus a7KO (untreated), and 4) a7KO+nicotine
versus HAP1wt+nicotine. We defined significantly altered proteins as those with a two-
tailed Student t-test p-value <0.05 and with a fold change exceeding 1.5 between two
comparison groups. We plotted the fold changes as probability density function-smoothed
distributions to visualize the differences among the four comparison groups. As expected,
we noted broader distributions of protein abundance fold changes between the two cell lines
than between nicotine-treated and untreated cells (Figure 2B). Nevertheless, we can compare
similarities and differences in nicotine-induced proteins abundance alterations were
measured in both cell lines. As such, we determined: 1) a7KO versus HAP1wt (both
untreated) had 49 proteins of significantly up-regulated and 3 down-regulated proteins, 2)
HAP1wt+nicotine versus HAP1wt (untreated) revealed 22 up-regulated and 1 down-
regulated protein, 3) a7KO+nicotine versus a7KO (untreated) showed 41 up-regulated and
69 down-regulated proteins, and 4) a7KO+nicotine versus HAP1wt+nicotine were the least
similar with 101 up-regulated and 109 down-regulated proteins (Figure 2C). Next, we
compared alterations in protein abundance between comparison groups in relationship to
gene ontology (GO) classifications.

Gene ontology analysis categorized proteins that differed in abundance between the two

cell lines

When comparing the a7KO and HAP1wt cell lines, we observed in total over 300 proteins
with significant differences in abundance. Considering only statistically significant proteins
from the binary comparison of the a7KO and HAP1wt cell lines, we performed gene
ontology analysis using STRING [26] and EnrichR [27]. We compare untreated a. 7KO and
HAP1wt cell lines (Figure 3A) and nicotine-treated a7KO and HAP1wt cell lines (Figure
3B). We isolated four clusters of proteins, which were then classified by GO categories.
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These clusters included proteins that were of: 1) lower abundance in untreated a7KO versus
HAP1wt cells (n=69), 2) higher abundance in untreated a7KO versus HAP1wt cells (n=41),
3) lower abundance in nicotine-treated a7KO versus HAP1wt cells (n=109), and 4) higher
abundance in nicotine-treated a7KO versus HAP1wt cells (n=101).

Many proteins that were relatively lower in abundance in a7KO versus HAP1wt cells were
localized to the extracellular regions, involved in nervous system development, and
expressed in response to wound healing (Figure 3A top). Some of these proteins included:
FERMT3 (fermitin family homolog 3), FN1 (fibronectin), BCHE (carboxylic ester
hydrolase), BMP7 (bone morphogenetic protein 7), and IQGAP2 (Ras GTPase-activating-
like protein). However, no significantly enriched categories were identified when comparing
a7KO versus HAP1wt cells, other than 19% of those proteins being of extracellular origin
(Figure 3A bottom). We next examined the protein expression profiles of HAP1wt and
a7KO cell lines that were treated with nicotine. Proteins with lower abundance in nicotine-
treated a7KO versus HAP1wt cells were categorized as both membrane and cytoplasmic
proteins (Figure 3B top). Unlike the other categories examined, structural (n=22) and
calcium binding (n=16) proteins were significantly enriched in this cluster of proteins.
Example proteins include: CALB1 (calbindin), GCA (guanylyl cyclase), and CALML5
(calmodulin-like protein 5). However, proteins with higher abundance in nicotine-treated
a7KO versus HAP1wt cells were categorized mainly as membrane origin, but many were
also implicated in response to stimulus (Figure 3B bottom). Examples include: A2M
(alpha-2-macroglobulin), ALPL (alkaline phosphatase), and MME (neprilysin). Although
protein profiles differed extensively between the knockout and wildtype cell lines, the data
from our TMT experiment can be used to determine proteins that are altered by nicotine in
both cell lines and those unique to a specific cell line.

Nicotine treatment resulted in cell line-dependent differences in protein abundance

Our TMT-based experiment permitted us to investigate nicotine-induced protein abundance
differences that were in common or unique to each cell line. In isobaric label-based
quantification, as opposed to label-free analyses, all proteins have a measurement for every
condition. This advantage eliminated much of the stochasticity associated with protein
measurements across experiments as observed in label-free quantification and allowed us to
determine the relative abundance for a given protein under numerous conditions. In the

a 7KO cell line, we determined 22 proteins as having significantly different abundance
measurements (p-value <0.05, |fold change|>1.5), while in the HAP1wt cell line, 49 proteins
were significant. Of these differentially expressed proteins, 16 overlapped between the cell
lines, and 33 were exclusive to the HAP1wt cell line, while 6 proteins were exclusive to the
a7KO line (Figure 4A). As such, we observed both common and different protein
abundance profiles alterations between cell line due to nicotine treatment.

Using a modified dot plot, we illustrated those proteins (n=33) that were up-regulated in
HAP1wt, but not in the a7KO cell line (Figure 4B). Similarly, we highlighted proteins up-
regulated (n=6) in the a7KO, but not in the HAP1wt cell line (Figure 4C). Each data point
represented the average of the relative abundance measurements for the nicotine-treated
samples divided by that of the untreated samples for each cell line with error bars
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representing standard deviations. These lists of proteins were subjected to STRING gene
ontology analysis to identify the key categories which were represented by these proteins.
As expected, the majority, 26 of 33, proteins that were up-regulated only in HAP1wt cells
were membrane proteins, and 7 were cytokine-cytokine interacting proteins (ACVR1B,
ACVR2A, IFNGR1, IL13RAL, IL6ST, PDGFRA, TNFSF9). Within the smaller set of
proteins (i.e., those up-regulated only in a7KO), 3 proteins (S100A7, FGFR4, SERPINF2)
were positive regulators of ERK1 and ERK2 cascades. ERK signaling has a potential role in
cell proliferation and migration, which are characteristic effects of nicotine treatment in
several cell types [28. 291, Future investigations may study further the a7KO cell line in
relation to ERK, cell migration/proliferation, and the a7 nAChR.

Moreover, in the human body, nicotine is extensively metabolized by the liver, resulting in
several metabolites which can alter protein abundance profiles. Like nicotine, these
metabolites may alter protein abundance profiles and modulate signaling mechanisms. Using
sample preparation and data analysis techniques analogous to those outlined herein, we can
investigate the alterations in the downstream breakdown products of nicotine, such as
cotinine, nicotine N”-oxide, and trans-3-hydroycotinine [301. Accordingly, we can use the
amalgamate of these data to better delineate the cellular effects of nicotine and its
metabolites, first in cell and later expand this to an /n vivo system.

Several proteins involved in neuronal function and signal transduction were among those
up-regulated upon nicotine treatment

The role of nicotine has been comprehensively studied with respect to neuronal function in
both /n vivoand in vitro studies. In the current study, we measured nicotine-induced protein
abundance differences in several neuronal function-related proteins. Protein abundance
profiles from nAChR were not measured with our data-dependent acquisition (DDA)
approach, as identification of these receptors are difficult in “shot-gun” proteomics
experiments [31]. However, we expect that the development of integrated DDA and targeted
strategies will eventually enable us to profile NAChR and other proteins consistently.
Nonetheless, abundance profiles of several other proteins with known functions in neurons
were altered by nicotine in the HAP1wt and a.7KO cell lines.

We highlighted eight proteins with altered expression due to nicotine treatment and plotted
the relative TMT signal-to-noise levels for the two controls and three nicotine-treated
samples for each cell line (Figure 5). Amyloid beta A4 protein (APP, Figure 5A) is well
studied in the nervous system and is linked to the development of Alzheimer’s disease [32].
APP has been identified in an interactome study of the a7 nAChR from mouse brain tissue
[11] and several studies have shown APP to bind and modulate the activity of this receptor
[33]. APP has also been observed previously as up-regulated in nicotine-treated pancreatic
cells in a cross-species analysis, which included pancreatic stellate cells (PaSC) from mouse,
rat, and human species [341. Moreover, an /n vitro study using pancreatic ductal epithelial
cells has indicated that increased APP expression in pancreatic cancer may influence cellular
proliferation [33], Like APP, Amyloid-like protein 2 (APLP2, Figure 5B) was also among
those proteins demonstrating higher abundance across cell lines when treated with nicotine
[36]. APLP2 may interact with proteins in cellular G-protein signaling pathways, which have
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been shown to associate with nAChR [37], and likewise are members of a murine nAChR
interactome [11]. Integral membrane protein 2B (ITM2B, Figure 5C) plays a regulatory role
in the processing of the beta-amyloid A4 precursor protein (APP), as an inhibitor of beta-
amyloid peptide aggregation and fibril deposition [38]. ITM2B is up-regulated in nicotine-
exposed cells. Related to neuronal functional pathways, inter-alpha-trypsin inhibitor heavy
chain H3 (ITIH3, Figure 5D) stabilizes the extracellular matrix through its ability to bind
hyaluronic acid. Polymorphisms of this gene may be associated with increased risk for
schizophrenia and major depressive disorder [3%1. Complement C4-A (C4A, Figure 5E) is
another protein that is commonly observed to be up-regulated in nicotine-treated cell
cultures. C4-A has been shown previously to predict survival of patients with metastatic
renal cell carcinoma [40]. Members of the complement family have been also associated with
nicotine exposure [411,

In addition, we highlighted several proteins with roles in signal transduction that were up-
regulated upon nicotine treatment. Activin receptor type-2A (ACVR2A, Figure 5F) belongs
to the TGF-beta superfamily of signaling proteins. This transmembrane has a cytoplasmic
serine-threonine kinase domain [42]. As a kinase and being localized to the membrane, this
protein may be important for early signal transduction from nAChR. Also involved in signal
transduction, interleukin 13 receptor, alpha 1 (IL13RA1, Figure 5G) was up-regulated in
nicotine-exposed cells. IL13RA1 binds tyrosine kinase TYK2, and thus may mediate the
signaling processes that lead to the activation of JAK1, STAT3 and STAT6 [43], pathways
which are known to be activated by a7 nAChR function. These pathways promote cellular
proliferation. In fact, we observed that in both HAP1wt and a.7 KO cells that cell
proliferation was increased upon nicotine treatment, which agreed with previous studies

(29, 44] Similarly, NDFIP1 (NEDD4 Family Interacting Protein 1, Figure 5H) modulates
EGFR signaling through multiple pathways. NDFIP1 may regulate the ratio of AKT1-to-
MAPKS signaling in response to EGF [43]. AKT signaling is associated with nAChR,
however no direct association between nicotine and NDFIP1 has been described. Further
experiments targeting these proteins, among others, and associated pathways are necessary
to understand better these potential associations. Although many of the proteins with altered
abundance profiles, particularly those in Figure 5, have been identified previously in other
proteomic analyses, verification of proteins with altered abundance profiles with traditional
or orthogonal biochemistry-based methods, such as Western blotting, ought to be performed
before concerted effort is dedicated to its study. Moreover, the list of altered proteins is not
comprehensive, but should support previous findings or lay the foundation for pursuing the
study of certain proteins in cells perturbed by nicotine, nicotine metabolites, or other drugs.

4. CONCLUDING REMARKS

We investigated the effect of nicotine on HAP1wt and a7KO-HAP1 cell lines. We quantified
over 8,700 proteins across all samples in a multiplexed TMT10-plex experiment. Of these,
over 300 proteins differed significantly in abundance among comparison groups. Using gene
ontology analysis, we determined that membrane proteins and those related to the nervous
system were predominant among proteins with altered abundance. The abundance levels of
several proteins, such as APP and C4A, were also altered by nicotine in previous studies.
These data provided the protein profile for a single concentration of nicotine at a specific
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time point. The concentration used (1uM) is at least three times higher than blood nicotine
concentrations in smokers (ranging from 0.06 to 0.31uM [46]), however this concentration
and the time point chosen (24 h) have been used in previous studies [47] [48] [49].
Nonetheless, a far wider range of both parameters may be investigated which could result in
proteomic alterations that would not be observed otherwise. Nicotine, for example, has been
observed to have a more prominent effect on protein expression profiles at lower
concentration (10 uM), than higher concentration (1 mM) in C. elegans[#8]. In addition,
shorter time of treatment is more informative for signaling changes, such as
phosphorylation, than are longer times where the cells may have returned to equilibrium and
only persistent protein profile alterations are observed. Further studies may be designed to
expand the scope of our investigation by considering the dosage and temporal effects of
nicotine, as well as changes in post-translational modifications.

The effects of nicotine are not limited to modulation of extracellular receptors, as nicotine
can also have a direct intracellular role. Nicotine is a weak base that exists in two forms 1)
the membrane-impermeable protonated form and 2) the membrane-permeable unprotonated
form [47]. Approximately 30% of nicotine is unprotonated at physiological pH, allowing it to
enter the cell. Studies have shown that nicotine can bind DNA and ultimately alter protein
expression 48], Nicotine has been shown also to accumulate in intracellular acidic vesicles
(491, More recently, mitochondrial nicotinic receptors have been identified on mitochondrial
outer membrane and its activation by nicotine can facilitate cell survival by inhibiting
apoptosis [30]. As such, some of the nicotine-induced protein profile alterations that are
common between cell lines may reflect the intracellular effects of nicotine, which are not
fully understood and merit further investigation.

Future studies may use techniques similar to those herein to assay other cell lines or
specifically target proteins with parallel reaction monitoring (PRM) assays [511. In addition
to identifying individual candidate proteins for future studies, gene ontology analysis
provided insight into the localization and functions of these proteins. Future studies may
also use affinity-isolation and/or proximity labeling in the presence and absence of selected
ligands to investigate the interactions of nicotinic receptors [%21. As most of the altered
proteins were membrane-associated, additional studies using membrane-specific proteome
analysis can examine further the differences in the membrane protein landscape of the cell
upon nicotine treatment. Moreover, varying nicotine concentrations and treatment times may
provide additional data concerning time- and dose-dependent nicotine-induced changes in
cellular proteomes. Likewise, the multiplexing strategy itself can be expanded by
incorporating the previously-published 3x3+1 arrangement to link multiple experiments 331,
In summary, our TMT-based quantitative proteomics strategy revealed nicotine-induced
protein abundance differences in HAP1wt and a.7KO-HAP1 cell lines. The methodologies
that we used can be applied any cellular perturbation study to reveal differences in protein
abundance profiles as was outlined herein.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE

Understanding protein function at the biomolecular level is essential to fully comprehend
the intricacies of toxic stress on the cellular microenvironment. Tobacco product use has
been linked to a wide array of cancers and chronic diseases. Here, we focus on a single
toxin found in tobacco products, nicotine. Understanding the perturbations due to
nicotine at the molecular level before marked changes appear, is paramount in
diagnosing, modifying, or retarding associated diseases. Aside from its presence in
tobacco, nicotine is a main component in smoking cessation products, and also
increasingly popular electronic cigarettes. Growing evidence has linked nicotine to the
disruption of cellular metabolic processes and its potential to be genotoxic and tumor-
promoting. Nicotine has been shown to induce cell proliferation and invasion in multiple
lung and breast cancer lines, and the phosphorylation states of proteins in pancreatic
stellate cells. Here we show the effects of nicotine on a human haploid cell line (HAP1)
and an associated nicotinic receptor-null cell line (a7KO-HAP1). These haploid cell lines
offer a facile means of genetic manipulations and are valuable tools in nicotine-related
research.
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a7KO-HAP1 HAP1wt
> - < — = ’ W - - - — ¢ - w 70’
control nicotine control nicotine

I 2 T T T N

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

N I 2 T T T R

™™T N 9 ) S O

%

Basic pH reversed-phase (BPRP) liquid
chromatography fractionation (12 fractions)

SPS-MS?3 analysis on an Orbitrap Fusion Lumos

Figure 1. Experimental overview of the SPS-M S3 strategy
Two cell types, a7KO-HAP1 and HAP1wt, were propagated and designated cultures were

mock or nicotine-treated. Proteins were extracted and then digested with LysC and trypsin.
The resulting peptides were labeled with TMT, pooled, and fractionated via basic pH
reversed-phase (BPRP) high performance liquid chromatography (HPLC) prior to SPS-MS3
analysis on an Orbitrap Fusion Lumos mass spectrometer.
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Figure 2. Protein abundance changes among cell linesand treatment
A) The heat maps and associated dendrograms for each cell line and treatment. Across each

row of the heat map, the relative protein expression levels are displayed, such that each row
sums to 100. The scale corresponds to the percentage of total signal across all channels. B)
Probability density function-smoothed histogram of protein alterations between a7KO
+nicotine versus a7KO (untreated) (blue), HAP1wt+nicotine versus HAP1wt (untreated)
(orange), a7KO (untreated) versus HAP1wt (untreated) (yellow), and a7KO+nicotine
versus HAP1wt+nicotine (green). C) Bar chart representing significantly altered proteins in
the different comparison groups within the TMT10-plex.
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A)

pathway description No. proteins _ FDR
BP  nervous system development 18 3.91E-02
BP  wound healing 1" 3.39E-02
2 B CC  membrane-bounded vesicle 30 2.55E-05
CC extracellular region 30 1.08E-03
CC  actin cytoskeleton 14 2.71E-02
KEGG complement/coagulation cascades 4 2.22E-02
KEGG _Alzheimer s disease 5 3.10E-02

pathway description No. proteins _ FDR
b - CC  cytoplasmic part 26 3.42E-02
CC __extracellular region 19 3.66E-02

rep. | 1 2 - log,(ratio with respect
to average wt)
cell [ .....4
B)
No.

pathway description proteins FDR
BP  cellular response to stimulus 23 3.12E-02
i CC extracellular space 28 6.89E-09
3! L. CC membrane-bounded vesicle 44 9.56E-08
-4 CC extracellular region 45 1.28E-05
CC plasma membrane 41 1.30E-03
CC  membrane 59 1.56E-02

KEGG _complement/coagulation cascades 8 6.52E-07

pathway description No. proteins __ FDR
MF  structural molecule activity 22 7.68E-11
MF  calcium ion binding 16 1.82E-04
MF  enzyme inhibitor activity 9 2.17E-02
CC extracellular region 59 4.71E-15
CC  membrane-bounded vesicle 51 7.74E-14
CC intermediate filament 17 3.07E-13
CC __ cytoplasm 69 7.88E-05
log;(ratio with respect
to average wt)
wmane canem
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Figure 3. Cell-specific proteome differences between HAP1wt and a7KO HAP1 cell line
Heat map of proteins with statistically significant differences between HAP1wt and a7KO

cell lines in A) untreated and B) nicotine-treated cells. Heat maps include only proteins
having a fold-change > |1.5] and a p-value of <0.05 as determined using a Student t-test. To
the right of the heat map are the major gene ontology or KEGG pathway categories for
which associated proteins are significantly (p-value<0.05) enriched.
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A) proteins with higher abundance in nicotine-treated cells
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C) Major GO classifications of proteins significantly up-regulated in HAP1 alone

Term Adj. P-value Associated proteins

. : PDGFRA, IFNGR1, TNFSF9, IL6ST, ACVR1B,
Cytokine- receptor interaction 7.2E-06 ACVR2A. IL13RA1
Jak-STAT signaling pathway 2.4E-03  IFNGR1, IL6ST, SOCS7, IL13RA1

Figure 4. Nicotine-induced protein alterationswithin and between cell lines
A) Venn diagram of proteins with statistically significant nicotine-induced up-regulation in

a7KO and HAP1wt cell lines. B) Modified dot plot of proteins (n=6) that are of higher
abundance in a7KO but not in HAP1wt cell lines (top), proteins (n=16) of higher abundance
in both cell lines (middle), and proteins (n=33) of higher abundance in HAP1wt, but not in
a7KO cell lines (bottom). Data points represent the average relative abundance
measurement for nicotine-treated cells divided by that for untreated cells. Error bars
represent standard deviations. Dashed yellow line represents the nicotine-to-control ratio of
1.5. C) The KEGG pathway categories that are enriched by the associated proteins listed on
the right.
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Figure 5. Representative proteins displaying altered expression due to nicotine treatment
Plotted are the relative TMT signal-to-noise levels for the selected proteins across the two

controls and three nicotine-treated samples for each cell line. The proteins highlighted
include: A) Amyloid beta A4 protein (APP), B) Amyloid-like protein 2 (APLP2), C) ITM2B
(integral membrane protein 2B), D) ITIH3 (inter-alpha-trypsin inhibitor heavy chain H3), E)
complement C4-A (C4A), F) ACVR2A (Activin receptor type-2A), G) ILL3RAL(interleukin
13 receptor, alpha 1), and H) NDFIP1 (NEDD4 Family Interacting Protein 1). Error bars
represent standard deviations.
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Table 1
Dataset summary
Category
Quantified proteins across all samples 8,775
Unique quantified peptides 75,711
Total quantified peptides 126,810
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