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KEY WORDS Abstract In the present study, total membrane proteins from tumor cell lines including HepG2, Hep3B2,
H226, Ovcar3 and N87 were extracted and digested with yLysC and trypsin. The resulting peptide lysate

Cancer cell lines; . . o - R ! )
were pre-fractionated and subjected to untargeted quantitative proteomics analysis using a high resolution

Untargeted quantitative

proteomics; mass spectrometer. The mass spectra were processed by the MaxQuant and the protein abundances were
Tumor-associated estimated using total peak area (TPA) method. A total of 6037 proteins were identified, and the analysis
membrane proteins; resulted in the identification of 2647 membrane proteins. Of those, tumor antigens and absorption,
Cytochrome P450; metabolism, disposition and elimination (ADME) proteins including UDP-glucuronosyltransferase,
ABC transporters; cytochrome P450, solute carriers and ATP-binding cassette transporters were detected and disclosed
SLC transporters significant variations among the cell lines. The principal component analysis was performed for the cluster

of cell lines. The results demonstrated that H226 is closely related with N87, while Hep3B2 aligned with
HepG2. The protein cluster of Ovcar3 was apart from that of other cell lines investigated. By providing for
the first time quantitative untargeted proteomics analysis, the results delineated the expression profiles of
membrane proteins. These findings provided a useful resource for selecting targets of choice for anticancer
therapy through advancing data obtained from preclinical tumor cell line models to clinical outcomes.
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1. Introduction

Cancer is the second most common deaths worldwide following
heart disease and causes about 580,000 deaths per year in the
United States'. Cancer therapy remains very challenging by
struggling with the need to target and kill malignant cells while
minimizing undesired collateral toxicity to normal tissue”. Over
the last a few decades, human cancer cell lines become indis-
pensable preclinical oncology models to study cancer cell func-
tions and are frequently used to optimize therapeutic effects for
new candidates of anticancer drugs. Cytotoxic reagents developed
for chemotherapy have been introduced during past a few decades.
However, they are mostly of limited clinical utility because the
cytotoxicity toward both normal and malignant cells®. Multidrug
resistance (MDR) has been a major issue in which malignant cells
develop cross-resistance to chemotherapy cytotoxic drugs. Multi-
drug ATP-binding cassette (ABC) transporters that are over-
expressed in many types of tumors are recognized to play key
roles in their MDR by extruding cytotoxic reagents out of the
tumor cells®. As a result, overexpressed membrane transporters,
receptors and tumor antigens become targets to achieve a more
specific treatment or discover precision medicine for cancer
therapy”. Recently, utilizing overexpressed membrane receptors
as cancer-targeting agents to deliver a chemically or genetically
conjugated toxic molecule has gained increasing attentions for the
therapeutic efficacy®’. Such ligand—drug conjugates or antibody
drug conjugates (ADCs) that consist of monoclonal antibodies
attached to biologically active drugs through chemical linkers’.
For example, ADCs allow the discrimination between normal and
malignant cells through specific bindings of antibodies to tumor
associated membrane antigens to deliver tumor-cell-killing cyto-
toxic drugs. The antibodies are designed to bind preferentially to
membrane antigens of malignant cells at a relatively high density,
and internalize in a manner that allows for release of the cytotoxic
drug from the linker in the appropriate intracellular compartment,
where the linker is cleaved and the cytotoxic drug is released.
Unexpectedly, despite initially encouraging clinical results, ADCs
encounter a number of challenges including inherent and acquired
drug resistance®. For example, Mylotarg®, the first ADC drug
approved, was withdrawn from the market because the post-
marketing trials that are required for accelerated approval failed to
verify the clinical efficacy’. In addition, cancer treated with ADCs
can acquire drug resistance through the mechanisms either
increased expression of efflux transporter proteins or reduced
expression of the targeting antigens®. As most of the next-
generation cytotoxic compounds including monomethyl auristatin
E and maytansine, are substrates for multidrug resistance trans-
porters such as P-glycoprotein'®, it is increasingly clear that
resistance to ADCs likely overlaps the resistances to conventional
mechanisms of small molecule anticancer agents''. Collectively,
the sensitivity of cytotoxic agents to MDR mechanisms is now a
factor that is included in consideration of an optimal payload for
an ADC.

As aforementioned, membrane proteins expressed in cancer
cells represent antigen targets of choice for antibodies of ADCs.
Identifying membrane proteins in the tumor cell lines could
improve our understanding of their biological function and
increase our capability to translate in vitro and preclinical results
to human. In addition, comprehensive profiling membrane proteins
will facilitate our understanding of their critical roles in biological
processes such as cell-to-cell adhesions, cell signaling, and solute
transport across cellar membrane. Additionally, the analysis will

increase our understanding of the biology for tumor cell lines in
order to explain the difference in sensitivity to therapeutic
reagents. Nevertheless, despite of their biological importance, the
proteomic analysis of membrane proteins remains challenging.
The ability to characterize membrane protein expression profiles
has lagged behind that of soluble proteins both in terms of
throughput and protein coverage. The low abundance and hydro-
phobic nature of membrane transporter proteins further complicate
denaturing, digestion and identification by mass spectrometer'”.

Currently, numerous cancer cell lines representing the most
cancer types found in human have been established. In the present
investigation, five tumor cell lines were initially selected by
considering our primary research efforts of ADC drug targets to
elucidate drug resistance mechanisms observed in preclinical drug
testing. An in-depth proteomic analysis of the membrane factions
extracted from various tumor cell lines were carried out and our
dataset encompass >6000 proteins with 2647 membrane bound
proteins annotated from the total membrane preparations, which
provide a comprehensive and quantitative repository for membrane
proteomics data. While membrane proteome of the tumor cells
tested is provided in the Supplementary material as a database for
public access, the current analysis is focusing on the comparative
analysis only for ADME and tumor antigen proteins. Comprehen-
sive expression profiles of membrane proteins demonstrate quan-
titative differences in protein expression among tumor cell lines.
The information could be used to bridge preclinical efficacy results
obtained from the cell lines to in vivo, and therefore delineate
targets of tumor associated proteins and potential pre-existing drug
resistances to cytotoxic anticancer drugs.

2. Methods and materials
2.1.  Chemicals and reagents

Cell culture reagents including Dulbecco's modified Eagle's
medium, minimal essential medium, fetal calf serum, trypsin,
Hank's balanced salt solution (HBSS), nonessential amino acids,
and L-glutamine were purchased from Mediatech (Herndon, VA,
USA). Biocoat poly-p-lysine—coated flask were purchased from
BD Biosciences (Bedford, MA, USA). Formic Acid (FA),
Dithiothreitol (DTT), Iodoacetamide (IAA), ammonium bicarbo-
nate, ammonium acetate, urea, sodium bicarbonate and protease
inhibitor were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Trypsin Gold (Mass Spectrometry Grade), and yLys/C
(Mass Spec Grade) were from Promega Corporation (Madison,
WI, USA). BCA protein assay kit was purchased from Pierce
Chemical (Rockford, IL, USA). All other chemicals and reagents
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Human ovarian cancer cell lines OVCAR3, the human squamous
cell carcinoma cell line H226, human hepatoma derived cell line
HepG2, the human gastric cancer cell line N87 and the human
hepatoma cell line Hep3B2 were obtained from American Type
Culture Collection. The cells were maintained as recommended by
vendor. Solvents and reagents were purchased from commercial
manufacturers and were of analytical or HPLC grade.

2.2.  Cell culture for tumor cells
The human Hep3B2 hepatoma cell lines were cultured in MEM

supplemented with 10% fetal bovine serum (FBS) and penicillin—
streptomycin (100 U/mL). OVCAR3, H226, N87 and HepG2 cells
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were grown in RPMI 1640 medium with 10% FBS and 1%
penicillin-streptomycin. Tissue culture plates or flasks were
incubated at 37 °C with a humidified 5% CO, atmosphere. Cell
growth and morphology was monitored for a period of 24 to 72 h
post-seeding.

2.3.  Extraction of membrane protein of tumor cells

The membrane protein fraction was extracted from minimum 20
million cells using the native membrane protein extraction kit
(EMD Millipore (Calibiochem), Bellirica, MA, USA) as pre-
viously described'’. The membrane extraction kit has been
validated to demonstrate the high extraction efficiency and
consistent yield'*"'?. Briefly, the cells were washed two times
with washing buffer, and then lysed in the extraction buffer I in the
kit containing the appropriate amount of protease inhibitor cock-
tail. After incubated at 4 °C for 30 min in a rotary shaker,
the cell lysates were centrifuged at 16,000 X g (Eppendorf
5810r, Eppendorf North America, Hauppauge, USA) for 15 min
at 4°C. The supernatant containing cytosolic proteins was
discarded and the pellets were re-suspended in extraction buffer
II containing the proper amount of protease inhibitor cocktail.
After a 30 min incubation at 4 °C, the suspension was centrifuged
at 16,000 x g for 15 min at 4 °C. The supernatant that membrane
fraction enriched integral membrane and membrane associated
proteins was transferred into a new 2-mL Eppendorf centrifuge
tube (Eppendorf of North American, Hauppauge, NY, USA). The
protein concentration of the membrane fractions were determined
by a BCA protein assay according to the manufacturer's instruc-
tions and the samples were stored at —80 °C for future analysis.

2.4.  Purification of membrane proteins

Precipitation ProteoExtract Kit (EMD Millipore (Calibiochem),
Bellirica, MA, USA) was used to purify the membrane fraction
obtained above by removing the detergent contained in the
membrane extraction buffer II of native membrane protein extrac-
tion kit, according to the vendor's protocol. In brief, membrane
protein (200 pg) in the buffer II was mixed with four volume of
cold precipitation agent (—20 °C) in a 2-mL Eppendorf LoBind
centrifuge tube and vortexed briefly. The mixture was incubated
for 20 to 60 min at —20 °C, and then centrifuged at 10,000 X g for
10 min at room temperature to precipitate the protein. The super-
natant was carefully removed and the protein pellet was washed
three times with 500 pL cold wash solution (—20 °C). The protein
pellet was dried by leaving the open tube on the lab bench for up
to 1 h at room temperature.

2.5.  Denaturation and digestion of membrane protein samples

The air-dried protein pellet was re-dissolved in 50 pL of fresh
prepared 8 mol/L urea/ 0.4 mol/L. ammonium bicarbonate solution,
vortexed and sonicated if necessary. The protein was reduced with
5 pL (or 1/10 v:v) of 45 mmol/L DTT at 50 °C for 15 min and then
alkylated with 5 pL. of 100 mmol/L iodoacetamide in dark at room
temperature for 15 min. yLys/C enzyme was added to each sample
at 1:100 enzyme to protein ratio (by weight) and incubated at 37 °C
for 3 to 4 h. After diluted with about 138 pL. H,O (total volume
of 200 uL), trypsin was then added to each sample at a 1:25
trypsin to protein ratio and incubated at 37 °C for 24 h.
The digestion was stopped by adding 2 uL of formic acid. The

sample was then centrifuged at 16,000 X g at room temperature
for 10 min. To clean up the samples, 200 uL supernatant was
transferred into a MacroSpinTM column (The Nest Group, Inc.,
MA, USA) that is preconditioned followed by vendor's instruction.
The column was centrifuged at 110 X g for 1 min and washed
twice with 100 uL H,O. The digested peptides on the column were
eluted with 50 pL of 80% acetonitrile containing 0.1% formic acid
for two times and the eluent was combined for MS analysis.

2.6.  Preparative HPLC for sample fractionation

Fractionation of the digested samples was achieved in an
integrated Agilent 1100 HPLC series system with an Agilent
ZORBAX 300 Extend-C18 column (150 mm X 2.1 mm, 3.5 um).
Mobile phase buffer A was 10 mmol/L. ammonium formate
(pH=10), and buffer B contained 10% buffer A/90% ACN.
Elution was achieved using multiple-step gradient with increasing
proportions of buffer B: 0 min, 2% B; 4 min, 10% B; 44 min, 30%
B; 54 min, 40% B; 56 min, 90% B; 58.1 min, 2% B; 70 min stop.
The column mobile phase flow rate was 200 pL/mL. Total 60
factions were collected per run with one fraction isolated per 1 min
collected from 4 to 64 min. After collection, a total of 12 fractions
were generated by concatenating every 6th fractions in the
collection plate and then dried in speed Vac overnight to dryness.
The samples were reconstituted in 100 uL 10% ACN in water
containing 0.1% formic acid.

2.7.  LC/MS analysis for membrane protein

For the proteomic detection, the fractionated digested peptide
mixtures were chromatographically separated on Shimadzu LC30
AD HPLC system. 100 pL sample was injected on an Acquity
UPLC® BEH peptide C18 column (300 A, 150 mm x 2.1 mm,
1.7 pm, Waters, MA, USA) with column temperature maintained
at 60 °C, and elution of the digested peptides was achieved using a
120 min gradient (2% to 30% B from 5-100 min, then 30% to
95% ACN over 10 min, and equilibrating column back to original
condition). The elution flow rate was 200 uL/min. Mobile phase
buffer A was 0.1% formic acid in water and the buffer B was 0.1%
formic acid in acetonitrile.

The Q-Exactive instrument (ThermoFisher Scientific, Waltham,
MA, USA) was operated using full scan (survey scan) followed by
a data dependent top-10 MS/MS scan. The full scan was achieved

Table 1  Instrument parameters.
Parameter Setting
Full MS scan range 300-2000 Da
MS/MS fixed first mass 100 Da
AGC 1e°, full scan
1¢°, ms/ms

50 ms, full scan
100 ms, ms/ms

Max injection time

Isolation window 3.0Da
NCE 28
Dynamic exclusion 30s

AGC, Automatic gain control; NCE, Normalized collision engery.
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at 70 K resolution at m/z 200, and the MS/MS scan was conducted
at 17.5 K resolution for high energy collisional dissociation
(HCD). Detailed instrument parameters are listed in Table 1.
The Q-Exactive mass spectrometer was tuned and calibrated using
a standard procedure and calibration solution recommended by the
manufacture. The electrospray source was operated in the positive
(+3.75 kV spray voltage) modes with heated-capillary temperature
of 250 °C. High-purity nitrogen was used as the sheath and
auxiliary gas and UHP helium was used as the dampening gas.
The nitrogen gas flow rate, spray current, and voltages were
adjusted to give maximum sensitivity.

2.8.  Data analysis

From the resulting MS and MS/MS raw data, protein identification
and quantification are achieved by database searching with
MaxQuant software version 1.5.0.12 against a UniProt Knowl-
edgebase Human Complete Proteome Sequence (http:/www.
uniprot.org/, March 2015). Peptides are identified from the
acquired MS/MS spectra by peptide fragment-matching against
spectra derived in silico from the protein sequence database.
Carbamidomethylation of cysteines in digested peptides was set as
fixed modification, while N-terminal acetylation and methionine
oxidation were set as variable modifications. The maximum false
discovery rate for peptides and protein were both specified as 0.01.
Based on their cellular locations, identified proteins were anno-
tated by gene ontology (GO) and assigned into four distinct
categories including plasma, mitochondrial membrane, endoplas-
mic reticulum membrane and nuclear membrane. Peptide identities
and relative intensities are then assigned to the corresponding
protein properties. At the same time, precursor ion isotopic profiles
are extracted around their chromatographic retention times, and
their integrated peak areas are used for relative quantification of
membrane proteins. In order to compare protein abundance across
the five cell lines, missing protein intensities were imputed with a
global minimum of all protein intensities divided by an arbitrary
factor of 3. We then calculated intensity ratios of membrane
proteins in each cell line using protein intensities in HepG2 as
common denominators.

In order to further interrogate downstream statistical evaluation
of the MaxQuant processing results obtained from 2-3 replicate
injections, Perseus software (version 1.5.0.8) is then used to

conduct sample-to-sample comparison, principal component
—
Cancer Lysed cell Membrane
Cell Protein extraction proteins
e

analysis and hierarchical clustering. Protein intensities were
log2-transformed, median-centered, and missing values were
inputted from normal distribution with a width of 0.3 and down-
shift of 1.8. A Benjamini—Hochberg false discovery ratio of 0.01
was used as a measure of statistical significance.

3. Results

3.1.  Experiment workflow and membrane protein proteomes of
tumor cell lines

As proteomics samples tend not to be analyzed as full length
proteins in a LC/MS, protein mixtures are first subjected to
enzymatic digestions. However, the challenges are often con-
founded by drastically increasing the number of enzymatically
digested peptides in a mixture. With that in mind, based on the
purpose to obtain a global picture of the membrane proteomes, the
experimental procedure showed in Fig. 1 started to extract total
membrane fractions from lysed tumor cells to maximally eliminate
the interference of other components in the lysate. Followed by the
sample cleaning, the protein mixtures were then performed
enzymatic digestion with yLys/C and trypsin. In addition,
salts and buffers in the resulting peptide mixtures were
removed by a Macrospin™ column after enzymatic digestion
and the resulting peptide mixtures were further pre-fractionated by
an HPLC. Proteomics studies were accomplished using full
scan in fractionated trypsin digest samples followed by data
dependent top-10 MS/MS scan. The MS/MS scan was carried
out at 17.5 K resolution for HCD and the resulting raw data were
subjected to protein identification and quantification through
database searching using MaxQuant software. As a result, a total
of 6037 proteins along with 2647 membrane proteins were
identified and quantified in the tumor cell line samples
(Table 2), of which 96% (5799 proteins) were matched with at
least two unique peptides.

Cell compartment annotations were further performed by GO,
which is a useful tool to study protein composition of organelle
membranes such as mitochondria. The isolation of the subcellular
fractions of the tumor cell lines resulted in the identification of a
total of 1640 plasma, 555 mitochondrial, 666 endoplasmic
reticulum and 204 lysosomal membrane proteins in the tumor cell
lines studied. Furthermore, intensity ratios of each protein in each
of the cell line were calculated using the protein intensities in

Peptide
mixture

Protein precipitation

Enzymatic digestion
Lys-C and Trypsin

[ MS2 ] [ Mass |4 Peptide analysis  Peptide separation
<

1 <
Spectrum SPectrum J g gyactive Ms

UHPLC

fractions

—

Sample cleaning
HPLC
(PH=10)
Peptide>

Computer MaxQuant

station Database searching

Protein identification
and quantitation

Figure 1 Experimental workflow. The main steps of membrane protein isolation, membrane protein purification, enzymatic digestion, mass-
spectrometric data acquisition and protein identification and quantitation analysis are shown.
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Table 2  Proteomics results of cancer cell membrane proteins.
Parameter Cell Line Total
H226 Hep3B2 HepG2 N87 Ovcar3

Number of proteins 5457 5149 5267 5554 5122 6037

ATP binding cassette transporters 31 34 34 32 29 36

Solute carriers 137 145 150 146 133 166
Cytochrome P450 9 11 15 14 13 18
UDP-glucuronosyl transferase 5 8 8 5 4 10

1000000 y  21:33% gt 17.82%  1365% in H226, Hep3B2, N87 and Ovcar3 cells respectively were 10-fold

100000 - e
»'

10000
1000 5
100 +

10X higher

(peak intensity ratio)

13

10X lower 4

Relative protein abundance

0.01 5§

13.62% 10.57% 17 46%

0.001

H226 Hep3B2 N87 Ovcar3

Figure 2 Expression of membrane proteins in each tumor cell line
using HepG2 expression as Denominator. The membrane expression
in HepG2 cells was set to 1 (the hard line) and the dot lines represent
the cutoffs of protein expression at 10-fold lower or higher than
HepG2 cells. The percentages in the figure represent the proteins of
total protein numbers detected that are 10 fold lower or higher than
that in HepG2 cells.

Cluster 1 Cluster 2
« H226
+ N87
£ o]
©w
)
o~
I
o
c
o
£
o Cluster 3
© 84
Ovcar3
.
O T e e T
-80 -40 -20 ] 20 40 80

Component 1 (52.7%)

Figure 3 Principal component analysis (PCA) was performed on
protein expression profiles of the 5 cell lines, and revealed 3 distinct
clusters. H226 was closely clustered together with N87 (cluster 1),
while Hep3B2 was clustered together with HepG2 (cluster 2). Ovcar3
was clustered separately (cluster 3).

HepG2 as common denominators. The analysis demonstrated
significant variations in membrane protein expression among the
tumor cell lines. As depicted in Fig. 2, approximately 21.33%,
7.68%, 17.82% and 13.65% of the total number proteins detected

greater, while about 13.62%, 10.57%, 9.84% and 17.46% of total
number proteins appeared to be 10-fold lower than that in HepG2
cells. A table with full list of proteins annotated and their relative
expressions to HepG2 cells is provided in the Supplementary
Information table. Principal component analysis (PCA) was further
performed on protein expression profiles of the 5 cell lines, and
revealed 3 distinct clusters. H226 was closely clustered
together with N87 (cluster 1 in Fig. 3), while Hep3B2
was clustered together with HepG2 (cluster 2 in Fig. 3).
In contrast, Ovcar3 appeared to be clustered separately (cluster
3 in Fig. 3). Interestingly, HepG2 and Hep3B2 are both originated
from human hepatocarcinoma cells and share the same cluster
(Fig. 3).

3.2.  Expression profiles of tumor-associated membrane proteins
(TAMPs)

In order to examine the function of proteins detected, annotation
according to GO was performed. As showed in Fig. 4, various
tumor associated membrane proteins (TAMPs) have GO annota-
tions and disclose significant variations in expression profiles
among the cell lines tested. Of those, H226 cells were found to
highly express tissue factor, mesothelin (MSLN), Zinc transporter
(Zip6), trophoblast glycoprotein (TPBG), epidermal growth factor
receptors (EGFR), fibronectin type III domain-containing protein
B (FNDC3B), CD44 antigen (CD44), ephrin type-A receptor 2
(EpHA2), insulin-like growth factor 1 receptor (IGF1R), urokinase
plasminogen activator surface receptor (PLAUR) and hepatocyte
growth factor receptor (MET), while the expressions of poliovirus
receptor-related protein 4 (PVRLA4), arcinoembryonic antigen-
related cell adhesion molecule (CEACAM), ectonucleotide pyr-
ophosphatase/phosphodiesterase family member 3 (ENPP3), folate
receptor 1 (FOLRI1), neural cell adhesion molecule 1 (NCAM1),
mucin-1 (MUC1) and tumor-associated calcium signal transducer
2 (TACSTD2) were minimal in the cells. In contrast, N87 highly
expressed receptor tyrosine-protein kinase erbB-2 (ERBB2),
CEACAMS and cadherin (CDH3). Additionally, TACSTD?2,
tissue factor, MSLN, EGFR, glypican-3 (GPC3) and FNDC3B
were also expressed in N87 cells at a lower level. HepG2 cells
highly expressed GPC3, ENPP3 and CEACAMI, but not CEA-
CAMS5 and CEACAMSG6, while Hep3B2 cells were found to
express GPC3, FNDC3B, epithelial cell adhesion molecule
(EPCAM) and EGFR at a lower level than other cell lines
(Fig. 4). Ovcar3 cells highly expressed neural cell adhesion
molecule 1 (NCAMI1), TACSTD2 and mucinl (MUC1). Lower
level expressions of EGFR, MSLN, ERBB2, EPCAM, EpHA2
and FNDC3B were also found in Ovcar 3 cells.
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Figure 4 Expression of tumor-associated membrane proteins (TAMPs). Protein identification and quantification are achieved by database
searching with MaxQuant software using MS and MS/MS raw data against a UniProt Knowledgebase Human Complete Proteome Sequence.
Peptides are identified from the acquired MS/MS spectra by peptide fragment-matching against spectra derived in silico from the protein sequence
database. The identified proteins were annotated by gene ontology (GO). TAMPs in the tumor cell lines tested were plotted by relative protein
abundance. NCAMI: neural cell adhesion molecule 1; TACSTD2: tumor-associated calcium signal transducer 2; FOLRI: folate receptor 1;
ENPP3: ectonucleotide pyrophosphatase/phosphodiesterase family member 3; CDH3: cadherin; MSLN: mesothelin, CEACAMS: carcinoem-
bryonic antigen related cell adhesion molecule 5; MUCI: mucin 1; PVRL4: poliovirus receptor-related protein 4; Zip6: zinc transporter 6; TPBG:
trophoblast glycoprotein; EGFR: epidermal growth factor receptors; ERBB2: receptor tyrosine-protein kinase erbB-2; FNC3B: fibronectin type I1I
domain-containing protein B; GPC3: glypican-3.
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Figure 5 Subcellular localization of membrane transporter proteins in the tumor cells. The identified transporter proteins were annotated by gene
ontology (GO). According to the GO annotation, the localization of membrane proteins detected by untargeted proteomics analysis was assigned
into four distinct categories including plasma, mitochondrial membrane, endoplasmic reticulum membrane and nuclear membrane. The percentage
in the chart represents the transporter proteins compared to the total membrane transporter numbers detected in the cell line.

Table 3  Intensity ratios of ABC transporter proteins in each cell lines using protein intensities in HepG2 as common denominators.

Symbol Protein name H226 Hep3B2 HepG2 N87 Ovcar3
ABCB1 Multidrug resistance protein 1 (MDR1-P-gp) 0.003 0.495 1.000 0.012 0.007
ABCBI11 Bile salt export pump (BSEP) LLQ LLQ 1.000 LLQ LLQ
ABCCl1 Multidrug resistance-associated protein 1 (MRP1) 1.008 0.404 1.000 0.953 0.631
ABCCI10 Multidrug resistance-associated protein 7 (MRP7) 0.200 0.204 1.000 0.231 0.168
ABCC2 Canalicular multispecific organic anion transporter 2 (MRP2) 0.010 0.548 1.000 0.042 0.013
ABCC3 Canalicular multispecific organic anion transporter 3 (MRP3) 0.028 0.334 1.000 0.431 0.039
ABCC4 Multidrug resistance-associated protein 4 (MRP4) 11.349 1.603 1.000 7.145 0.255
ABCC5 Multidrug resistance-associated protein 5 (MRPS) 6.069 1.051 1.000 2.736 0.233
ABCC6 Multidrug resistance-associated protein 6 (MRP6) N/D 0.108 1.000 N/D N/D

ABCG2 ATP-binding cassette sub-family G member 2 (BCRP) 28.502 2.963 1.000 0.376 0.024
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Table 4 Intensity ratios of major SLC transporter proteins in each cell lines using protein intensities in HepG2 as common denominators.
Symbol Protein name Substrate H226 Hep3B2 HepG2 N87 Ovcar3
SLC15A3 Solute carrier family 15 member 3 Di- and tripeptides 3058 1.85 1.00 5879 1204
SLC16A2 Monocarboxylate transporter 8 T2, rT3, T3, T4 1390 1.85 1.00 630 4.17
SLC16A7 Monocarboxylate transporter 2 Actate, pyruvate, ketone bodies 1582 1601 1.00 500 4.17
SLC19A2 Thiamine transporter 1 Thiamine 0.10 1.60 1.00 0.06 0.10
SLC22A18 Solute carrier family 22 member 18 Chloroquine, quinidine 3314 3195 1.00 4215 2259
SLC22AS5 Solute carrier family 22 member 5 Organic cations, L-carnitine 46 0.02 1.00 20 0.04
SLC22A9 Solute carrier family 22 member 9 Estrone sulfate 0.01 184 1.00 0.01 0.03
SLC29A1  Equilibrative nucleoside transporter 1 Purine and pyrimidine nucleosides 1.14  2.70 1.00 1.41 0.26
(ENT1)
SLC29A2  Equilibrative nucleoside transporter 2 Purine and pyrimidine nucleosides and 1.06 5914 1.00 1.09 331
(ENT2) some nucleobases
SLC29A3  Equilibrative nucleoside transporter 3 Purine and pyrimidine nucleosides and 0.00 0.16 1.00 0.07 0.00
(ENT3) some nucleobases
SLC47A1 Multidrug and toxin extrusion protein 1 Organic cations 2.63 548 1.00 0.94 0.02
SLCO3A1 Solute carrier organic anion transporter Estradiol-3-sulfate, prostaglandin 4740 1.85 1.00 2151 746

family member 3Al

3.3.  Expression of membrane transporters

The membrane proteomics analysis yielded a total of 166 solute
carrier (SLC) proteins and 36 ABC transporter proteins (Table 2).
Of those, a total of 108, 36, 14 and 11 SLC transporters and 20, 6,
6 and 2 ABC transporters were detected and annotated on plasma,
mitochondria, endoplasmic, and lysosomal membrane, respec-
tively (Fig. 5). ABC transporter expressions appeared to be
significantly variable among the tumor cell lines. Table 3 summa-
ries the major efflux transporters known to be associated to
multidrug resistance. As showed in the Table 3, greater than 10-
fold lower expression of MDR1-P-gp and multidrug resistance
protein 2 (MRP2) were detected in H226, N87 and Ovcar3, as
compared to HepG2 cells. MRP6 expression was found to be high
in Hep3B2 and HepG2 cells. Interestingly, bile salt efflux pump
(BSEP) was only found in HepG2 cells, but not in Hep3B2 cells,
regardless of that Hep3B2 cells is similar to HepG2 cells,
which both are originated from human hepatocellular carcinoma
cells. The highest expression of BCRP was found in H226 cells,
while BCRP in Ovcar3 cells was the lowest among the cell lines
tested.

Table 4 summaries the major SLC transporters known to
transport metabolites and therapeutic reagents. As shown in
Table 4, the expression of SLC transporter proteins varied among
the tumor cell lines. SLC15A3, a proton oligopeptide cotransporter
was found to be highly expressed in H226, N87 and Ovcar3 cells,
while the expressions in Hep3B2 and HepG2 were low. SLC16A2
and SLC16A7 that belong to the monocarboxylate transporter
family and transport metabolites such as lactate, pyruvate and
ketone bodies were highly expressed in H226, N87 and Hep3B2
(SLC16A7). On the other hand, thiamine transporter SLC19A2
was expressed at a low level in H226, N87 and Ovcar3 cells, as
compared to that in HepG2 and Hep3B2 cells. The expression of
SLC22A transporter family varied, as HepG2 cells were found to
express the lowest level of SLC22A18 among the cell lines.
SLC22A5 (organic cation/carnitine transporter 2, OCTN2) that
transports many endogenous small organic cations as well as a
wide array of drugs was highly expressed in human lung
squamous H226 cells and human gastric carcinoma N87 cells.
The high expression of SLC29A2 (equilibrative nucleoside trans-
porter 2, ENT2) was found in human hepatocellular carcinoma

Hep3B2 and human adenocarcinoma Ovcar3 cells, while
SLC29A3 (ENT3) was found to be high in HepG2 cells.
Interestingly, the expression of SLC29A1 (ENT1) was comparable
among the cell lines tested. SLC47A1 that codes the multidrug and
toxin extrusion protein 1 (MATEI) to excrete endogenous and
exogenous electrolytes and drugs was found to be low in Ovcar3
cells. SLCO3A1 was the only gene detected in SLCO family. The
expression of SLCO3A1 was high in H226 and N87 cells, as
compared to other tumor cell lines.

4. Discussion

The ability to accurately and sensitively quantify membrane
proteins that are expressed in tumor cell lines is a fundamental
requirement to investigate the tumor specific markers for cancer-
targeting therapy and drug resistance mechanisms to cancer killing
reagents. Due to the vast array of unique proteins with extensive
span of abundances range in a whole lysed biological sample,
development of bioanalytical methods for mass spectrometric
analysis remain challenging and require additional sample pre-
paration steps to remove interferences such as buffers and salts.
Peptides are identified from the acquired MS/MS spectra by
peptide fragment-matching against spectra derived in silico from
the protein sequence database in MaxQuant, which allows some
flexibility of modification including maximum two missed clea-
vages, cysteine cabamidomethylation, methionine oxidation and
N-terminal acetylation”’. PCA uses feature abundance level across
runs to transform and plot the abundance data in principal
component spaces, which allows visualizing features that are
“close together” appearing together on the PCA plot and vice
versa. PCA analysis revealed 3 distinct clusters (Fig. 3). As such,
protein expression features closed each other between H226 and
N87, and Hep3B2 related to HepG2. In contrast, Ovcar3 had
different profile features from other cell lines tested. In fact, while
it is logical that HepG2 and Hep3B2 share the same cluster as both
cell lines originated from human hepatocarcinoma cells, N87
gastric carcinoma cells and H226 non-small cell lung cancer cells
were clustered together demonstrating that both response to the
growth inhibition when exposed to Trastuzumad, suggesting the
similarity of EGFR pathway in these cells®'.
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The epidermal growth factor receptor family including the
epidermal growth factor receptors (EGFR), receptor tyrosine-
protein kinases (ErbBs), fibroblast growth factor (FGF) receptors,
hepatocyte growth factor receptor (MET) and insulin-like growth
factor (IGF) receptors are upregulated in neoplastic tissues. These
receptors play a key role in cancer biology during tumor
development and are considered as TAMPs. The proteins recently
become very attractive tumor targets for therapeutic anticancer
purposes”. According to the biological functions, TAMPs can be
classified as receptors, cell adhesion or anchoring proteins,
membrane associated enzymes, transporter proteins and glycosyl-
phosphatidyl inositol anchors®”. Generally, targeting anticancer
therapy can be achieved through disrupting the processes of cancer
development, or directing an attached cancer-killing drug to tumor
cells through tumor specific antibodies, peptides or DNA/RNA
aptamers that specifically bind to TAMPs?***. For examples,
EpHA2 is highly expressed in several cancer types and the
expression is associated with worse patient survival®~°. Various
therapeutic approaches that include monoclonal antibodies and
RNA interferences are developed for targeting EpHA?2 for cancer
therapy. Nevertheless, although protein expression profiles of
Hep3B2 and HepG2 cells were located in the same cluster, the
TAMPs expressions in the cell lines varied, as HepG?2 cells highly
expressed CEACAM1, GPC3, IGFIR and ENPP3, while Hep3B2
highly expressed EPCAM (Fig. 4). On the other hand, MSLN was
found in H226, N87 and Ovcar3 cells, of which the highest
expression was detected in H226 cells. As a result, anetumab
ravtansine, an ADC drug that consists of anti-mesothelin antibody
and maytansionid tubulin inhibitor DM4 through a hindered
disulfide linker demonstrates potent and selective cytotoxicity on
Ovcar3 and H226 cells’’, which indicates that understanding the
expressions of TAMPs in the tumor cells are essential for
antibody-directed delivery of cytotoxic drug to cancer cells by
ADCs. Collectively, the differential expression of TAMPs among
the tumor cell lines could be used for selecting sensitive tumor
cells as models to evaluate therapeutic candidates targeting tumors.
Therefore, the comparative protein expression data should be
included to interpret preclinical efficacy results and to apply for
translating in vitro efficacy data obtained from the cell lines to
in vivo tumor types.

Membrane-bound proteins including drug transporters and other
ADME-related proteins such as cytochrome P450 and phase II
enzymes play a key role in disposition of an anticancer drug. ABC
transporter family such as the multidrug resistance 1 (MDR1-P-gp)
and the breast cancer resistance protein (BCRP) are plasma
membrane proteins, which are typical efflux transporters to extrude
chemotherapeutic agents out of the cancer cells in a manner
against concentration gradients using energy from the hydrolysis
of ATP?®. In the context, arguably ABC efflux transporter-related
inherent or acquired drug resistances have been the mechanisms
most studied. For example, BCRP is highly expressed in a number
of human cancer cells including gastric carcinoma, hepatocellular
carcinoma and colon cancer, and is considered the major causes of
multidrug resistance®”. A greater than 10-fold lower expression of
MDR1-P-gp and multidrug resistance protein 2 (MRP2) were
detected in H226, N87 and Ovcar3, as compared to that in HepG2
cells. Accordingly, the cell lines with lower MDR-P-gp and MRP2
are more sensitive to chemotherapy reagents that are substrates for
the transporters. On the other hand, the SLC expressed in many
tumor tissues are of particular importance for the accumulation of
cytotoxic antitumor drugs, which could be a determinant factor for
anticancer efficacy’’. In general, cancer cells need more certain

nutritional elements for an aggressive growth over normal cells,
which often lead to the upregulation of carriers in cancer cells for
their survival. Therefore, substantial differences of membrane
transporter expressions likely exist between normal and tumor
cells, as well as among different tumor types. For example,
nucleoside transporters transport many anticancer nucleoside drugs
and the clinical efficacy of the drugs relies on expression of the
transporters mediating entry of the drugs®'. The nucleoside analog
gemcitabine is commonly used for pancreatic adenocarcinoma,
and cellular uptakes of gemcitabine rely on the nucleoside
transporter SLC28/29 family”*. Accumulative evidences show that
therapeutic effects of gemcitabine is strongly related to the
expression of these nucleoside transporters®**. SLC22A18 that
is highly expressed all tumor cells except HepG2 acts as organic
cation transporter to transport of chloroquine and quinidine-related
compounds in kidney and has been identified as one of several
tumor-suppressing sub-transferable fragments located in the
imprinted gene domain of 11p15.5. As the region is an important
tumor-suppressor gene region, alternation or mutation in the gene
are associated with Beckwith—-Wiedemann syndrome and many
types of cancers’. In total, comparative membrane protein
proteomics analysis in various tumor cells can be useful in
understanding anticancer efficacy and drug resistances, targeting
cancer therapy, as well as elucidating targets of choice as tumor
marker proteins®. Subsequently, the expression profiles could be
used for potential derived xenograft tissues to guide the selection
of chemotherapy reagents for the best clinical outcomes.

In conclusion, quantitative proteomics analysis for tumor cell
lines is useful for the discovery of new diagnostic/predictive
biomarkers which might in turn lead to the identification of new
potential drug targets. Furthermore, the results obtained could give
a better understanding of drug resistance and be used for
translation of the preclinical efficacy results to the clinic. Such
mass spectrometric analyses are highly challenging, as pre-
analytical preparation of samples is critical for robust and
biologically relevant results. Here, we applied the comparative
untargeted proteomics method to identify and quantify membrane
proteins in cell lines. The proteomics analysis with the focusing on
TAMPs demonstrated significant variations among the tumor cell
lines. The observation will lead to a greater appreciation for the
role of membrane proteins in tumor development and drug
resistance, and present targets of choice as tumor marker proteins.
The expression profiles will be useful for further elucidation of
tumor-specific protein expression and molecular mechanisms of
anticancer drug design. The membrane proteome for the tumor cell
lines tested is now available in the Supplementary information for
public access.
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