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Determiningwhich cancer patients will be sensitive to a given therapy is essential for personalisedmedicine.

Thus, it is important to develop new tools that will allow us to stratify patients according to their predicted

response to treatment. The aim of work presented here was to usemolecular imprinting for determining the

sensitivity of lung cancer cell lines to ionising radiation based on cell surface proteomic differences.

Molecularly imprinted polymer nanoparticles (nanoMIPs) were formed in the presence of whole cells.

Following trypsinolysis, protein epitopes protected by complexing with MIPs were eluted from the

nanoparticles and analysed by LC-MS/MS. The analysis identified two membrane proteins, neutral amino

acid transporter B (0) and 4F2 cell-surface antigen heavy chain, the abundance of which in the lung

cancer cells could indicate resistance of these cells to radiotherapy. This proof-of-principle experiments

shows that this technology can be used in the discovery of new biomarkers and in development of novel

diagnostic and therapeutic tools for a personalised medicine approach to treating cancer.
Introduction

Adenocarcinoma is the most common type of non-small lung
carcinoma (NSCLC), formed in the mucus making gland cells in
the airway's lining.1–3 It can be treated with surgery, chemotherapy
and radiation therapy.3 Radical radiotherapy is an intensive
course that is applied if surgery is not possible.4 Despite radio-
therapy being a useful therapeutic tool, a large proportion of
patients experience the recurrence of cancer due to the intrinsic or
acquired ability of some cancer cells to resist radiation damage.
Lung cancer resistance to radiation contributes largely to disease
progression, recurrence and increased cancer mortality.5

There are many biological factors implicated in the resistance
to ionising radiation (IR), which include redistribution of the cell
cycle, repair of DNA damage and apoptosis.5 The generation of
reactive oxygen species (ROS) upon radiation treatment and
consequent DNA double-strand breaks contribute to the cyto-
toxicity of ionisation radiation. Mitochondrial metabolism
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sustains the redox environment by balancing the production of
ROS and their removal by anti-oxidant enzymes. Alterations to
protein import and mitochondrial signalling contribute to
survival strategies of the tumour cell, giving rise to radio-
resistance.6 DNA-dependent protein kinases play a vital role in
the non-homologous end-joining repair process and its over-
expression has been linked to radiation resistance in glioblas-
toma cells.6 Phosphatidylinositol 3-kinase (PI3K/Akt) activation
improves cell post-radiation survival by enhancing the repair of
DNA double-strand breaks. The overexpression of DNA repair
protein RAD51 increases genomic stability, thus inuencing
radioresistance.7 Transcription factors including the dynamic
NF-kB family proteins and STAT3 contribute to intrinsic radio-
resistance by producing a variety of proteins including cyclin D1,
VEGF and pro-inammatory cytokines.7 Prostaglandins derived
from Cox-2 protects the cell from damage by ionisation radiation
and contribute to the growth and radiation resistance of
tumours. Cyclins and cyclin-dependent kinases that control the
cell cycle have also been shown to play important roles in the
acquisition of radiation resistance.8

In the development of radioresistance, the adhesion of
a cancer cell to the extracellular matrix (ECM) and communi-
cation with surrounding cells plays a signicant role, as it
inuences cell survival in multiple ways. The adhesion of
cancerous cells to bronectin modulates the G2/M arrest,
increasing its resistance to the IR. The Notch signalling pathway
plays a vital role in cell–cell communication, cell proliferation,
stem cell maintenance, cell fate decisions, differentiation and
angiogenesis and it positively correlates with poor prognosis
RSC Adv., 2022, 12, 17747–17754 | 17747
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Fig. 1 Steps involved in the use of nanoMIPs for detecting proteins of the surfaceome.
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and radioresistance in NSCLC patients.8 Cell surface receptors,
such as integrins mediate the cellular response to the IR and
reduce the rate of cell death. Focal adhesion kinase is involved
in cellular invasion, motility, proliferation and apoptosis and it
contributes to a radioresistant response by activating PI3K-Akt
pathway and the induction of many inhibitor of apoptosis
proteins.7–9 The interactions of b1 integrin with paxillin and
other proteins is also responsible for the improved survival of
radiated cancer cells.9

The specic prole of cell surface proteins, known as the
surfaceome, is essential to the survival of malignant cells
through their involvement in transporting nutrients or ions, cell
signalling and adhesion to and/or invasion of tissues or organ
surfaces.10,11 Analysis of their types and abundance can poten-
tially complement tests and scans carried out using compu-
terised tomography, positron emission tomography-
computerised tomography, bronchoscopy and biopsy, thus
allowing to predict whether Stage 1 and Stage 2 cancers are
susceptible to radiation treatment. Plasma membrane cell
surface proteins and their epitopes, however, are oen difficult
to identify because of their low abundance.11

Cell surface mapping is a useful research technique in drug
development and diagnostics.12 Typically it consists of
“shaving” a signicant segment of a cell surface protein by
digesting live, intact cells, so the generated peptides can be
analysed using LC-MS/MS. The main concern about this
approach is identifying surface proteins without the interfer-
ence of the more abundant cytoplasmic proteins, because when
the cell is being digested by trypsin, the cytoplasmic proteins
are exposed and are analysed alongside the plasma membrane
surface proteins.12 Since it is difficult to achieve a precise
control of experimental conditions in these assays and, for that
reason, surfaceome analysis is rarely used in clinical practice.

To address this, for a rst time a surfaceome analysis of four
lung cancer cells was done using a novel technique of “snapshot
imprinting”.13 This technique is based on a phenomenon of
17748 | RSC Adv., 2022, 12, 17747–17754
molecular imprinting14,15 that has already earned its place in the
biomedical research as an effective tool for diagnostics and
imaging.16–18

The method involves a formation of nano-molecularly
imprinted polymers (nanoMIPs) on the surface of cells by self-
assembly of monomers possessing complementary functional
groups around the side chains of exposed peptides or
“epitopes” followed by polymerisation. The surface peptides
capable forming the complexes with nanoparticles are pro-
tected against digestion therefore can be eluted from the
nanoparticles and then sequenced using standard LC-MS/MS
protocols (Fig. 1). Among the benets of the proposed method
are opportunity to compare the surface proteomics of cancer
and normal cells, and identify the molecular markers specic
for the particular tumours.
Materials and methods
Cell culture

Four non-small cell lung cancer (NSCLC) cell lines were used in
this study; A549, H460, H23 and H522. One normal lung
broblast cell line MRC-5 was also used. Cells were cultured in
T75 culture asks (ThermoFisher, UK) using Roswell Park
Memorial Institute 1640 Medium (RPMI) (ThermoFisher, UK)
for H460, H23 and H522 cells and Dulbecco's Modied Eagle
Medium (DMEM) (ThermoFisher) for A549 cells. All culture
medium was supplemented with 10% Fetal Bovine Serum (FBS)
(Sigma-Aldrich, UK), unless otherwise stated, and with 1%
Penicillin Streptomycin (P/S) (Sigma-Aldrich, UK). Cells were
incubated at 37 �C and under 5% CO2 using a Thermo HeraCell
240 incubator. Cells were routinely checked for mycoplasma
contamination. Cells were digested using 0.25% Trypsin–EDTA
(Gibco, ThermoFisher, UK) and counted in a haemocytometer
before plating for the experiments. All cells were obtained from
ATCC.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Colony formation assay

For the colony formation assay or clonogenic assay, cells were
seeded at 106 in two 6 cm dishes per cell line per dose (0, 2, 4, 6, 8,
10 Gy). The following day, the plates were irradiated at the
appropriate doses. The cells were collected and resuspended in
media and then counted to be seeded into 6 cm dishes for each
dose and cell line to achieve approximately 50 visible colonies at
the end of the experiment. The cells were then incubated for 2
weeks. Then, cells were washed with Phosphate Buffered Saline
(PBS, Sigma-Aldrich, UK) and xed using 2 mL of 10% neutral
buffered formalin (Fisher, UK). The plates were then washed in
PBS and allowed to air dry before the Giemsa staining solution was
added and incubated for 5 hours at room temperature. Before
imaging the plates were washed with water and counting of colo-
nies was carried out. The Giemsa staining solution was made by
mixing 6.4mL of 67mMsodiumphosphate buffer, pH 7.0, 5mL of
Giemsa stain (Abcam, UK) and water. The phosphate buffer, pH
7.0 was made using 1 : 2 ratio of 1 M monobasic sodium phos-
phate solution and 1 M dibasic sodium phosphate solution.
Surface mapping

The NCI-H23, NCI-H460, NCI-H522 and A549 cell lines were
analysed individually as described earlier.19 A monomeric
mixture was prepared by dissolving 19.5 mg N-iso-
propylacrylamide (NIPAm), 3 mg N,N0-methylene-bis-acrylamide
(MBAA), 15 mg N-tert-butylacrylamide (TBAm), and 3 mg 3-ami-
nopropylmethacrylate in 50 mL of PBS and purged with nitrogen
for 20 min. The growth media was removed from 250 mL cell
culture asks containing lung cancer cells and cells washed 4
times with 4 � 20 mL of PBS. 30 mL of the monomeric mixture
were added to the asks and polymerisation reaction was initi-
ated by adding 300 mL of freshly prepared solution of 24 mg
potassium persulfate and 12 mL of TEMED dissolved in 800 mL of
PBS. The polymerisation was carried out for 1 h at room
temperature. The mixture was carefully removed from the 250
mL-asks and cells were washed using 4� 20mL of PBS. 3 mg of
trypsin (from the bovine pancreas, Sigma T9201), dissolved in
1 mL of PBS, was added to the cell-containing asks and le for
72 hours at 22 �C. The synthesised nanoMIPs were collected and
ltered through a 15 mL Amicon® Ultra centrifugal lter with
100 kDa cut-off (Millipore, UK), at 3500 rpm (2200 g) in order to
remove the unreactive functional monomers and cell debris.
NanoMIPs were washed on the lter 4 times using 15 mL of PBS,
and collected using 1 mL of deionised HPLC water. NanoMIPs
were placed in an Eppendorf tube and boiled for 5 min at 98 �C.
Sample was ltered through 100 kDa centrifugal lter at
3500 rpm. NanoMIPs were collected again using 1 mL of
deionised HPLC water, boiled for 5 minutes at 98 �C and ltered
through 100 kDa centrifugal lter at 3500 rpm. This step was
repeated three times. The solution of the eluted peptides was
collected, lyophilised and sent off for sequencing.
LC-MS/MS analysis

Samples were reconstituted in 20 mL 0.1% formic acid, 3%
acetonitrile and 20 mL of 100 fmol alcohol dehydrogenase (ADH)
© 2022 The Author(s). Published by the Royal Society of Chemistry
then transferred to HPLC vials. The known amount of ADH
protein allowed the peptides to be quantied in the sample by
comparing peak areas. Samples were treated using a Waters
nanoACQUITY UPLC using Waters 2G-V/M Symmetry C18 trap
column (180 mm � 20 mm, 5 mm), to focus the peptides before
elution onto the LC column and injected into Waters Acquity
HSS T3 analytical UPLC column (75 mm � 250 mm, 1.8 mm).
Trapping method: single pump trapping with 99.9% solvent A
and 0.1% solvent B at a ow rate of 5 mL min�1 for 3 min.
Analytical column gradient: 0 min- 3% B, 30 min – 40% B,
32 min - 85% B, 40 min - 85% B and 41min - 3% B. The ow rate
was 0.3 mL min�1 and the temperature of the column was 40 �C.
(Solvent A ¼ LC-MS grade water with 0.1% formic acid and
Solvent B ¼ acetonitrile with 0.1% formic acid). The Nano-
Acquity UPLC was coupled to a Waters Synapt G2 HDMS mass
spectrometer used in positive electrospray ionisation mode.
Capillary voltage ¼ 2.4 kV, cone voltage ¼ 30 V. A helium gas
ow of 180 mL min�1 and ion mobility separator nitrogen gas
ow of 90 mL min�1 with a pressure of 2.5 mbar were used. The
IMS wave velocity was set at 650 m s�1 and the IMS wave height
at 40 V. [Glu1]-brinopeptide (GFP) with m/z 785.8427 was used
as a lockspray to maintain mass accuracy. Argon was used as the
collision gas. For low energy acquisition, the collision energy
was set at 4 V and for high energy acquisition, a voltage gradient
from 20–40 V was used. Data was acquired using the MassLynx
4.1 soware. Raw data was analysed using Progenesis QI for
proteomics (Non-Linear Dynamics (Waters), UK). This aligns
the chromatography for each run to one selected run, performs
peak picking and identies peptides and proteins from the
peptide and fragment m/z values and searching against
a human database from UniProt (downloaded in 2017). A
between-subject experiment design was used to compare
resistant and sensitive cell lines. The method was repeated to
compare resistant cell lines against each other and sensitive cell
lines against each other.

Dynamic light scattering analysis

The diameter of nanoMIPs was measured in water using Zeta-
sizer, Nano Series (Malvern, UK). 1 mL of the nanoparticles
sample was briey sonicated using ultrasonic bath and
measured for six cycles comprising 14 measurements in the
disposable cuvettes at 25 �C.

Transmission electron microscopy (TEM) of the nanoMIP
samples

Transmission electron microscopy (TEM) images were obtained
in a JEOL JEM-1400 TEM with an accelerating voltage of 120 kV,
equipped with EMSIS Xarosa digital camera with Radius so-
ware. Samples were sonicated for 2 min immediately prior to
adsorption to the grid. Then, 10 mL of the sample was applied to
a freshly glow discharged carbon lm grid (400 mesh, AGS160-
Agar Scientic Ltd). Grids were glow discharged in a Quorum
GloQube System for 15 s at 20 mA. Then, the sample was le to
adsorb and dry for 25 min at a room temperature. The statistical
analysis of the images was made using open source soware
ImageJ.
RSC Adv., 2022, 12, 17747–17754 | 17749
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Fig. 2 Different sensitivity of NSCLC cell lines to radiation. Relative
plating efficiency (represented as percentage of surviving colonies
relative to the control) for colony formation assays of A549, H460, H23
and H522 cells exposed to various amounts of radiation (0, 2, 4, 6, 8 or
10 Gy). Data represents the mean and standard deviation of three
independent experiments.

Fig. 3 TEM image of the nanoMIPs obtained after surface mapping of
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Results and discussion

The analysis of the surface proteome by the “shaving” approach
is gaining popularity, and it has been employed in analysis of
cells from more than 20 different species, both prokaryotic and
eukaryotic.20 It is particularly valuable for identifying arrays of
surface-exposed proteins that can be used in the development
of novel vaccines, drugs or in diagnostics. It has, however, two
limitations. First, approximately half of the proteins identied
by shaving are actually cytoplasmic proteins, which authors
refer to as “non-classical secreted proteins”. In addition, there is
a disconnect between the epitope abundance on cell membrane
and the immunodominance hierarchy of identied epitopes.21

It would be ideal if the protocol applied in surfaceome analysis
could provide also an information about the ability of identied
epitopes to generate antibodies or synthetic binders.

NanoMIPs represent a new class of compounds that can be
deployed to detect extracellular protein targets (as an alternative
to biological antibodies), and potentially currently inaccessible
intracellular proteins.22 Studies suggested that cross-linking of
the polymer in the presence of cells leads to the organisation of
the polymer chains around the phospholipid and protein
templates, such that the geometrical and chemical information
of the cell surface is captured by the polymer.23 Extraction of
this information is possible by combining molecular
imprinting and proteomics. Recently, we have shown that
molecular imprinting can be used to obtain accurate informa-
tion about peptide epitopes expressed on the surface of a single
protein.14 In this work, we expanded this protocol towards
identication of proteins (and their epitopes involved in
production of nanoMIPs), expressed on the surface of whole
cells.

It is possible to visualise cell imprinting as “freezing”
exposed fragments of cell proteins in their complex with poly-
meric networks. This allows performing subsequent cell lysis
without worrying whether cells remain intact during trypsinol-
ysis. The removal of peptides belonging to cytoplasmic proteins
from synthesised nanoMIPs can be achieved by simple washing.
Asmodel systems for this work, we selected four lung cancer cell
lines: A549 and NCI-H460, which show some resistance to
ionising radiation and NCI-H23 and NCI-H522, which are more
sensitive than the other two cell lines (Fig. 2).

There are the steps taken for identication of membrane
proteins in surfaceome analysis by using molecular imprinting.
Live cells were used as templates in formation of molecularly
imprinted polymer nanoparticles (nanoMIPs). The four types of
lung cancer cells were imprinted as described in the Experi-
mental section. Comparison of epitope and protein sets iden-
tied for four cell lines might identify cross-reactive epitopes,
help avoid molecular mimicry, and elucidate novel insights into
mechanisms of cell resistivity to ionisation radiation.18 The
polymerisation of nanoparticles was performed in relatively
mild conditions that did not cause cell lysis.19

In theory, since monomers and initiators cannot penetrate
inside cells during the short time of the polymerisation reac-
tion, only epitopes of the proteins exposed on the cell surface
17750 | RSC Adv., 2022, 12, 17747–17754
contributed to the formation of nanoMIPs. Trypsin was used to
digest the proteins, releasing from the cells nanoMIPs with
fragments of proteins protected by their interactions with the
polymeric nanoparticle. Next, nanoMIPs were washed from the
cell debris followed by several cycles of centrifugation using
ltration cartridges. Peptide epitopes were then eluted,
concentrated and sequenced by LC-MS/MS. The epitopes
sequences were analysed providing information about types of
the proteins exposed on cell membranes, and which contrib-
uted to the formation of nanoMIPs, and their abundance.19

Aer elution of the peptides nanoMIPs were characterised
using DLS. It was found that the diameter of the nanoMIPs in
water was on average 98 nm � 14 nm (polydispersity index –

0.2). This size corresponds to the value reported for nanoMIPs
imprinted with proteins.24 The typical appearance of the nano-
MIPs under the TEM is shown on the Fig. 3; the size measured
using ImageJ was 54 nm � 11 nm.

The data produced from regular LC-MS/MS analysis shows
presence of both, membrane and non-membrane proteins
(Tables 1 and 2).
H23 cell line (magnification – 10 000�).

© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01830f


Table 1 Proteins found in the H23 and H460 cell lines. Data show average values for the experiments repeated in triplicate. STD: standard
deviation. Location is based on UniProtKB predictions

Description
H23 average
amount (fmol) STD

H460 average
amount (fmol) STD Location

Translational activator of cytochrome c
oxidase 1

34.7 32.3 153.6 9.9 Mitochondrion

ATP synthase subunit O, mitochondrial 23.8 2.4 58.8 12.1 Mitochondrion
Cytochrome c oxidase subunit 5B,
mitochondrial

13.8 0.9 30.4 3.2 Mitochondrion

Zinc phosphodiesterase ELAC protein 2 0.7 0.8 19.4 4.2 Mitochondrion
Cytochrome b-c1 complex subunit 2,
mitochondrial

6.0 0.3 14.7 0.7 Mitochondrion

Succinate dehydrogenase [ubiquinone]
avoprotein subunit, mitochondrial

1.4 0.7 4.7 0.2 Mitochondrion

Sideroexin-3 3.7 1.0 1.1 0.4 Mitochondrion
RNA-binding protein 25 2.0 0.3 31.2 4.7 Nucleus
Zinc nger protein 670 61.3 0.8 16.0 2.0 Nucleus
Zinc nger protein 454 2.6 0.3 5.6 2.5 Nucleus
Galectin-12 2.1 1.0 0.7 0.1 Nucleus
DNA-binding protein RFX5 8.5 0.7 0.8 0.5 Nucleus
Galectin-3 22.4 1.4 0.0 0.0 Nucleus
Protein argonaute-1 2.3 0.7 59.7 9.6 Nucleus
Neutral amino acid transporter B (0) 6.7 0.4 20.2 1.2 Plasma membrane
4F2 cell-surface antigen heavy chain 0.2 0.2 3.0 0.8 Plasma membrane
RELT-like protein 1 0.4 0.2 1.1 0.7 Plasma membrane
Ezrin 83.1 3.0 0.0 0.0 Plasma membrane
Protein disulde-isomerase A6 1.0 0.3 7.9 0.5 Endoplasmic reticulum
Calnexin 35.1 1.1 4.0 0.7 Endoplasmic reticulum
Kinesin light chain 3 13.0 0.9 33.5 3.5 Cytoskeleton
Rootletin 10.9 0.6 0.4 0.3 Cytoskeleton
TNF receptor-associated factor 2 12.4 0.2 5.8 2.0 Cytoplasm
Angiopoietin-2 5.4 0.6 0.8 0.4 Extracellular
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It is essential that by the nature of molecular imprinting,
every epitope discovered in this study (and used for protein
identication) will be able to generate high affinity nanoMIPs.
The number of proteins identied post trypsinolysis is slightly
smaller than these in the shaving approach (23–35 versus 41–
51).11,25 It is possible that the efficiency of the protease treat-
ment is affected by the presence of nanoMIPs on cell surface.
This is in agreement with experiments performed using
immobilised trypsin, where the number of identied proteins
was similar (31 proteins).25 Approximately 60% of identied
proteins are found in all cells tested here, albeit their quantities
varied from cell to cell. It is interesting that the fraction of
epitopes of cytoplasmic proteins present in the samples is
relatively small. The majority of proteins identied in this
experiment belong to “bound” proteins located in mitochon-
drion, nucleus or plasma membranes (Tables 1 and 2).

It has been proposed that in proteolytic “shaving”, only
approximately half of the identied proteins actually belong to
membrane proteins.26 To explain this phenomenon authors
presented the following hypotheses: (i) cytoplasmic proteins
come from cell lysis, thus contaminating the “surfaceome”
fraction; (ii) cytoplasmic proteins have reached the surface by
unspecied exporting/secretory machinery. Whether cyto-
plasmic proteins without any canonical secretion/exporting or
retention signal are really translocated across the membrane is
© 2022 The Author(s). Published by the Royal Society of Chemistry
still unresolved, although there are many evidences both in
prokaryotes and eukaryotes.27–29

The proportion of predicted proteins present in surfaceome
analyses vary even among different strains of the same species.
Therefore, in the search of potential biomarkers of cell resis-
tance to ionisation radiation, we have looked only at proteins
identied by abundance of peptide epitopes in both resistant
lines, NCI-H460 and A549, as compared to NCI-H23 and NCI-
H522. Predicted cytoplasmic proteins could be considered as
remaining contamination from residual cell lysis, and therefore
discarded from the following discussion.

The comparison between the surfaceome of resistant and
sensitive cell lines allowed us to propose potential biomarkers
of radiation resistance based on their relative specic amounts
(Table 3). Specically, neutral amino acid transporter B (0) and
4F2 cell-surface antigen heavy chain are present in larger
quantities in radiation resistant cells when compared to cells
sensitive to radiation.

Neutral amino acid transporter B (0) is coded by the SLC1A5
gene, also known as ASCT2. ASCT2 is a glutamine transporter
belonging to the SLC1 family.30 Glutamine promotes cancer cell
proliferation, and is transported in a Na+-dependent
manner.31,32 SLC1A5/ASCT2 is highly expressed in various
cancer cells, including lung cancer where it is required for cell
growth and survival.32 In NSCLC, ASCT2 is associated with
tumour aggressiveness, prognosis and metastasis and its
RSC Adv., 2022, 12, 17747–17754 | 17751
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Table 2 Proteins found in the A549 and H522 cell lines. Data show average values for the experiments repeated in triplicate. STD: standard
deviation. Location is based on UniProtKB predictions

Description
A549 average
amount (fmol) STD

H522 average
amount (fmol) STD Location

Trifunctional enzyme subunit alpha,
mitochondrial

1053.1 15.9 244.0 174 Mitochondrion

Translational activator of cytochrome c
oxidase 1

322.6 6.6 104.1 61.3 Mitochondrion

28S ribosomal protein S35,
mitochondrial

41.9 3.6 10.9 8.0 Mitochondrion

Cytochrome c oxidase subunit 5B,
mitochondrial

78.6 17.4 3.5 1.6 Mitochondrion

Malate dehydrogenase, mitochondrial 64.1 7.9 2.3 1.3 Mitochondrion
Single-stranded DNA-binding protein,
mitochondrial

33.3 1.1 1.9 0.7 Mitochondrion

ADP/ATP translocase 1 32.3 1.5 0.5 0.3 Mitochondrion
ATP synthase subunit O, mitochondrial 64.0 6.7 0.4 0.4 Mitochondrion
Cytochrome c oxidase subunit 6C 27.0 1.7 0.3 0.2 Mitochondrion
NADH dehydrogenase [ubiquinone] 1
beta subcomplex subunit 4

24.1 4.4 0.2 0.1 Mitochondrion

ATP synthase F(0) complex subunit B1,
mitochondrial

17.4 2.8 0.0 0.0 Mitochondrion

Sideroexin-3 12.4 2.5 0.0 0.0 Mitochondrion
Succinate dehydrogenase [ubiquinone]
avoprotein subunit, mitochondrial

11.9 1.0 0.0 0.0 Mitochondrion

UDP-glucose 6-dehydrogenase 448.8 6.8 2163.2 1060 Nucleus
20-50-Oligoadenylate synthase 1 60.1 3.1 3.3 2.5 Nucleus
SRA stem-loop-interacting RNA-binding
protein, mitochondrial

60.3 25.6 3.0 1.1 Nucleus

Pyruvate kinase PKM 78.2 5.0 2.9 1.1 Nucleus
Nucleic acid dioxygenase ALKBH1 32.2 1.2 1.1 0.6 Nucleus
DNA-binding protein RFX5 41.1 3.6 0.2 0.1 Nucleus
EP300-interacting inhibitor of
differentiation 1

60.5 12.8 0.0 0.0 Nucleus

Galectin-12 26.7 3.2 0.0 0.0 Nucleus
Heterogeneous nuclear
ribonucleoprotein K

10.6 1.9 0.0 0.0 Nucleus

Galectin-3 5.47 0.17 0.0 0.00 Nucleus
Aspartate aminotransferase,
mitochondrial

7.1 0.2 20.2 4.5 Plasma membrane

Neutral amino acid transporter B (0) 27.5 5.7 2.3 2.2 Plasma membrane
RELT-like protein 1 60.7 2.8 1.8 1.5 Plasma membrane
4F2 cell-surface antigen heavy chain 9.1 0.2 0.0 0.8 Plasma membrane
Ezrin 55.0 2.7 0.0 0.0 Plasma membrane
Calnexin 106.5 9.2 4.0 0.7 Endoplasmic reticulum
Dolichyl-diphosphooligo-saccharide-
protein glycosyltransferase subunit 1

15.8 3.6 0.3 0.2 Endoplasmic reticulum

Epoxide hydrolase 1 31.2 0.9 8.4 4.2 Endoplasmic reticulum
ADP-ribosylation factor GTPase-
activating protein 2

266.6 5.2 25.6 5.0 Golgi apparatus

Alcohol dehydrogenase 1 144.5 5.9 416.8 130 Cytoplasm
Prolin-1 21.6 3.4 3.7 2.1 Cytoskeleton
Angiopoietin-2 5.4 0.6 0.8 0.4 Extracellular

Table 3 Presence of potential biomarkers or radiation resistance in the lung cancer cell lines

Description

Average amount, fmol

Max fold changeH23 H522 H460 A549

Neutral amino acid transporter B (0) 6.7 2.3 20.2 27.5 >3
4F2 cell-surface antigen heavy chain 0.2 0.04 3.0 9.1 >15

17752 | RSC Adv., 2022, 12, 17747–17754 © 2022 The Author(s). Published by the Royal Society of Chemistry

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

/1
6/

20
26

 6
:2

6:
59

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01830f


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

/1
6/

20
26

 6
:2

6:
59

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
expression in a adenocarcinomas is associated with disease
stage, cell proliferation and angiogenesis.31 Because all this, the
SLC1A5 gene that codes neutral amino acid transporter B (0)
could be used as a potential diagnostic and therapeutic
target.31,32

4F2 antigen heavy chain, also known as CD98 heavy chain, is
encoded by the SLC3A2 gene. CD98 heavy chain mediates cell
adhesion, motility, growth, and survival by binding to b-integ-
rin.33 The overexpression of CD98 has been identied as an
oncogenic driver of proliferation and invasion and it has been
classed as a negative prognostic factor in NSCLC.33

Verication of these proteins as true biomarkers of radiation
resistance requires more efforts and should be performed using
multiple biopsy samples. This is obviously outside of the scope
of present work, which was aimed at developing a fast and
reliable way to compare a set of surface proteins by combining
molecular imprinting and proteomic analysis. This novel
approach cannot possibly substitute other protocols used in the
fundamental research of the surfaceome. Instead, it can offer
alternative ways for the reduction of the initial set of candidates
to be explored in a surfaceome analysis. A strong advantage of
the proposed approach lies in the possibility to perform quick
and simple analysis of cell lines for the presence of protein
markers. This means that, for the rst time, surfaceome anal-
ysis could be used in clinical practice (following further opti-
misation and validation work). In addition, this approach
allows identication of peptide epitopes that have very high
probability to generate high affinity binders, such as MIPs and,
possibly, antibodies. By the nature of molecular imprinting,
every epitope discovered in this study was able to generate high
affinity nanoMIPs. This is in contrast to established protocols
where information obtained about peptides/protein structure
(e.g. in the “shaving” approach) cannot be used for generating
antibodies due to lack of correlation between abundance of
proteins and their immunogenicity. Thus, nanoMIPs syn-
thesised for identied epitopes can be used for selective tar-
geting cancer cells and other types of cells, and provide novel
potential diagnostic and therapeutic tools.34–37

Conclusions

The experiments undertaken to analyse lung cancer cell lines by
molecular imprinting were successful in identifying differences
in their surfaceome. The optimised method generated repro-
ducible results. Some variations in the concentrations of the
proteins were different in each repeat due to the differences in
the growth stage of the cells. Nevertheless, they were consistent
with being overexpressed in one cell line over the others. The
presence of cytoplasmic proteins in surfaceome samples is in
line with observations made earlier. We propose that the cell
surface proteins neutral amino acid transporter B (0) and 4F2
cell-surface antigen heavy chain could be used as biomarkers
for NSCLC resistance to ionisation radiation. In conclusion, the
experimental method conducted in this project provided several
proteins that could be investigated for how lung cancer cells
acquire and maintain resistance to radiotherapy. The epitopes
and proteins identied in our work can be used for cancer
© 2022 The Author(s). Published by the Royal Society of Chemistry
diagnostics and treatments. The proposed novel approach
allows to shorten the timetable to discover new candidates,
compared to the classical, pre-genomics methods.
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