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A B S T R A C T

Objectives: The majority of patients with non-small cell lung cancer (NSCLC) present with advanced stage dis-
ease, at which time chemotherapy is usually the most common treatment option. While somewhat effective,
patients treated with platinum-based regimens will eventually develop resistance, with others presenting with
intrinsic resistance. Multiple pathways have been implicated in chemo-resistance, however the critical under-
lying mechanisms have yet to be elucidated. The aim of this project was to determine the role of inflammatory
mediators in cisplatin-resistance in NSCLC.
Materials and methods: Inflammatory mediator, NF-κB, and its associated pathways were investigated in an
isogenic model of cisplatin-resistant NSCLC using age-matched parental (PT) and corresponding cisplatin-re-
sistant (CisR) sublines. Pathways were assessed using mass spectrometry, western blot analysis and qRT-PCR.
The cisplatin sensitizing potential of an NF-κB small molecule inhibitor, DHMEQ, was also assessed by means of
viability assays and western blot analysis.
Results: Proteomic analysis identified dysregulated NF-κB responsive targets in CisR cells when compared to PT
cells, with increased NF-κB expression identified in four out of the five NSCLC sub-types examined (CisR versus
PT). DHMEQ treatment resulted in reduced NF-κB expression in the presence of cisplatin, and re-sensitized CisR
cells to the cytotoxic effects of the drug.
Conclusion: This study identified NF-ĸB as a potential therapeutic target in cisplatin-resistant NSCLC.
Furthermore, inhibition of NF-ĸB using DHMEQ re-sensitized chemo-resistant cells to cisplatin treatment.

1. Introduction

Lung cancer remains a significant health care burden, accounting

for 11.6% (2.094 million) of all cancer cases and 18.4% (1.8 million) of
cancer related deaths [1]. With advances in targeted therapeutics and
immunotherapy agents [2], five-year survival rates are improving with
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recent SEER data indicating a rate of 19.4% [3]. However, che-
motherapy is still widely used, with more recent trials combining tra-
ditional chemotherapy with newer agents [4]. Cisplatin, cis-Diamine-
platinum (II) dichloride, is a common chemotherapeutic agent used in
the treatment of advanced NSCLC [5–9], and is currently one of the
most effective chemotherapeutic agents available, with response rates
of 40–50% depending on NSCLC sub-type [10,11]. However, many
patients develop refractory disease either through intrinsic or acquired
resistance to cisplatin, thus impeding its effectiveness in the manage-
ment of NSCLC [12,13].

Mechanisms of cisplatin-resistance are varied and complex [14–27].
Decreased uptake or increased efflux of cisplatin is frequently observed
in cisplatin resistant cell lines, the result being reduced intracellular
accumulation of the drug [14]. Three copper transporters (CTR1,
ATP7A and ATP7B) involved in the uptake and efflux of platinum
complexes have been linked with acquired platinum resistance [15–21].
Therefore, any modulation of these mediators may impact cisplatin
concentration in the cell. When DNA integrity is compromised, a
complex network of DNA repair pathways recognizes it and initiates
destruction of the cell [22]. Tumor cells, however, possess differences
in their DNA repair mechanisms compared with healthy cells [23].
Some of these discrepancies may be acquired, resulting in an increased
capacity for repairing cisplatin-induced DNA damage in comparison to
cisplatin sensitive cells [14]. Nucleotide excision repair (NER) has been
implicated as a central mediator of a tumor’s sensitivity to cisplatin
[25,26,28]. It has also been hypothesized that mismatch repair (MMR)
defective tumors infer more resistance to cisplatin than their MMR-
proficient counterparts [26].

The inflammatory transcription factor, nuclear factor-kappa B (NF-
κB), is linked to chemotherapy response and resistance in lung cancer
[29–37]. NF-κB is a critical mediator of cell health and aids in the ex-
pression of over 200 genes, thus it is central to many signaling cascades,
and is a positive mediator of cell growth and proliferation
[30,31,38–40]. NF-ĸB and its target genes are implicated in all of the
hallmarks of cancer [41,42]. Constitutive NF-ĸB activation has been
observed in a variety of tumors, including prostate, breast, cervical,
pancreatic and lung cancer [43,44]. Oncogene activation [34], the
presence of an inflammatory environment [45,46] or exposure to che-
motherapeutic agents [47–49] can each result in NF-ĸB activation. In
particular, mutant p53 and RAS are associated with chemo-resistance in
lung cancer [50–52], and may promote NF-κB-mediated modulation of
chemo-resistance and tumorigenesis via cell-cycle dysregulation and
suppression of apoptosis [33]. K-RAS which accounts for 90% of RAS
mutations in lung cancer, activates the non-canonical NF-ĸB pathway
[35]. p53 and NF-ĸB have reciprocal inhibitory activity [36], whereby
NF-ĸB suppresses apoptosis by antagonizing p53 [37]. The collabora-
tion between loss of function p53 and constitutively active K-RAS in-
itiates NF-ĸB activation in lung cancer cells [34]. NF-ĸB regulated in-
flammatory chemokines, CCL2 and CCL5, have also been implicated in
chemo-resistance via their influence on IL-6 secretion [53]. Che-
motherapeutic agents such as gemcitabine [49], doxorubicin [48] and
cisplatin [47], can induce NF-ĸB activation in cancer cells, potentially
promoting resistance to these therapies [29].

Blocking NF-κB has been shown to impede cancer cell survival,
metastasis and resistance to therapeutic agents [32,54–57]. Therefore,
targeting NF-ĸB has the potential to increase the efficacy of anti-cancer
therapeutics [32,36,58]. Various NF-ĸB inhibitors exist, including anti-
oxidants and proteasome inhibitors, which either directly or indirectly
suppress the NF-ĸB pathway [31,36,40,59–62]. Many of these, how-
ever, may exert off-target effects [63–65]. Dehydroxymethylepox-
yquinomicin (DHMEQ), a low molecular weight NF-κB specific in-
hibitor derived from antibiotic epoxyquinomicin C [54,66], has
demonstrated the capacity to impact the expression of NF-ĸB and that
of its downstream effectors. DHMEQ covalently binds to NF-ĸB in the
cytoplasm via the Cys38 residue [54,66,67]. This action of DHMEQ
impedes NF-ĸB binding to ĸB sites in the nucleus and as such mediation

of its downstream targets [54,67–71]. DHMEQ has been successfully
utilized as a drug-sensitizing agent [71–74] and has exerted anti-in-
flammatory and anti-tumor effects in various neoplastic diseases
[75–84]. When used in combination with chemotherapeutic drugs,
DHMEQ may result in chemo-sensitization of both intrinsically and
acquired drug-resistant tumors [79]. In the clinical setting, this may
lead to more effective treatments and improved prognosis in patients
with lung cancer [32,36,85].

Novel strategies are needed to overcome cisplatin-resistance and
enhance response to chemotherapy. The identification of novel markers
to effectively stratify patients for such cytotoxic therapy is warranted.
The aim of this study was to further improve our understanding of the
inflammatory-related molecular mechanisms fundamental to chemo-
resistance in NSCLC, through the utilization of an isogenic cell line
model of cisplatin-resistance [14]. We identified significant dysregula-
tion of NF-κB signaling in cisplatin-resistant lung cancer cells. Fur-
thermore, we have demonstrated the potential of DHMEQ as a cisplatin-
sensitizing agent for the first time in this cancer type.

2. Materials and methods

2.1. Cell lines

A panel of isogenic cisplatin resistant NSCLC cell lines were used in
this study. The panel consisted of age-matched A549 (adenocarcinoma),
H460 (large cell carcinoma), MOR (adenocarcinoma), H1299 (carci-
noma) and SK-MES-1 (squamous cell carcinoma) cells, from which
cisplatin resistant sublines were generated from corresponding parental
(wild-type) counterparts [14]. All cell lines were maintained at 37°C in
a humidified atmosphere containing 5% CO2 in RPMI 1640 medium;
with the exception of A549 cells which were maintained in Ham’s F12
nutrient mix supplemented with 1% L-Glutamine, and H1299 and SK-
MES-1 cells which were maintained in MEME supplemented with 1% L-
Glutamine and 1% non-essential amino acids (NEAA). Cell culture
media were supplemented with 10% (v/v) heat-inactivated fetal bovine
serum (FBS). All cell culture reagents were supplied by Thermo Fisher
Scientific (Waltham, MA, USA). Cisplatin resistant cell lines were
maintained in the presence of cisplatin (IC25) (Merck KGaA, Darmstadt,
Germany).

2.2. Reagents

cis-Diamineplatinum (II) dichloride (cisplatin) (Merck, Germany)
was dissolved in 0.15M NaCl to a final concentration of 3.3 μM, and
sterile filtered before use. Dehydroxymethylepoxyquinomicin
(DHMEQ) was dissolved in DMSO and was supplied by Professor Kazou
Umezawa [71].

2.3. CellTiter-Glo luminescent cell viability assay

Cell viability was assessed using the CellTiter Glo assay (Promega
Corporation, Madison, WI, USA). Briefly, cultured cells were treated
with CellTiter-Glo (1:1), placed on an orbital shaker for 2min to induce
cell lysis and incubated at RT for 10min to stabilize the luminescent
signal, in accordance with the manufacturer’s instructions.
Luminescence was recorded using a microplate reader (FLUOstar
Omega, BMG Labtech, Germany). Background values were subtracted
from test wells and the data normalized to untreated controls.

2.4. Cell viability using high content analysis

Cellular viability was assessed using the Cytell™ Cell Viability Kit
(GE Healthcare, Chicago, IL, USA) as per manufacturer’s instructions.
Cells were imaged using the Cytell Imaging System (GE Healthcare),
and the data analyzed using the IN Cell Analyzer software (GE
Healthcare).
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2.5. Quantitative real-time polymerase chain reaction (qRT-PCR)

Total RNA was prepared from cell cultures using the ISOLATE II
RNA Mini Kit (Bioline, London, UK). cDNA was synthesized from 1 μg
total RNA using Oligo (dT) primers and Superscript™ III reverse tran-
scriptase (200 U/μL) as per manufacturer’s instructions (Thermo Fisher
Scientific). Prior to qRT-PCR, cDNA was either dispensed into RT2

Profiler™ PCR arrays (QIAGEN, Hilden, Germany), or into standard
qRT-PCR plates. qRT-PCR cycling conditions consisted of 95°C for
10min, followed by 40 cycles of 15 s at 95°C, 1min at 60°C and 15 s at
95°C, with a final extension at 72°C for 10min using an Applied
Biosystems ViiA7 (Thermo Fisher Scientific) real-time thermal cycler.
NF-κB (RT2 qPCR Primer Assay, QIAGEN) and CCL2 (forward primer 5’-
ATATCAGTGCAGAGGCTCGC-3’; reverse primer 5’-TCGGATTTGGGTT
TGCTTG-3’) (Integrated DNA Technologies, Coralville, IA, USA) tran-
script levels were normalized to 7SL (forward primer ATCGGGTGTCC
GCACTAAGTT; reverse primer CAGCACGGGAGTTTTGACCT) (Merck)
transcript levels. Array transcript levels were normalized to the ap-
propriate house-keeping gene. Fold change levels were calculated using
the ΔΔCt method.

2.6. Western blotting

Protein lysates were extracted from cell cultures using ice cold lysis
buffer (20mM HEPES pH 8.0, 150mM NaCl, 5% glycerol, 10mM
Mg2Cl2, 0.5 mM EDTA, 0.05% IGEPAL) supplemented with protease
inhibitor cocktail (Merck) and phosphatase inhibitor cocktail (Cell
Signaling Technology, Danvers, MA, USA). Lysates were separated by
SDS/PAGE, transferred onto nitrocellulose membranes and blocked for
1 h with Odyssey Blocking Buffer (LI-COR Biosciences, Lincoln, NA,
USA) prepared in PBS-T (1:1). Membranes were incubated overnight at
4 °C with NF-κB p65 monoclonal antibody (1:1000) prepared in 1% fish
gelatin, before incubation for 2 h at RT with the control antibody
GAPDH (1:10000), and 1 h at RT in the appropriate secondary anti-
bodies (1:10000). Blots were developed using an Odyssey Imaging
System (LI-COR Biosciences) at the appropriate wavelengths.
Densitometry analysis was carried out using Image J software [86].

2.7. Enzyme linked immunosorbent assay (ELISA)

Supernatants were collected from cell cultures and analysed for the
presence of secreted CCL2 using the Human MCP-1 (CCL2) ELISA kit
(Jomar Life Research, Australia), according to the manufacturer’s in-
structions. The optical density (OD) of the samples were determined
using a microplate reader set at 450 nm. Data were analysed using
SoftMax Pro 7 (Molecular Devices, San Jose, MA, USA). CCL2 con-
centrations were determined by interpolating from a standard curve
(4PL model) of known concentrations.

2.8. Nano liquid chromatography tandem mass spectrometry

Whole cell lysates (20 μg) were prepared in SDS-Tris lysis buffer and
subjected to filter-aided sample preparation (FASP) as previously de-
scribed [87]. Peptide concentrations were determined using the Pierce™
Quantitative Colorimetric Peptide Assay (Thermo Fisher Scientific).
Peptide spectral data from approximately 400 ng – 1 μg of injected
tryptic peptides per sample were generated using nano liquid chroma-
tography tandem mass spectrometry (nanoLC-nanoESI-MS/MS) on a
TripleTOF® 5600+ instrument (SCIEX). Following chromatography,
peptides were injected into the instrument and analyzed by data-de-
pendent acquisition (DDA) using a 95min method. For quantitation,
eluted peptides were subjected to a cyclic data-independent acquisition
(DIA) using variable isolation windows SWATH-MS™ acquisition for
95min. DDA data was searched against a human library (Proteome
UP000005640 containing 20,373 proteins, downloaded from Uni-
Prot.org) using ProteinPilot 5.0 (SCIEX). A False Discovery Rate

threshold (FDR) cut-off of 1% was applied before results were loaded
into PeakView 2.0 software (SCIEX). A spectral library was exported as
text from PeakView. The spectral library and DIA (SWATH) raw data
were loaded into Skyline for quantitative analysis [88]. Briefly, Skyline
employs an mProphet peak-picking model to identify and quantify
transition peaks for each peptide [89]. Summary statistics and pairwise
comparisons were generated in Skyline using the MSstats package [90].
Signaling network analysis was conducted using Ingenuity® Pathway
Analysis (IPA) (QIAGEN).

2.9. Bioinformatics and statistical analysis

Overall survival of chemotherapy treated NSCLC patients were
stratified into high versus low according to median NF-κB (p65; probe
201783_s_at) expression using Kaplan-Meier Plotter [91]. Transcript
expression was assessed in microarray datasets from the Cancer Bio-
medical Informatics Grid, the Gene Expression Omnibus and The
Cancer Genome Atlas. Kaplan-Meier plots were generated using
GraphPad Prism 7 where the hazard ratio (HR) with 95% confidence
intervals and log-rank P values were calculated. All data from in vitro
experiments are expressed as mean ± SEM from three independent
experiments (n= 3), unless stated otherwise. Significance was de-
termined via one-way analysis of variance (ANOVA) where the number
of groups in the experiment was three or more, or an appropriate stu-
dent’s t test with a group of two. Tukey’s multiple comparisons test or
Welch’s correction post-hoc analyses were used, where appropriate.
Differences were considered significant when p < 0.05. Statistical
analysis was performed using GraphPad Prism 7 (San Diego, CA, USA).

3. Results

3.1. NF-ĸB is dysregulated in cisplatin-resistant NSCLC cells

In order to investigate a potential role for NF-κB in treatment re-
sistance, this study utilized a panel of cisplatin-resistant isogenic cell
lines. This panel consisted of cisplatin-resistant (CisR) cell lines, which
were derived from original, age-matched parent (PT) cells (drug sen-
sitive) [14]. Analysis of basal protein expression in H460 CisR versus PT
cells (n= 3) was carried out by SWATH quantitative mass spectro-
metry. The number of proteins exhibiting increased and decreased ex-
pression was quantified and expressed as a percentage of the total
protein count. In comparing proteomes from CisR versus PT cell lines,
25.2% of all proteins assessed exhibited increased expression, while
16.3% of proteins showed decreased expression (1078 proteins re-
presented; expression denoted by±0.25 fold change).

H460 PT and CisR cells treated with their respective IC50 cisplatin
concentrations (PT: 7.5 μM; CisR: 16.6 μM) (Supplementary Fig. 1) for a
period of 72 h (n=3) also underwent SWATH quantitative mass
spectrometry analysis. Comparing the proteomes of H460 PT cisplatin
(IC50) treated versus untreated, 16.6% of all proteins exhibited in-
creased expression while 18.2% of proteins exhibited decreased ex-
pression (1091 proteins represented; expression denoted by±0.25 fold
change). In H460 CisR cells (IC50 cisplatin treated versus untreated),
40.2% of all proteins exhibited increased expression and 9.4% of pro-
teins exhibited decreased expression (1060 proteins represented; ex-
pression denoted by±0.25 fold change).

The data generated by mass spectrometry was subjected to
Ingenuity Pathway Analysis® (IPA) (QIAGEN Bioinformatics) in order to
identify any prominent and potentially modified signalling pathways in
H460 CisR versus PT, H460 PT (IC50 cisplatin treated versus untreated)
and H460 CisR (IC50 cisplatin treated versus untreated) data sets.
Appropriate parameters were applied to the data sets: log2 fold change
cut-offs =±0.5; p < 0.05; activated z-score threshold=2; and the
data was compared to the user defined original data set. IPA analysis
revealed a number of NF-κB targets exhibiting increased and decreased
expression (CisR versus PT) (Fig. 1(A)). In addition, cisplatin treatment
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Fig. 1. Dysregulated NF-ĸB signaling was identified in H460 CisR versus PT cells (basal level), and in H460 PT and CisR cells in the presence of IC50 cisplatin.
Increased (red) and decreased (green) expression of NF-κB target proteins in H460 CisR versus PT (untreated) (A), H460 PT (IC50 cisplatin versus untreated) (B), and
H460 CisR (IC50 cisplatin versus untreated) (C). The NF-ĸB complex is highlighted in pink. The prominent signaling networks identified in each data set are listed in
the left hand panels, with NF-κB signaling as the second most prominent network in each case (highlighted).

S.-L. Ryan, et al. Lung Cancer 135 (2019) 217–227

220



resulted in altered protein expression in both H460 PT and CisR cells
(IC50 cisplatin versus untreated), as demonstrated in Fig. 1(B) and (C),
respectively. NF-κB signaling was prominent as the second highest
ranked pathway in each of these proteomic data sets. Pathways in H460
CisR versus PT were identified as cell cycle, cardiovascular system de-
velopment and function, and organ morphology (Fig. 1(A)); with cel-
lular development, cellular growth and proliferation, and embryonic
development identified in H460 PT (IC50 cisplatin versus untreated)
(Fig. 1(B)); and in H460 CisR (IC50 cisplatin versus untreated) pathways
were identified as cancer, hematological disease and immunological
disease (Fig. 1(C)).

3.2. NF-ĸB expression is altered in cisplatin-resistant NSCLC

As NF-ĸB was identified as prominently increased in cisplatin-re-
sistance in vitro, a bioinformatics approach was undertaken to examine
the association between NF-ĸB expression and patient outcome, in a
cohort of NSCLC patients using the KMplot tool [91]. Adenocarcinoma
(AC) cases (n=36), identified via exploration of the Cancer Biomedical
Informatics Grid (caBIG), the Gene Expression Omnibus (GEO) and The
Cancer Genome Atlas (TCGA) [91], were stratified on the basis of
median NF-ĸB p65 transcript level whereby NF-ĸBlow and NF-ĸBhigh tu-
mors were considered as below and above the median transcript level,
respectively. Univariate Kaplan-Meier analysis indicated that patients
receiving a chemotherapy regimen with NF-ĸBhigh tumors had a poorer
outcome than those with NF-ĸBlow tumors (HR=4.765, CI (95%):
2.011–11.29, log rank p < 0.0001) (Fig. 2(A, B).

Given these data, we next sought to examine the expression of NF-
ĸB at the transcript (qRT-PCR) and protein (western blot) levels in an
expanded panel of matched parental (PT) and corresponding cisplatin-
resistant (CisR) A549, H460, MOR, H1299 and SK-MES-1 cell lines
[14]. Basal NF-ĸB mRNA levels, normalized to housekeeping gene 7SL,
indicated dysregulated NF-ĸB expression between matched PT and CisR
cell lines (Fig. 2(C–G)). Four out of the 5 subtypes exhibited increased
NF-ĸB expression in the CisR relative to the PT cells: A549
(p < 0.0001) (Fig. 2(C)), H460 (p < 0.01) (Fig. 2(D)), H1299
(Fig. 2(F)), and SK-MES-1 (Fig. 2(G)). Decreased NF-κB expression was
evident in the MOR model (CisR versus PT) (p < 0.0001) (Fig. 2(E)).

In order to determine if the observed alteration in NF-ĸB gene
transcript expression (CisR versus PT) in the NSCLC panel was similar at
the protein level, basal NF-ĸB expression was also determined by means
of western blot (Fig. 2(H)). NF-ĸB was normalized to the housekeeping
control GAPDH (37 kDa). These data indicated a significant increase in
NF-ĸB expression between CisR and PT cell lines for A549 (p < 0.05)
(Fig. 2(I)), H460 (p < 0.05) (Fig. 2(J)), H1299 (Fig. 2(L)) and SK-MES-
1 (p < 0.05) (Fig. 2(M)). A decrease in NF-ĸB expression in the MOR
cell line (Fig. 2(K)), was not statistically significant. A similar trend in
protein expression was found relative to that observed at the mRNA
level.

3.3. Downstream targets of NF-ĸB signaling are dysregulated in H460
cisplatin-resistant cells

A qRT-PCR screen was conducted comparing H460 CisR versus PT
cells to identify specific NF-ĸB responsive genes, which might play a
role in cisplatin-resistance. RT2 Profiler™ PCR arrays (QIAGEN) were
used to screen for the expression of genes involved in NF-ĸB signaling
pathways, in addition to NF-ĸB signaling targets within these pathways.
Data were normalized to the array house-keeping genes (ACTB; B2M;
GAPDH; HPRT1; RPLP0) before being expressed as a fold-change using
the ΔΔCt method (CisR versus PT). Data from the NF-κB signaling
pathway arrays showed a greater than 2-fold increased expression in
52% of genes examined between CisR and PT cells, while 24% of genes
were downregulated (Supplementary Fig. 2). A similar trend was evi-
dent within the NF-κB signaling targets array, with 38% of genes de-
monstrating greater than 2 fold increased expression, and 33%

exhibiting downregulation.
Inflammatory chemokines CCL5 and CCL2 were among the top

genes exhibiting the greatest fold change (CisR versus PT) in both the
NF-κB signaling pathway (CCL5: fold increase= 808.27; CCL2: fold
increase= 62.97) (Fig. 3(A)) and NF-κB targets (CCL5: fold in-
crease= 417.58; CCL2: fold increase= 119.85) (Fig. 3(B)) arrays
(n= 1). CCL2 has previously been implicated in chemo-resistance
[92–95]. This data reinforced the outcome of the SWATH quantitative
mass spectrometry analysis and confirmed dysregulated NF-κB activity
in cisplatin-resistant NSCLC.

3.4. DHMEQ inhibits NF-ĸB signaling and CCL2 expression

As we identified dysregulated NF-ĸB pathways and NF-ĸB re-
sponsive genes in cisplatin-treated and CisR NSCLC cell lines, using
proteomics and qRT-PCR, we next sought to determine the impact of
NF-ĸB blockade using a potent NF-ĸB inhibitor, DHMEQ [71]. Western
blot analysis was first performed to assess total and phosphorylated NF-
ĸB levels in H460 PT and CisR cells in the presence or absence of cis-
platin (IC50) or DHMEQ (20 μg/mL) [96] for 72 h (Fig. 3(C)). NF-ĸB and
phosphorylated NF-κB protein levels were normalized to GAPDH and
expressed relative to the untreated sample. The data obtained indicated
elevated NF-ĸB (Fig. 3(C, D)) and phosphorylated NF-κB (Fig. 3(C, E))
expression in H460 PT cells in the presence of cisplatin. Conversely,
cisplatin treatment resulted in reduced expression of NF-κB (p < 0.01)
(Fig. 3(C, F)) and phosphorylated NF-κB (Fig. 3(C, G)) in the CisR cell
line. In contrast with cisplatin, DHMEQ treatment resulted in a reduc-
tion in NF-ĸB expression in the PT cells (Fig. 3(C, H)). Levels of phos-
phorylated NF-κB, however, were increased (Fig. 3(C, I)). DHMEQ
significantly decreased levels of both NF-ĸB (p < 0.01) (Fig. 3(C, J))
and phosphorylated NF-κB (p < 0.0001) (Fig. 3(C, K)) in the CisR cell
line.

The augmented expression of NF-κB target gene, CCL2, as observed
in the gene arrays (CisR versus PT), was validated with qRT-PCR using
primers specific for CCL2 (Fig. 3(A, B)). 7SL was utilized as a house
keeping control. qRT-PCR analysis verified the result obtained by the
arrays with CCL2 expression significantly increased in the CisR versus
the PT cells (p < 0.05) (Fig. 3(L)). CCL2 was utilized to represent a
surrogate marker of NF-κB responsive mediators in order to assess the
effect of cisplatin (IC50) and DHMEQ on NF-κB downstream targets.
H460 PT cells were treated with IC50 cisplatin (7.5 μM) and DHMEQ
(20 μg/mL) for 72 h, after which time the supernatant was collected for
analysis using ELISA. Cisplatin treatment significantly increased se-
creted CCL2 expression (p < 0.05) (Fig. 3(M)) in H460 PT cells com-
pared to the untreated control. DHMEQ treatment significantly reduced
secreted CCL2 expression in the PT cell line, compared to the untreated
control (p < 0.05) (Fig. 3(N)).

3.5. Cisplatin in combination with DHMEQ inhibits NF-ĸB protein
expression and re-sensitizes lung cancer cells to the cytotoxic effects of
cisplatin

NF-ĸB protein expression in the presence of both cisplatin and
DHMEQ was assessed in order to determine the ability of DHMEQ to
overcome cisplatin-induced NF-ĸB expression. H460 PT and CisR cells
were treated with cisplatin at their respective IC50 concentrations
(PT= 7.5 μM; CisR=16.6 μM) in combination with 20 μg/mL DHMEQ
for 72 h. Controls included cisplatin (IC50), DHMEQ (20 μg/mL) and
untreated cells (Fig. 4(A)). NF-ĸB levels were normalized to GAPDH and
expressed relative to untreated controls. NF-ĸB expression was sig-
nificantly reduced in H460 PT cells treated with DHMEQ alone and the
cisplatin/DHMEQ combination compared to cisplatin alone (p < 0.05)
(Fig. 4(A, B)). Conversely, in H460 CisR cells, DHMEQ alone and in
combination with cisplatin induced a marked reduction in NF-ĸB ex-
pression relative to control cells (p < 0.0001) and to cisplatin alone
(p < 0.001) (Fig. 4(A, C)).
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To evaluate whether DHMEQ re-sensitized CisR cells to cisplatin,
cell viability was next assessed in H460 PT and CisR cells treated with
their respective IC50 cisplatin concentrations or DHMEQ (20 μg/mL)
alone and in combination. Cellular viability was assessed using the
CellTiter-Glo luminescent cell viability assay with samples normalized
to their respective untreated controls and viability expressed as a per-
centage. All treatments significantly reduced viability in both H460 PT
(p < 0.0001) (Fig. 4(D)), and CisR (p < 0.0001) (Fig. 4(E)) cell lines,
compared to their untreated controls. Treatment with DHMEQ alone
resulted in reduced viability compared to cisplatin alone in both PT
(p < 0.01) (Fig. 4(D)) and CisR cells (p < 0.0001) (Fig. 4(E)).
DHMEQ also had a greater detrimental effect on the health of H460
CisR cells than on PT, with percentage viabilities of 26.8% and 42%
after 72 h, respectively (Fig. 4(D, E)). However, it was the cells treated

with both cisplatin and DHMEQ that displayed the lowest viability. The
combination of cisplatin and DHMEQ significantly reduced H460 PT
viability compared to cisplatin alone (p < 0.0001) and DHMEQ alone
(p < 0.0001) (Fig. 4(D)). While in H460 CisR cells, DHMEQ alone and
in combination with cisplatin resulted in reduced H460 CisR viability
compared to cisplatin alone (p < 0.0001) (Fig. 4(E)). These results
suggest that NF-ĸB inhibition re-sensitizes cisplatin-resistant cells to the
cytotoxic effects of cisplatin.

4. Discussion

Chronic inflammation is known to support cancer progression
[97–100], and increased expression of the inflammatory transcription
factor, NF-ĸB, has been associated with the promotion of a pre-

Fig. 2. NF-ĸB expression is altered in patient samples and in vitro cell line models.
Kaplan-Meier analysis of AC patients treated with a chemotherapy regimen (Affymetrix ID 201783_s_at; n= 36) comparing high versus low NF-ĸB (p65) transcript
levels with respect to survival (A, B) [81]. HR = Hazard Ratio; CI= Confidence Interval. Dysregulated NF-ĸB mRNA expression in the NSCLC panel (CisR versus PT)
as determined by qRT-PCR analysis using primers specific for NF-κB normalized to house-keeping gene 7SL (C–G). Representative composite western blot image of
NF-ĸB (65 kDa) and GAPDH (37 kDa) in the NSCLC panel (H). Corresponding densitometry analysis of NF-κB expression, normalized to GAPDH loading control, in
the NSCLC panel (CisR versus PT) (L–M). Data graphed as mean ± SEM (n=3). Statistical analysis was performed using an unpaired two-tailed Welch’s t-test
(*p < 0.05, **p < 0.01, ****p < 0.0001).
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cancerous inflammatory environment [101]. Furthermore, high levels
of tumor cell NF-κB have been linked with chemo-resistance, disease
progression and poor prognosis in patients with lung cancer
[31,44,102,103]. This study set out to profile proteomic differences
between cisplatin resistant and cisplatin sensitive NSCLC and in-
vestigate the therapeutic potential of targeting NF-ĸB to overcome

cisplatin-resistance. This study identified noteworthy patterns in pro-
tein expression in CisR versus PT cell lines, and has demonstrated the
ability of an NF-κB inhibitor, DHMEQ, to increase cisplatin sensitivity in
this model of cisplatin-resistant NSCLC.

Our bioinformatics analysis of a cohort of AC patients suggested that
high NF-κB expression is prognostic of poor outcome for patients that

Fig. 3. Cisplatin and DHMEQ-mediated NF-κB expression in H460 PT and CisR cells.
Top altered genes by fold change (H460 CisR versus PT) in NF-κB signaling pathway (A), and NF-κB signaling targets (B), as determined by gene arrays (n=1). NF-
ĸB and phosphorylated NF-κB expression in H460 PT and CisR cells in response to cisplatin (IC50) and DHMEQ (20 μg/mL) treatment (composite image representative
of n=3), as determined by western blot (C). NF-ĸB and phosphorylated NF-κB expression levels were normalized to GAPDH, which acted as a loading control, and all
treatment data was expressed relative to the untreated controls (D–K). Densitometry analysis indicated enhanced NF-ĸB (D) and phosphorylated NF-κB (E) expression
in H460 PT cells in response to cisplatin treatment. Conversely, cisplatin reduced expression levels of NF-ĸB (F) and phosphorylated NF-κB (G) in H460 CisR cells.
Densitometry analysis indicated reduced NF-ĸB (H) and increased phosphorylated NF-κB (I) expression in DHMEQ-treated H460 PT cells. DHMEQ reduced both NF-
ĸB (J) and phosphorylated NF-κB (K) expression in H460 CisR cells. qRT-PCR analysis verified the results witnessed in (A) and (B) and indicated increased expression
of CCL2 (CisR versus PT) (L). Increased (M) and decreased (N) CCL2 expression in H460 PT cells in response to cisplatin and DHMEQ respectively, as determined by
ELISA. Data graphed as mean ± SEM (n=3). Statistical analysis was performed using a paired student’s t test (*p < 0.05, **p < 0.01, ****p < 0.0001).
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have received chemotherapy. SWATH quantitative mass spectrometry
revealed dysregulated protein expression in H460 CisR versus PT cells
at a basal level, as well as in both H460 PT and CisR cells treated with
their respective IC50 cisplatin doses. Subsequent pathway analysis re-
vealed prominent NF-κB signaling in H460 CisR versus PT, as well as in
H460 PT and CisR (IC50 cisplatin versus untreated) data sets, and
identified NF-κB targets implicated in chemo-resistance. Decreased
expression of CDK6 (cell division protein kinase 6) was identified in the

H460 CisR versus PT data set. CDK6 has been implicated in chemo-
resistance in ovarian cancer, and furthermore has been proposed as an
actionable target that can be exploited to improve the efficiency of
platinum-based chemotherapeutic agents [104,105]. ALDH7A1, a
member of the aldehyde dehydrogenase family [106], expression was
increased in H460 PT (IC50 cisplatin versus untreated) cells. Recent
research has revealed the cisplatin-induced emergence or expansion of
ALDH1-positive cellular subpopulations in cisplatin-sensitive and

Fig. 4. DHMEQ (20 μg/mL) counteracted cis-
platin-mediated NF-ĸB protein expression and
enhanced cisplatin sensitivity in H460 PT and
CisR cells.
NF-ĸB expression in H460 PT and CisR cells in
response to cisplatin (IC50), DHMEQ (20 μg/
mL) and cisplatin/DHMEQ treatment (compo-
site image representative of n= 3) (A). NF-ĸB
was normalized to GAPDH loading control.
Corresponding densitometry analysis demon-
strated reduced NF-ĸB protein expression in
DHMEQ-treated and cisplatin/DHMEQ treated
H460 PT (B) and CisR (C) cells relative to the
untreated control and to cisplatin alone. Data
graphed as mean ± SEM (n=3). Statistical
analysis was performed using one-way ANOVA
(*p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001). The combination of cis-
platin and DHMEQ resulted in a greater re-
duction in H460 PT (D) and CisR (E) viability
compared to cisplatin or DHMEQ alone. Data
graphed as mean ± SEM (n=3). Statistical
analysis was performed using one-way
ANOVA. Symbols: A (α p < 0.0001 Cisplatin
versus Untreated; δ p < 0.01 Cisplatin versus
DHMEQ; ε p < 0.0001 Cisplatin versus
Cisplatin & DHMEQ; β p < 0.0001 DHMEQ
versus Untreated; γ p < 0.0001 DHMEQ
versus Cisplatin & DHMEQ; χ p < 0.0001
Cisplatin & DHMEQ versus Untreated). B (α
p < 0.0001 Cisplatin versus Untreated; δ
p < 0.0001 Cisplatin versus DHMEQ; ε
p < 0.0001 Cisplatin versus Cisplatin &
DHMEQ; β p < 0.0001 DHMEQ versus
Untreated; χ p < 0.0001 Cisplatin & DHMEQ
versus Untreated).
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resistant NSCLC cell lines, respectively, which further enhanced cis-
platin resistance [13]. Targeting ALDH1 significantly re-sensitized re-
sistant NSCLC cells to the cytotoxic effects of cisplatin [13]. Decreased
expression of GSR (Glutathione reductase) was identified in the H460
CisR (IC50 cisplatin versus untreated) data. GSR is responsible for
maintaining the supply of reduced glutathione (GSH) [107]. Increased
levels of both GSR and GSH in cancer cells have been linked with
chemo-resistance [108,109]. As NF-κB signaling ranked highly it was
decided to examine its behaviour in cisplatin sensitive and resistant
NSCLC cell lines in greater detail.

Further, in vitro analysis of a panel of 5 isogenic models of cisplatin-
resistance in NSCLC identified elevated NF-ĸB expression in all but one
of the paired CisR versus PT cell lines at the transcript and protein level.
In addition, gene array data revealed dysregulated expression of NF-κB
targets in H460 CisR versus PT cells, pointing to the impact of drug
resistance on the activity of nuclear localized and transcriptionally
active NF-κB. Further investigation is required to define the molecular
regulation of NF-κB during the evolution of platinum resistance.
Nonetheless, these data point to a role for dysregulated NF-ĸB pathways
in our cell line model of chemo-resistance [110,111].

Next, we assessed if a potent small molecule NF-ĸB inhibitor,
DHMEQ, was capable of re-sensitizing cisplatin-resistant NSCLC cells to
therapy. In our study, DHMEQ (20 μg/mL) reduced NF-κB protein ex-
pression in H460 PT and CisR cell lines. Furthermore, the inhibitory
capability of DHMEQ was sufficient to counteract the cisplatin-medi-
ated induction of NF-ĸB in both cell lines. DHMEQ-mediated NF-ĸB
inhibition was greater in the CisR compared to the PT cells, both alone
and in the presence of cisplatin (IC50). As basal levels of NF-ĸB were
elevated in H460 CisR versus PT cells, the superior inhibitory effect of
DHMEQ on NF-ĸB in the CisR cell line may suggest that DHMEQ is more
potent in those cells with increased NF-ĸB. Viability data demonstrated
the ability of DHMEQ to enhance cisplatin-mediated toxicity in both the
CisR and cisplatin-sensitive PT cells. The DHMEQ-mediated reduction
of NF-κB expression, in both the CisR and PT cells, appears to have
increased the efficacy of cisplatin in these cells. The impact of DHMEQ
on cellular viability is greatest in the CisR cell line, which corresponds
with the greater reduction in NF-κB expression in these cells in response
to DHMEQ treatment. These findings further implicate NF-ĸB in cis-
platin-resistance in NSCLC and confirm DHMEQ as a cisplatin-sensi-
tizing agent.

While inhibition of NF-ĸB has proved effective in vivo [112–115],
we must be mindful of its systemic impact [29,116,117]. This study
therefore proposes further scrutiny of the NF-ĸB gene array and pro-
teomic data, which identified dysregulated expression in cisplatin-re-
sistant versus cisplatin-sensitive NSCLC cells. While the proteomic data
was conclusive (n=3), validation of other mediators identified in both
the proteomic and gene array screens is necessary. These investigations
would encompass not only validation of expression levels, but also as-
certain the impact of modified expression levels on cellular function as
well as cisplatin sensitivity. Reduced tumor size has previously been
observed in response to NF-ĸB inhibition in animal cancer models
[113,114,118]. As such, further investigation utilizing murine models
of cisplatin-resistance in NSCLC may yield novel data as regards the
efficacy of DHMEQ in an in vivo setting. This would encompass initial
dosing studies followed by a pilot study investigating the ability of
DHMEQ to re-sensitize cisplatin-resistant NSCLC cells to therapy, sig-
nified by enhanced tumor inhibition in response to the combination
treatment of cisplatin and DHMEQ, compared to cisplatin alone. De-
termining the appropriate dose of cisplatin to combine with DHMEQ,
however, would require much optimization in order to balance the
associated detrimental effects of cisplatin with an effective concentra-
tion [119]. Currently, tissue biopsy is conducted for the majority of
NSCLC patients in order to obtain molecular information about their
tumors [120]. Future work examining tissue samples may reveal a
correlation between protein expression and treatment response and/or
outcome in a clinical setting.

5. Conclusions

Gene array and proteomic data generated in this study will provide
significant data sets for further interrogation of novel NF-ĸB-regulated
targets implicated in the cisplatin-resistant phenotype in NSCLC.
Furthermore, the identification of novel therapeutic targets and biolo-
gical markers may be utilized in the clinical setting to stratify patients
for therapy. In summary, this study identified NF-ĸB as a potential
therapeutic target in overcoming cisplatin-resistance in NSCLC and
demonstrated the potential of DHMEQ as a cisplatin-sensitizing agent in
cisplatin-resistant NSCLC.

Funding

Sarah-Louise Ryan was supported by a Queensland University of
Technology Faculty of Health Write-Up Scholarship.

Anne-Marie Baird was supported by an International Association for
the Study of Lung Cancer (IASLC) Fellowship award.

Mark N. Adams was supported by a NHMRC Early Career
Biomedical Fellowship (1091589) and is an IASLC Foundation Awardee
supported by the International Association for the Study of Lung Cancer
Foundation.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.lungcan.2019.07.006.

References

[1] F. Bray, et al., Global cancer statistics 2018: GLOBOCAN estimates of incidence
and mortality worldwide for 36 cancers in 185 countries, CA Cancer J. Clin. 68 (6)
(2018) 394–424.

[2] C. Zhang, et al., Emerging therapies for non-small cell lung cancer, J. Hematol.
Oncol. 12 (1) (2019) 45–45.

[3] Cancer Stat Facts: Lung and Bronchus Cancer, (2019) 19/06/2019; Available from
https://seer.cancer.gov/statfacts/html/lungb.html.

[4] C. Lazzari, et al., Combination of immunotherapy with chemotherapy and radio-
therapy in lung cancer: is this the beginning of the end for cancer? Ther. Adv. Med.
Oncol. 10 (2018) p. 1758835918762094-1758835918762094.

[5] D.A. Fennell, et al., Cisplatin in the modern era: the backbone of first-line che-
motherapy for non-small cell lung cancer, Cancer Treat. Rev. 44 (2016) 42–50.

[6] S. Dasari, P.B. Tchounwou, Cisplatin in cancer therapy: molecular mechanisms of
action, Eur. J. Pharmacol. 740 (2014) 364–378.

[7] K. Nakashima, et al., Doublet chemotherapy with cisplatin and pemetrexed is
associated with a favorable outcome in patients with advanced non-squamous
non-small-cell lung cancer who are eligible for bevacizumab and maintenance
therapy, Mol. Clin. Oncol. 5 (5) (2016) 575–578.

[8] L. Mai, et al., The combination therapy of HIF1alpha inhibitor LW6 and cisplatin
plays an effective role on anti-tumor function in A549 cells, Neoplasma 2019
(2019).

[9] Y.Q. Zhang, et al., Gefitinib with or without transarterial infusion chemotherapy
(Cisplatin) for large nonsmall cell lung cancer with epidermal growth factor re-
ceptor mutations, J. Vasc. Interv. Radiol. (2019).

[10] L. Galluzzi, et al., Molecular mechanisms of cisplatin resistance, Oncogene 31 (15)
(2012) 1869–1883.

[11] H.Y. Lee, et al., Cisplatin loaded albumin mesospheres for lung cancer treatment,
Am. J. Cancer Res. 5 (2) (2015) 603–615.

[12] K.S. Makarova, et al., An updated evolutionary classification of CRISPR-Cas sys-
tems, Nat. Rev. Micro 13 (11) (2015) 722–736.

[13] L. MacDonagh, et al., Targeting the cancer stem cell marker, aldehyde dehy-
drogenase 1, to circumvent cisplatin resistance in NSCLC, Oncotarget 8 (42)
(2017) 72544–72563.

[14] M.P. Barr, et al., Generation and characterisation of cisplatin-resistant non-small
cell lung cancer cell lines displaying a stem-like signature, PLoS One 8 (1) (2013)
p. e54193.

[15] R. Safaei, et al., The role of copper transporters in the development of resistance to
Pt drugs, J. Inorg. Biochem. 98 (10) (2004) 1607–1613.

[16] S. Ishida, et al., Uptake of the anticancer drug cisplatin mediated by the copper
transporter Ctr1 in yeast and mammals, Proc. Natl. Acad. Sci. U. S. A. 99 (22)
(2002) 14298–14302.

[17] X. Lin, et al., The copper transporter CTR1 regulates cisplatin uptake in
Saccharomyces cerevisiae, Mol. Pharmacol. 62 (5) (2002) 1154–1159.

[18] G.D. Kruh, Lustrous insights into cisplatin accumulation: copper transporters, Clin.
Cancer Res. 9 (2003) 5807–5809.

[19] M. Komatsu, et al., Copper-transporting P-type adenosine triphosphatase (ATP7B)

S.-L. Ryan, et al. Lung Cancer 135 (2019) 217–227

225

https://doi.org/10.1016/j.lungcan.2019.07.006
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0005
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0005
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0005
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0010
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0010
https://seer.cancer.gov/statfacts/html/lungb.html
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0020
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0020
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0020
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0025
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0025
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0030
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0030
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0035
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0035
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0035
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0035
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0040
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0040
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0040
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0045
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0045
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0045
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0050
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0050
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0055
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0055
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0060
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0060
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0065
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0065
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0065
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0070
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0070
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0070
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0075
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0075
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0080
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0080
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0080
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0085
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0085
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0090
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0090
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0095


is associated with cisplatin resistance, Cancer Res. 60 (5) (2000) 1312–1316.
[20] A.K. Holzer, et al., The copper influx transporter human copper transport protein 1

regulates the uptake of cisplatin in human ovarian carcinoma cells, Mol.
Pharmacol. 66 (4) (2004) 817–823.

[21] K. Katano, et al., Acquisition of resistance to cisplatin is accompanied by changes
in the cellular pharmacology of copper, Cancer Res. 62 (22) (2002) 6559–6565.

[22] B. Kaina, DNA damage-triggered apoptosis: critical role of DNA repair, double-
strand breaks, cell proliferation and signaling, Biochem. Pharmacol. 66 (8) (2003)
1547–1554.

[23] L.A. Loeb, A mutator phenotype in cancer, Cancer Res. 61 (8) (2001) 3230–3239.
[24] M.P. Barr, L. MacDonagh, K.J. O’Byrne, Markers of response to platinum-based

chemotherapy in lung cancer, Lung Cancer Manag. 2 (2013) 227–239.
[25] M. Kartalou, J.M. Essigmann, Mechanisms of resistance to cisplatin, Mutat. Res.

478 (1-2) (2001) 23–43.
[26] R. Rosell, et al., DNA repair and cisplatin resistance in non-small-cell lung cancer,

Lung Cancer 38 (3) (2002) 217–227.
[27] Z.H. Siddik, Cisplatin: mode of cytotoxic action and molecular basis of resistance,

Oncogene 22 (47) (2003) 7265–7279.
[28] Q. Li, et al., Cisplatin induction of ERCC-1 mRNA expression in A2780/CP70

human ovarian cancer cells, J. Biol. Chem. 273 (36) (1998) 23419–23425.
[29] C. Nakanishi, M. Toi, Nuclear factor-kappaB inhibitors as sensitizers to anticancer

drugs, Nat. Rev. Cancer 5 (4) (2005) 297–309.
[30] W. Chen, et al., NF-kappaB, a mediator for lung carcinogenesis and a target for

lung cancer prevention and therapy, Front. Biosci. 16 (2011) 1172–1185.
[31] W. Chen, et al., NF-kappaB in lung cancer, a carcinogenesis mediator and a pre-

vention and therapy target, Front. Biosci. (Landmark Ed) 16 (2011) 1172–1185.
[32] J. Zheng, et al., Piperlongumine inhibits lung tumor growth via inhibition of nu-

clear factor kappa B signaling pathway, Sci. Rep. 6 (2016) 26357.
[33] L. Yang, et al., Mutations of p53 and KRAS activate NF-kappaB to promote che-

moresistance and tumorigenesis via dysregulation of cell cycle and suppression of
apoptosis in lung cancer cells, Cancer Lett. 357 (2) (2015) 520–526.

[34] E. Meylan, et al., Requirement for NF-kappaB signalling in a mouse model of lung
adenocarcinoma, Nature 462 (7269) (2009) 104–107.

[35] D.A. Barbie, et al., Systematic RNA interference reveals that oncogenic KRAS-
driven cancers require TBK1, Nature 462 (7269) (2009) 108–112.

[36] H.M. Shen, V. Tergaonkar, NFkappaB signaling in carcinogenesis and as a po-
tential molecular target for cancer therapy, Apoptosis 14 (4) (2009) 348–363.

[37] B. Kaltschmidt, et al., The pro- or anti-apoptotic function of NF-kappaB is de-
termined by the nature of the apoptotic stimulus, Eur. J. Biochem. 267 (12) (2000)
3828–3835.

[38] N.D. Perkins, The diverse and complex roles of NF-kappaB subunits in cancer, Nat.
Rev. Cancer 12 (2) (2012) 121–132.

[39] M.S. Hayden, S. Ghosh, Signaling to NF-kappaB, Genes Dev. 18 (18) (2004)
2195–2224.

[40] Y. Lin, et al., The NF-kappaB activation pathways, emerging molecular targets for
cancer prevention and therapy, Expert Opin. Ther. Targets 14 (1) (2010) 45–55.

[41] H.L. Pahl, Activators and target genes of Rel/NF-kappaB transcription factors,
Oncogene 18 (49) (1999) 6853–6866.

[42] D. Hanahan, Robert A. Weinberg, Hallmarks of cancer: the next generation, Cell
144 (2011) 646–674.

[43] J. Li, et al., Association of constitutive nuclear factor-kappaB activation with ag-
gressive aspects and poor prognosis in cervical cancer, Int. J. Gynecol. Cancer 19
(8) (2009) 1421–1426.

[44] M. Karin, F.R. Greten, NF-kappaB: linking inflammation and immunity to cancer
development and progression, Nat. Rev. Immunol. 5 (10) (2005) 749–759.

[45] A. Emmendoerffer, et al., Role of inflammation in chemical-induced lung cancer,
Toxicol. Lett. 112–113 (2000) 185–191.

[46] C.J. Smith, T.A. Perfetti, J.A. King, Perspectives on pulmonary inflammation and
lung cancer risk in cigarette smokers, Inhal. Toxicol. 18 (9) (2006) 667–677.

[47] I. Sánchez-Pérez, et al., Cell stress and MEKK1-mediated c-Jun activation modulate
NFkappaB activity and cell viability, Mol. Biol. Cell 13 (8) (2002) 2933–2945.

[48] V. Bottero, et al., Activation of nuclear factor kappaB through the IKK complex by
the topoisomerase poisons SN38 and doxorubicin: a brake to apoptosis in HeLa
human carcinoma cells, Cancer Res. 61 (21) (2001) 7785–7791.

[49] C.E. Denlinger, et al., Proteasome inhibition sensitizes non-small-cell lung cancer
to gemcitabine-induced apoptosis, Ann. Thorac. Surg. 78 (4) (2004) 1207–1214
discussion 1207-14.

[50] V. Gregorc, et al., The clinical relevance of Bcl-2, Rb and p53 expression in ad-
vanced non-small cell lung cancer, Lung Cancer 42 (3) (2003) 275–281.

[51] M. Zdunek, E. Korobowicz, Expression of PCNA in non-small cell lung cancer
before and after treatment with cisplatin and vepeside, Pol. J. Pathol. 51 (2)
(2000) 77–81.

[52] M.-S. Tsao, et al., Prognostic and predictive importance of p53 and RAS for ad-
juvant chemotherapy in non–small-cell lung cancer, J. Clin. Oncol. 25 (33) (2007)
5240–5247.

[53] J. Pasquier, et al., CCL2/CCL5 secreted by the stroma induce IL-6/PYK2 dependent
chemoresistance in ovarian cancer, Mol. Cancer 17 (1) (2018) 47.

[54] Y. Lin, et al., Inhibition of late and early phases of cancer metastasis by the NF-κB
inhibitor DHMEQ derived from microbial bioactive metabolite epoxyquinomicin:
a review, Int. J. Mol. Sci. 19 (3) (2018) 729.

[55] T. Togano, et al., Induction of oncogene addiction shift to NF-κB by camptothecin
in solid tumor cells, Biochem. Biophys. Res. Commun. 390 (1) (2009) 60–64.

[56] Y. Yamamoto, R.B. Gaynor, Therapeutic potential of inhibition of the NF-kappaB
pathway in the treatment of inflammation and cancer, J. Clin. Invest. 107 (2)
(2001) 135–142.

[57] T. Togano, et al., Activation of Akt involves resistance to NF-kappaB inhibition and

abrogation of both triggers synergistic apoptosis in lung adenocarcinoma cells,
Lung Cancer 83 (2) (2014) 139–145.

[58] C.E. Denlinger, B.K. Rundall, D.R. Jones, Proteasome inhibition sensitizes non–-
small cell lung cancer to histone deacetylase inhibitor–induced apoptosis through
the generation of reactive oxygen species, J. Thorac. Cardiovasc. Surg. 128 (5)
(2004) 740–748.

[59] J.C. Epinat, T.D. Gilmore, Diverse agents act at multiple levels to inhibit the Rel/
NF-kappaB signal transduction pathway, Oncogene 18 (49) (1999) 6896–6909.

[60] N.H. Nam, Naturally occurring NF-κB inhibitors, Mini-Rev. Med. Chem. 6 (8)
(2006) 945–951.

[61] R. Ravi, A. Bedi, NF-κB in cancer – a friend turned foe, Drug Resist. Updates 7 (1)
(2004) 53–67.

[62] M. Karin, Y. Yamamoto, Q.M. Wang, The IKK NF-kappa B system: a treasure trove
for drug development, Nat. Rev. Drug Discov. 3 (1) (2004) 17–26.

[63] A. Nencioni, et al., Proteasome inhibitors: antitumor effects and beyond, Leukemia
21 (1) (2007) 30–36.

[64] C. Aguilera, et al., Recruitment of IkappaBalpha to the hes1 promoter is associated
with transcriptional repression, Proc. Natl. Acad. Sci. U. S. A. 101 (47) (2004)
16537–16542.

[65] W. Chen, et al., Blockage of NF-kappaB by IKKbeta- or RelA-siRNA rather than the
NF-kappaB super-suppressor IkappaBalpha mutant potentiates adriamycin-in-
duced cytotoxicity in lung cancer cells, J. Cell. Biochem. 105 (2) (2008) 554–561.

[66] I. Kozawa, et al., Unusual intramolecular N>O acyl group migration occurring
during conjugation of (-)-DHMEQ with cysteine, Bioorg. Med. Chem. Lett. 19 (18)
(2009) 5380–5382.

[67] C. Shimada, et al., Efficient cellular uptake of the novel NF-kappaB inhibitor
(-)-DHMEQ and irreversible inhibition of NF-kappaB in neoplastic cells, Oncol.
Res. 18 (11–12) (2010) 529–535.

[68] N. Matsumoto, et al., Synthesis of NF-kappaB activation inhibitors derived from
epoxyquinomicin C, Bioorg. Med. Chem. Lett. 10 (9) (2000) 865–869.

[69] M. Watanabe, et al., Identification of the RelA domain responsible for action of a
new NF-κB inhibitor DHMEQ, Biochem. Biophys. Res. Commun. 376 (2) (2008)
310–314.

[70] M. Yamamoto, et al., Inactivation of NF-κB components by covalent binding of
(−)-dehydroxymethylepoxyquinomicin to specific cysteine residues, J. Med.
Chem. 51 (18) (2008) 5780–5788.

[71] A. Ariga, et al., Inhibition of tumor necrosis factor-alpha -induced nuclear trans-
location and activation of NF-kappa B by dehydroxymethylepoxyquinomicin, J.
Biol. Chem. 277 (27) (2002) 24625–24630.

[72] A.R. Jazirehi, B. Bonavida, Cellular and molecular signal transduction pathways
modulated by rituximab (rituxan, anti-CD20 mAb) in non-Hodgkin’s lymphoma:
implications in chemosensitization and therapeutic intervention, Oncogene 24
(13) (2005) 2121–2143.

[73] P. Poma, et al., Antitumor effects of the novel NF-κB inhibitor dehydrox-
ymethylepoxyquinomicin on human hepatic cancer cells: analysis of synergy with
cisplatin and of possible correlation with inhibition of pro-survival genes and IL-6
production, Int. J. Oncol. 28 (4) (2006) 923–930.

[74] H.Y. Ruan, et al., Effects of a novel NF-κB inhibitor, dehydroxymethylepox-
yquinomicin (DHMEQ), on growth, apoptosis, gene expression, and chemosensi-
tivity in head and neck squamous cell carcinoma cell lines, Head Neck 28 (2)
(2006) 158–165.

[75] E. Kikuchi, et al., Suppression of hormone-refractory prostate cancer by a novel
nuclear factor kappaB inhibitor in nude mice, Cancer Res. 63 (1) (2003) 107–110.

[76] D.V. Starenki, et al., Induction of thyroid cancer cell apoptosis by a novel nuclear
factor kappaB inhibitor, dehydroxymethylepoxyquinomicin, Clin. Cancer Res. 10
(20) (2004) 6821–6829.

[77] G. Matsumoto, et al., Targeting of nuclear factor kappaB pathways by dehydrox-
ymethylepoxyquinomicin, a novel inhibitor of breast carcinomas: antitumor and
antiangiogenic potential in vivo, Clin. Cancer Res. 11 (3) (2005) 1287–1293.

[78] M. Watanabe, et al., A novel NF-kappaB inhibitor DHMEQ selectively targets
constitutive NF-kappaB activity and induces apoptosis of multiple myeloma cells
in vitro and in vivo, Int. J. Cancer 114 (1) (2005) 32–38.

[79] A. Katsman, K. Umezawa, B. Bonavida, Reversal of resistance to cytotoxic cancer
therapies: DHMEQ as a chemo-sensitizing and immuno-sensitizing agent, Drug
Resist. Update 10 (1–2) (2007) 1–12.

[80] A. Katsman, K. Umezawa, B. Bonavida, Chemosensitization and im-
munosensitization of resistant cancer cells to apoptosis and inhibition of metas-
tasis by the specific NF-kappaB inhibitor DHMEQ, Curr. Pharm. Des. 15 (7) (2009)
792–808.

[81] A.M. Castro-Gamero, et al., Inhibition of nuclear factor-kappaB by dehydrox-
ymethylepoxyquinomicin induces schedule-dependent chemosensitivity to antic-
ancer drugs and enhances chemoinduced apoptosis in osteosarcoma cells,
Anticancer Drugs 23 (6) (2012) 638–650.

[82] K. Umezawa, Possible role of peritoneal NF-kappaB in peripheral inflammation
and cancer: lessons from the inhibitor DHMEQ, Biomed. Pharmacother. 65 (4)
(2011) 252–259.

[83] P.M.M. Ramos, et al., Antineoplastic effects of NF-kappaB inhibition by DHMEQ
(Dehydroxymethylepoxyquinomicin) alone and in Co-treatment with radio-and
chemotherapy in medulloblastoma cell lines, Anticancer Agents Med. Chem. 18
(4) (2018) 541–549.

[84] Y. Ando, et al., Anti-inflammatory effect of dehydroxymethylepoxyquinomicin, a
nuclear factor-kappaB inhibitor, on endotoxin-induced uveitis in rats in vivo and
in vitro, Ocul. Immunol. Inflamm. (2019) 1–9.

[85] C.E. Denlinger, B.K. Rundall, D.R. Jones, Modulation of antiapoptotic cell sig-
naling pathways in non-small cell lung cancer: the role of NF-kappaB, Semin.
Thorac. Cardiovasc. Surg. 16 (1) (2004) 28–39.

S.-L. Ryan, et al. Lung Cancer 135 (2019) 217–227

226

http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0095
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0100
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0100
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0100
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0105
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0105
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0110
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0110
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0110
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0115
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0120
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0120
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0125
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0125
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0130
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0130
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0135
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0135
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0140
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0140
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0145
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0145
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0150
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0150
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0155
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0155
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0160
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0160
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0165
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0165
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0165
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0170
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0170
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0175
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0175
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0180
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0180
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0185
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0185
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0185
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0190
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0190
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0195
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0195
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0200
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0200
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0205
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0205
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0210
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0210
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0215
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0215
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0215
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0220
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0220
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0225
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0225
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0230
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0230
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0235
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0235
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0240
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0240
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0240
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0245
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0245
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0245
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0250
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0250
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0255
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0255
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0255
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0260
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0260
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0260
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0265
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0265
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0270
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0270
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0270
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0275
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0275
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0280
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0280
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0280
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0285
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0285
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0285
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0290
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0290
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0290
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0290
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0295
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0295
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0300
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0300
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0305
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0305
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0310
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0310
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0315
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0315
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0320
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0320
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0320
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0325
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0325
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0325
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0330
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0330
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0330
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0335
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0335
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0335
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0340
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0340
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0345
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0345
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0345
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0350
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0350
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0350
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0355
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0355
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0355
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0360
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0360
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0360
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0360
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0365
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0365
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0365
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0365
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0370
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0370
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0370
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0370
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0375
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0375
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0380
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0380
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0380
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0385
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0385
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0385
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0390
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0390
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0390
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0395
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0395
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0395
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0400
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0400
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0400
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0400
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0405
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0405
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0405
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0405
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0410
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0410
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0410
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0415
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0415
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0415
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0415
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0420
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0420
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0420
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0425
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0425
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0425


[86] C.A. Schneider, W.S. Rasband, K.W. Eliceiri, NIH Image to ImageJ: 25 years of
image analysis, Nat. Methods 9 (7) (2012) 671–675.

[87] J.R. Wisniewski, et al., Universal sample preparation method for proteome ana-
lysis, Nat. Methods 6 (5) (2009) 359–362.

[88] B. MacLean, et al., Skyline: an open source document editor for creating and
analyzing targeted proteomics experiments, Bioinformatics 26 (7) (2010)
966–968.

[89] L. Reiter, et al., mProphet: automated data processing and statistical validation for
large-scale SRM experiments, Nat. Methods 8 (5) (2011) 430–435.

[90] M. Choi, et al., MSstats: an R package for statistical analysis of quantitative mass
spectrometry-based proteomic experiments, Bioinformatics 30 (17) (2014)
2524–2526.

[91] B. Gyorffy, et al., Online survival analysis software to assess the prognostic value
of biomarkers using transcriptomic data in non-small-cell lung cancer, PLoS One 8
(12) (2013) p. e82241.

[92] N. Sarin, et al., Key players of cisplatin resistance: towards a systems pharma-
cology approach, Int. J. Mol. Sci. 19 (3) (2018).

[93] H.-C. Chuang, et al., Triggering TLR3 pathway promotes tumor growth and cis-
platin resistance in head and neck cancer cells, Oral Oncol. 86 (2018) 141–149.

[94] A.N. Fader, et al., CCL2 expression in primary ovarian carcinoma is correlated
with chemotherapy response and survival outcomes, Anticancer Res. 30 (12)
(2010) 4791–4798.

[95] W. Xu, et al., CCL2-SQSTM1 positive feedback loop suppresses autophagy to
promote chemoresistance in gastric cancer, Int. J. Biol. Sci. 14 (9) (2018)
1054–1066.

[96] S. Heavey, K.J. O’Byrne, K. Gately, Strategies for co-targeting the PI3K/AKT/
mTOR pathway in NSCLC, Cancer Treat. Rev. 40 (3) (2014) 445–456.

[97] J.K. Kundu, Y.-J. Surh, Inflammation: gearing the journey to cancer, Mutat. Res.
Mutat. Res. 659 (1) (2008) 15–30.

[98] S.P. Hussain, C.C. Harris, Inflammation and cancer: an ancient link with novel
potentials, Int. J. Cancer 121 (11) (2007) 2373–2380.

[99] M.M. Mueller, N.E. Fusenig, Friends or foes— Bipolar effects of the tumour stroma
in cancer, Nat. Rev. Cancer 4 (2004) 839.

[100] T. Raposo, et al., Inflammation and Cancer: Till Death Tears Them Apart, (2015).
[101] A. Mantovani, et al., Cancer-related inflammation, Nature 454 (7203) (2008)

436–444.
[102] X. Jin, et al., Potential biomarkers involving IKK/RelA signal in early stage non-

small cell lung cancer, Cancer Sci. 99 (3) (2008) 582–589.
[103] D.R. Jones, et al., Inhibition of NF-κB sensitizes non–small cell lung cancer cells to

chemotherapy-induced apoptosis, Ann. Thorac. Surg. 70 (3) (2000) 930–936.
[104] A. Dall’Acqua, et al., CDK6 protects epithelial ovarian cancer from platinum-

induced death via FOXO3 regulation, EMBO Mol. Med. 9 (10) (2017) 1415–1433.
[105] M. Iyengar, et al., CDK4/6 inhibition as maintenance and combination therapy for

high grade serous ovarian cancer, Oncotarget 9 (21) (2018) 15658–15672.
[106] V. Vasiliou, D.W. Nebert, Analysis and update of the human aldehyde dehy-

drogenase (ALDH) gene family, Hum. Genomics 2 (2) (2005) 138–143.
[107] N. Couto, J. Wood, J. Barber, The role of glutathione reductase and related en-

zymes on cellular redox homoeostasis network, Free Radic. Biol. Med. 95 (2016)
27–42.

[108] Z. Zhu, et al., Glutathione reductase mediates drug resistance in glioblastoma cells
by regulating redox homeostasis, J. Neurochem. 144 (1) (2018) 93–104.

[109] N. Traverso, et al., Role of glutathione in cancer progression and chemoresistance,
Oxid. Med. Cell. Longev. 2013 (2013) p. 972913–972913.

[110] L.O. Almeida, et al., NFκB mediates cisplatin resistance through histone mod-
ifications in head and neck squamous cell carcinoma (HNSCC), FEBS Open Bio 4
(2014) 96–104.

[111] S. Oiso, et al., Involvement of NF-kappaB activation in the cisplatin resistance of
human epidermoid carcinoma KCP-4 cells, Oncol. Rep. 28 (1) (2012) 27–32.

[112] T. Ohsugi, et al., In vitro and in vivo antitumor activity of the NF-kappaB inhibitor
DHMEQ in the human T-cell leukemia virus type I-infected cell line, HUT-102,
Leukemia Res. 30 (1) (2006) 90–97.

[113] V.V. Pushkarev, et al., Inhibitor of the transcription factor NF-kappaB, DHMEQ,
enhances the effect of paclitaxel on cells of anaplastic thyroid carcinoma in vitro
and in vivo, Ukr. Biochem. J. 87 (3) (2015) 63–74.

[114] Y. Ito, et al., Down-regulation of NF kappa B activation is an effective therapeutic
modality in acquired platinum-resistant bladder cancer, BMC Cancer 15 (2015)
324.

[115] H. Nishio, et al., Immunosuppression through constitutively activated NF-kappaB
signalling in human ovarian cancer and its reversal by an NF-kappaB inhibitor, Br.
J. Cancer 110 (12) (2014) 2965–2974.

[116] L. Zitvogel, et al., Immunological aspects of cancer chemotherapy, Nat. Rev.
Immunol. 8 (1) (2008) 59–73.

[117] S. Vallabhapurapu, M. Karin, Regulation and function of NF-kappaB transcription
factors in the immune system, Annu. Rev. Immunol. 27 (2009) 693–733.

[118] S.E. Spiller, et al., Inhibition of nuclear factor kappa-B signaling reduces growth in
medulloblastoma in vivo, BMC Cancer 11 (2011) 136–136.

[119] L.E. Ta, P.A. Low, A.J. Windebank, Mice with cisplatin and oxaliplatin-induced
painful neuropathy develop distinct early responses to thermal stimuli, Mol. Pain 5
(2009) 9.

[120] M. Lim, et al., Liquid biopsy in lung cancer: clinical applications of circulating
biomarkers (CTCs and ctDNA), Micromachines 9 (3) (2018) 100.

S.-L. Ryan, et al. Lung Cancer 135 (2019) 217–227

227

http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0430
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0430
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0435
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0435
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0440
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0440
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0440
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0445
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0445
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0450
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0450
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0450
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0455
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0455
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0455
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0460
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0460
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0465
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0465
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0470
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0470
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0470
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0475
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0475
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0475
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0480
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0480
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0485
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0485
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0490
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0490
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0495
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0495
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0500
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0505
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0505
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0510
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0510
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0515
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0515
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0520
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0520
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0525
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0525
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0530
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0530
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0535
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0535
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0535
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0540
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0540
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0545
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0545
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0550
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0550
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0550
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0555
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0555
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0560
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0560
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0560
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0565
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0565
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0565
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0570
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0570
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0570
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0575
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0575
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0575
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0580
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0580
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0585
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0585
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0590
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0590
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0595
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0595
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0595
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0600
http://refhub.elsevier.com/S0169-5002(19)30529-X/sbref0600

	Targeting NF-κB-mediated inflammatory pathways in cisplatin-resistant NSCLC
	Introduction
	Materials and methods
	Cell lines
	Reagents
	CellTiter-Glo luminescent cell viability assay
	Cell viability using high content analysis
	Quantitative real-time polymerase chain reaction (qRT-PCR)
	Western blotting
	Enzyme linked immunosorbent assay (ELISA)
	Nano liquid chromatography tandem mass spectrometry
	Bioinformatics and statistical analysis

	Results
	NF-ĸB is dysregulated in cisplatin-resistant NSCLC cells
	NF-ĸB expression is altered in cisplatin-resistant NSCLC
	Downstream targets of NF-ĸB signaling are dysregulated in H460 cisplatin-resistant cells
	DHMEQ inhibits NF-ĸB signaling and CCL2 expression
	Cisplatin in combination with DHMEQ inhibits NF-ĸB protein expression and re-sensitizes lung cancer cells to the cytotoxic effects of cisplatin

	Discussion
	Conclusions
	Funding
	Supplementary data
	References




