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ABSTRACT

Even after development of molecular targeting therapies, platinum-based chemotherapy is still a standard care
for treatment of locally advanced non-small cell lung cancer (NSCLC). So far, critical molecular markers capa-
ble to predict the therapeutic response in NSCLC patients remain undetermined. We here attempted to identify
novel biomarker genes for cisplatin (CDDP) for a tailored therapy. Initial screening to explorer association of IC50

values of CDDP obtained by MTT assay and gene expression levels measured with oligonucleotide microarray
and real-time RT-PCR provided 6 candidate genes, namely, NUBPL, C9orf30, ZNF12, TMEM158, GSK3B, and
FBLP1 using 9 lung cancer cells consisting of 3 small and 6 NSCLC cells. These 6 genes together with 5 reported
biomarkers, i.e., GSTP1, ERCC1, BRCA1, FRAP1, and RRM1, were subjected to a linear regression analysis us-
ing 12 NSCLC cell lines including 6 additional NSCLC cells: only FBLP1 and TMEM158 genes showed positive
associations with statistical significances (P = .016 and .026, respectively). The biological significance of these
genes was explored by in vitro experiments: Knockdown experiments in PC-9/CDDP cells revealed that the re-
duced expression of TMEM158 significantly decreased the chemo-resistance against CDDP (P <.0001), while 2
transformants of PC-6 cells stably over-expressing FBLP1 resulted in an enhanced resistance to CDDP (P = .004
and P = .001). Furthermore, a stepwise multiple regression analysis demonstrated the best prediction formula
could be fixed when we used expression data of TMEM158 and FBLP1 (R2 = 0.755, P = .0018). TMEM158 and
FBLP1 may be powerful predictive biomarkers for CDDP therapy in NSCLC.
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INTRODUCTION

In advanced non-small cell lung cancer (NSCLC),
the advent of new agents such as pemetrexed, gefi-
tinib, erlotinib, and crizotinib, offers hope for im-
proving patient outcomes, and the pharmacogenomic
studies are increasing the potential of individual
optimization of NSCLC molecular targeted ther-
apy [1]: Striking examples established in clinical
practice include epidermal growth factor receptor
(EGFR) inhibitors in EGFR-mutated NSCLC and
anaplastic lymphoma kinase (ALK) inhibitors in
NSCLC with translocation for ALK, EML4-ALK
fusion. Three randomized trials of gefitinib versus
chemotherapy (IPASS, WJTOG3405, NEJ002) in
stage IV NSCLC have consistently demonstrated bet-
ter response rate (RR) and progression-free survival
(PFS) for EGFR-mutated NSCLCs treated with gefi-
tinib. Crizotinib (PF02341066), an ALK tyrosine
kinase inhibitor (TKI), has shown impressive ac-
tivity against ALK translocated NSCLC in an ex-
panded cohort of a phase I trial (NCT00585195)
[2, 3].

Even so, advanced NSCLC remains a fatal dis-
ease [1–5]. Most NSCLC cases reveals advanced
or metastatic disease at the time of diagnosis, but
the front-line chemotherapy is still palliative. Current
standard of care for first-line therapy of these patients
is considered as platinum-based doublets with third
generation agents, reporting a response rate (RR) rac-
ing from 20% to 35% with a median survival time
(MST) of about 10 months [1–2, 6–8]. The 5-year
estimated survival rate is dismal, at less than 4%,
and further the therapeutic outcome varies signifi-
cantly among patients [5, 6, 9]. Numerous patients
undergo a regimen without benefit. The limited ther-
apeutic benefit highlights the need to identify po-
tent predictive markers of response to platinum-based
chemotherapy for optimal selection of the regimen for
each individual.

Up to date, a number of candidate markers have
been suggested to be of predictive benefit [10–17]:
Various nucleotide excision repair enzymes and phase
II detoxification enzymes, such as the glutathione-
S-transferases (GSTs), appear to be putative
determinants for platinum resistance. And among
numerous genes involved in the altered DNA repair
mechanisms, the excision repair cross complement-
ing 1 (ERCC1) gene, the x-ray cross complementing
group 1 (XRCC1) gene, the xeroderma pigmentosum
Group D (XPD or ERCC2) gene and the x-ray cross
complementing group 3 (XRCC3) gene are known
to play important roles in DNA repair. Nevertheless,
none of these factors alone is consistently critical in
response to platinum-based chemotherapy.

Drug action and metabolism pathways are too
ingenious to be entirely understood: Multiple fac-
tors are involved in the pathways and they have a
complex interplay with each other [14–17]. We are
still restricted to narrow limits in the prediction of
drug response using these hypothesis-driven markers
alone. High-throughput arrays enable us to identify
such markers from tens of thousands of genes or
polymorphisms, no definitive way to identify drug
response determinants from a huge number of
candidates has yet been established. Most of these
studies were statistically underpowered to find robust
novel candidates [17, 18].

In this study, we first attempted to select further
promising biomarkers for CDDP response genome-
wide without considering their functional roles in
CDDP action. To screen candidate predictive genes
from a relatively small number of samples (a total of 9
lung cancer cell lines), we employed a unique statis-
tical method, a two-dimensional (2D) mixed normal
model proposed by Otaki et al [19]. The candidate
genes were then subjected to a linear regression
analysis using 12 NSCLC cell lines. We identified
two powerful candidates, namely TMEM158 and
FBLP1. In vitro experiments have shown that both of
these genes were directly connected to the molecular
action of CDDP in human NSCLC cells.

METHODS

Chemicals

Cisplatin (Cis-diamminedichloroplatinum, CDDP)
was purchased from Sigma-Aldrich (St. Louis, MO).
All other chemicals were analytic grade and were
purchased from Wako Pure Chemicals (Osaka,
Japan), Nacalai Tesque (Kyoto, Japan), and Sigma.

Cell Lines

Lung adenocarcinoma cell lines PC-9 and PC-14,
and their variant cells PC-9/CDDP and PC-
14/CDDP that are resistant to cisplatin [20], were
generously provided by Dr. K. Nishio, Kinki Univer-
sity School of Medicine, Osaka, Japan. A549 (ade-
nocarcinoma) and LC-S (squamous cell carcinoma)
cells were from Dr. Y. Yamaguchi, Kawasaki Medical
University Hospital, Kurashiki, Japan. PC-6 (small
cell carcinoma), DQ2–2 (CPT-11-resistant variant
from PC-6) and SN2–5 (SN-38-resistant variant
from PC-6) cells were kindly provided by Dr. A. To-
hgo, Daiichi Pharmaceutical Col Ltd, Tokyo, Japan.
ABC-1 (adenocarcinoma), RERF-LC-Ad2 (ade-
nocarcinoma), RERF-LC-KJ (adenocarcinoma),
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RERF-LC-OK (adenocarcinoma), RERF-LC-Sq1
(squamous cell carcinoma), and RERF-LC-MS
(adenocarcinoma) were generously provided by
the Department of Radiobiology/Molecular Epi-
demiology, Radiation Effects Research Foundation
(Hiroshima, Japan).

Cells were cultured in RPMI 1640 medium
supplemented with L-glutamine and phenol red
containing 10% heat-inactivated fetal bovine serum
(FBS) (Biowest, Nuaillé, France) and 50 μg/mL
kanamycin-sulfate. Cells were grown at 37◦C in
an incubator with humidified atmosphere of 5%
CO2 and maintained in continuous exponential
growth.

EXTRACTION AND PURIFICATION
OF RNA

For gene expression analysis, exponentially grown
cultured cells were collected and total RNA was
prepared using NucleoSpin RNA II Purification kit
(Macherey-Nagel, Düren, Germany). The quality of
the RNA was evaluated using Agilent Technologies
2100 Bioanalyzer (Agilent Technologies, Palo Alto,
CA).

MTT Assay

Drug-induced cytotoxicity was evaluated by
conventional 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide dye reduction assay
as essentially described previously [21]. Cells were
counted with hemocytometer and seeded in 96-
microwell plates (Corning) at a density of 4×103

otherwise not specified per well in RPMI 1640 with
10% FBS. After 24-hour incubation, the medium
was replaced and cells were exposed to the indicated
drug concentrations for 72 hours, after which 100 μL
of PBS without EDTA was added to each well, then
aspirated and 10 μL of 0.4% 3-(4, 5-dimethylthiazol-
2-yl)-2, 5-diphenyltetrazolium bromide reagent and
0.1 mol/L sodium succinate were added to each
well. After 1–3-hour incubation, 150 μL dimethyl
sulfoxide (DMSO) was added to dissolve the pur-
ple formazan precipitate. The formazan dye was
measured spectrophotometrically (570–650 nm)
using Multiskan JX Microplate Reader (Thermo
Fisher Scientific, Waltham, MA). The cytotoxic
effect of each treatment was assessed by IC50 (drug
concentration of 50% absorbance of control). Data
are expressed as the percentage of viable cells in
treated relative to nontreated conditions.

Screening of Candidate Genes Using Data of
Comprehensive Gene Expression Analyses

The statistical significance was evaluated with P-value
obtained from the Monte Carlo method by generat-
ing null distribution under the hypothesis that there
was no correlation between any two sets of measure-
ments. Two dimensional (2D) mixed normal model
is a statistical method proposed by Ohtaki et al, which
can effectively adjust the microarray data to facilitate
comparisons through eliminating systemic biases in
the measured expression levels, referred to as nor-
malization, and identify differentially expressed genes
between two cells showing different biological behav-
iors based on the functional status of the genes [19].
The probability of the gene being differentially ex-
pressed between the query and the reference sam-
ples, i.e., the status of the gene is (“on,” “off”) or
(“off.” “on”) between them, was obtained as a pos-
terior probability. The terms “on” and “off” are used
to express the functional status of a gene. If a gene ac-
tually expressed yielding its product (i.e., “mRNA”)
as the true signal, the status is “on”; otherwise (i.e.,
mRNA is not in the sample), it is “off.” When the
status of a gene is “off,” the observed measurement
reflects only the amount of systematic error and
measurement error.

The rank correlation coefficient (Spearman’s cor-
relation coefficient) is known as a robust statistical
index for quantifying degrees of correlation between
ranks of two sets of measurements; it is useful even
when data are contaminated with certain outliers.
The statistical significance was evaluated with p-value
obtained from the Monte Carlo method by generating
null distribution under the hypothesis that there was
no correlation between any two sets of measurements.

REAL-TIME REVERSE
TRANSCRIPTION-PCR

Total RNA (1 μg) was reverse-transcribed using
ReverTra Ace Kit (TOYOBO Co, Ltd, Osaka,
Japan). Aliquot (1/200) of the cDNA (equivalent
to 5 ng of total RNA) was subjected to real-time
reverse transcription-PCR (RT-PCR). Real-time
RT-PCR was conducted using specific primer sets,
Universal ProbeLibrary (Roche Diagnostics, Basel,
Switzerland), and qPCR QuickGoldStar Mastermix
Plus (Eurogenetec, Hampshire, UK) or ABsolute
QPCR ROX Mix (Thermo Fisher Scientific). Each
reaction was carried out in triplicate for each cell
line using ABI Prism 7900HT Sequence Detection
System (Applied Biosystems), using serially diluted
fragments of the target fragments cloned into a
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plasmid pTA2 (TOYOBO) as standards. These
triplicate measurements were averaged, and relative
gene expression levels were calculated as a ratio to
hypoxanthine phosphoribosyltransferase 1 (HPRT1)
expression level.

Construction of Plasmid

PCR reaction was carried out using KOD-Plus
or KOD FX (TOYOBO) as a DNA polymerase,
according to the manufacturer’s protocol. Oligonu-
cleotides HA tag F01: ACG TAA GCT TCA CGT
GGC GGC CGC TCT AGA ATG GCT TAC
CCA TAC GAT GTT C, and HA tag R01: ACG
TGG GCC CTC AAG CGT AAT CTG GAA CAT
CGT ATG were annealed and digested with restric-
tion enzymes HindIII and ApaI of which recognition
sites were indicated by underlines and the resultant
fragment was inserted into HindIII and ApaI site of
the expression vector pRc/CMV (Invitrogen) to con-
struct pRc/CMV-HA. Coding region of FBLP1 gene
was amplified using specific primers FBLP1-F01:
GCC ACC ATG GCC TCA AAG CCT GAG AAG,
and FBLP1-R01: ACG TTC TAG AGC CAG
GAT GAT CTC GAT CTC, and was digested with
XbaI and ligated into cloning sites of pRc/CMV-HA
digested with Eco72I and XbaI. Ligation high Ver.2
(TOYOBO) according to the manufacturer’s manual
and transformed into competent E. coli DH5α

(TOYOBO). All the constructs were confirmed by
DNA sequencing using BigDye R© Terminator 3.1
Cycle sequencing kit and 3130 Genetic Analyzer
(Life Technologies, Tokyo, Japan).

Transfection and Selection of Stable
Transformants

The plasmid expressing each gene was linearized by
a single cut with a restriction enzyme Sca I and
then transfected into lung carcinoma cell lines, us-
ing HilyMax transfection reagent (Dojindo Molecu-
lar Technologies, Inc., Osaka, Japan) according to the
manufacturer’s manual. Transfected cells were cul-
tured in RPMI-1640 medium with 10% FBS con-
taining 200–1,000 μg/mL of G418, from 24 hours af-
ter transfection for approximately one month to select
stable transfected clones. Expression levels of mRNA
of each gene in transfected cells were measured by
real time RT-PCR.

Knockdown Experiments Using siRNA

Specific siRNAs (Stealth Select RNAi©) for
TMEM158 (HSS146605, HSS146606, and
HSS146607) and for NUBPL (HSS129499,

HSS129500, HSS129501) and negative control
siRNA (Stealth RNAiTM siRNA Negative control
siRNA) were purchased from Invitrogen. After vali-
dation of knockdown efficiencies using two different
cell lines, we selected HSS146607 for TMEM158 and
HSS129499 for NUBPL, respectively, as the most
potent siRNAs and thus were used for subsequent
experiments.

For TMEM158, the siRNAs were transfected into
PC-9/CDDP cells overexpressing the selected genes
using Lipofectamine RNAiMax and according to the
manufacturer’s manual. A mixture of 4 × 103 cells
in RMPI/10% FBS without antibiotics, 60 pmoles of
siRNA, and 10 μL of LipofectamineTM RNAiMax
in total volume of 1 mL and serial dilutions of CDDP
were seeded in 96-microplates and incubated at 37◦C
in a humidified 5% CO2 incubator for 72 hours, and
then cytotoxicity was measured by MTT assay.

For NUBPL, siRNAs were delivered to PC-9
cells via electoroporation method using a device
CUY21Pro-Vitro (NEPA GENE, Ichikawa Japan)
according to the manufacturer’s recommendation.
Briefly, 15 pmoles of siRNA and 1 × 106 cells were
mixed in total of 100 μL of Opti-MEM medium (In-
vitrogen) and the mixture was transferred into EC-
002 electoroporation cuvettes (NEPA GENE). The
electroporated cells were seeded in 96-microplates at
a density of 2 × 103 cells and incubated at 37◦C in a
humidified 5% CO2 incubator for 72 hours, and then
cytotoxicity was measured by MTT assay.

Efficacy of siRNA-mediated knockdown of mRNA
of selected genes was evaluated in the cells exposed
to siRNA for 72 hours in the absence of CDDP using
real-time RT-PCR.

STATISTICAL ANALYSIS

Multiple linear regression analysis for the initial
screening has been conducted essentially as described
previously [22]. We used a statistical language, R for
calculation of stepwise multiple regression analysis
[23]. The value of AIC (Akaike’s information crite-
rion) was used for evaluation of the fitness of tested
model. Statistical analyses were conducted using a
software JMP 9.0 (SAS Institute, Cary, NC) other-
wise specified.

RESULTS

Genomewide Screening of Candidate Marker
Genes Using Lung Cancer Cell lines

To select marker genes that predict efficacy of CDDP,
we first performed comprehensive gene expression
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analysis in 9 lung cancer cell lines, A549, PC-9,
PC-14, PC-9/CDDP, PC-14/CDDP, LC-S, PC-6,
DQ2–2 and SN2–5. In the microarray analysis, we
used not only NSCLC cells but also 3 small cell
lung cancer cells PC-6, DQ2–2, and SN2–5, in
order to explore various genes that may be useful for
prediction of resistance/sensitivity of CDDP from
a variety of gene expression patterns. We measured
IC50 values for CDDP in these cell lines, and then
analyzed associations between each gene expression
levels and the IC50 values among these cell lines by
means of two statistical methods, namely 2D mixed
normal model and rank correlation. In total, 210
probes fulfilled the following criteria: P-values less
than .001 for 2D mixed normal model and less than
.025 in rank correlation analysis. One hundred and
eighty-one probes out of the 210 have been assigned
official gene symbols. Among these, we selected
23 genes of interest as initial candidates for further
analysis by referring to the values of correlation
coefficients provided by the two statistical methods
(Table 1). On the other hand, well-known marker
genes GSTP1, ERCC1, BRCA1, FRAP1, and RRM1
were not found in the top 210 probes list.

To validate the associations obtained from a mi-
croarray analysis, expression levels of these genes

were quantitatively measured by a real-time RT-PCR.
We then analyzed associations of those and IC50 val-
ues for CDDP among the 9 cells using a linear regres-
sion. Six genes, namely NUBPL, ZNF12, C9orf30,
FBLP1, GSK3B, and TMEM158, out of the 23 genes
showed statistically significant levels of associations in
the 9 lung cancer cells (Table 1).

Selected Candidates and Known Marker
Genes

Since the candidate 6 genes were screened from both
NSCLC and small cell lung cancer cells, we next con-
ducted a real-time RT-PCR analysis using only 12
cell lines derived from NSCLC: 2 squamous cell car-
cinoma cells, LC-S and RERF-LC-Sq1; 10 adeno-
carcinoma, A549, PC-9, PC-14, PC-9/CDDP, PC-
14/CDDP, ABC-1, RERF-LC-Ad2, RERF-LC-KJ,
RERF-LC-MS, and RERF-LC-OK. Among these,
6 cells, namely, RERF-LC-Sq1, ABC-1, RERF-LC-
Ad2, RERF-LC-KJ, RERF-LC-MS, and RERF-LC-
OK were not included in the initial screening.

Together with these 6 genes, we also analyzed
expression levels of 5 genes well known as possi-
ble biomarkers for CDDP, namely GSTP1, ERCC1,

TABLE 1 Initial Marker Candidates: Correlations Between Gene Expression Levels and Sensitivity to Cisplatin in 9 Lung Cancer
Cells

Microarray Real-time RT-PCR

2D-mixed normal model Rank-correlation Linear regression

Gene symbol R P R P R P

NUBPL −0.96 0.00001 −0.89 <0.005 −0.77 0.035
ZNF12 −0.95 0.00002 −0.905 <0.005 −0.61 0.016
C9orf30 0.95 0.00002 0.833 <0.005 0.67 0.007
FBLP1 0.93 0.00006 0.91 <0.005 0.82 0.050
GSK3B 0.88 0.00051 0.90 <0.005 0.58 0.025
TMEM158 0.88 0.00053 0.70 <0.005 0.73 0.0005
SREBF2 −0.98 <0.00001 −0.91 <0.005 −0.42 0.27
TRIM52 −0.97 <0.00001 −0.83 <0.005 −0.46 0.22
RAB3A 0.96 0.00001 0.77 <0.025 −0.40 0.29
HTGN29 −0.96 0.00001 −0.88 <0.005 −0.51 0.16
KIAA0195 −0.96 0.00001 −0.87 <0.005 −0.53 0.14
RERE −0.95 0.00003 −0.96 <0.005 −0.37 0.33
CDK3 −0.94 0.00004 −0.85 <0.005 −0.61 0.08
ZAK 0.94 0.00005 0.93 <0.005 −0.34 0.37
PMI 0.94 0.00005 0.87 <0.005 −0.37 0.33
RALY 0.93 0.00008 0.84 <0.005 −0.33 0.39
BAG2 0.92 0.00016 0.87 <0.005 0.27 0.47
NAPB 0.91 0.00024 0.79 <0.025 NA∗ NA∗

DNCLI1 0.89 0.00036 0.82 <0.005 0.38 0.31
NCOR1 0.90 0.00033 0.85 <0.005 0.03 0.93
FOSL1 0.89 0.0004 0.86 <0.005 0.47 0.21
H41 0.89 0.0004 0.85 <0.005 0.22 0.57
EDR2 0.86 0.00099 0.82 <0.005 0.35 0.36
S100A2 0.60 0.00043 0.83 <0.025 0.58 0.10

C© 2012 Informa Healthcare USA, Inc.
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TABLE 2 Linear Regression Analyses of the Candidate Genes
Expression Levels and Sensitivity to Cisplatin Assessed with
Real-time RT-PCR Analyses in 12 NSCLC Cells

Gene symbol R2 P

Newly selected FBLP1 0.456 0.016
TMEM158 0.405 0.026
NUBPL 0.270 0.083
ZNF12 0.118 0.275
C9orf30 0.029 0.596
GSK3B 0.024 0.630

Reported GSTP1 0.187 0.160
RRM1 0.113 0.285
ERCC1 0.106 0.301
FRAP1 0.078 0.378
BRCA1 0.047 0.498

BRCA1, FRAP1, and RRM1 [10–17]. We then per-
formed a linear regression analysis of gene expres-
sion levels and IC50 values in the 12 NSCLC cells
(Table 2). Among the tested 11 genes, FBLP1
and TMEM158 genes showed statistically significant
positive-associations (P = .016 and P = .026, respec-
tively; Figure 1A & 1B). NUBPL tended to reveal
an inverse-association with a marginal significance in
a linear regression analysis (P = .083) (Figure 1C).
Even so, when divided the NSCLC cells into two
groups by median of NUBPL expression levels, those
cells with higher NUBPL expression showed signifi-
cantly lower IC50 values as compared with those with
low expression (P = .0066, t-test with unequal vari-
ances) (Figure 2). On the other hand, other tested
genes including all the 5 reported genes provided no
statistical significance at all in the linear regression
analysis (Table 2).
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FIGURE 1 Correlation between CDDP sensitivity and expression of selected genes as potent response predictors. In 12 human
non-small cell lung cancer (NSCLC) cell lines, the expression levels of FBLP1 (A) and TMEM158 (B) were positively correlated with
IC50 values for cisplatin (CDDP) with statistical significances (P = .016 and P = .026, respectively), while expression of NUBPL (C) was
tended to show inverse correlation with CDDP resistance with a marginal significance (P = .083).
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FIGURE 2 Expression of NUBPL as a possible CDDP
sensitivity marker. When NSCLC cells were divided into high
and low NUBPL expression groups at the median expression
level, NUBPL high expression group was significantly sensitive
to CDDP (with lower IC50 values) as compared with low
expression group (P = .0066, Welch’s t-test).

Knockdown Experiments to Validate
Biological Significance of TMEM158 and
NUBPL Genes as CDDP Resistant Markers

Since we selected these genes simply based on asso-
ciations of their expression levels and CDDP drug
sensitivity in NSCLC cells, biological significances
of these genes with respect to CDDP sensitivity are
unknown. We then explored whether altered expres-
sions of these genes affect cell sensitivity to CDDP.

We first conducted a knockdown experiment us-
ing siRNA for TMEM158 to test whether de-

creased TMEM158 affects the CDDP sensitivity. We
treated CDDP resistant-cell line PC-9/CDDP with
a TMEM158 siRNA, HSS146607, for 24 hours and
the gene expression levels were quantified. Gene ex-
pression level of TMEM158 resulted in 83.7% re-
duction as compared with those in cells treated with
negative control (Figure 3A). We then compared
IC50 values with CDDP-resistant PC-9/CDDP cells
treated with TMEM158-specific siRNA and those
with negative control. Treatment of the cells with
TMEM158 siRNA significantly reduced IC50 value by
59.4% as compared with control (P < .0001, Stu-
dent’s t-test) (Figure 3B), in good agreement with
our observation that TMEM158 gene expression lev-
els positively associated with IC50 values for CDDP
in NSCLC cells.

We also knocked down NUBPL gene in PC-9 cells
and assessed its effects on sensitivity to the CDDP.
When treated PC-9 cells with a NUBPL specific
siRNA, HSS129499 for 24 hours, the gene expres-
sion level of NUBPL resulted in 82.5% reduction as
compared with those in cells treated with negative
control (Figure 4A). Knockdown of NUBPL gene us-
ing the specific siRNA significantly increased IC50

value as compared with those treated with negative
control (P < .005, Student’s t-test) (Figure 4B).

Forced Expression Experiments to Validate
Biological Significance of FBLP1 Genes as
CDDP Sensitive Markers

We then aimed to establish stable transformants of
PC-6 cells harbouring expression vector of FBLP1
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FIGURE 3 Effect of TMEM158 knockdown by siRNA on the CDDP sensitivity in
PC-9/CDDP cells. Treatment with siRNA specific for TMEM158 significantly decreased
the relative expression levels of the TMEM158 gene normalized against HPRT1 in
PC-9/CDDP cells (P < .0001) (A), and attenuated the resistance of PC-9/CDDP cells to
CDDP (P < .0001)) (B). NC indicates negative control. Relative IC50 values of CDDP
were expressed as taking the mean value in PC-9/CDDP cells treated with NC siRNA to
be 100%.
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driven under CMV promoter. PC-6 cells were used as
an experimental model, since FBLP1 expression lev-
els were extremely low in the cells. After selection with
G418, the isolated clones were subjected to quantifi-
cation of mRNA and protein of FBLP1.

PC-6 stable clones #8 and #10 showed approxi-
mately 2,000 and 500 folds overexpression of FBLP1
mRNA, respectively, as compared with PC-6 cells
with vector only (Figure 5A). This was confirmed by
the Western blot analysis: Stable clones #8 and #10
demonstrated enhanced expression of FBLP1 pro-
tein (Figure 5B). These two clones exhibited signifi-
cantly increased resistance against CDDP treatment
(P = .0041 and P = .001, respectively, Dunnett test)
(Figure 5C).

CONSTRUCTION OF MULTIPLE
REGRESSION MODEL FOR IC50
VALUES BY GENE EXPRESSION
LEVELS IN NSCLC CELLS

FBLP1, TMEM158, and NUBPL may be powerful
predictive genes of CDDP response in the univariate
analysis. Since several genes/signals may be involved
in the determination of CDDP resistance/sensitivity,
we thought that prediction using multiple genes
would improve accuracy, and then conducted a step-
wise multiple regression analysis, using the expres-
sion data of these selected genes together with known
6 genes, and IC50 values to compose prediction
models for the NSCLC cells. The linear regres-
sion analyses provided the best prediction formula
that showed the highest fitness, when we used ex-
pression data of 2 genes—FBLP1 and TMEM158—
(R2 = 0.755, P = .0018, AIC = 193.8). Taking
these results into consideration, we then finally select
FBLP1 and TMEM158 genes as candidate biomark-
ers for NSCLC in vitro.

DISCUSSION

The development of predictive biomarkers of
cisplatin-based chemotherapy is a high priority in
lung cancer research. At present the excision repair
cross-complementation group 1 (ERCC1) gene is the
most putative predictive markers of CDDP response
in NSCLC [10–17]. Multiple studies have shown
that upregulation of ERCC1 is associated with CDDP
resistance and response and survival of patients with
advanced NSCLC were improved in the presence of
low ERCC1 expression [24, 25]. Nevertheless, the
role of ERCC1 expression as a predictive marker, the
biological significance on NSCLC patients, is still

controversial. Many published results suggested that
low expression of ERCC1 might predict increased
sensitivity to platinum-based chemotherapy, but high
expression of ERCC1 might be a positive prognostic
factor. Recent meta-analysis study confirmed these
incontinent results [26], and distinct mechanisms of
chemotherapeutic response have also been suggested
among histological subclasses of NSCLC. ERCC1
could predict clinical response of cisplatin-based
chemotherapy in squamous cell carcinoma but not of
adenocarcinoma. [27]. ERCC1 is a putative predic-
tive marker gene of CDDP response in NSCLC, but
identification of a better prediction marker is keenly
warranted.

We searched for more powerful biomarkers of
CDDP drug-response in NSCLC, applying the data
sets of the array expression and drug-sensitivity to
2D mixed normal model, and found 6 novel genes-
NUBPL, ZNF12, C9orf30, FBLP1, GSK3B, and
TMEM158- as first candidates [28–50].All the 6 can-
didate genes were closely related to cellular sen-
sitivities to CDDP also in the quantified expres-
sion levels, and more correlative than 5 possible
genes—GSTP1, RRM1, BRCA1, FRAP1, and fur-
ther ERCC1—which were widely recognized as be-
ing of key importance among a variety of drug
sensitivity genes for CDDP even when used alone
[10–17]. Among the 6 genes, NUBPL might be the
more, and FBLP1 and TMEM158 may be the most
possible predictive markers [28–30, 35–38, 47–50].
NUBPL, FBLP1, and TMEM158 demonstrated its
functional significance as a CDDP-sensitivity deter-
minant through the transfection analyses or siRNA-
mediated knock-down experiments.

Multiple genes are involved in the mechanisms and
they have complex interplay with each other. Despite
still being in the investigational phase, attempts to
predict tumor response using expression profiles of
multiple key genes have also been intensively per-
formed for various malignancies including lung can-
cer [21, 51–53]. Our additional attempt to predict in
vitro response of CDDP using expression data of a
set of all selected marker genes revealed that expres-
sions of FBLP1 and TMEM158 were of key impor-
tance in the prediction formulae for CDDP. The mul-
tiple regression analyses provided the best prediction
formula that showed the highest fitness when we used
expression data of 2 genes—FBLP1 and TMEM158.
These multiple-gene approaches, we believe, will
probably predict drug response more accurately than
that when we use single predictor alone, and we fi-
nally propose FBLP1 and TMEM158 as a most pu-
tative novel predictive markers for CDDP response.
The potent predictive value of the fixed formulae
indicates that we probably succeeded in selecting
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the better prediction marker genes and precisely esti-
mating their interaction in the expression levels.

Their functions remain little known, but various
results suggest their possible roles in drug sensitiv-
ity and/or cancer outcome: FBLP1 (Filamin-binding
LIM protein 1) is a splice variant of migfilingene,
which shares the N-terminal region. Migifilin was re-
cently identified, as a widely expressed component
of actin-cytoskeleton membrane junctions that is
emerging as a key regulator of a variety of fundamen-
tal cellular processes, including shape modulation,
motility, and differentiation [35–37]. FBLP1 lacks the
third LIM domain of migfilin, therefore, lacking the
ability to localize to cell-ECM or cell–cell adhesions
mediated by Mig-2-binding activity; predominantly
it associates with the actin filaments. Recently, it has
been shown that migfilin functions as an important
activator of Src, linking cell-ECM adhesion to Src
activation and survival signaling; and this migfilin-
mediated signaling pathway is dysfunctional in multi-
ple types of carcinoma cells, which likely contributes
to aberrant Src activation and anoikis resistance in
these cancerous cells [38]. TMEM158/RIS1 (Ras-
induced senescence 1) gene is a transmembrane pro-
tein 158 upregulated in response to activation of the
Ras pathway [47–50]; it was isolated in a screen for
genes specifically upregulated in Ras-senescent hu-
man fibroblasts. TMEM158/RIS1 has been proposed
to be a tumor-suppressor gene and a target gene in
the mutator pathway, but the role as drug sensitiv-
ity marker is still poorly understood. The 3 genes
probably play some important roles in cell prolifera-
tion, cell viability, and/or cell death, and thus possibly
in cancer outcome and/or drug sensitivity. Molecu-
lar mechanisms—how TMEM158 and FBLP1 get in-
volved in the action of CDDP—should be elucidated
in the near future.

In the current analysis, GSTP1, RRM1, BRCA1,
FRAP1, and ERCC1 did not show any statistical sig-
nificance in association studies of IC50 values with
gene expression levels measured with microarray and
real-time RT-PCR. Shimizu J et al. also reported
that no correlation was observed between RRM1 or
ERCC1 mRNA levels and IC50 values of CDDP
in 20 lung cancer cell lines (7 adenocarcinoma, 5
squamous cell, 3 large cell, and 5 small cell lung
cancers) [54], inconsistent with our observation.
Possible explanations for the observed discrepancy
between the mRNA expression levels of these known
genes and IC50 levels of CDDP are as following:
(1) Post-translational regulation, e.g., phosphoryla-
tion of GSTP1 mediated by PKCα and EGFR, may
be involved in the determination of CDDP resistance
[55,56]; (2) post-transcriptional regulation, e.g., spe-
cific microRNAs effects on protein expression levels

of GSTP1 and ERCC1, may play some roles [57,
58]; (3) regulation of mTORC1 complex consisting
of FRAP1 (also called mTOR), Raptor and mLST8
by the growth factor/PI3K/Akt signaling pathway may
modulate the response [59]; (4) polymorphisms of
amino acid sequence of the protein such as GSTP1
Ala114Val may cause alteration of CDDP resistance
[60]; and (5) in sufficient numbers of cell lines
tested to cover various signals relative to CDDP re-
sistance/sensitivity.

Despite the limited amount of data and unknown
detailed functions, all of the observed data in this
study lead to the proposal that the selected 3 genes,
especially for FBLP1 and TMEM158, are possibly
more powerful candidates for prediction markers of
CDDP than current hypothesis-driven ones includ-
ing ERCC1, and a two-dimensional mixed normal
model could work well to identify novel marker genes
from numerous candidates. Our first application of a
two-dimensional mixed normal model to the selec-
tion of drug response marker was for TXL/CDDP
therapy in ovarian cancer patients, and the attempt
suggested its significant potential [21, 61]. The sta-
tistical method may identify differentially expressed
genes between two cell samples with different biolog-
ical behaviors based on the functional status of the
genes.

Unbiased screening will generate more hypothe-
ses to be tested, and with increasing understanding
of tumor biology, more hypothesis-driven markers
will be evaluated [18]. We believe that our approach
may provide a step forward for tailoring CDDP treat-
ment in NSCLC patients maximizing the benefit
from cisplatin therapy for them, although the prac-
tical usefulness needs to be clearly evaluated by a
larger prospective clinical study. We are now planning
such a prospective clinical study, and will continue
our search for the functional roles of the selected 2
genes in CDDP sensitivity.
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