
Abstract. Background/Aim: Tumoural transcriptional levels of
RRM1, RRM2, CDA, dCK and hENT1 genes are potential
biomarkers for gemcitabine’s efficacy in non-small cell lung
cancer (NSCLC). Patients and Methods: We retrospectively
analysed each gene’s relative mRNA expression by quantitative,
real-time polymerase chain reaction in microdissected, formalin-
fixed, paraffin-embedded primary-tumour specimens from 219
chemonaïve patients with advanced-stage NSCLC, treated with
gemcitabine-based regimens within clinical trials. The five
genes’ transcriptional patterns were integrated into an ordinal,
five-level gemcitabine-susceptibility classifier (5L-GSC). Results:
Treatment efficacy increased progressively across the five
susceptibility levels, with the very-high chemosensitivity cases
obtaining the most clinical benefit. 5L-GSC emerged as an
independent prognosticator for overall response and disease
control rates, time to progression and overall survival at p-
values of 0.03, 0.004, <0.001 and <0.001, respectively, with
results remaining significant after bootstrapping. Penalised,
optimally-scaled, categorical-regression modelling of overall
response identified 5L-GSC as the most stable predictor.
Conclusion: The proposed composite biomarker is promising for
customising front-line chemotherapy in NSCLC. 

Lung cancer is the most lethal malignant neoplasm worldwide,
with non-small cell lung cancer (NSCLC) accounting for most
of the cases. More than half of NSCLC patients are diagnosed
at an incurable stage. Despite the implementation of targeted
agents and novel immunotherapies in the management of
certain advanced-stage NSCLC subgroups, chemotherapy
remains a viable treatment option during the disease course.
The antimetabolite gemcitabine holds an essential role in the
first-line setting either as a component of platinum-based
regimens in eligible patients or, alternatively, combined with
non-platinum compounds, and as single-agent in unfit patients.
Given that standard gemcitabine-based chemotherapy has
reached an efficacy plateau, the identification and clinical
implementation of appropriate predictive biomarkers would
help optimizing upfront treatment. 

Gemcitabine is a pyrimidine analogue pro-drug, which, in
order to exert its antitumour effects, requires intracellular
uptake and phosphorylation to its active diphosphate and
triphosphate metabolites. The latter inhibits DNA and RNA
synthesis by incorporation into both nucleic acids, while the
former irreversibly inhibits ribonucleotide reductase (RR),
thus depleting the deoxyribonucleotide-triphosphate (dNTPs)
pools that are necessary for DNA replication and repair. As
human equilibrative nucleoside transporter-1 (hENT1) and
deoxycytidine kinase (dCK) are, respectively, the principal
mediator of gemcitabine’s cellular entry and the rate-limiting
catalyst for its activation, both enzymes play an essential
favourable role for the drug’s activity. On the contrary, at the
cellular level, gemcitabine is mainly inactivated via
deamination by cytidine deaminase (CDA). Another
important mechanism of the drug resistance is increased
activity of RR, a hetero-oligomer consisting of the catalytic
subunit R1 and one of the two regulatory subunits R2 or its

901

Correspondence to: Professor John Souglakos, Postal address:
Department of Medical Oncology, University General Hospital of
Heraklion, Voutes and Stavrakia, PO BOX 1352, Heraklion, Crete
71110, Greece. Tel: +30 2810392747, Fax: +30 2810392802,
e-mail: oncsec@med.uoc.gr

Key Words: Non-small cell lung carcinoma, gemcitabine,
pharmacogenomics, messenger RNA, RRM1, RRM2, CDA, dCK,
hENT1.

ANTICANCER RESEARCH 40: 901-913 (2020)
doi:10.21873/anticanres.14023

Messenger-RNA Expression of Five Gemcitabine 
Sensitivity-related Genes Predicting Outcome 

in Advanced-stage Non-small Cell Lung Cancer
GEORGIOS IOANNIDIS1,2, CHARA PAPADAKI1, ELENI LAGOUDAKI3,
MARIA TZARDI3, MARIA TRYPAKI1, EFSTATHIOS STATHOPOULOS4, 

DIMITRIOS MAVROUDIS1,5, VASSILIOS GEORGOULIAS4 and JOHN SOUGLAKOS1,5

1Laboratory of Translational Oncology, School of Medicine, University of Crete, Heraklion, Greece;
2Oncology Department, Nicosia General Hospital, Nicosia, Cyprus;

3Laboratory of Pathology, School of Medicine, University of Crete, Heraklion, Greece;
4School of Medicine, University of Crete, Heraklion, Greece;

5Department of Medical Oncology, University General Hospital of Heraklion, Heraklion, Greece



paralogue p53R2, respectively encoded by genes RRM1,
RRM2 and p53R2. The R1-R2 complex is involved in DNA
synthesis and repair in proliferating cells during S-phase,
whereas the R1-p53R2 isoform provides dNTPs for DNA
repair in quiescent cells. While gemcitabine inhibits RR by
binding to R1, the R2 and p53R2 subunits are mandatory for
the holoenzyme’s inactivation. Also, noteworthy is the lack
of correlation between p53R2 levels and sensitivity to RR
inhibitors, such as nucleoside analogues (1, 2).

To date, among the five aforementioned potential
determinants of gemcitabine efficacy in advanced-stage
NSCLC, RRM1 is the most well-assessed by both
retrospective and prospective clinical studies (3-10).
Intriguingly, while serving as a favourable prognostic factor
in surgically-only-treated early-stage NSCLC, RRM1
upregulation confers tumour resistance to both gemcitabine
and platinum compounds (2, 11, 12). The RRM1 status as
determined either by single-nucleotide polymorphism analysis
or in the primary tumour using quantitative real-time
polymerase chain reaction (RT-qPCR), immunohistochemistry
and automated quantitative immunofluorescence, has
consistently been associated with clinical outcome to
gemcitabine-based regimens (3). Despite the confirmed
feasibility of customised chemotherapy based on the RRM1
status (13-15), two randomised trials failed to establish the
biomarker’s clinical utility in advanced NSCLC (16, 17),
while an ongoing umbrella study is validating its predictive
role (NCT01574300). The RRM2 status, as defined by
haplotyping or tumoural mRNA expression, is either alone or
combined with RRM1, another promising predictor in this
setting, even though based on limited retrospective data (8-
10). Compared with the effects of RRM1, high RRM2
expression is also predictive of the tumour’s resistance to
gemcitabine and platinum compounds, but affects
unfavourably the outcome of surgically-only-treated early-
stage disease (2, 18). As for the candidate biomarkers hENT1,
dCK and CDA being involved in gemcitabine transport and
metabolism, the evidence supporting their predictive value for
efficacy and toxicity in advanced NSCLC is less robust or
consistent, largely derived from preclinical studies and
varying according to the assay method used (19-27).

The tumoural mRNA expression of all five
aforementioned genes was individually assessed in human
NSCLC cell lines and shown to correlate with gemcitabine
activity in agreement with the function of their
corresponding encoded proteins within the drug’s pathway
(28). However, in a recent retrospective study of stage IIIA-
IV NSCLC patients, no association was observed between
the transcriptional expression of any of these genes and
response to gemcitabine-based therapy (29). On the other
hand, we previously demonstrated that the tumoural mRNA
co-expression of the potentially unfavourable genes CDA,
RRM1 and RRM2 was a significant determinant for outcome

endpoints in the first-line setting, including objective
response rate (ORR), disease control rate (DCR), time to
progression (TTP) and overall survival (OS) (30). Based on
this working hypothesis, we further explored the potential
predictive value of the combined transcriptional patterns of
an expanded panel including all five gemcitabine sensitivity-
related genes.

Patients and Methods

Patients and eligibility criteria. The study included chemonaive
patients with histologically confirmed stage IV or recurrent NSCLC
unamenable to local therapy, treated with gemcitabine -either as
monotherapy or combined with platinum compounds, taxanes,
vinorelbine or pemetrexed- in the context of ten phase II, III and IV
clinical trials conducted by the Hellenic Oncology Research Group
and the Hellenic Cooperative Oncology Group, as previously
described (NCT00705549) (31-39), provided that adequate archival
primary-tumour material was available. Tumour specimens were
collected for central laboratory testing, while clinicopathological
data were retrieved from the corresponding trial databases. Both
were obtained with the patients’ signed informed consent. The study
was approved by the Ethics and Scientific Committee of the
University General Hospital of Heraklion (approval number:
4459/2010). 

Specimen processing and mRNA expression profiling. Formalin-
fixed, paraffin-embedded (FFPE) primary-tumour specimens were
independently reviewed by two pathologists for validity and
adequate cellularity (>100 tumour cells per section), and to
identify the most representative area for microdissection. Serial
sections of 5-μm thickness were stained with nuclear Fast Red
(Sigma-Aldrich, St Louis, MO, USA) and tumour cells were
procured using a piezoelectric microdissector (Eppendorf,
Hamburg, Germany). As previously described by our laboratory,
RNA was extracted by the trizol LS method (Invitrogen, Carlsbad,
CA, USA), treated with DNase (DNA-free, Ambion, Austin, TX,
USA) and assessed for purity at 260/280 nm with NanoDrop-1000
Spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA). This was followed by complementary DNA (cDNA)
synthesis using SuperScript III reverse transcriptase (Invitrogen,
Carlsbad, CA, USA) (40, 41).

TaqMan-based, relative RT-qPCR analysis was performed on ABI
Prism 7900HT Sequence Detection System (Applied Biosystems,
Foster City, CA, USA) with appropriate non-template and non-
reverse-transcribed RNA controls. Gene-specific, intron-spanning
forward/reverse primer and probe sets were designed based on the
NCBI Reference Sequence database and using Primer Express 2.0
Software (Applied Biosystems, Foster City, CA, USA) (Table Ι).
PCR experiments were run in triplicate for each target gene, while
cDNA input corresponding to 15 ng RNA in a 12.5 μl final volume
was used per reaction. The mRNA relative expression levels of each
gene were calculated as a continuous variable by the 2-ΔΔCt method,
using β-actin as a normalizing reference gene and commercial RNA
(Stratagene, La Jolla, CA, USA) as quantification calibrators (42).
The target threshold cycle values were acceptable provided that the
standard deviation between triplicates was below 0.3, according to
the manufacturer’s suggestions (Applied Biosystems, 2008; Guide
to RT-qPCR for gene expression).
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Classification model. Individual mRNA expression of the five
studied genes was dichotomised by the corresponding median value
into high versus low. The categorical trasnscription patterns of the
potentially unfavourable genes CDA, RRM1 and RRM2, and the
potentially favourable genes dCK and hENT1 were combined within
each of the two groups, thus classifying the respective gene co-
expression into concordant high, concordant low and
discordant/mixed. In turn, the co-expression patterns of the
favourable and unfavourable genes were used to generate a five-
level, ordinal classification of tumoural gemcitabine sensitivity,
ranging from very low to very high. As shown in Table ΙΙ, very high
susceptibility was defined as concordant low co-expression of the
three unfavourable genes along with concordant high co-expression
of the two favourable genes, whereas very low susceptibility was
defined as the vice-versa expression patterns. High gemcitabine-
susceptibility was defined as concordant low co-expression of the
unfavourable genes along with discordant/mixed co-expression of
the favourable genes, or discordant/mixed co-expression of the
unfavourable genes along with concordant high co-expression of the
favourable genes, whereas low gemcitabine-susceptibility was
defined as the vice-versa patterns. Finally, moderate gemcitabine-
susceptibility was determined by either concordant low, concordant
high or dicordant/mixed co-expression of the unfavourable genes
along with, respectively, concordant low, concordant high and
dicordant/mixed co-expression of the favourable genes.

Study design and statistics. This was a retrospective biomarker
analysis using archived tissue from phase II-IV clinical trials and
exploring the predictive value of the proposed five-level
gemcitabine-susceptibility classifier (5L-GSC) for clinical outcome
in the first-line setting of advanced-stage NSCLC.

Molecular analysis was performed blinded to the clinical data.
The expectation-maximization (EM) approach was employed to
impute missing transcript values of the dataset (43), while all
outcome endpoints were analysed on an intention-to-treat basis.
ORR, i.e. percentage of patients achieving complete and partial
response (CR/PR), and DCR, i.e. percentage of patients achieving
objective response and disease stabilization (SD), were defined by
the RECIST v1.0 criteria, while TTP and OS were calculated from
treatment initiation to the first documented disease progression (PD)

or death from any cause, respectively. The Spearman’s rank
coefficient test was used for pairwise correlation analysis of the
gene expression profiles; only moderate to very strong correlations,
indicated by a Spearman’s r-value (rs)≥0.3, were statistically tested.

The potential associations of 5L-GSC with ORR and DCR were
tested univariably by the chi-square test with exact probabilities as
appropriate. The Kaplan-Meier method was used for plotting the
TTP and OS curves, and estimating the corresponding median
values, while the log-rank test evaluated their univariable
association with the candidate biomarker. 
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Table I. Sequence of the primers and probes of the reference and target genes.

Target Forward primer Reverse primer 5’-labeled (FAM) probe
gene

β-actin 5’-GGC ACC CAG CAC AAT GAA 5’-GCC GAT CCA CAC GGA GTA 5’-TCA AGA TCA TTG CTC CTC 
G-3’ CT-3’ CTG AGC GC-3’

CDA 5’-GTA CAA GGA TTT CAG GGC 5’-GGC CCC ACA TGG AGA GAT 5’-AGT GAC ATG CAA GAT G-3’
AAT-3’ AA-3’

RRM1 5’-ACT AAG CAC CCT GAC TAT 5’-CTT CCA TCA CAT CAC TGA 5’-CAG CCA GGA TCG CTG TCT CTA 
GCT ATC C-3’ ACA CTT T-3’ ACT TGC A-3’

RRM2 5-’CCT GGC CAG CAA GAC CG-3’ 5’-TAG TTT TCG GCT CCG TGG G-3’ 5’-CGA GGA TCT TCC AGG A-3’
dCK 5’-TCT GGT TGA AAA GGT CAA 5’-ACC ATT TGG CTG CCT GTA GTC T-3’ 5’-TGA GTA CTT TGT GAT CTT G-3’

AGA GTT T-3’
hENT1 5’-GCT GCT CCC GTG GAA TTT T-3’ 5’-CAT GTC CAG GCG GTT TGT G-3’ 5’-CGG CCA CTC AGT ATT-3’

CDA: Cytidine deaminase; RRM1: ribonucleotide reductase subunit R1; RRM2: ribonucleotide reductase subunit R2; dCK: deoxycytidine kinase;
hENT1: human equilibrative nucleoside transporter 1; A: adenosine; C: cytidine; G: guanosine; T: thymidine; FAM: 6-carboxyfluorescein.

Table II. Five-level ordinal classification of tumoural gemcitabine-
susceptibility based on the combined mRNA expression patterns of the
five studied genes (5L-GSC).

GMB- Combined expression Combined expression
susceptibility of the 3 of the 2 

unfavourable genes favourable genes
CDA, RRM1 & RRM2 dCK & hENT1

Very high Lowa Highb
High Lowa Mixedc

Mixedd Highb
Moderate Lowa Lowe

Highf Highb
Mixedd Mixedc

Low Highf Mixedc
Mixedd Lowe

Very low Highf Lowe

aConcordant low expression of all three unfavourable genes; bConcordant
high expression of both favourable genes; cDiscordant/mixed expression
of the two favourable genes; dDiscordant/mixed expression of the three
unfavourable genes; eConcordant low expression of both favourable
genes; fConcordant high expression of all three unfavourable genes.
GMB: Gemcitabine; mRNA: messenger RNA; CDA: cytidine deaminase;
RRM1: ribonucleotide reductase subunit R1; RRM2: ribonucleotide
reductase subunit R2; dCK: deoxycytidine kinase; hENT1: human
equilibrative nucleoside transporter 1.



Multivariable binary logistic regressions using a simultaneous
(forced entry) model were carried out to calculate the odds ratios (OR)
and 95% confidence intervals (CIs) for ORR defined as a dichotomous
variable (i.e., objective response versus nonresponse) and DCR across
the five levels of gemcitabine-sensitivity, with adjustment for age, sex,
performance status (PS), stage, squamous (SCC) versus non-squamous
(non-SCC) cell histology, addition of biological agents, and
gemcitabine-based regimen grouped into monotherapy and
combinations with either platinums (cis- and carboplatin), antimitotics
(taxanes and vinorelbine) or antimetabolites (pemetrexed). Likewise,
simultaneous, multivariable Cox proportional-hazards regression
models assessed the potential independent predictive significance of
the biomarker for PD and death, while estimating the corresponding
adjusted hazard ratios (HR) and 95%CIs for each chemosensitivity
level. 

Bias-corrected and accelerated (Bca) bootstrapping with 1000
replications was used to compute the 95%CIs for the mRNA
expression medians of the target genes, the corresponding

pairwise Spearman’s rank correlation coefficients and the
proportions of the five patient-groups assigned by the 5L-GSC
status. It was also employed to estimate the significance levels
for the multivariable regression analyses, thus providing an
alternative to cross-validation for evaluating result replicability
(44). Potential multicollinearity of the model predictors was
assessed by the tolerance and variance inflation factor (VIF)
values.

Categorical regression with optimal scaling transformation
(CATREG), combined with elastic-net regularisation and the
0.632 bootstrap method with 200 iterations were applied to
identify the candidate predictors comprising the most
parsimonious model with the highest prediction accuracy for
overall tumour response, the latter defined as a three-category
variable (i.e., CR/PR versus SD versus PD). In the optimal
scaling process, the response variable was transformed
numerically, 5L-GSC and PS were ordinally quantified, while the
rest independent variables were treated on a nominal scale. The
subset of predictors within one standard error of the optimal
penalized model (i.e., with the minimum expected prediction
error) was selected. The above penalised regularisation method
was used in order to control model complexity and reduce the
variance of parameter estimates (45).

All statistical analyses were conducted with the SPSS v22
software package (IBM, Armonk, NY, USA). The two-tailed level
of significance was set at p-value<0.05. 

ANTICANCER RESEARCH 40: 901-913 (2020)

904

Table III. Patient, tumour and treatment characteristics

Age, median (range, years) 66 (33-88)

Age group Frequency (n) Percent (%)
<60 years 74 33.8
61-70 years 74 33.8
>71 years 71 32.4

Gender
Male 192 87.7
Female 27 12.3

ECOG performance status
0 91 41.6
1 109 49.8
2 19 8.7

Disease stage
IV; M1ba 152 69.4
IV; M1aa 47 21.5
Local recurrenceb 20 9.1

Tumour histology
SCC 88 40.2
Non-SCC 131 59.8

First-line GMB-based 
chemotherapy group

GMB plus anti-mitotic drugsc 122 55.7
GMB plus platinum compoundsd 76 34.7
GMB monotherapy 19 8.7
GMB plus antimetabolite drugse 2 0.9

Additional first-line biological therapy
Yes 18 8.2
No 201 91.8

Second-line systemic therapy
Yes 121 55.3
No 66 30.1
Unknown/unavailable data 32 14.6

aAccording to the 7th edition of UICC TNM classification of non-small
cell lung cancer. bNot amenable to radical local therapy. cTaxanes or
vinorelbine. dCisplatin or carboplatin. ePemetrexed. ECOG: Eastern
Cooperative Oncology Group; SCC: squamous cell histology; Non-
SCC: non-squamous cell histology; GMB: gemcitabine.

Table IV. Tumour individual and combined gene mRNA expression
patterns

Individual gene mRNA expressiona

Gene Median value 95% Bca CIb Range

CDA 0.45 0.31-0.48 0.01-19.8
RRM1 1.23 1.04-1.4 0.14-27.34
RRM2 127.52 113.44-158.76 7.02-4024.25
dCK 3.46 3.45-3.46 0.06-29.03
hENT1 1.1 1.09-1.1 0.14-19.13

Combined gene mRNA expression

5L-GSC Frequency (n) Percent (%) 95% Bca CIc
Very high 7 3.2 1.4-5
High 51 23.3 17.8-28.8
Moderate 97 44.3 38.4-50.2
Low 55 25.1 20.1-30.1
Very low 9 4.1 2.3-6.4

amRNA relative expression levels calculated by the 2–ΔΔCt method (see text,
“Material and Methods” section). b95% Bias-corrected and accelerated
bootstrapped confidence interval (1000 iterations) for the individual median
expression values of the five studied genes. c95% Bias-corrected and
accelerated bootstrapped confidence interval (1000 iterations) or the
proportions of the five patient-groups assigned by the composite biomarker.
mRNA: Messenger RNA; CDA: cytidine deaminase; RRM1: ribonucleotide
reductase subunit R1; RRM2: ribonucleotide reductase subunit R2; dCK:
deoxycytidine kinase; hENT1: human equilibrative nucleoside transporter
1; 5L-GSC: five-level gemcitabine-susceptibility classification.



Results

Patient, tumour and therapy characteristics. The study
population consisted of a total of 219 eligible patients, as
described above. Table III summarises their demographic,
clinicopathological, and therapy features. Patients were
predominantly male (87.7%), with a median age of 66 years
and a good performance status (ECOG PS 0-1, 91.4%). Around
69% of participants had stage IV-M1b and 22% stage IV-M1a
disease (7th UICC TNM edition). Non-SCCs comprised 59.8%
of the tumours. In more than half of the patients, gemcitabine
was combined with anti-mitotics, whereas more than one-third
received gemcitabine/platinum doublets. Biological agents,
such as bevacizumab and bortezomib, were added to first-line

regimens in 8.2% of cases. Data on subsequent therapy were
available for 85.4% of patients, of whom 35.3% received no
other treatment. The three most frequent second-line regimens
in descending order were platinum-plus-irinotecan doublets,
single-agent docetaxel, and vinoreline along with epidermal
growth factor receptor (EGFR)-tyrosine kinase inhibitors
(TKIs). Regarding the outcome in the total study population,
27.4% of patients achieved CR/PR and another 37.9% had SD,
for a DCR of 65.3%. Median TTP and OS were 4.7 and 11.1
months, respectively.

Individual and combined gene mRNA expression profiling.
Amplification was unsuccessful for at least one of the five
target genes in <10% of tumour specimens, necessitating the
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Figure 1. Significant, moderate to strong, pairwise correlations between the mRNA expression levels of the two favourable genes dCK and hENT1
and the two unfavourable genes RRM1 and RRM2. A) Correlation between dCK and RRM1 mRNA levels, B) Correlation between dCK and RRM2
mRNA levels, C) Correlation between hENT1 and RRM1 mRNA levels. dCK: Deoxycytidine kinase gene; RRM1: ribonucleotide reductase subunit
M1 gene; RRM2: ribonucleotide reductase subunit M2 gene; hENT1: human equilibrative nucleoside transporter-1 gene; rs: Spearman's r-value;
p: p-value.



application of EM for missing data imputation. Table IV
displays the range, median and corresponding Bca 95%CI
for the mRNA levels of the studied genes.

No correlations of remarkable effect size were observed
between the individual transcriptional expression of any of
the genes and the main clinicopathological features (data not
shown). On the contrary, significant and moderate positive,
pairwise expression correlations were seen between the

unfavourable genes RRM1 and RRM2 (rs: 0.45, p<0.001;
95% Bca CI=0.34-0.55), and between the favourable genes
dCK and hENT1 (rs: 0.39, p<0.001; 95% Bca CI=0.26-0.51).
Furthermore, there were significant positive pairwise
correlations between the mRNA levels of both former genes
and the two latter, indicating a simultaneous activity of the
two functionally competitive gene groups. More specifically,
dCK mRNA expression correlated moderately with RRM1
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Figure 2. Clinical outcome across the five classification groups of tumoural gemcitabine-susceptibility (5L-GSC). A) Overall tumour response, B)
Disease control rate, C) Time to progression, D) Overall survival. p-Values correspond to univariable analysis performed for each outcome measure
using the appropriate statistical test (see text, “Materials and Methods” section). 5L-GSC: Five-level gemcitabine-susceptibility classification;
ORR: objective response rate; DCR: disease control rate; CR: complete response; PR: partial response; SD: stable disease; PD: progressive disease;
p: p-value.
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Table VI. Multivariable regression and bootstrap analyses of the association of 5L-GSC with clinical outcome

Clinical outcome measure GMB-susceptibility group Odds ratioc p-Value Bca p-Value
[95%CI]

ORR; Very low 0.06d 0.038 0.006
p-Valuea=0.03 [0.004-0.85]

Low 0.15d 0.033 0.013
[0.02-0.86]

Moderate 0.18d 0.047 0.015
[0.03-0.97]

DCR; Very high 16.66e 0.034 0.010
p-Valuea=0.004 [1.23-225.95]

High 10.83e 0.004 0.002
[2.12-55.44]

Moderate 5.2e 0.034 0.015
[1.14-23.84]

Clinical outcome measure GMB-susceptibility group Hazard ratioc p-Value Bca p-Value
[95%CI]

TTP; Very high 0.04e <0.001 0.001
p-Valueb<0.001 [0.01-0.12]

High 0.11e <0.001 0.001
[0.05-0.25]

Moderate 0.22e <0.001 0.001
[0.1-0.46]

OS; Very high 0.04e <0.001 0.001
p-Valueb<0.001 [0.01-0.14]

High 0.09e <0.001 0.001
[0.04-0.2]

Moderate 0.28e 0.001 0.003
[0.13-0.58]

aMultivariable binary logistic regression analysis p-value for 5L-GSC as an independent prognostic factor. bMultivariable Cox-proportional hazard
regression analysis p-value for 5L-GSC as an independent prognostic factor. cAdjusted for age, sex, performance status, stage, tumour histology
and GMB-based chemotherapy group; dUsing very high GMB-susceptibility group as reference; eUsing very low GMB-susceptibility group as
reference. 5L-GSC: Five-level gemcitabine-susceptibility classification; GMB: gemcitabine; ORR: overall response rate; DCR: disease control rate;
TTP: time to progression; OS: overall survival; 95%CI: 95% confidence interval; Bca: bias corrected and accelerated bootstrap.

Table V. Univariable analysis of the association of 5L-GSC with clinical outcome

GMB-susceptibility group/ ORR DCR Median TTP (months) Median OS (months)
Total study [95%CI]; [95%CI]; [95%CI]; [95%CI];
population p-valuea= 0.048 p-valuea= 0.003 p-valueb<0.001 p-valueb<0.001

Very high 57.1% 85.7% 10.6 23.5
[25-84.2%] [48.7-97.4%] [8.2-12.9] [15.8-31.1]

High 39.2% 80.4% 7.3 17.3
[27-52.9%] [67.5%-89%] [6.3-8.2] [14.2-20.5]

Moderate 23.7% 67% 5 11.1
[16.4-33.1%] [57.2-75.6%] [3.9-6.1] [9.5-12.8]

Low 21.8% 50.9% 3 6.1
[12.9-34.4%] [38.1-63.6%] [2.1-3.9] [1.4-10.8]

Very low 11.1% 33.3% 1.8 4.9
[2-43.5%] [12.1-64.6%] [0.5-3.2] [0-10.2]

Total study population 27.4% 65,3% 4.7 11.1
[21.9-33.7%] [58.8-71.3%] [3.8-5.5] [9.7-12.6]

aExact, two-sided, chi-square test p-value. bLog-rank test p-value. 5L-GSC: Five-level gemcitabine-susceptibility classification; GMB: gemcitabine;
95%CI: 95% confidence interval; ORR: overall response rate; DCR: disease control rate; TTP: time to progression; OS: overall survival.



(rs: 0.44, p<0.001; 95% Bca CI=0.33-0.54) and strongly with
RRM2 expression (rs: 0.68, p<0.001; 95% Bca CI=0.6-0.74),
while hENT1 mRNA expression correlated weakly (rs: 0.22)
to moderately (rs: 0.38, p<0.001; 95% Bca CI=0.26-0.49)
with the expression of RRM1 and RRM2, respectively
(Figures 1A-C).

Based on our proposed biomarker, the study cases were
categorised and distributed into five gemcitabine-
susceptibility groups as follows: very high, 3.2% (95% Bca
CI=1.4-5%); high, 23.3% (95% Bca CI=17.8-28.8%);
moderate, 44.3% (95% Bca CI=38.4-50.2%); low, 25.1%
(95% Bca CI=20.1-30.1%); and very low, 4.1% (95% Bca
CI=2.3-6.4%) (Table IV).

Univariable and multivariable associations of 5L-GSC with
clinical outcome. On univariable analyses, 5L-GSC was
significantly associated with all outcome measures, including
ORR (p=0.048), DCR (p=0.003), TTP (p<0.001) and OS
(p<0.001). As shown in Figures 2A-D and Table V, as the
level of tumoural gemcitabine-susceptibility increased from
very low to very high, ORR and DCR advanced stepwise
from 11.1% (95%CI=2-43.5%) to 57.1% (95%CI=25-84.2%)
and from 33.3% (95%CI=12.1-64.6%) to 85.7%
(95%CI=48.7-97.4%), respectively, while median TTP and
OS were extended from 1.8 (95%CI=0.5-3.2) to 10.6 (8.2-
12.9) months and from 4.9 (95%CI=0-10.2) to 23.5
(95%CI=15.9-31) months, respectively. The proportion of
patients receiving second-line treatment did not differ
significantly among the five chemosensitivity groups,
ranging from 44.4% to 85.7% (p=0.17). 

As shown in Table VI, the proposed biomarker remained
an independent predictor for all four outcome endpoints ORR
(p=0.03), DCR (p=0.004), TTP (p<0.001) and OS (p<0.001)
after adjusting for the seven aforementioned potential
confounders. Furthermore, for tumours classified as very low
to moderately gemcitabine-sensitive, the adjusted odds of
achieving an objective response versus nonresponse ranged,
respectively, from 6% to 18% of the corresponding odds for
the highest chemosensitive tumours. Conversely, as compared
with tumours of the lowest gemcitabine-sensitivity, the
adjusted odds ratio of disease control for those of moderate
to very high sensitivity was progressively higher, ranging
from 5.2 (95%CI=1.14-23.84) to 16.66 (95%CI=1.23-
225.95), while the adjusted hazard ratios of PD and death
were progressively lower, ranging downwards from 0.22
(95%CI=0.1-0.46) to 0.04 (95%CI=0.01-0.12) and from 0.28
(95%CI=0.13-0.58) to 0.04 (95%CI=0.01-0.14), respectively.

The multivariable regression analysis results regarding the
effect of 5L-GSC on clinical outcome retained their
statistical significance after Bca bootstrapping validation
(Table VI). The tolerance and VIF values did not indicate
any multicollinearity issues for the multivariable regression
models (data not shown).

Elastic-net penalized, optimally scaled CATREG modelling
of overall tumour response. Figure 3 illustrates the CATREG
elastic-net penalization paths for the coefficients of the eight
candidate predictors of overall tumour response, including
5L-GSC. The most stable model, as selected based on the
one-standard-error rule (described in the Materials and
Methods Section), consisted only of the proposed biomarker.
The corresponding expected prediction error for the original
(i.e., non-transformed) data estimated by the 0.632 bootstrap
was 0.62. As shown in the transformation plots (Figures 4A-
B), the categories with negative quantifications, namely very
low and low gemcitabine-sensitivity, contributed negatively
to the prediction of tumour response and hence were related
with PD, whereas high and very high gemcitabine-sensitivity
were plotted above the zero line, thus contributing positively
and being related with SD and CR/PR.

Discussion

In the era of targeted and immunomodulatory therapies,
gemcitabine-based chemotherapy retains an integral role in
the management of advanced-stage NSCLC, especially for
patients lacking access to innovative anticancer drugs due to
ineligibility and/or unaffordability. Moreover, as the addition
of anti-EGFR agents, such as necitumumab, and immune-
checkpoint inhibitors, such as pembrolizumab, to classical
cytotoxic therapy have become novel treatment options in
the first-line setting (46, 47), customisation of chemotherapy
would further improve the clinical effect of such
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Figure 3. Categorical regression (CATREG) elastic-net paths for the
penalisation of the eight-predictor model for overall tumour response.
Ridge penalty: 1.000, Least Absolute Selection and Shrinkage Operator
(Lasso) penalty: 0.520. The dotted vertical line corresponds to the
penalised model including only the 5-level gemcitabine-sensitivity
classifier (5L-GSC), selected by the one-standard-error rule and
application of the 0.632 bootstrap method. PS: Eastern Cooperative
Oncology Group performance status.



combination strategies. A key feature of this concept is the
development of molecular biomarkers predicting tumour
susceptibility to gemcitabine and their implementation in
daily practice.

The tumoural mRNA levels of RRM1, RRM2, CDA, dCK
and hENT1 genes, all being involved in the drug’s
intracellular activity and metabolism, have emerged as such
potential predictive tools based on limited, predominantly
retrospective clinical data (3- 10, 13- 17, 19- 29). As most
previous studies tested the role of these genes separately
rather than as a composite biomarker, we integrated their
individual expression patterns into an ordinal, five-level
gemcitabine-susceptibility classifier, the predictive value of
which we retrospectively evaluated in patients with advanced
NSCLC treated and prospectively followed in the context of
clinical trials. Arguably, the appropriate use of archived
tissue-specimens from high-quality datasets, such as large
clinical trials, can provide sufficient levels of evidence for
the clinical utility of candidate biomarkers (48).

To our knowledge, the present study is the largest to
assess the biomarker role of all the aforementioned genes in
this setting, and the first to demonstrate a significant and
clinically relevant association of their combined
transcriptional expression with outcome of gemcitabine-
based chemotherapy. It also supports the feasibility of the
proposed biomarker profiling in readily accessible FFPE
tumour samples. The significant, positive, weak to strong,
pairwise correlations observed between the tumoural mRNA
levels of the unfavourable genes RRM1 and RRM2 and the
favourable genes dCK and hENT1 imply a trend for

concordant differential expression of these functionally
competing genes. This, in turn, underlines the potential
caveat of testing only single-gene associations with
gemcitabine efficacy and might explain previous, conflicting
study reports. Given our preliminary findings on the
promising predictive value of the co-expression patterns of
the three unfavourable genes CDA, RRM1 and RRM2 (30),
we expanded our analysis to explore the contributing effect
of the two favourable genes dCK and hENT1, while
including additional patients and lengthened follow-up data. 

The above-defined integrated biomarker 5L-GSC was
shown to be independently associated with all four clinical
endpoints -ORR, DCR, TTP and OS- in multivariable
regression models adjusting for potential confounding factors
such as tumour histology and chemotherapy regimen, and
after excluding collinearity among the predictor variables.
Furthermore, the magnitude of chemotherapy efficacy
increased progressively across the five classification groups
and in accordance to the scale level of gemcitabine-
susceptibility, with the values of outcome measures for the
moderate-chemosensitivity group resembling those for the
total study population. These, in turn, were as expected by
current standards for the first-line chemotherapy setting. 

Despite considerable limitations by the retrospective
nature of our study, the relatively small number of
observations per candidate predictors, and the lack of
independent cohort verification, Bca bootstrap testing
confirmed the robustness of the statistical significance of the
multivariable regression analysis results (45). Furthermore,
by applying elastic-net penalised CATREG along with 0.632
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Figure 4. Transformation plots of (A) the response variable “overall tumour response” and (B) the predictor variable “5-level gemcitabine-sensitivity
classifier (5L-GSC)” in the model selected by the highest prediction accuracy. The categories with negative quantifications, i.e. very low and low
gemcitabine-sensitivity, contributed negatively to the prediction of tumour response and were related with PD, whereas positively quantified
categories, i.e. high and very high gemcitabine-sensitivity, contributed positively and were related with SD and CR/PR. GMB: Gemcitabine; PD:
Progressive disease; SD: stable disease; CR: complete response; PR: partial response.



bootstrapping we explored the relationship between
predominantly categorical variables and the type of tumour
response, while minimizing the variance of the regression
coefficient estimates and improving the model prediction
performance. Given the limited size of our sample, the
proposed 5L-GSC was selected as the most stable predictor
for tumour response, with the highest potential of
replicability in future studies (46).

Our findings of an ORR of 57.1% and a median TTP of
10.6 months in the seven out of 219 cases assigned as very
highly gemcitabine-sensitive are particularly noteworthy as
they compare similarly or favourably to the corresponding
values of ORR and median progression-free survival (mPFS)
reported by the two landmark, front-line clinical trials
KEYNOTE 024 and FLAURA for tumours with
programmed death-ligand 1 expression of ≥50% and EGFR-
activating mutations treated, respectively, with
pembrolizumab (ORR: 44.8%; mPFS: 10.3 months) and
first-generation EGFR-TKIs (mPFS: 10.2 months) (49, 50).
Of note for comparison, the ORR and mPFS among the
control-arm patients of the KEYNOTE-024 study, 21% of
whom received gemcitabine-based regimens, were 27.8%
and 6 months, respectively. The interpretation of the
treatment’s impact on OS for the cases with the highest
gemcitabine-sensitivity level is more complex due to the
greater potential effects of unseen confounders, but the
finding of a median value of 23.5 months is notable
considering the statistically indifferent frequency of second-
line treatment among the five chemosensitivity groups.
Although such indirect comparisons are of limited credibility
due to different study designs, they intriguingly indicate the
potential advantages of personalised chemotherapy based on
the proposed 5L-GSC. 

Another concern for the latter’s clinical utility is the likely
low prevalence in the target population of cases characterised
by the highest gemcitabine-susceptibility, as the bootstrapped
95% confidence upper limit for its true value was 5%.
Nevertheless, this is comparable to the frequencies of known
actionable gene alterations in advanced NSCLC, such as
anaplastic lymphoma kinase (ALK) rearrangements and B-
Raf proto-oncogene, serine/threonine kinase (BRAF)
mutations. Furthermore, by combining the classification
levels of high and very high sensitivity, 5L-GSC would
identify up to 34% of patients obtaining a clinically
meaningful benefit from gemcitabine-based regimens.
Conversely, up to 36% of patients with low and very low
chemosensitive tumours could safely abstain from such
treatment.

In conclusion, combined mRNA-expression profiling of
CDA, RRM1, RRM2, dCK and hENT1 in the primary tumour
is a promising predictive biomarker for guiding front-line
gemcitabine-based chemotherapy in advanced-stage NSCLC,
which merits external validation and prospective evaluation.
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