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REVIEW

On the pharmacogenetics of non-small cell lung cancer treatment
Mariacarmela Santarpiaa†, Christian Rolfo b†, G. J. Petersc, Leticia G. Leon d and Elisa Giovannetti c,d

aMedical Oncology Unit, Human Pathology Department, University of Messina, Messina, Italy; bDepartment of Medical Oncology, Antwerp
University Hospital, Antwerp, Belgium; cDepartment of Medical Oncology, VU University Medical Center, Amsterdam, The Netherlands; dCancer
Pharmacology Lab, AIRC Start-Up Unit, University of Pisa, Pisa, Italy

ABSTRACT
Introduction. Despite many clinical efforts, non-small-cell lung cancer (NSCLC) has a dismal 5-year
survival rate of 16%, and high incidence of recurrence. The success of biologically targeted agents, as
well as the activity of well-established chemotherapeutic regimens, has been limited by inherited/
acquired resistance, and biomarkers to adapt the prescription of anticancer drugs to patients’ features
are urgently warranted.
Areas covered. In oncology, pharmacogenetics should provide the way to select patients who may
benefit from a specific therapy that best match the individual and tumor genetic profile, thus allowing
maximum activity and minimal toxicity. The present review summarizes the main findings on NSCLC
pharmacogenetics, critically reappraising the most important studies on polymorphisms correlated with
outcome of pemetrexed and EGFR-inhibitors, and provides perspective on clinical application of
genomic tests for treatment decision-making.
Expert Opinion. A major challenge in NSCLC is the identification of subgroups of diseases/patients that
will truly benefit from specific treatments. Ideally, convenient and minimally invasive tests to decipher
biomarkers of chemosensitivity/resistance and toxicity should be developed alongside novel anticancer
treatments. Integration with the latest generation of whole-genome analyses and liquid biopsies as well
as prospective validation in large cohorts of patients will overcome the limitations of the traditional
pharmacogenetic approaches.
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1. Introduction

Parameters such as disease stage and grade, age, performance
status, and comorbidity provide a crude discrimination of prog-
nosis in most tumor types, including nonsmall-cell lung cancer
(NSCLC). These variables are surrogate markers of clinical beha-
vior and could be useful for predicting patient prognosis and
selecting appropriate anticancer treatments [1]. For instance,
mediastinal lymph node involvement and the number of meta-
static lymph nodes are important negative prognostic factor in
surgically resected stage IIIA NSCLC [2]. Additionally, visceral
pleural invasion was observed more frequently in biologically
aggressive NSCLCs, and by multivariate analysis, this invasion
proved to be a significant independent predictor of grim prog-
nosis, with or without lymph node involvement [3]. Therefore, in
most NSCLC cases, the therapeutic strategy is based on the
tumor stage and on the performance status of the patient at
diagnosis.

However, recent data suggested that the histologic subtype
influences the efficacy or toxicity of anticancer treatments. This
differential therapeutic efficacy is well documented for peme-
trexed in advanced or metastatic NSCLC: a phase III trial showed
that patients with nonsquamous histology had a survival ben-
efit when treated with cisplatin/pemetrexed versus cisplatin/
gemcitabine, while the reverse was observed in patients with

squamous histology [4]. On the basis of these results, the Food
and Drug Administration (FDA) and European Medicine Agency
(EMEA) approved pemetrexed for the use in the first-line treat-
ment of advanced nonsquamous NSCLC.

Most recently, the treatment of NSCLC has been revolutio-
nized by the introduction of novel drugs designed to target
specific molecular factors implicated in cancer cell prolifera-
tion. These novel targeted therapies are based on advances in
our understanding of key cellular networks and nodal points
involved in tumor development and progression [5]. Genomic
studies have indeed highlighted the importance of ‘driver’
somatic alterations that activate crucial oncoproteins originat-
ing cancers with an addictive dependency. Therapeutic agents
specifically designed to intercept these deregulated oncopro-
teins have demonstrated to be effective treatments in such
‘oncogene-addicted’ tumors. In particular, the epidermal
growth factor receptor (EGFR) has been successfully targeted
either by monoclonal antibodies or small molecules inhibiting
the tyrosine kinase (TK) domain. The monoclonal antibody
cetuximab blocks the extracellular domain of EGFR, thereby
competing with the ligands, and has been approved as first-
line treatment combined with platinum-based chemotherapy
in EGFR-positive NSCLC patients with good performance sta-
tus [6]. The EGFR tyrosine kinase inhibitor (TKI) gefitinib has
been approved by FDA and EMEA as upfront therapy
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replacing chemotherapy in late-stage NSCLC patients harbor-
ing activating EGFR mutations [7]. The manageable toxicity,
along with its efficacy, make erlotinib an important option
also as maintenance therapy, and erlotinib and gefitinib are
the only drugs of proven efficacy in the third-line setting for
NSCLC [8]. Another example of targeted therapy is the ana-
plastic lymphoma kinase (ALK) inhibitor crizotinib, which has
been approved by FDA for the treatment of locally advanced
or metastatic NSCLCs with the fusion-type protein kinase
echinoderm microtubule-associated protein-like 4 (EML4)–ALK
translocation [9]. This traslocation occurs in up to 5% of
NSCLC tumors as a result of a small inversion within the
short arm of human chromosome 2.1. Fusion of EML4 with
ALK enables ALK to dimerize ligand independently, resulting
in an aberrantly active protein. Aberrant expression of the
EML4-ALK fusion protein activates several pathways important
for cell survival and cell proliferation such as PI3K, JAK3/STAT,
and Ras/Mek/Erk pathways [10]. The fast-tracked FDA approval
of crizotinib, as well as of the second-generation ALK inhibitor
ceritinib, which inhibits two of the most common ALK
mutants that confer resistance to crizotinib, L1196M and
G1202R,[11] is due to the excellent clinical trial design and
should set an example for future cancer drug development.
The efficacy of these compounds in NSCLC patients is indeed
based on well-researched mechanisms and proven to be a
solid choice as therapy for NSCLC.

However, the clinical success of the new biologically tar-
geted agents has been limited by early intrinsic resistance
(also known as innate or de novo resistance) or fast adaptive
tumor responses (acquired resistance) to targeted anticancer
therapies, because of their inability to fully block the cancer-
relevant signaling pathways [12]. Furthermore, despite the
high selectivity of TKIs, in daily clinical practice, several

previously unknown and sometimes unpredictable adverse
events are emerging. These effects are typically related with
targets which are also present in normal tissues, such as the
skin and mucous membranes, the gastrointestinal tract, the
cardiovascular, respiratory, and neurologic systems [13].
Clinicians must be challenged to recognize and manage
these ‘novel’ adverse events because, even if in the majority
of cases they are of mild–moderate grade and reversible on
treatment cessation, they could deeply influence patients’
quality of life. The main problem of current cancer therapies
is that many patients are indeed receiving a toxic and often
expensive treatment without any benefit.

Pharmacogenetics can be defined as the study of how the
actions of and reactions to drugs vary because of genetic
factors regulating individual and tumoral drug pharmacoki-
netics and pharmacodynamics. Therefore, pharmacogenetics
of both conventional chemotherapeutic and targeted agents
should provide key insights on the intersubject treatment-
response and toxicity variability. Inherited genetic poly-
morphisms, including single-nucleotide polymorphisms
(SNPs) that affect either expression or functionality of impor-
tant enzymes and/or targets in the metabolism and activity
of anticancer drugs have been extensively investigated as
prognostic/predictive factors in different tumor types,
including NSCLC [14]. The large majority of these studies
applied a candidate gene approach based on ‘a priori’ knowl-
edge of gene function, leading to often conflicting results
that are difficult to replicate [15]. The present review sum-
marizes the main findings on NSCLC pharmacogenetics, cri-
tically reappraising the most important factors affecting the
data on polymorphisms correlated with drug activity or toxi-
city. Because of their current use in the treatment of NSCLC,
we especially report the clinical trials and pharmacogenetic
determinants of a classical chemotherapeutic compound,
pemetrexed, and of the widely used EGFR-TKIs gefitinib and
erlotinib. Other issues include the development of new tech-
nologies to decipher pharmacogenetic markers of chemo-
sensitivity and/or resistance that might be applied to the
patient before and during treatment using samples from
surrogate tissues. Furthermore, we highlight the most recent
and clinically relevant aspects of genetic analyses of NSCLC
from the perspective of the application in the clinical prac-
tice, reporting which specimens and methods should be used
to conduct appropriate pharmacogenetic studies, as
described in the following chapters.

2. Pharmacogenetics of NSCLC: which patients and
specimens?

Assessing germline genetic polymorphisms as either predictive
or prognostic markers is very appealing, especially in the NSCLC
advanced cancer setting, when diagnosis is usually done from
small needle biopsy samples, and tumors are either not
resected or resected after chemotherapy, so that the handling
of patient material can be problematic [16]. Polymorphisms are
indeed inherited genetic variants harbored by all the cells, and
the biological material required for pharmacogenetic studies is
therefore germline DNA. This DNA can be easily extracted from
blood samples as well as from other normal cells of the body,

Article Highlights

● Despite the discovery of all the successful targeted therapies direc-
ted against specific alterations of oncogenic pathways, nonsmall-cell
lung cancer (NSCLC) is still the leading cause of cancer-related death,
with overall 5-year survival rate of about 15%.

● Pharmacogenetics intends to identify relationships between gene
polymorphisms and drug activity (in terms of both efficacy and
toxicity), with the aim of proposing a rational individual drug
prescription.

● Examples of pharmacogenetic determinants are the polymorphic
tandem repeats located in a drug target, such as the TS enhancer
region (TSER), which were associated with outcome after peme-
trexed treatment and the ABCG2 421C/A singlenucleotide poly-
morphisms which has been correlated with the reduction of
ABCG2 protein expression and/or activity and with increased accu-
mulation of gefitinib and erlotinib.

● Up to now, most pharmacogenetic studies led to conflicting results
that are difficult to translate in the clinical setting.

● Future pharmacogenetics studies should improve both (1) laboratories
methodologies, including standardized techniques of sample collec-
tion/processing and mathematically robust methods to analyze data,
and (2) clinical methodologies, including large prospective rando-
mized clinical trials, in homogeneous population, with appropriate
design of customized therapy and powered statistical analysis.

New technologies will foster pharmacogenetic by moving from candi-
date gene methods, based on a priori knowledge of gene function,
toward a genome-wide approach.
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such as cells from internal cheek mucosa, which can be
obtained with a noninvasive procedure through a smooth
brush [17]. Thus, pharmacogenetic analyses are easier to
adopt in the routine clinical setting than tumor gene expression
studies, which need core needle biopsies of patient’s tumors
with laser microdissection and subsequent sophisticated infra-
structure. However, some pharmacogenetic studies evaluated
tumor material, obtained from biopsy or surgery, which was
stored as fresh frozen samples or archived in pathology labora-
tories after formalin fixation and embedding in paraffin blocks
[18]. The tumor cores in these samples are almost always
surrounded by nontumor areas that should be used for DNA
extraction. Despite numerous important genomic alterations
that characterize tumor DNA, the ‘ordinary’ polymorphisms
still exist in the tumor genome. However, the risk of loss of
heterozygosity may introduce a critical bias and alter the con-
clusions of a study dedicated, for instance, at the identification
of the polymorphisms of a gene expressed in the liver and
involved in drug activation or detoxification, such as cytidine
deaminase for gemcitabine [19]. Conversely, it might be inter-
esting to know the tumor as well as the germinal genotype of
polymorphisms of DNA repair genes, because the DNA repair
involved in resistance to alkylating drugs actually occurs within
the cancer cells [20].

Of note, recent reports have shown that lung cancers can
be characterized by substantial heterogeneity [21]. A recent
study performing multiregion whole-exome sequencing on 48
tumor regions from 11 localized resected lung adenocarcino-
mas identified 76% of all mutations and 20 of 21 known
cancer gene mutations in all regions of individual tumors,
suggesting these represent early events in tumorigenesis.
Parallel deep sequencing was able to detect gene mutations
in all the regions and characterize heterogeneity more accu-
rately [22]. These results support the analysis of normal cells
for pharmacogenetic studies, as well as further studies on
circulating tumor DNA [23,24], which might reflect better the
entire tumor genome and can offer a more feasible means of
comparing tissue analysis and evaluating tumor heterogeneity
at diagnosis or during treatment in order to better tailor
therapeutic strategies with targeted agents or drug
combinations.

3. Pharmacogenetics of NSCLC: which genes, copy
number variations/alterations and polymorphisms?

The unsatisfactory results of currently available therapies for
NSCLC might reflect the lack of knowledge on the way by
which molecular abnormalities affect tumor responsiveness to
anticancer agents. A few studies evaluated copy number varia-
tions/alterations correlated to NSCLC outcome. In particular,
copy number gains on chromosome 8q21-q24.3 were statisti-
cally significantly more frequent in long-term than in short-
term survivors affected by lung adenocarcinoma, whereas in
squamous cell carcinoma, gains on chromosome 14q23.1–24.3
were associated with shorter overall survival (OS), and losses in
14q31.1–32.33 correlated with longer OS [25]. Since histological
subtypes are associated with differential outcome and thera-
peutic response [4], we might speculate that these genetic
aberrations could affect drug activity. Importantly, cigarette

smoking, which is one of the main causes of NSCLC and has
also been related to prognosis in NSCLC patients treated with
cisplatin and gemcitabine or cisplatin and pemetrexed [26],
leads to more copy number alterations, which may be
mediated by the genome instability [27]. A recent study
showed that nicotinic acetylcholine receptor alpha3, alpha5,
and beta4 genes (CHRNA3, CHRNA5, and CHRNB4) cluster at
the 15q25.1 lung cancer susceptibility locus, and four variants
(rs3829787, rs3841324, rs588765, and rs3743073) were asso-
ciated with differential levels of genetic aberrations, while
three haplotypes were associated with CHRNA5 mRNA levels,
susceptibility to NSCLC, smoking-related DNA alterations, and
TP53 mutations [28]. Genetic differences resulting in interindi-
vidual variation in DNA repair capacity may indeed account for
susceptibility of the lung cells to the genotoxic agents leading
to somatic mutations, and individuals who smoke and have
polymorphisms that may result in deficient DNA repair are at
a greater risk of TP53 mutations. Furthermore, the interaction
between genetic variations such as SNPs and copy number
variations and somatic mutations in some of the tumor most
important genes might affect response to specific anticancer
drugs, and several studies correlated cisplatin and DNA damage
and repair with TP53 mutations and p53 activity [29]. Many
efforts have been therefore invested to identify pharmacoge-
netic biomarkers that can be used to predict sensitivity or
resistance to cisplatin, including TP53 and DNA repair pathway
genes [20]. However, the present review focuses on examples
on how genetics might affect drug response of the conven-
tional chemotherapeutic agent pemetrexed as well as of the
anti-EGFR targeted agents gefitinib and erlotinib, as described
in the following paragraphs.

3.1. Pharmacogenetics of pemetrexed

Pemetrexed enters the cell via the reduced folate carrier
(RFC) or proton-coupled folate transporter and is converted
by folypolyglutamate syntethase to a series of active poly-
glutamate derivatives inhibiting several folate-dependent
enzymes such as thymidylate synthase (TS), dihydrofolate
reductase (DHFR), glycinamide ribonucleotide formyl trans-
ferase (GARFT), and to a lesser extent, aminoimidazole car-
boxamide ribonucleotide tranformylase and CI-
tetrahydrofolate synthase (Figure 1). Its activity leads to
fully reduced folates depletion, thus resulting in disruption
of purines and pyrimidines synthesis [30]. The polyglutamy-
lation leads to extended intracellular retention of the com-
pound, resulting in more prolonged efficacy. While
pemetrexed-mediated inhibition of GARFT is weak, TS inhibi-
tion interrupts the tetrahydrofolate oxidation with conse-
quential lack of DHFR activity [31]. Preclinical data showed
a significant correlation between TS mRNA and protein upre-
gulation with reduced sensitivity to pemetrexed in NSCLC
cell lines [32,33]. Sensitivity to pemetrexed was also asso-
ciated with mRNA levels of genes involved in the mechanism
of action of this drug in freshly explanted human tumor
specimens. In particular, low TS mRNA, as well as reduced
levels of GARFT and DHFR mRNA, significantly correlated
with chemosensitivity to pemetrexed [34]. Several other stu-
dies showed that the expression of TS protein was correlated
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with outcome in NSCLC specimens from patients treated
with pemetrexed-based chemotherapy, particularly in non-
squamous carcinomas [35,36]. The different clinical results
obtained with pemetrexed in various histological subtypes of
NSCLC [4] might indeed be explained with the differential TS
expression, which is higher in squamous cell carcinomas than
in adenocarcinomas [37]. These data have been corroborated
by a recent meta-analysis in a total of 526 patients from the
eight studies, showing that objective response rate for peme-
trexed-containing chemotherapy was significantly higher in
patients with TS low expression. However, although patients
with low expression of TS have a longer median OS, this
difference was not statistically significant [38]. These conflict-
ing results might be due to relatively small/heterogeneous
sample size, different methodologies, treatment heterogene-
ity, and retrospective nature of most studies.

More recently, Sun and collaborators [39] reported data from
an observational phase II study where they prospectively inves-
tigated the correlation between tumor baseline expression of
TS and outcome in patients with nonsquamous NSCLC ran-
domly assigned to either pemetrexed/cisplatin or gemcita-
bine/cisplatin treatment. Low-TS protein levels were predictive
of significantly higher response rates and longer progression-
free survival (PFS) in patients treated with pemetrexed/cisplatin
compared to the gemcitabine/cisplatin group. However, regard-
ing the same treatment allocation, high TS expression was not
correlated to the outcome. A power analysis for the number of
enrolled patients as well as a consensus regarding the scoring
values to assess protein expression are urgently needed to
improve experimental reproducibility and correct interpretation
of results. Similarly, the optimization and standardization of

technical procedures are crucial to validate the best biomarkers
for personalized chemotherapy.

A phase III multicenter, randomized study ITACA
(International TAilored Chemotherapy Adjuvant) has been
started to prospectively validate the role of TS in peme-
trexed-based chemotherapy response [40]. In this trial,
expression of TS and ERCC1 is assessed by PCR on tumor
specimens before randomization in all the enrolled patients.
Within 45 days post-surgery, patients in each genetic profile
are randomized to receive either a standard chemotherapy
selected by the investigator (cisplatin/vinorelbine, cisplatin/
docetaxel, or cisplatin/gemcitabine) or the following experi-
mental treatments: (1) high ERCC1/high TS, single agent
paclitaxel; (2) high ERCC1/low TS, single agent pemetrexed;
(3) low ERCC1/high TS, cisplatin/gemcitabine; (4) low ERCC1/
low TS, cisplatin/pemetrexed. All regimens are administered
for a total of 4 cycles on a 3-weekly basis, and OS has been
indicated as primary endpoint. However, further prospective
randomized trials, with a control and a genotypic arm, should
be performed in patients affected by advanced/metastatic
NSCLC.

Remarkably, TS expression is regulated by multiple
mechanisms occurring at transcriptional, post-transcriptional,
and translational levels [41]. These physiological mechanisms
are associated with cell proliferation and apoptosis, which are
often altered in tumors; therefore, we believe that functional
studies to evaluate key factors modulating TS status are neces-
sary before larger pharmacogenetics prospective trials are
launched. TS may indeed have a mixed role as prognostic
and predictive biomarker, possibly depending on drug and
disease [30].

Figure 1. Key factors in the transport, activation, and activity of pemetrexed. Dashed lines denote inhibitory effect of drug/metabolites on cellular enzymes/
transporters. Abbreviations. DHFR: Dihydrofolate reductase; FPGS: Folylpolyglutamate synthetase; GARFT: Glycinamide ribonucleotide formyl transferase; Gln:
Polyglutamate; PCFT: Proton-coupled folate transporter; RFC: Reduced folate carrier; TS: thymidylate synthase.
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Functional polymorphisms such as polymorphic tandem
repeats located in the TS enhancer region (TSER) have also
been investigated. Previous studies reported a 2.6-fold higher
TS expression with 3 copies (TSER*3) of the R than with 2
copies (TSER*2) [42]. The variable number of repeats was
associated with outcome after pemetrexed treatment in
patients with different malignancies, including lung cancers
[43,44]. However, these data were not always confirmed in
other studies in NSCLC [45–47]. In particular, the randomized
phase II trials NVALT-7 and GOIRC-02.2006, which included the
largest retrospective pharmacogenetic study performed in
NSCLC patients treated with pemetrexed, did not confirm
the correlation of TSER with outcome [47]. Conversely, the
homozygous variant methylenetetrahydrofolate reductase
T677 T was reported to correlate with a significantly longer
PFS compared to patients with the wild-type or heterozygous
genotype in the same study. Since methylenetetrahydrofolate
reductase is an important regulator of the folate homeostasis,
the polymorphic variant was suggested to favor an increased
inhibition of TS by pemetrexed. However, this result was not
observed in 45 adenocarcinoma patients treated with peme-
trexed [44].

Pemetrexed activity might indeed be affected by other
mechanisms of antifolate resistance such as loss of RFC or
proton-coupled folate transporter, causing impaired uptake:
increased drug efflux due to overexpression of ATP-driven
multidrug resistance proteins, decreased folypolyglutamate
syntethase expression and/or inactivating mutations or alter-
native splicing defecting antifolate polyglutamylation, and
increased expression of γ-glutamyl hydrolase (GGH) [30,44].
However, none of these factors has yet been validated in
NSCLC [15]. Recent pharmacogenetic studies in NSCLC sug-
gested the potential predictive role of SNPs in RFC and GGH
genes. A study evaluating the efficacy of combining peme-
trexed and bevacizumab in 48 patients suggested the correla-
tion of RFC-exon6-SNP and PFS. Additionally, a trend toward
an association with PFS was associated with the GGH IVS7
(1478) SNP, whereas the GGH IVS2(1307)CC genotype was
associated with significantly longer OS [48]. In contrast, phar-

macogenetic analyses in a randomized phase II trial aiming to
optimize the administration schedule of pemetrexed and
gemcitabine in 54 chemotherapy-naive patients with
advanced NSCLC did not show any correlations with outcome
for GGH IVS7(1478) and IVS2(1307) [49]. However, the latter
trial supported the association of RFC-exon6-SNP with out-
come following pemetrexed treatment [49], which was also
reported in the recent research by Li and collaborators [44].

Future pharmacogenetic studies should be integrated with
the analysis of active drug metabolites, such as intracellular
pemetrexed polyglutamates, which might lead to a more com-
plete picture on the pharmacokinetics and pharmacodynamics of
pemetrexed and enable better prediction of individual treatment
response.

3.2. Pharmacogenetics of EGFR-TKIs

Several germline DNA variations of EGFR and other genes have
been associated with clinical outcome, and this section focuses
on the relationship between these candidate germline poly-
morphisms (Table 1) and the response and toxicity to the
EGFR-TKIs [50]. However, studies on polymorphisms affecting
their outcome have the potential to be extended to cover TKIs
of similar structure and activity, including second- and third-
generation EGFR inhibitors with increasing clinical application,
such as afatinib, rociletinib, and AZD9291.[51,52]

Most pharmacogenetic studies evaluated SNPs in the region
regulating the expression of the EGFR gene, which are located
within the 5ʹ-flanking region and intron-1. Both the EGFR
−191C/A and −216G/T SNPs are located in the transcriptional
start site of the promoter region, including multiple nuclear
regulatory affinity sites. The −191C/A polymorphism has been
correlated with enhanced EGFR expression and activity, while
the A-G variant, leading to the substitution of an arginine with a
lysine at codon 497 (R497K), has been associated with reduction
of EGFR activity [53,54]. The −216G/T genotype is at the binding
site for the transcription factor Sp1, and the T allele increased
EGFR mRNA expression [55]. The −216G/T, −191C/A, and R497K
EGFR polymorphisms were evaluated in a study conducted in

Table 1. Key genetic polymorphism associated with differential outcome and toxicity in NSCLC patients treated with gefitinib and/or erlotinib.

Gene Polymorphism Biological effects Clinical effects N Ref.

EGFR Intron-1 CA repeats rs11568315 The shorter alleles enhance EGFR
transcription

Improved RR, longer OS, and
increased skin rash

92, 80 56, 82

R497K rs2227983 The substitution of Arginine with
Lysine decreases EGFR activity

Moderate–severe diarrhea 94 79

−216 G/T rs17289 The T allele increases EGFR promotor
activity

Higher rates of stable disease/
partial response, treatment-
related rash and diarrhea

170, 80 59, 82

−191C/A rs712830 The A allele increases EGFR protein
synthesis

Moderate–severe diarrhea 170, 80 59, 82

AKT1 AKT1-SNP4 rs1130233 The A allele reduces AKT1 mRNA
levels

Decreased PFS and OS 96 73

AKT1 rs2498804 Unknown Increased brain metastasis 96 74
ABCG2 412C/A rs2231142 The A allele reduce ABCG2 transport Moderate–severe diarrhea 27 78

15622C/T-1143C/T haplotype Unknown Moderate–severe diarrhea 94, 80 79, 82
CYP3A5*3 rs776746 Reduction in protein expression and

activity
Skin rash 80 82

CYP3A4*1B rs2740574 Increased promoter activity Skin rash and diarrhea 80 82

The rs number is the refSNP number ID in the Single Nucleotide Polymorphism Database (dbSNP), a free public archive for genetic variation within and across
different species developed and hosted by the National Center for Biotechnology Information (NCBI) in collaboration with the National Human Genome Research
Institute (NHGRI). N = number of patients.
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advanced NSCLC patients treated with gefitinib, showing a
significant association of the −216G/T variant with longer PFS.
This variant was also associated with significantly higher rates
of stable disease/partial response, and a significantly higher risk
of treatment-related rash and diarrhea [56]. However, more
recent studies in Japanese cohorts treated with gefitinib as
first-line or adjuvant therapy did not show significant associa-
tions [57,58], while lower response rates to gefitinib were
observed in Caucasian patients harboring the G/C haplo-
type [59].

Another EGFR regionwith relevant polymorphisms is located in
the intron-1, characterized by 14 to 21 CA-repeats; with shorter
alleles of a CA-dinucleotide repeat polymorphism in intron-1 asso-
ciated with enhanced EGFR transcription, improved response
rates, and longer OS after gefitinib treatment in different ethnicity
cohorts [56,58–68]. Most studies reported a better response to
gefitinib, both in Japanese and Caucasian patients. For instance, in
70 NSCLC Chinese patients treated with gefitinib, a significantly
higher response rate was associated with shorter CA-repeat status
(defined as any allele less than 16). These patients had also higher
EGFR expression and prolonged OS compared to those with long
CA [67]. Similarly, shorter CA repeats status (16 or less) was asso-
ciated with significantly longer PFS and OS in another study in 92
Caucasians NSCLC patients treated with gefitinib [56]. However, in
the largest pharmacogenetic analysis in NSCLC Caucasian patients
treatedwith gefitinib (n = 175), no association of the EGFR intron-1
CA-repeat status with clinical outcome was observed [59].
Furthermore, the prospective analysis of the prognostic and pre-
dictive value in the SATURN study in 889 advancedNSCLCpatients
did not show a significant association between CA-repeat poly-
morphisms, EGFR expression and gene copy number, and PFS
after erlotinib treatment [69].

Other polymorphisms that have been correlated to EGFR-
TKIs outcome include variations in the EGFR downstream
signaling pathways such as AKT1, as well as the DNA repair
genes and those of the genes encoding for the drug trans-
porter ABCG2, which has been shown to be active in remov-
ing gefitinib from the cell [70]. The haplotype including two
functional polymorphisms (AKT1-SNP3 and SNP4) was asso-
ciated with lower Akt protein levels in tissues from
Caucasians and with the lowest apoptotic response of EBV-
transformed lymphoblastoids to radiation [71,72]. In 96
Caucasian patients treated with gefitinib, the AKT1-SNP4 A/
A genotype was correlated with shorter OS [73], while AKT1-
rs2498804 GT and GG alleles were associated with the occur-
rence of brain metastases [74]. Similarly, a recent study in
Korean NSCLC patients showed that other AKT1 polymorph-
isms could be used as prognostic markers for patients with
early-stage NSCLC, suggesting that several genetic variations
in the PI3K/AKT pathway may be prognostic and/or predic-
tive factors of response to different drugs [75]. However,
these results have still to be validated in a larger cohort of
patients, in prospective multicenter trials, as well as addi-
tional case–control studies.

At clinically achievable concentrations (≤1 µM), gefitinib is
an ABCG2 substrate, and ABCG2 is highly expressed in the
gastrointestinal tract where it participates in the uptake of
several xenobiotics, including oral EGFR-TKIs [76]. This mem-
ber of the ATP-binding cassette (ABC) transporter family could

play a key role in the absorption and elimination of gefitinib,
which might therefore be affected by several common SNPs in
the ABCG2 gene that might affect ABCG2 protein expression,
function, and localization [77]. In particular, the ABCG2 421C/A
polymorphism resulting in a glutamine to lysine amino acid
change at position 141 (Q141K) has been correlated with the
reduction of ABCG2 protein expression and/or activity and
with increase accumulation of both gefitinib and erlotinib
[78]. However, no correlation between ABCG2 421C/A poly-
morphism and protein expression, as well as with outcome
after gefitinib treatment, was observed in 50 NSCLC tissues
[79]. Similarly, the SATURN trial, evaluating erlotinib in 242
advanced NSCLC patients, did not report significant correla-
tion between response to erlotinib treatment and the ABCG2
421C/A SNPs, whereas the EGFR 216T/T genotype was related
with the development of skin toxicity [53].

Several other studies evaluated the correlation between
selected polymorphisms and toxicity induced by EGFR-TKIs.
Although targeted agents are generally less toxic than tradi-
tional anti-neoplastic agents, EGFR-TKIs are indeed asso-
ciated with a number of bothersome adverse effects, such
as rash and diarrhea. At present, little is known about the
etiology of these adverse effects, but the high interpatient
variability might be explained by the pharmacogenetic het-
erogeneity of patients [80]. In a study in 52 NSCLC patients
treated with gefitinib the intron-1, CA repeat variant was
correlated with grade 2–3 skin rash, observed in 21% of
patients with 19–22 repeats, 31% of patients with 15–18
repeats, and 71% of patients with less than 15 repeats [81].
Other studies reported the association of the EGFR 191C/A
and A/A, the EGFR 216G/G, and the R497K A/A variants with a
significantly higher risk of diarrhea in NSCLC patients treated
with gefitinib [56]. These data support a role of high EGFR
expression in the intestinal lumen associated with the EGFR
promoter polymorphism variants among the causes of diar-
rhea, as also reported by Rudin and collaborators [82].
However, diarrhea was also correlated with the ABCG2
421C/A variant: 44% of gefitinib-treated NSCLC patients het-
erozygous for ABCG2 421C/A presented this adverse effect
[83]. Conversely, no correlation between gefitinib-induced
toxicity and ABCG2 421C/A was found in a population of 94
Caucasian NSCLC patients, where moderate–severe diarrhea
correlated with the ABCG2 15622C/T polymorphism and the
ABCG2 (1143C/T, −15622C/T) haplotype [79].

Finally, both gefitinib and erlotinib are metabolized by the
CYP3A4, CYP3A5, and CYP1A isozymes, while CYP1A2 is involved
in the metabolism of erlotinib, but not of gefitinib [84]. Since all
these CYPs are polymorphic, the distribution of specific variant
CYP alleles might explain the different pharmacokinetics of TKIs
in the patients. CYP3A4 polymorphisms have been indeed asso-
ciated with skin rash in erlotinib-treated patients: individuals
with lower CYP3A4 expression (because of the A/A variant)
were more likely to develop rash than those with higher
CYP3A4 levels (A/G and G/G variants) [82]. In the same study,
the CYP3A5*3 G polymorphism was also associated with grade
≥2 rash and diarrhea. However, all these associations were mar-
ginal, and further studies on the role of CYP3A4 and CYP3A5
polymorphisms in determining activity and toxicity of EGFR-TKIs
are warranted.
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In conclusion, despite the intriguing findings of several stu-
dies, the small sample size together with the interethnic differ-
ences, and the retrospective nature of most studies, make it
difficult to draw any clear conclusions regarding the role of
several pharmacogenetic biomarkers in determining the clinical
outcome or toxicity in gefitinib and erlotinib treatment.
Hopefully, the more accurate planning of randomized prospec-
tive trials, the increased insights of molecular mechanisms
underlying drug distribution/activity, and the use of novel tech-
nologies, including whole genome approaches, may provide
fundamental tools to transfer the knowledge generated though
pharmacogenetic studies to clinical practice.

4. Pharmacogenetics of NSCLC: which methods and
trials?

As exemplified in the previous paragraphs, controversial results
raise some reluctance on the potential use of pharmacogenetic
biomarkers in patient’s management. This could be due to sev-
eral issues about clinical and laboratory methodologies.[83,85]

A frequent question concerns the way of considering the
heterozygotes relatively to wild-type and variant homozy-
gotes [17]. When the size of the population is large enough
and when the functional effect of the polymorphism is not
known, it is certainly better to analyze independently the
three genotypes, with the assumption that each variant allele
contributes to the phenotype. However, when it is known
that the presence of one copy of the variant allele is suffi-
cient to determine the phenotypic character (and has there-
fore a dominant role), one can regroup heterozygotes with
variant homozygotes; while when it is necessary that the two
variant alleles are expressed to determine the phenotype
(which is consequently recessive), the heterozygotes should
be regrouped with the common homozygotes. Unfortunately,
not all the studies enrolled an adequate number of patients
and not all the studied polymorphisms are functional, non-
synonymous polymorphisms, which result in a difference in
the expression or activity of the encoded protein.

Whereas pharmacokinetic evaluation of any drug is
required during clinical trials, relationships between gene
polymorphisms and pharmacological activity are often dis-
covered fortuitously after the drug has been prescribed for
many years. Hopefully, in the future, more systematic phar-
macogenetics studies should be performed during the
phase II and III trials of clinical development, which include
several hundreds of patients. Pharmacogenetic studies must
indeed be large in order to have enough statistical power to
detect a gene effect, a treatment effect and a drug–gene
interaction [86]. The power to detect a statistical interaction
depends on the number of SNPs, the allelic frequencies, and
the type of study design. The analysis of multiple poly-
morphisms require a correction for multiple testing, such
as the Bonferroni correction, in which the P value that is
used for one test is divided by the total number of tests in
the analysis [87]. However, the use of the Bonferroni correc-
tion may be considered too conservative because many
polymorphisms are in linkage disequilibrium, which may
mask their effects and increase type II errors. Furthermore,
since many of the pharmacogenetic trials included a small

number of subjects and are underpowered to detect a
drug–gene interaction, the Bonferroni correction may null
the study results [88].

In most pharmacogenetic studies, candidate polymorph-
isms are analyzed because of the chemical and pharmacolo-
gical characteristics of the drug, considering the molecules
involved in the metabolism or the molecular target.
However, in vitro models may orientate the choice of the
polymorphisms of interest. In particular, the panel established
by the National Cancer Institute, including 60 human tumor
cell lines whose chemosensitivity to thousands of compounds,
has been evaluated by several groups [89]. More recently, two
alternative panels of cell lines have been published, the Cell
Line Encyclopedia and the Sanger collection [90,91], including
947 and 639 cell lines, respectively; but less compounds have
been tested in these models. In addition, the new molecular
biology tools allow the creation of isogenic cell lines, differing
only by the presence of the variation studied in the gene of
interest. Such isogenic cell lines may be subjected to pheno-
typic characterization in vitro and in vivo when they can be
xenografted in immunodeficient mice.

However, the availability of genome-wide approaches
enables original discoveries of novel and less obvious genes
to be detected, especially in the area of drug-target genetics,
which is more complex and less well understood than the
pharmacogenetics of drug metabolism [92]. These novel tech-
niques include genome-wide association studies (GWAS) and
massively parallel or next generation sequencing (NGS). GWAS
investigate the entire genome and are not based on prelimin-
ary information about the involvement of particular gene or
chromosomal locus in drug effects. However, an important
limitation of this analysis is that it allows the identification of
SNPs and other DNA variants which are associated to drug
activity, but cannot specify which genes are casual, with the
risk of a high rate of false positive data. A high number of
samples is therefore essential to obtain a sufficient statistical
power. For instance, a GWA of 307.260 SNPs has been per-
formed in 327 advanced NSCLC patients treated with plati-
num-based therapy [93]. This study identified the strong
association of the rs1878022 SNP, located within an intron of
the chemokine-like receptor 1 gene, with shorted survival.
Importantly, these data were validated in two independent
cohorts of 315 and 420 patients. More recently, the rapidly
decreasing prices of complete genome sequencing with NGS
have provided a realistic alternative to genotyping array-based
GWA studies [94]. Although GWAS and NGS have the potential
to dramatically accelerate biomedical research also in the
pharmacogenetics field, these technologies are still limited
by the lack of standardized protocols and bioinformatics infra-
structures that can integrate different information and extract
clinically useful data. A standardization of these methodolo-
gies will be indeed critical to perform analysis on large cohorts
of patients and/or sharing data through common websites in
order to create ‘virtual multicentric trials’.

5. Expert opinion

Advances into the knowledge of the genetics of lung cancer
have recently identified key biological processes and molecular
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targets for antitumor treatment. Novel agents targeting these
aberrant processes have revolutionized the management of spe-
cific molecular subsets of NSCLC and have greatly contributed to
recent improvements in survival rates. For example, EGFRmutant
and EML4-ALK fusion status, which are detected in approxi-
mately 15% and 4% of lung adenocarcinomas, predict response
to therapies with selective inhibitors. These results led to the
approval of EGFR-TKIs and the ALK inhibitors as first-line treat-
ments in molecularly selected NSCLC patients [8,9].

However, the oncologists are still facing relevant interindivi-
dual variability in drug activity as well as the occurrence of
relevant drug adverse events. Therefore, to improve the rational
use of this emerging arsenal of highly selective, targeted cancer
therapeutics, as well as of the conventional chemotherapeutic
drugs, the histopathological assessment of tumors should be
associated with a refined pharmacologenetics evaluation.

The adoption of pharmacogenetics in the clinical practice is
indeed a high research priority in oncology. Although the list
of pharmacogenomic biomarkers in drug labeling include sev-
eral drugs used for NSCLC (Table 2), and a number of impor-
tant genetic determinants have been identified thus far in
different tumor types, including NSCLC, the clinical relevance
of most germ-line gene variants currently remains uncon-
firmed, and such data have not yet been translated into a
better therapeutic management [83].

The controversial results about the correlation of specific
pharmacogenetic markers with outcome could be due to a
number of reasons, such as (1) the small number of (heteroge-
neous) patients; (2) the lack of appropriately designed prospec-
tive studies; (3) the lack of standardized analytical methodologies
and quality controls; and (4) the intra-tumor heterogeneity as

well as other complex factors, including reversible, epigenetic
factors, such as mRNA, microRNA, and factors affecting DNA
methylation [96,97], which might foster tumor adaptation and
therapeutic failure. For instance, a recent meta-analysis-based
approach evaluating 12 cohorts of 1069 tumor-node-metastasis
stage I lung adenocarcinoma patients showed that a 4-gene
classifier, using the expression levels of BRCA1, HIF1A, DLC1,
and XPO1, provided independent prognostic stratification of
stage IA and stage IB patients beyond conventional clinical
factors [98].

Most of the limitations of the previous pharmacogenetic stu-
dies should be overcome by the well-designed prospective clin-
ical trials in which a direct comparison is performed between
patient treatments selected on the basis of standard criteria vs.
treatment selection suggested by patient/tumor genetic charac-
teristics. Moreover, to evaluate the heterogeneity and possible
evolution of cancer cells, these new clinical protocols should
include multiple and repeated biopsies of the single tumor or
novel liquid biopsies [99].

The lack of correlation of candidates emerging from pharma-
cogenetic studies with the main pharmacokinetics/pharmacody-
namics parameters is another obstacle to the successful clinical
application of novel biomarkers. However, the recent discovery
of microRNA may improve the knowledge about the complex
control of gene expression, and help to clarify the role of differ-
ent signaling pathways, involved in oncogenesis and drug resis-
tance, in different tumor types, including NSCLC [100].

Finally, widespread use of novel technologies, including gen-
ome-wide approaches, such as GWAS and NGS, has the poten-
tial to deepen patient’s genetic information in order to predict
optimal dosage for a drug with a narrow therapeutic index, as
well as to select the most appropriate pharmacological agent for
a given patient. All these innovations represent therefore essen-
tial tools to improve pharmacogenetic studies, which will hope-
fully lead to optimization of novel and currently available
treatments in selected NSCLC patients.
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