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A B S T R A C T

Background: Mutations in the epidermal growth factor receptor (EGFR) have been confirmed

as predictors of efficacy for EGFR-tyrosine kinase inhibitors (TKIs). We investigated whether

polymorphisms of the EGFR and cytochrome P450, family 1, member A1 (CYP1A1) genes

were associated with clinical outcome in NSCLC patients treated with EGFR-TKI.

Methods: Genotypes for the intron 1 (CA)n repeat and R497K polymorphisms in the EGFR

gene and the *2A (3801 T! C) and *2C (2455 A! G) polymorphisms in CYP1A1 gene were

evaluated in 115 NSCLC patients by PCR-RFLP and DNA sequencing. Genetic polymor-

phisms were correlated with clinical outcomes of EGFR-TKIs. From a subgroup of patients

whose tumour tissues were available, associations between somatic EGFR mutations, EGFR

expression, and genomic polymorphisms were also analysed.

Results: EGFR intron 1 (CA)n and CYP1A1*2A polymorphisms were independent predictive

factors (p = 0.046, p = 0.011, respectively) and the latter was also a prognostic factor

(p = 0.001) for patients treated with EGFR-TKIs. We also observed a strong synergistic effect

from two genotypes. Specifically, patients with both the T/T allele of the CYP1A1 gene and

shorter intron 1 CA repeats (616 CA) of the EGFR gene showed an improved response

(p = 0.002) compared with patients with the T/C or C/C allele and longer intron 1 CA repeats

(both alleles >16 CA). In contrast, for R497K and CYP1A1*2C, no relationship was observed

with clinical outcome for patients treated with EGFR-TKIs (p = 0.573; p = 0.629, respectively).

Both SNPs in the CYP1A1 gene showed a correlation with EGFR somatic mutations.

Conclusions: The findings of this study suggest that the CYP1A1*2A polymorphism is a pre-

dictor for clinical outcome in NSCLC patients treated with EGFR-TKI therapy, and combin-

ing analysis of both CYP1A1*2A and EGFR intron 1 (CA)n polymorphisms may be useful for

predicting treatment outcome in NSCLC patients treated with EGFR-TKIs.

� 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

EGFR-TKIs, such as gefitinib or erlotinib, which target EGFR-I,1

have become standard second-line therapies for advanced
er Ltd. All rights reserved

.
.

non-small-cell lung cancer (NSCLC). They are less toxic to

normal cells and have improved tolerability in patients. Nev-

ertheless, these targeted therapies have modest activity when

given to unselected patient populations. However, there is
.
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increasing evidence that the EGFR-TKIs have improved

efficacy when prescribed to a ‘targeted group’ of patients.

Female patients, non-smokers, and patients with a histologi-

cal diagnosis of adenocarcinomas have been observed more

frequently to respond to EGFR-TKIs.3,4 These clinical charac-

teristics are strongly associated with somatic mutations of

the EGFR gene, which are known to be associated with a high

tumour response.5–7 Moreover, studies have confirmed that

Asian patients with NSCLC are more responsive to EGFR-TKIs

than Western populations and EGFR mutations are more

common in this patient group.8,9 In the Iressa Pan-Asia Study

(IPASS), 59.7% of tumours in a clinically selected population

had EGFR mutations, and the response rate to EGFR-TKIs

was approximately 77–82%.10,11 Thus, genetic factors seem

to have notable relevance in the area of targeted anticancer

therapy, and this has prompted efforts to determine the indi-

vidual factors that predict such susceptibility. However, many

patients have advanced and inoperable cancer at diagnosis,

and it is not always possible to obtain tumour tissues to

analyse for EGFR mutations; however, polymorphisms are a

consistent feature and can be assessed readily from normal

tissues (blood cells and skin) using standard techniques.

Recent studies, including research from our laboratory, have

suggested that one polymorphism of the EGFR gene, a highly

polymorphic dinucleotide CA repeat in intron 1, related to the

transcriptional activity of the EGFR gene, can predict the

outcome of EGFR-TKI treatment in advanced NSCLC

patients.12–15 Patients with shorter (CA)n repeats (n 6 16) have

improved clinical response and longer survival than those

with longer (CA)n repeats (n > 16). These studies confirm that

inherited genetic factors, such as genetic polymorphisms, can

influence the results of EGFR-TKI treatment.

CYP1A1 is a highly inducible member of the cytochrome

P450 family, which is expressed in human lung.16,17 It is in-

volved in the metabolism of oestradiol through catalysing

C-2 hydroxylation, and may influence EGFR protein expres-

sion.18 It has been demonstrated that CYP1A1 not only

metabolises oestrogens, but also plays a central role in the

activation of major classes of tobacco carcinogens, including

polyaromatic hydrocarbons, and produces many reactive

intermediates (e.g. catechol oestrogen, which can cause gene

mutations). To date, four polymorphic forms of CYP1A1

(CYP1A1*2A–*2D) have been identified and their genotypes ap-

pear to exhibit population frequencies that vary by ethnicity;

significantly higher frequencies of CYP1A1*2A and CYP1A1*2C

alleles have been reported amongst Asians versus Caucasians

and African-Americans.19,20 The CYP1A1*2A allele has a

T! C mutation in the 3 0 non-coding region (3801 T! C),

which has been associated with elevated enzyme activity.21

An A! G transition in exon 7 creates the second allelic vari-

ant (*2C), leading to the amino acid substitution of Val for Ile

in the haeme-binding region, resulting in an increase in

microsomal enzyme activity.22 There is increasing evidence

that individuals with homozygous CYP1A1 (T/T and A/A)

genotypes are at higher risk of smoking-associated lung can-

cer, as seen in Asian population studies where these ‘at risk’

allele frequencies are 8–18 times higher than in Caucasians.23

As either the EGFR intron 1 or the CYP1A1 gene

polymorphisms may affect EGFR expression and function,

which determines the outcome of EGFR-TKI treatment, we
hypothesised that genetic variations in these two genes

might affect clinical outcome in NSCLC patients treated with

EGFR-TKIs. Thus, in our study, we examine whether these

polymorphisms in the EGFR and CYP1A1 gene can serve as

molecular markers predicting EGFR-TKI response and overall

survival in NSCLC patients.

2. Patients and methods

2.1. Eligible subjects

In total, 115 patients with histological confirmation (25 con-

firmed by lymph node excision, 16 by bronchoscopy biopsy,

and 74 by CT guided biopsy) of stage IIIb or IV NSCLC who

received gefitinib (n = 70) or erlotinib (n = 45) through the

Expanded Assess Program (EAP)14 were enrolled. Patients

were enrolled from June 2002 to September 2006 at the

Guangdong General Hospital. All enrolled patients received

at least one course of standard systemic chemotherapy prior

to the EAP. The final follow-up was in July 2010.

The study was approved by the Ethics Committee. Written

informed consent was obtained from all patients.

2.2. Clinical evaluation and response criteria

Enrolled patients received gefitinib (250 mg) or erlotinib

(150 mg) daily. Tumours were evaluated by CT scans per-

formed pre-treatment and 4 and 10 weeks after treatment ini-

tiation. If patients were confirmed to have a tumour response

or stable disease, they continued on EGFR-TKI and had re-

peated tumour evaluations every 12 weeks until tumour pro-

gression. A treatment response was defined according to the

RECIST Criteria.24

2.3. DNA extraction and genotyping

2.3.1. DNA extraction
Blood was collected from each patient prior to starting EGFR-

TKI treatment. Genomic DNA was extracted from white blood

cells using a Universal Genomic DNA Extraction Kit (ver. 3.0;

Takara, Dalian). Briefly, 200 lL of blood was mixed with

500 lL Solution A and 1 lL RNase A1 in the collection tube,

and vibrated for 15 s, and placed on ice for 5 min. To the mix-

ture, 400 lL Solution B was added, vibrated for 15 s and fol-

lowed by the addition of 1 mL Solution C. The resulting

mixture was centrifuged (12,000 rpm, 2 min). The upper or-

ganic phase was discarded and the final DNA extraction was

performed following the manufacturer’s protocol.

The presence of the EGFR R497K, CYP1A1*2A and

CYP1A1*2C polymorphisms was tested using a PCR-restric-

tion fragment length polymorphism (RFLP) method, as

described previously.25,26 Forward and reverse primers,

restriction enzymes, and annealing temperatures for specific

gene polymorphisms are listed in Table 1. Briefly, forward and

reverse primers were used for PCR amplification, the PCR

product was digested with restriction enzymes (New England

Biolabs, Beverly, MA, USA), and alleles were separated on 4%

(EGFR R497K) or 2% (CYP1A1*2A and *2C) Nusieve ethidium

bromide-stained agarose gels. For the EGFR R497K polymor-

phism, samples from individuals with homozygous wild-type



Table 1 – Primers, annealing temperatures and restriction enzymes.

Gene Forward primer (50 ! 3 0) Reverse primer (5 0 ! 3 0) Annealing
temperature (�C)

Restriction
enzymes

EGFR intron 1 GGATCGCGGGACTCTTGA GTGGGTTTATGGTCGGTA 55 NA
EGFR R497K TGCTGTGACCCACTCTGTCT CCAGAAGGTTGCACTTGTCC 59 BstN1
CYP1A1*2A CAGTGAAGAGGTGTAGCCGCT TAGGAGTCTTGTCTCATGCCT 65 MspI
CYP1A1*2C GTAGACAGAGTCTAGGCCTCA GAAGTGTATCGGTGAGACCA (Ile)

GAAGTGTATCGGTGAGACCG (Val)
65 NA

EGFR, epidermal growth factor receptor; CYP, cytochrome P450.
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alleles produced one undigested 102-bp band, samples from

heterozygous individuals gave bands positioned at 102, 54

and 48 bp, and if a patient had a homozygous mutation, only

bands at 54- and 48-bp were evident. For the CYP1A1*2A poly-

morphism, genotyping with homozygous wild-type individu-

als was characterised by a 340-bp fragment; genotyping with

heterozygous individuals were characterised by 340-, 200- and

140-bp fragments, and a homozygous mutation was charac-

terised by 200- and 140-bp fragments. For CYP1A1*2C poly-

morphism, samples that were homozygous for the Ile form

yielded the 210-bp product only when primer Ile was used;

samples homozygous for the Val form yielded the 210-bp

product only when primer Val was used, and if the 210-bp

product was obtained with both Ile and Val primer, the sam-

ple was deemed to be heterozygous.

2.3.2. CA repeats in intron 1
PCR amplification was performed in a 50 lL total reaction vol-

ume containing 100 ng of genomic DNA, 1.5 mM MgCl2,

0.2 mM each dNTP, 1· PCR amplification buffer, 1.5 units of

Taq polymerase (Promega) and 0.4 lL of each primer. Primer

sequences specific for this microsatellite marker are listed

in Table 1. Amplification conditions were 35 cycles of 95 �C
for 1 min, 55 �C for 45 s and 72 �C for 1 min. CA dinucleotide

repeats of the PCR products were directly sequenced with

the ABI3100 genetic analyzer, using the BigDye Terminator

kit (ver. 3.1; Applied Biosystems). Then, 40 ng of genomic

DNA was amplified by PCR with 5 0-FAM – labelled forward

EGFR primer (5 0-GGA-TCG-CGG-GAC-TCT-TGA-30) and unla-

belled reverse EGFR primer (5 0-GTG-GGT-TTA-TGG-TCG-GTA-

3 0). PCR conditions were as described earlier in this section.

After PCR, 2 lL of the product was denatured in a 10-lL mix

of formamide and Genescan 500 LIZ molecular weight stan-

dard (Applied Biosystems) at 95 �C for 5 min, separated with

an Applied Biosystems Prism Genetic Analyzer with POP4

polymer and fragment lengths were determined. Genotypes

were resolved on the Applied Biosystems ABI3100 genetic

analyzer (GeneMapper Software, ver. 3.5) for allele length

determination.

2.4. EGFR mutation analysis and IHC assay

Mutational analysis was performed as described previously.8

Briefly, DNA was extracted from frozen tumour tissues with

the Trizol reagent (Invitrogen, USA), according to the manu-

facturer’s protocol. The kinase domains of EGFR 18–21 exons

were amplified with four pairs of primers (exon 18: 5 0-AGG-

GCT-GAG-GTG-ACC-CTT-GT-3 0 and 5 0-TCC-CCA-CCA-GAC-

CAT-GAG-AG-3 0; exon 19: 5 0-ACC-ATC-TCA-CAA-TTG-CCA-
GTT-AAC-3 0 and 5 0-GAG-GTT-CAG-AGC-CAT-GGA-CC-30; exon

20: 5 0-ACT-GAC-GTG-CCT-CTC-CCT-C-3 0 and 50-CCC-GTA-

TCT-CCT-TCC-CTG-3 0; exon 21: 5 0-TCA-CAG-CAG-GGT-CTT-

CTC-TGT-TT-3 0 and 5 0-ATG-CTG-GCT-GAC-CTA-AAG-CC-30).

Amplification conditions were 40 cycles of 94 �C for 35 s,

56 �C for 60 s, and 72 �C for 1 min. PCR amplicons were ana-

lysed by direct sequencing. Reactions were electrophoresed

on an ABI 3100 genetic analyzer and sequence variations were

determined using the SeqScape software (Applied Biosys-

tems, USA).

Expression of the EGFR protein in tumour tissues was

detected by IHC using Dako EGFR PharmDx kits (Dakocytoma-

tion, Denmark). Briefly, 4 lm tissue sections were deparaffin-

ised in xylene and hydrated through graded alcohols. EGFR

status was assessed using a 1/40 diluted mAb anti-EGFR at

room temperature for 1 h, and endogenous peroxidase activ-

ity was blocked by 30 min treatment with 3% hydrogen perox-

ide in absolute methanol at room temperature. EGFR

immunostaining was scored as 0 (0–10% of considered cells

stained), 1+(11–25%), 2+(26–50%) and 3+(>50%). Stained slices

were read by the pathology department in our hospital.

2.5. Statistical analyses

Associations of each polymorphism and clinical-baseline

characteristics (age, gender, TNM stage, histology, smoking

status, performance, side-effects) with the response to

EGFR-TKIs were summarised using contingency Tables and

non-parametric tests (Mann–Whitney or Kruskal–Wallis,

depending on the classification of genotypes). Odds ratios

and 95% confidence intervals (CI) were calculated by multivar-

iate logistic regression analysis, adjusting for known or po-

tential clinical predictor factors, such as gender, TNM stage,

histology, smoking index and side-effects. Overall survival

(OS) was defined as the time from the beginning of EGFR-TKI

to death from any cause, and was estimated using the

Kaplan–Meier method and the log-rank test. Median follow-

up time was computed with censored observations only.

Median survival time (MST) was calculated. Statistical analy-

ses were performed using the SPSS software. All calculated p

values were two-sided.

3. Results

3.1. Patient characteristics

In total, 115 patients were enrolled in this study, 65 (57%) men

and 50 (43%) women, with a median age of 57 years. Patient

characteristics are summarised in Table 2. Follow-up times
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ranged from 47 to 83 months with a median follow-up time of

54 months for surviving patients. The data cut-off was July 20,

2010. A partial response to EGFR-TKIs was observed in 42.6%

of patients (49/115), stable disease in 19.1% (22/115), and pro-

gressive disease in 38.3% (44/115). Treatment outcomes to

EGFR-TKIs were correlated with clinicopathological character-

istics including age, gender, tumour TNM staging, histology,

smoking index, performance status and skin toxicity (Table 2).

There was no statistically significant association except those

of the smoking index and histology status (p = 0.003, p = 0.009,

respectively; Pearson chi-squared test).

3.2. Relationship between EGFR mutations, EGFR
expression, and gene polymorphisms

For the subgroup of 36 patients whose tumour tissues were

available, EGFR mutation analysis showed that 19 patients

had a somatic mutation (12 in-frame deletions in exon 19

(del E746-A750), 7 substitution mutations in exon 21 (L858R))

and the remaining 17 patients were wild-type. These limited

data showed no correlation between EGFR somatic mutation

and intron 1 (CA)n or R497K polymorphisms of EGFR

(p = 0.194, p = 0.977, respectively; Pearson chi-squared test;
Table 2 – Patient baseline characteristics and correlations with

Characteristics* Number
of patients

Patients responding to EGFR-

PR SD PD

Gender
Female 50 24 11 15
Male 65 25 11 29

Age
657 60 27 9 24
>57 55 22 13 20

Smoking index
Non-smoker 65 32 15 18
6400 23 13 1 9
>400 27 4 6 17

Histological status
ADC 96 46 19 31
Others 19 3 3 13

TNM stage
IV 96 43 18 35
Others 17 6 3 8
Unspecified 2

Performance status
0–1 99 44 20 35
2–3 15 5 2 8
No record 1

Skin toxicity
0–1 63 24 16 23
2–3 43 24 6 13
No record 9

Abbreviations: ADC, adenocarcinoma; PR, partial response; SD, stable dise
*Smoking index was evaluated by the Brinkmann index; performance st

evaluated according to NCI CTCAE, ver.3.
a Pearson chi-squared test.
b log-rank test.
Table 3). However, the *2A, *2C polymorphism of the CYP1A1

gene showed a correlation with EGFR mutations (p = 0.037,

p = 0.021, respectively; Pearson chi-squared test; Table 3). A

further subgroup of 17 patients in the cohort (including 3 pa-

tients who did not have an EGFR mutation test) had tumour

tissues available for IHC; these data demonstrated no associ-

ation between EGFR protein expression and the genomic

polymorphisms except for the EGFR intron 1 (CA)n repeat

polymorphism (p = 0.035, Fisher’s exact test; Table 3).

3.3. Gene polymorphisms and clinical response to EGFR-
TKIs

The CYP1A1*2A polymorphism showed a significant associa-

tion with the clinical response to EGFR-TKIs. Patients with

the homozygous T/T genotype had better clinical responses

than patients with heterozygous T/C and C/C (p = 0.011;

Table 4). Of the 41 patients with T/T genotypes, 23 (56%)

showed a partial response to EGFR-TKIs, nine (22%) had stable

disease and only nine (22%) were observed to have progres-

sive disease after EGFR-TKI therapy. Additionally, the EGFR in-

tron 1 polymorphism showed an association with clinical

response to EGFR-TKIs. Patients with shorter repeats
clinical outcome to EGFR-TKIs (n = 115).

TKI p Valuea Survival time p Valueb

Median
months (95% CI)

Relative
risk (95% CI)

0.278 0.375
18 (10.9–26.8) 1 (reference)
9 (4.4–13.8) 1.19 (0.81–1.75)

0.500 0.156
11 (6.7–15.5) (reference)
18 (12.3–24.6) 1.32 (0.90–1.94)

0.003 0.000
20 (13.9–26.7) 1 (reference)
15 (3.6–28.2) 0.38 (0.24–0.61)
5 (2.5–7.4) 0.42 (0.23–0.75)

0.009 0.000
17 (12.5–22.1) 1 (reference)
4 (2.9–5.1) 0.39 (0.23–0.65)

0.692 0.001
16 (11.2–20.8) 1 (reference)
6 (3.0–9.0) 2.40 (1.40–4.12)

0.405 0.000
18 (13.1–23.8) 1 (reference)
4 (0.2–8.2) 0.24 (0.13–0.43)

0.159 0.980
15 (8.5–21.5) 1 (reference)
16 (10.5–21.5) 0.99 (0.67–1.50)

ase; PD, progressive disease.

atus was commented by Ecog–Who–Zubord score; skin toxicity was



Table 3 – Associations between EGF receptor mutation and IHC and EGFR and CYP1A1 polymorphisms.

Polymorphisms Number
of patients#

EGFR expression tumour tissues (%) p Valuea Number
of patients

Somatic mutation
of EGFR (%)

p Valueb

Negative
(0 or +)

Positive
(++ or +++)

Wild
type

Mutated
type

EGFR intron 1(CA)n 0.035 0.194
Any allele 616CA 11 4 (36.4) 7 (63.6) 21 8 (38.1) 13 (61.9)
Both alleles >16CA 6 6 (100.0) 0 (0.0) 15 9 (60.0) 6 (40.0)

EGFR R497K 0.838 0.977
A/A 6 3 (50.0) 3 (50.0) 11 5 (45.5) 6 (54.5)
A/L 7 4 (57.1) 3 (42.9) 15 7 (46.7) 8 (53.5)
L/L 4 3 (75.0) 1 (25.0) 10 5 (50.0) 5 (50.0)

CYP1A1*2A 0.35 0.037
T/T 7 3 (42.9) 4 (57.1) 15 4 (26.7) 11 (73.3)
T/C + C/C 10 7 (70.0) 3 (30.0) 21 13 (61.9) 8 (38.1)

CYP1A1*2C 1.000 0.021
A/A 8 5 (62.5) 3 (37.5) 11 2 (18.2) 9 (81.8)
A/G + G/G 9 5 (55.6) 4 (44.4) 25 15 (60.0) 10 (40.0)
a Fisher’s exact test.
b Pearson chi-squared test.
# Three patients did not have EGFR mutation tests.
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(616 CA repeats) had significantly improved clinical re-

sponses versus patients with longer repeats (>16 CA repeats;

p = 0.046; Table 4). Of the 66 patients with shorter repeats,

50% (33/66) showed a partial response to EGFR-TKIs, whereas

47% (23/49) of patients with longer repeats showed progres-

sive disease despite EGFR-TKI therapy. Multivariate analysis
Table 4 – Correlation between genomic polymorphisms and clin

Polymorphisms Number of
patients

Patients responding
to EGFR-TKI (%)

PR SD PD

CYP1A1*2A#

T/T 41 23 (56.0) 9 (22.0) 9 (22
T/C + C/C 74 26 (35.1) 13 (17.6) 35 (4

CYP1A1*2C
A/A 28 13 (46.4) 7 (25.0) 8 (28
A/G + G/G 87 36 (41.4) 15 (17.2) 36 (4

EGFR intron 1 (CA)n
Any allele 616CA 66 33 (50.0) 12 (18.2) 21 (3
Both alleles >16CA 49 16 (32.7) 10 (20.4) 23 (4

EGFR R497K
A/A 43 19 (44.2) 8 (18.6) 16 (3
A/L 47 20 (42.6) 9 (19.1) 18 (3
L/L 25 10 (40.0) 5 (20.0) 10 (4

CYP1A1*2A+EGFR
intron 1 (CA)n
T/T+ any allele 616CA 22 17 (77.3) 4 (18.2) 1 (4.5
T/C + C/C + both
alleles >16CA

93 32 (34.4) 18 (19.4) 43 (4

a Adjusted by gender, TNM stage, histology status, smoking index and s
b Log-rank test.
# Only nine cases had the C/C genotype of CYP1A1*2A, and were analys
confirmed that both polymorphisms were independent pre-

dictive factors (p = 0.028, p = 0.007, respectively). For the sub-

group of 36 patients whose tumour tissues were available,

we also detected the EGFR mutation status and the clinical re-

sponse to EGFR-TKI. These data showed that patients with

EGFR mutations had an improved response versus those with
ical outcomes to EGFR-TKIs.

pa Value Survival pb Value

Median months
(95% CI)

Relative
risk (95% CI)

0.011 0.001
.0) 23.5 (11.7–35.2) 1 (reference)
7.3) 10.2 (3.4–17.1) 0.48 (0.31–0.73)

0.629 0.172
.6) 18.7 (14.9–22.4) 1 (reference)
1.4) 11.1 (4.7–17.4) 0.74 (0.47–1.16)

0.046 0.293
1.8) 15.9 (9.4–22.4) 1 (reference)
6.9) 10.7 (4.7–16.8) 0.81 (0.55–1.19)

0.573 0.299
7.2) 17.4 (3.4–31.5) 1 (reference)
8.3) 14.3 (7.0–21.6) 0.81 (0.49–1.34)
0.0) 12.3 (1.1–23.4) 0.71 (0.43–1.17)

0.002 0.003

) 27.8 (22.4–33.2) 1 (reference)
6.2) 10.8 (5.3–16.4) 0.46 (0.28–0.77)

ide-effects.

ed together with the T/C genotype.



Fig. 1 – Kaplan–Meier curve of survival time by CYP1A1*2A

polymorphism.

Fig. 2 – Combined effects of EGFR intron1 (CA)n and

CYP1A1*2A polymorphisms on overall survival.
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wild-type EGFR (p = 0.001), consistent with previous research.6

Nevertheless, no link was identified between the EGFR R497K

or CYP1A1*2C polymorphism and clinical response to

EGFR-TKIs (p = 0.573, p = 0.629, respectively; Table 4).

3.4. Gene polymorphisms and overall survival

At time of analysis, sadly 108 (93.9%) patients had died; only

seven (6.1%) patients were alive. The median survival time

was 13 months (95% CI = 8–18 months). Univariate survival

analysis (log-rank test) demonstrated that only the

CYP1A1*2A polymorphism showed a significant correlation

with overall survival (p = 0.001, log-rank test; Table 4, Fig. 1).

Cox regression analysis confirmed that the CYP1A1*2A poly-

morphism was a strong independent prognosis factor

(p < 0.001; Table 5). However, no significant difference was

found amongst EGFR intron 1 (CA)n, R497K, and CYP1A1*2C

polymorphisms and patient survival (p = 0.293, p = 0.299,

p = 0.172, respectively; log-rank test, Table 4).
Table 5 – Multivariate analysis on overall survival (Cox
regression model).

Prognosis factors* Relative
risk (RR)

95% CI (%) p Value

Histological status 3.184 1.853–5.474 0.000
Performance status 4.713 2.596–8.558 0.000
CYP1A1*2A 2.364 1.535–3.639 0.000
Combined polymorphisms
of EGFR intron 1 (CA)n
and CYP1A1*2A

1.992 1.182–3.358 0.010

* Smoking index and TNM stage were included in the Cox regression

model because the log-rank test showed the factors had statistical

significance with regard to overall survival. The CYP1A1*2A poly-

morphism, the combined polymorphisms of EGFR intron 1 (CA)n and

CYP1A1*2A were analysed alone with the other four base line factors

(TNM stage, smoking index, histology status, performance status).
3.5. Combined genotype effects on clinical outcome

To combine the analysis with the EGFR intron 1 genotype, we

first divided CYP1A1*2A genotypes into two groups: patients

with only the T/T genotype and patients with T/C and C/C al-

lele genotypes. Results of the analysis in combination with

EGFR intron 1 (CA)n repeats and CYP1A1*2A genotypes

showed a striking association with patient response to

EGFR-TKIs and overall survival. Of the 22 patients with any al-

lele 616 CA repeats of the EGFR intron 1 genotype and T/T

homozygous for the CYP1A1 genotype, 17 (77.3%) showed a

partial response to EGFR-TKIs, four (18.2%) had stable disease,

and only one (4.5%) had progressive disease. In contrast, 43 of

93 patients (46.2%) who were both T/C heterozygous or C/C

homozygous for the CYP1A1 genotype and both alleles

>16 CA repeats of EGFR intron 1 genotypes were observed to

have progressive disease despite EGFR-TKIs, 18 (19.4%) had

stable disease, and 32 (34.4%) had a partial response to

EGFR-TKIs (p = 0.002; Table 4). The former group of patients

had a median survival time of 27 months (95% CI =

18–35 months), whereas the latter group of patients survived

only 11 months (95% CI = 7–15 months; p = 0.003, log-rank

test; Table 4, Fig. 2).
4. Discussion

Mechanisms that cause patients to have differing levels of

sensitivity to EGFR-TKIs remain largely unknown. Cancer is

a genetic disease, and EGFR is a validated anticancer target

the successful exploitation of which has added novel agents,

such as gefitinib, erlotinib and cetuximab to the current treat-

ment options.27,28 Recent studies in patients with NSCLC have

highlighted the importance of a patient’s genetic make-up in

determining the response to EGFR-TKIs.7,8 Subsets of patients

have been shown to benefit the most from these therapies,

and although the differential traits have yet to be completely

defined, they are mostly genetic.28
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In the present study, we evaluated the effects of four poly-

morphisms in the EGFR and CYP1A1 genes on the clinical out-

come to EGFR-TKI therapy in NSCLC patients. The results

demonstrated that two gene polymorphisms, EGFR intron 1

(CA)n repeats and CYP1A1*2A, and the joint effects of both

of these genetic polymorphisms, were associated with clinical

outcome to EGFR-TKI therapy in advanced NSCLC patients.

The EGFR gene contains a highly polymorphic sequence in

intron 1, consisting of a variable number of CA dinucleotide

repeats, ranging from 9 to 21. This sequence affects the effi-

ciency of gene transcription such that subjects or cell lines

with a larger number of CA repeats have lower levels of mRNA

and protein expression.29,30 For example, transcription of

EGFR is inhibited by approximately 80% in alleles with 21 CA

repeats. Recent studies have shown that in patients with

NSCLC, an increased EGFR gene copy number and high EGFR

protein expression are significantly associated with improved

response and survival after gefitinib therapy.31,32 Moreover,

Taron et al. reported that EGFR intron 1 (CA)n polymorphisms

tended to be associated with EGFR mutations.33 Our results

confirm that EGFR intron 1 (CA)n polymorphism is associated

with the clinical response to EGFR-TKI of NSCLC patients

(p = 0.046; Table 4). However, our long-term follow-up data

demonstrated a negative result between the EGFR intron 1

(CA)n polymorphism and patient overall survival (p = 0.293;

Table 4). Our results showed that the EGFR intron 1 (CA)n

polymorphism was linked to EGFR protein expression in tu-

mour tissues, and this may be part of the reason why the

EGFR intron 1 (CA)n polymorphism is associated with im-

proved clinical response to EGFR-TKI therapy. However, the

level of EGFR protein expression may have an adverse effect

on overall survival (OS) in NSCLC patients. Selvaggi et al. re-

ported that in 130 NSCLC patients undergoing an operation,

those with EGFR overexpression had shorter survival com-

pared with patients with lower EGFR expression.34 This indi-

cates that the EGFR intron 1 (CA)n polymorphism may serve

as a predictive factor, but not a prognostic factor, for patients

being treated with EGFR-TKI therapy. We found no correlation

between the intron 1 polymorphisms and EGFR somatic

mutations.

CYP1A1 is a phase-one enzyme that metabolises oestrogen

and a variety of environmental carcinogens, including polyar-

omatic hydrocarbons, and produces many reactive intermedi-

ates, such as catechol oestrogen. This enzyme catalyses the

C2-, C6- and C15- hydroxylation of oestradiol. CYP1A1 is also

involved in the metabolism of xenobiotics. Studies have con-

firmed that CYP1A1 polymorphisms are significantly corre-

lated with the risk of lung, breast, head and neck and

oesophageal cancer. CYP1A1*2A polymorphism is also a prog-

nostic factor for NSCLC patients. Goto et al. reported that pa-

tients with heterozygous alleles had shortened survival

compared with those with homozygous alleles, especially in

the subgroup of patients with a history of smoking.35 How-

ever, there is no reported analysis of the relationship between

CYP1A1 gene polymorphisms and the treatment of cancer.

Our study is the first to report that the CYP1A1*2A polymor-

phism correlates with the response to EGFR-TKI of NSCLC.

We found that T/T homozygous patients had an improved
response to EGFR-TKI versus those with heterozygous T/C

and homozygous C/C alleles (p = 0.011; Table 4). The Cox regres-

sion model also showed that T/T homozygous patients gave a

strong independent prognosis factor for NSCLC patients trea-

ted with EGFR-TKIs (p < 0.001; Table 5). When we combined

the EGFR intron 1 (CA)n repeats and CYP1A1*2A polymorphism

analysis, we found that the joint effects of the polymorphisms

were strongly associated with the response to EGFR-TKIs and

overall survival of NSCLC patients treated with EGFR-TKIs

(p = 0.003, log rank test). The CYP1A1*2C polymorphism

showed no association with the response to EGFR-TKIs or the

overall survival of the NSCLC patients (p = 0.629, Pearson chi-

squared test; p = 0.172, log rank test, respectively), and interest-

ingly, our small sample size showed both SNPs of the CY-

P1A1*2A, CYP1A1*2C gene to correlate with EGFR somatic

mutations (p = 0.037, p = 0.021; respectively).

As discussed, CYP1A1 is a major enzyme involved in

oestrogen hydroxylation. Recent studies have shown

that oestrogen metabolites, such as catechol oestrogen,

4-hydroxyestrone and 16a-hydroxyestrone, can bind to DNA,

creating adducts and causing gene mutations,36 which may

explain the association between both SNPs of the CYP1A1

gene and the EGFR mutations. However, several reports sug-

gest that oestrogen may be involved in the etiology of lung

cancer,37 and treatment of lung cancer with an anti-oestro-

genic drug could give rise to a population of cells with in-

creased levels of EGFR, because the EGFR and ER pathway

have a functional linkage.38 Stabile et al. reported that the

presence of oestrogen alone is sufficient to decrease EGFR

expression in the A549 lung cancer cell line, showing that

oestrogen can modulate EGFR levels.39 These findings may

help to explain how the synergistic effects of the CYP1A1*2A

and the EGFR intron 1 (CA)n repeat polymorphisms influence

patient clinical outcomes to EGFR-TKIs. One possible mecha-

nism may be that the T/T genotype of CYP1A1 increases oest-

rogen metabolism, decreasing oestrogen levels, thereby

increasing the levels of EGFR expression; the shorter intron

1 CA repeats (any allele 616 CA repeats) of the EGFR gene also

increased EGFR mRNA transcription and EGFR expression.

Thus, patients with both the T/T allele of CYP1A1 and shorter

intron 1 CA repeats (any allele 616 CA repeats) of the EGFR

gene may have enhanced effects and show improved clinical

outcomes to EGFR-TKIs. However, further studies are needed

to investigate the exact mechanism of these clinical findings.

To conclude, our study demonstrated that the CYP1A1*2A

polymorphism is a potential surrogate predictive and prog-

nostic marker for NSCLC patients treated with EGFR-TKIs.

More importantly, we found that combined analysis of two

polymorphisms showing a synergistic effect on the response

to EGFR-TKI had a significant association with NSCLC patient

clinical outcome to EGFR-TKIs. If this is confirmed by further

studies with larger numbers of patients, such combined anal-

ysis may offer a useful predictor of clinical outcomes to EGFR

tyrosine kinase inhibitor therapy.
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