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Abstract

Activating epidermal growth factor receptor (EGFR) mutations are recognized biomarkers for patients with metastatic non-
small cell lung cancer (NSCLC) treated with EGFR tyrosine kinase inhibitors (TKIs). EGFR TKIs can also have activity against
NSCLC without EGFR mutations, requiring the identification of additional relevant biomarkers. Previous studies on tumor
EGFR protein levels and EGFR gene copy number revealed inconsistent results. The aim of the study was to identify novel
biomarkers of the response to TKIs in NSCLC by investigating whole genome expression at the exon-level. We used exon
arrays and clinical samples from a previous trial (SAKK19/05) to investigate the expression variations at the exon-level of 3
genes potentially playing a key role in modulating treatment response: EGFR, V-Ki-ras2 Kirsten rat sarcoma viral oncogene
homolog (KRAS) and vascular endothelial growth factor (VEGFA). We identified the expression of EGFR exon 18 as a new
predictive marker for patients with untreated metastatic NSCLC treated with bevacizumab and erlotinib in the first line
setting. The overexpression of EGFR exon 18 in tumor was significantly associated with tumor shrinkage, independently of
EGFR mutation status. A similar significant association could be found in blood samples. In conclusion, exonic EGFR
expression particularly in exon 18 was found to be a relevant predictive biomarker for response to bevacizumab and
erlotinib. Based on these results, we propose a new model of EGFR testing in tumor and blood.
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Introduction

The prognosis of patients with stage IV non-small cell lung

cancer (NSCLC) continues to be poor. Despite standard cytotoxic

chemotherapy, almost 50% will not survive more than 12–14

months [1,2]. In the past few years, improvements in survival rates

have primarily been achieved by the discovery of predictive

molecular markers which identified subgroups of patients deriving

a substantial benefit from targeted treatment. Several randomized

phase III trials have recently shown a significant benefit of

epidermal growth factor receptor tyrosine kinase inhibitors

(EGFR-TKIs) in chemotherapy naı̈ve patients harboring an

activating EGFR mutation [3–6]. EGFR mutations are found in

about 10–15% of Caucasian patients [7]. In EGFR wild-type

patients the first-line treatment with an EGFR-TKI might even

harm compared to conventional chemotherapy [8]. However, in

unselected chemotherapy-naı̈ve patients the role of EGFR-TKIs is

less clear and previous studies have demonstrated inferior

outcomes with TKIs with or without bevacizumab compared to

chemotherapy [9–11]. These results indicate, that there is a

subgroup of EGFR wild-type patients who might benefit from

treatment with a TKI or a TKI plus an anti-angiogenic agent. The

same holds true for unselected and pretreated patients where the

role of TKIs has been addressed in numerous trials and the

efficacy and survival rates have shown to be comparable to

conventional chemotherapy [12–14]. Furthermore, recent bio-

marker analyses of three large trials testing maintenance therapy

with erlotinib clearly demonstrated, that a subset of EGFR wild-

type patients also derive a significant benefit from EGFR-TKI

therapy [15–17].

Beside EGFR other druggable oncogenic mutations in ad-

vanced NSCLC have been described [18,19]. Unfortunately, most

patients with NSCLC do not harbor a corresponding molecular

target hence chemotherapy continues to be their first treatment of

choice. Therefore, the identification of further subgroups of
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patients who may derive benefit from targeted treatment by

exploring additional molecular markers is crucial.

Treatment with bevacizumab and erlotinib (BE) has potential

benefits over chemotherapy, particularly in regard to its more

favorable toxicity profile. There is evidence, that the addition of

the vascular endothelial growth factor (VEGF) targeting mono-

clonal antibody bevacizumab to the EGFR-TKI erlotinib exhibits

increased efficacy compared with erlotinib alone in unselected

patients who were previously treated with chemotherapy [20].

This observation likely results from enhanced erlotinib activity,

given the lack of efficacy of bevacizumab monotherapy in lung

cancer.

The Swiss Group for Clinical Cancer Research (SAKK)

recently reported a median time to progression (TTP) of 4.1

months in patients with untreated advanced non-squamous

NSCLC treated with BE [21]. This result appears to be inferior

to what would be expected with modern chemotherapy combi-

nations in similar patient populations [2,22]. In the current

substudy, we aimed to identify a potential subgroup of patients

participating in the SAKK 19/05 trial, particularly within the

EGFR wild-type group, who may benefit from treatment with BE.

The main goal of this study was to assess the correlation of exon-

level expression variations of 3 specific genes [EGFR, V-Ki-ras2

Kirsten rat sarcoma viral oncogene homolog (KRAS) and vascular

endothelial growth factor A (VEGFA)] and the response to first

line BE therapy in patients who participated in the SAKK 19/05

trial.

Results

Patient characteristics and clinical outcome
The SAKK 19/05 trial included 103 patients, 101 were

evaluable for the primary statistical analysis. Overall, median

age was 65 (range, 32–80) years. All patients were in a good

performance status (WHO 0-1), 48 were male (48%), 53 were

female (52%). The majority (86%) had stage IV disease. EGFR

mutations were identified in 15 patients (15%). One patient had a

primary resistance mutation T790M in exon 20. KRAS mutation

were identified in 13 patients (13%). Objective tumor responses at

12 weeks (PR or CR) were observed in 15 patients (15%). These

patients had the following EGFR mutational status: EGFR del19

(n = 5), L858R (n = 2), unknown mutational status (n = 1), and

EGFR wild-type (n = 8). One patient with EGFR wild-type and

response to BE therapy had a KRAS mutation G12D.

From these patients, tumor tissue for exon array analysis was

obtained from 42 patients and blood samples from 75 patients

(Table S1 in the Supporting Information). A detailed description

of patient characteristics is provided in Table 1 (tumor tissue

samples) and in Table 2 (blood samples). Tissue samples

corresponded to our primary dataset used for biomarker

identification. Blood samples were used for confirmatory purpose

(validation set).

Target gene expression analysis on exon-level
Epidermal growth factor-receptor (EGFR). EGFR gene

expression was measured at 451 loci, of which 51 were situated

within exons, and 400 were situated outside of exons, i.e. intronic,

intergenic or were unreliable (Figure 1, upper panel). Thus, a total

of 51 exon probesets expression intensities were measured within

the EGFR gene. A summary measure of all these exon-level

probesets was provided by PCA (scores on the first PC axis). The

association between this score and TS12 and TTP under BE, OS,

and TTP under chemotherapy was evaluated.

We found a significant correlation between EGFR PCA scores

and TS12 after BE treatment (Spearman’s r~0:502, p~0:006)

(Figure 2A, left panel). A detailed analysis probeset-by-probeset

revealed that 86% of the exonic probesets showed a significant

correlation with tumor shrinkage without correction for multiple

testing (pv0:05) (Figure 2B, left panel). Two probesets showed a

particularly strong correlation with TS12 (exon probesets ID

3002770 and 3002769), which remained significant after Bonfer-

roni correction for multiple testing. These 2 probesets are located

on exon 18 (chromosome 7, positions 55’238’440 and 55’238’092,

respectively). No other significant associations were found. Six

patients had TTP of 15 months or more. Three of those had

EGFR del19, and 3 were EGFR and KRAS wild-type.

Figure 3 depicts the significant association of exon 18-EGFR

expression intensity and TS12. The left panel shows a strong

association between the expression intensity of exon 18-EGFR

(probeset 3002770) and TS12 (Spearman’s r~0:69, pv0:0001).

The strong correlation between EGFR exon 18 expression and

TS12 remained highly significant (Spearman’s r~0:61,

p~0:0015) after restricting the analysis to EGFR wild type

patients (see Figure S1 in the supporting information). This sub-

analysis indicates that the association between EGFR exon 18

expression and TS12 was independent from the EGFR mutation

status.

The ROC analysis (middle panel) shows the relationship

between sensitivity and specificity depending on different cut-off

levels of exon 18-EGFR (probeset 3002770) expression to classify

patients into ‘‘responders’’ vs. ‘‘non-responders’’. For the purpose

of this ROC analysis, the categorization ‘‘responders’’ vs. ‘‘non-

responders’’ derived from TS12. We proposed 3 alternative

definitions to ‘‘responders’’ by setting the TS12 cut-off as greater

or equals to 0, 20, or 30%, depending on whether or not one

included all or a fraction of stable disease patients in the

‘‘responders’’ category. Using the median expression of EGFR

probeset 3002770 as test-threshold provides a classification

accuracy of 75% (sensitivity = 100%, specificity = 67%). As shown

in the ROC curve, a higher classification accuracy can be

expected by further fine tuning this threshold (area under curve

[AUC] = 0.93).

The 2 exon 18-EGFR probesets showing the strongest

correlation with TS12 also showed a significant association for

the same endpoint when measured using blood (pv0:05).

The stability of our finding was assessed using bootstrapping,

and cross-validation strategies. The procedure confirmed the

strong classification accuracy of exon 18 EGFR with a median

ROC-AUC of 0.94 (95% CI: 0.70–1.00) and the specific

association between the exon 18 region and tumor shrinkage at

week 12 (see Figure S2 and Text S1 for detailed procedure).

Kirsten rat sarcoma viral oncogene homolog (KRAS) and

vascular endothelial growth factor-alpha (VEGFA). In total,

13 and 25 exon probesets expression intensities were measured

within KRAS and VEGFA respectively (Figure 1, central and right

panels). The PCA scores obtained for both sets of probeset (KRAS

and VEGFA) did not show significant association with any of the

clinical endpoints. A detailed analysis probeset-by-probeset did not

reveal any significant association with either TS12 (Figure 2A, B,

central and right panels) or the other investigated endpoints.

Discussion

To our knowledge, this is the first study exploring the

correlation between gene expression assessed at a subgenic exonic

level using Affymetrix Human Exon 1.0 ST arrays and response to

treatment with an EGFR-TKI in combination with an anti-
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angiogenic agent. We investigated the exon intensity variations

within 3 key genes (EGFR, KRAS and VEGFA) potentially

associated with response to treatment with BE. We were able to

demonstrate a strong association between the majority, but not all,

of the 51 EGFR exon probesets and TS12 of first-line BE therapy

in patients with untreated advanced non-squamous NSCLC. Exon

18-EGFR levels showed the best association with response to BE.

Based on our previous experiments we assume that the signal we

Table 1. Patients’ details for patients with treatment naive biopsies.

UPN Age Gender Stage Smoking status DST W12 EGFR mut (18–21) KRAS mut (12)
Tumor shrinkage
W12 (%)

2 69 M IV smoker 0 NA NA 65

23 53 F IV smoker 0 no no 17

38 58 F IV never smoker 0 NA NA NA

49 56 M IV smoker 1 no no 215

51 70 F IIIB never smoker 0 no no 18

55 55 F IV smoker 0 no no NA

56 61 F IV never smoker 1 NA NA 23

57 66 F IV smoker 0 no no NA

58 46 F IV smoker 0 no G12D NA

60 64 F IV never smoker 1 no G12D 53

61 61 F IV never smoker 1 L858R no 36

63 48 F IIIB smoker 0 no no NA

64 64 M IV smoker 1 no no 21

65 67 F IV never smoker 0 no no NA

67 53 M IV smoker 1 no no 21

68 63 M IV smoker 0 no G12D NA

69 66 F IIIB smoker 0 no no 22

70 35 M IV smoker 1 no no 5

74 61 M IV never smoker 1 no no 66

75 61 M IV never smoker 0 no no NA

76 51 F IV smoker 1 no G12C 3

77 54 M IV smoker 1 no no 16

78 63 F IV smoker 1 Del L747-G749 NA 26

80 44 F IV smoker 0 NA NA NA

81 55 M IV smoker 0 no no NA

82 58 M IV smoker 1 no no 0

83 53 F IV smoker 0 no G12D NA

84 55 F IV never smoker 1 NA NA 0

87 74 M IV smoker 1 no no 215

88 78 M IV never smoker 0 no no 23

90 69 F IV smoker 1 no no 0

91 68 M IV smoker 0 no no NA

93 56 F IV never smoker 1 E709A and G719S no 12

94 49 F IV smoker 1 no G12V 16

95 64 M IV smoker 1 NA NA 1

96 77 M IV smoker 0 no no NA

97 68 F IV smoker 0 no no NA

98 64 F IV never smoker 1 no no 18

99 48 M IV smoker 1 no no 26

101 66 M IV smoker 0 no no 21

102 59 F IV smoker 1 no no 28

103 72 F IV never smoker 1 Del E746-A750 no 76

Abbreviations: DST W12: disease stabilization week 12, 0 = failure, 1 = success; EGFR mut (18–21): EGFR mutation in exons 18–21; KRAS mut (12): KRAS mutation in exon
12; W12: week 12.
doi:10.1371/journal.pone.0072966.t001
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Table 2. Patients’ details for patients in the blood study.

UPN Age Gender Stage Smoking status DST W12 EGFR mut (18–21)
KRAS
mut (12)

Tumor
shrinkage W12
(%)

2 69 M IV smoker 0 NA NA 65

3 50 M IV smoker 1 no G12C 26

7 55 M IV smoker 0 no G12C 233

8 65 F IV smoker 0 no no NA

9 61 M IV smoker 0 no no 241

14 53 M IV smoker 0 no NA 15

15 55 F IV smoker 0 no NA NA

16 75 M IV never smoker 1 Del L747-E749 no 100

18 64 M IV never smoker 1 L858R no 45

19 62 M IV smoker 0 NA NA NA

20 74 M IV smoker 1 no no 6

21 59 F IV smoker 1 no no 43

23 53 F IV smoker 0 no no 17

25 59 M IV smoker 0 no no NA

26 58 M IV smoker 1 no no 11

27 72 M IV smoker 0 NA NA 222

28 68 F IV smoker 0 no no NA

29 57 M IIIB smoker 1 no no 13

30 65 F IIIB never smoker 0 no no NA

37 61 M IV smoker 0 no NA NA

38 58 F IV never smoker 0 NA NA NA

39 68 M IV smoker 0 R705GA G12A NA

40 53 M IV smoker 1 no no 5

42 51 F IV smoker 1 no no 23

44 51 F IV smoker 0 no G12C NA

47 72 M IV smoker 1 no no 25

49 56 M IV smoker 1 no no 215

50 63 M IV smoker 1 NA NA 12

51 70 F IIIB never smoker 0 no no 18

53 49 F IV smoker 1 NA NA 212

54 49 M IV smoker 1 Del L747-S751_InsS no 27

55 55 F IV smoker 0 no no NA

56 61 F IV never smoker 1 NA NA 23

57 66 F IV smoker 0 no no NA

58 46 F IV smoker 0 no G12D NA

59 47 F IV smoker 1 no no 27

60 64 F IV never smoker 1 no G12D 53

61 61 F IV never smoker 1 L858R no 36

63 48 F IIIB smoker 0 no no NA

64 64 M IV smoker 1 no no 21

65 67 F IV never smoker 0 no no NA

66 57 F IIIB never smoker 1 no no 12

67 53 M IV smoker 1 no no 21

68 63 M IV smoker 0 no G12D NA

69 66 F IIIB smoker 0 no no 22

70 35 M IV smoker 1 no no 5

72 56 F IIIB smoker 1 no G12D 215

73 54 M IV smoker 0 no NA NA

Exonic Biomarkers in Non-Small Cell Lung Cancer
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measured in EGFR Exon 18 did not depend on the tumor cell

content [23]. Furthermore, there was a quantitative relationship -

higher EGFR mRNA level was correlated with more pronounced

tumor shrinkage, independently of EGFR mutational status.

EGFR exon-level expression analysis might become a useful

biomarker for daily clinical practice as it provides several

advantages in comparison to conventional mutational analysis by

gene sequencing. Typically, EGFR gene expression is measured

using quantitative RT-PCR with primers binding to a single gene

region often near the 39-end of the gene. However, as shown in

our study, gene expression did significantly vary over the span of

the EGFR gene. Reasons for such expression variations include

alternative splicing. The EGFR variant type III (EGFRvIII) has an

in-frame deletion of exons 2–7 which has been found to be

generated by gene rearrangement or aberrant mRNA splicing

[24,25]. This alternative splicing form has been found in NSCLC

[26,27]. In preclinical experiments, cells expressing EGFRvIII

were resistant against reversible EGFR-TKIs, but remained

sensitive to irreversible EGFR inhibitors [28]. We found the best

correlation with TS12 and exon 18. At the extremities of the

EGFR gene several exonic probesets did not show a significant

association with outcome. Dziadziuszko and colleagues reported

that high EGFR mRNA expression analyzed by quantitative RT-

PCR was associated with increased response and prolonged PFS in

patients treated with gefitinib [29]. In a Chinese study of 79

unselected patients treated with erlotinib no significant correlation

between EGFR mRNA expression, EGFR mutations, KRAS

mutations and clinical endpoints was found [30].

Several trials demonstrated that clinical benefit with EGFR-

TKIs was not restricted to patients with activating EGFR

mutations [13,16,31]. On the other hand, the IPASS trial

demonstrated that patients with EGFR wild-type treated with

gefitinib had a significantly shorter PFS compared with patients in

the chemotherapy arm (hazard ratio (HR): 2.85; 95% CI: 2.05–

3.98; pv0:001) [8]. In the present study, we were able to identify

3 patients with EGFR wild-type and high exon 18-EGFR

expression levels (2 measured in biopsies and blood, and 1

measured in blood only) who had significant TS12 after treatment

with BE. We believe that these results are of interest, because the

incidence of activating EGFR mutations in Caucasian patients is

10–15% and our test may identify additional patients who could

Table 2. Cont.

UPN Age Gender Stage Smoking status DST W12 EGFR mut (18–21)
KRAS
mut (12)

Tumor
shrinkage W12
(%)

74 61 M IV never smoker 1 no no 66

75 61 M IV never smoker 0 no no NA

77 54 M IV smoker 1 no no 16

78 63 F IV smoker 1 Del L747-G749 NA 26

79 32 F IIIB never smoker 1 Del E746-A750 no 100

80 44 F IV smoker 0 NA NA no NA

81 55 M IV smoker 0 no no NA

82 58 M IV smoker 1 no no 0

83 53 F IV smoker 0 no G12D NA

84 55 F IV never smoker 1 NA NA 0

85 48 F IV smoker 1 no no 0

86 56 F IV smoker 0 NA NA NA

87 74 M IV smoker 1 no no 215

88 78 M IV never smoker 0 no no 23

89 69 F IV never smoker 1 Del R748-S752 no 62

90 69 F IV smoker 1 no no 0

91 68 M IV smoker 0 no no NA

92 64 F IV never smoker 1 Del E746-A750 no 39

93 56 F IV never smoker 1 E709A and G719S no 12

94 49 F IV smoker 1 no G12V 16

95 64 M IV smoker 1 NA NA 1

96 77 M IV smoker 0 no no NA

98 64 F IV never smoker 1 no no 18

99 48 M IV smoker 1 no no 26

101 66 M IV smoker 0 no no 21

102 59 F IV smoker 1 no no 28

103 72 F IV never smoker 1 Del E746-A750 no 76

Abbreviations: DST W12: disease stabilization week 12, 0 = failure, 1 = success; EGFR mut (18–21): EGFR mutation in exons 18–21; KRAS mut (12): KRAS mutation in exon
12; W12: week 12.
doi:10.1371/journal.pone.0072966.t002
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fare better with first-line EGFR-TKIs compared with chemother-

apy. This hypothesis needs prospective validation.

Interestingly, patients with rarer EGFR-mutations (e.g. del

L747-S751 and del R748-S752) for which the response to

EGFR-TKIs has yet to be explored were also found to have

higher exon-level EGFR expression levels which was correlated

with TS12. Two probesets located on exon 18 showed the

strongest association with tumor shrinkage. In an Italian single

institution study, rare EGFR-mutations (exon 18 and 20 and

uncommon mutations in exons 19 and 21 and/or complex

mutations) were found in 2.6% of patients. They reported PR to

erlotinib in a patient with a E709A+G719C double mutation and

a response to erlotinib in a patient with a G719S mutation [32].

Other groups reported sensitivity to EGFR-TKI for the

E709A+G719C double mutation and for the G719S mutation in

exon 18 [33–35].

Interestingly, we observed tumor shrinkage in one patient with a

KRAS mutation. This patient had a high EGFR exon expression.

Patients with KRAS mutations represent approximately 25% of

NSCLC patients and have been described as highly resistant to

EGFR-TKI treatment with RR close to 0% and worse outcome

for mutated patients treated with EGFR-TKIs in some trials

[36,37]. The biomarker analysis of the SATURN trial showed no

detrimental effect on PFS with erlotinib in patients with KRAS

mutant tumors [17]. Thus, high exon EGFR expression levels may

be able to identify patients with KRAS mutations who derive

benefit from first-line BE.

Other potential molecular markers beyond EGFR-mutations

have been investigated for their predictive role for treatment with

TKIs or TKIs in combination with VEGFR inhibitors. EGFR

protein expression detected by immunohistochemistry (IHC) is

present in 60–90% of NSCLC patients [13,38] and therefore

unlikely to be of use for clinical selection for TKI therapy.

Although subgroup analyses of placebo controlled phase III studies

in pre-treated patients showed some predictive value of EGFR

protein expression [13,39], these results were not confirmed either

in the first line or maintenance setting [17,40]. Similarly, high

EGFR copy number, which occurs in 30–50% of patients with

NSCLC, and gene amplification, which occurs in about 10% [41],

have recently been shown to be JoverruledJ by EGFR mutations

Figure 1. Chromosomal location of the Affymetrix exon array probesets within EGFR, KRAS and VEGFA. The red ticks show the exonic
probesets, the gray ticks display the non-exonic probesets (intronic, intergenic and unreliable). In EGFR, KRAS and VEGFA, a total of 51 of 451, 13 of
262 and 25 of 26 exonic probesets were measured respectively. All other probesets were situated outside of exons, i.e. intronic, intergenic or were
unreliable.
doi:10.1371/journal.pone.0072966.g001

Exonic Biomarkers in Non-Small Cell Lung Cancer
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with respect to their predictive value for the response to EGFR-

TKIs [40]. Determination of EGFR mRNA expression by

quantitative PCR was correlated to EGFR FISH and IHC and

was shown to be a predictive biomarker for gefitinib [29]. Neither

EGFR protein expression nor EGFR FISH testing are currently

used in clinical practice and better molecular markers are

therefore urgently needed.

The EGFR gene gives rise to multiple RNA transcripts through

alternative splicing and the use of alternate polyadenylation signals

[42]. The EGFR gene spans nearly 200 kb and the full-length

170 kDa EGFR is encoded by 28 exons. Several alternative

splicing variants have been described [43]. The most commonly

used method to detect EGFR-mutations is direct sequencing of the

PCR-amplified exon sequences. The copy number of mutant

allele, imbalanced PCR amplification and the relative amount of

contaminating wild-type allele of non-tumor cells can influence the

sensitivity of mutant detection by direct sequencing [44]. Owing to

concern regarding the sensitivity of the direct-sequencing method,

a variety of other methods have been investigated to increase the

sensitivity of the mutation assay. Here we investigated for the first

time exon expression analysis. The array used enables gene

expression analysis as well as detection of different isoforms of a

gene. In this study we retrospectively identified a correlation

between exon intensity levels within EGFR and patient outcome.

The mechanism through which EGFR exon 18 expression

determines an increased sensitivity to bevacizumab-erlotinib is

unknown, although different hypotheses can be proposed. Exon

array is still very recent with high potential technology. It brakes

with the common idea that gene expression is stable over the span

of a whole gene. Therefore, it is not surprising that we obtained a

stronger statistical correlation EGFR expression near the region

coding for the functional transmembrane part of EGFR. If the

predictive value of this assay could be confirmed in a prospective

trial, exon-level gene expression might identify patients deriving

benefit from EGFR- and VEGFR-targeted therapies beyond the

patients selected by conventional gene sequencing.

There are certain limitations within the current study. It is a

single arm design and has a relatively low number of patients from

which tumor biopsies were available for analysis. In the first half of

the SAKK 19/05 trial a treatment-naive biopsy was not required

for study inclusion. In this period practically no biopsies were

collected. After an amendment (October 2006) the biopsy became

mandatory for study inclusion as a treatment-naive biopsy can be

taken in almost every patient including advanced-stage NSCLC

Figure 2. Association between EGFR, KRAS and VEGFA exon-level expression and response to BE. Row A depicts the association
between the tumor shrinkage at week 12 and the exon-level composite score (PCA axis 1) for EGFR, KRAS and VEGFA (left, center and right
respectively). The PCA scores are defined as the coordinates of the patients in a new space defined by linear combination of the original probeset
intensity values using principal component analysis. The patients with EGFR mutations are marked in red, those with non-available mutational status
are shown as empty circles. The row B shows the significance of the correlation (2log(p-value)) between each exon probeset and the tumor
shrinkage at week 12. The position of the exons is shown in blue.
doi:10.1371/journal.pone.0072966.g002

Exonic Biomarkers in Non-Small Cell Lung Cancer
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patients [23]. Exon array analyses were done with mixed cell

tumor biopsies without any tumor-cell enriching technique like

laser-capture microdissection. This is likely to lead to a certain

dilution of the true tumor signal. Tumor-cell enriching techniques

might further optimize the efficiency of biomarkers derived from

exon array analyses. The validity of EGFR exon expression

analysis as a biomarker of response to BE will need to be

confirmed both using RT-PCR analysis targeting EGFR exon 18.

The full accomplishment of the validation of the novel biomarker

eventually requires further investigation using an independent

prospective randomized trial.

In conclusion, with the aid of a novel gene expression array

technology with exonic coverage, we were able to identify exon 18-

EGFR expression as a potential predictive biomarker for erlotinib

and bevacizumab in patients with advanced, untreated NSCLC.

Materials and Methods

SAKK 19/05
The SAKK 19/05 trial (ClinicalTrials.gov: NCT00354549)

enrolled 103 patients with advanced non-squamous NSCLC, 101

patients were evaluable for further analysis [21]. Eligibility criteria

included age w18 years, adequate bone marrow function, normal

kidney and liver function and measurable disease. Patients with

immediate need of chemotherapy, with large centrally located

tumors, pre-existing tumor cavitations and brain metastases were

excluded. Extra pre-treatment bronchoscopic biopsies for transla-

tional studies were taken in 49 patients, from which 42 were of

sufficient quality for subsequent exon array analysis. For the

present substudy, pretreatment blood samples were available from

95 patients, and samples from 75 patients had sufficient quality for

exon arrays. Overall, 76 patients with either tumor or blood

samples or both, were included in the current substudy. Written

informed consent for translational research was obtained from all

patients. The clinical trial as well as the current substudy were

approved by the IRB of St. Gallen (EKSG 06/012).

Trial design
SAKK 19/05 was a multicenter, prospective, open-label, single-

arm, phase II trial in previously untreated patients. From January

2006 to April 2009, 103 patients from 14 Swiss institutions were

enrolled and received BE until disease progression or unacceptable

toxicity. At the time of progression, patients received chemotherapy

with 4–6 cycles of cisplatin and gemcitabine. The primary endpoint

was disease stabilization rate (DSR) defined as the proportion of

patients with complete response (CR), partial remission (PR) or

stable disease (SD) after 12 weeks of BE treatment. Secondary

endpoints included TTP under BE, as well as under CT, overall

survival (OS), tumor shrinkage at 12 weeks and 6 months. The

clinical outcomes of this trial have been reported earlier [21].

Pathology analysis
The formalin-fixed and paraffin embedded specimens were

reviewed and classified according to World Health Organisation

(WHO) criteria. Mutational analyses of EGFR (exon 18–21) and

KRAS (exon 12) were carried out from unstained tissue sections

(3 mm) or Papanicolaou-stained cytological specimens using direct

sequencing as previously described [45,46]. Tumor cell enrich-

ment was achieved either by macrodissection or laser-capture

microdissection and DNA sequence analysis.

Exon-level gene expression analysis
Total RNA from whole bronchoscopic biopsy samples were

extracted and provided sufficient quality for microarray hybrid-

ization in 42 of 49 samples. Circulating RNA from peripheral

blood samples was extracted and provided sufficient quality for

microarray hybridization in all 75 samples. mRNA was hybridized

on Affymetrix Human Exon 1.0ST arrays (Affymetrix, Santa-

Clara, CA, USA) following standard recommendations from the

manufacturer (detailed procedure available in Text S1). Raw data

have been deposited in NCBIs Gene Expression Omnibus (GEO),

and are accessible through GEO Series accession number

GSE37138. The exon and gene level probesets were pre-

processed, quality checked and normalized using the RMA

procedure [47]. The tissue and blood datasets were analyzed

Figure 3. Exon 18-EGFR expression is associated with tumor shrinkage. The left panel depicts the correlation between the expression
intensity of the exon 18-EGFR (probeset 3002770) and the tumor shrinkage at week 12. The vertical line shows the median expression intensity of
EGFR probeset 3002770. Patients with EGFR mutations are shown as red plain dots and labelled accrodingly. Patients with non-available mutational
status are displayed as empty circles. The central panel represents the receiver operating characteristic (ROC) curve showing the sensitivity/specificity
of a test based on the expression level of EGFR probeset 3002770 to classify responders (tumor shrinkage at week 12w0/20/30%) vs. non-responders
(tumor shrinkage at week 12ƒ0/20/30%). The plain dots depict the true positive and false positive rates obtained by fixing the cutoff value to the
median expression level of EGFR 3002770. The waterfall plot (right panel) displays the change in tumor size at week 12 ordered from left to right. The
colors are defined by the expression intensity of EGFR 3002770 dichotomized by the median of the expression evel (blue: low expression intensities;
red: high expression intensities).
doi:10.1371/journal.pone.0072966.g003
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independently without pooling the data. The tissue dataset was

used for biomarker discovery whereas the blood dataset was used

for internal validation.

Statistical considerations
The initial sample size calculation was based on the primary

endpoint of the clinical study (DSR at week 12 (DSR12) under BE

treatment). The 101 evaluable patients accrued guaranteed a high

precision in the estimation of DSR12. In a targeted gene

approach, 3 genes were specifically investigated: EGFR

(ENSG00000146648), KRAS (ENSG00000133703) and VEGFA

(ENSG00000112715). EGFR included 51, KRAS 13, and

VEGFA 25 exonic probesets (Figure 1). The endpoints considered

in this biomarker study included tumor shrinkage after 12 weeks

(TS12) of BE treatment, TTP under BE and OS. OS was

measured from registration until death of any cause. The result of

previous tumor EGFR sequencing was used for substudy analysis.

The univariate association between the exon-level intensities and

time-to-event endpoints was assessed by Cox proportional hazards

regression. The correlation between exon-level intensities and

tumor shrinkage was measured using the Spearman’s correlation

coefficient r and tested for significant difference from 0.

Bonferroni corrections were used to account for multiple testing.

Principal component analysis (PCA) was used to summarize the

information included in several exon-level probesets into compos-

ite scores (scores on the first principal components). Receiver

Operating Characteristic (ROC) curves were used to estimate the

sensitivity, specificity and accuracy of exon expression based

predictors. In order to assess the stability of our findings, a cross-

validation strategy was used. The accuracy of the classification

model was evaluated using bootstrapping. All analyses were done

using the R statistical software (version 2.13.0; packages xmapcore,

ade4, ROCR, Daim and survival) [48].

Supporting Information

Figure S1 Association between EGFR exon 18 expres-
sion and tumor shrinkage at week 12 — sub-analysis.
Only EGFR wild type patients were included in this analysis. The

scatter plot depicts the correlation between the expression of

EGFR exon 18 (probeset 3002770) and the tumor shrinkage at

week 12. The vertical line shows the median expression intensity of

EGFR exon 18.

(TIF)

Figure S2 Stability of the prediction ability of EGFR
biomarkers using cross-validation strategies. The left

panel depicts the ability of the EGFR biomarker most significantly

associated with TS12 (#/.20%) using the original dataset

(probeset 3002770) to classify BE responders. The best cut-off

value, together with the associated false positive rate (FPR), true

positive rate (TPR) and area under ROC curve (AUC) are given.

The right panel depicts the averaged ROC curve obtained after

.632 bootstrap cross-validation procedure. The boxplots show the

distribution of the FPR throughout the re-sampled datasets.

(TIF)

Table S1 Summary of all patients included in the SAKK
19/05 trial. DST W12: disease stabilization week 12, 0 = failure,

1 = success.

(PDF)

Text S1 Additional material and methods information.
The first paragraph provides an extended description of the exon-

level gene expression analysis. The second paragraph gives details

about the assessment of the stability of the obtained results.

(PDF)

Acknowledgments

Sample collection, shipping and processing was done within the structure

of the Swiss Lung Biopsy Biobank for which we are very grateful. We are

very thankful to Philippe Demougin who performed RNA isolation and

exon array hybridization. The study could not have been done without the

willingness of patients to participate in this study, especially to undergo an

additional bronchoscopy in certain cases.

The members of SAKK 19/05 Study Team are: Prof. R. Stahel

(University Hospital Zurich), Dr. L. Widmer (Hirslanden Clinic Zurich),

Dr. P. Schmid (Cantonal Hospital Aarau), Prof. Dr. A. Ochsenbein

(University Hospital Bern), Dr. P. Saletti (Lugano IOSI), Dr. R. von Moos

(Cantonal Hospital Chur), Dr. G. DAddario (Cantonal Hospital St.

Gallen), Dr. R. Winterhalder (Cantonal Hospital Luzern), Dr. L. Jost

(Cantonal Hospital Bruderholz), Dr. N. Mach (University Hospital Genve),

Dr. S. Peters (University Hospital CHUV)

Author Contributions

Conceived and designed the experiments: MB FZ MP OG. Performed the

experiments: LB. Analyzed the data: FB SC LB. Contributed reagents/

materials/analysis tools: LB. Wrote the paper: FB SR MF MB. Patient

recruitment: DB CD RC DR.

References

1. Ardizzoni A, Boni L, Tiseo M, Fossella FV, Schiller JH, et al. (2007) Cisplatin-

versus carboplatin-based chemotherapy in first-line treatment of advanced non-

small-cell lung cancer: an individual patient data meta-analysis. J Natl Cancer

Inst 99: 847–857.

2. Scagliotti GV, Parikh P, von Pawel J, Biesma B, Vansteenkiste J, et al. (2008)

Phase III study comparing cisplatin plus gemcitabine with cisplatin plus

pemetrexed in chemotherapy-naive patients with advanced-stage non-small-cell

lung cancer. J Clin Oncol 26: 3543–3551.

3. Mitsudomi T, Morita S, Yatabe Y, Negoro S, Okamoto I, et al. (2010) Gefitinib

versus cisplatin plus docetaxel in patients with non-small-cell lung cancer

harbouring mutations of the epidermal growth factor receptor (WJTOG3405):

an open label, randomised phase 3 trial. Lancet Oncol 11: 121–128.

4. Maemondo M, Inoue A, Kobayashi K, Sugawara S, Oizumi S, et al. (2010)

Gefitinib or chemotherapy for non-small-cell lung cancer with mutated EGFR.

N Engl J Med 362: 2380–2388.

5. Zhou C, Wu YL, Chen G, Feng J, Liu XQ, et al. (2011) Erlotinib versus

chemotherapy as first-line treatment for patients with advanced EGFR

mutation-positive non-small-cell lung cancer (OPTIMAL, CTONG-0802): a

multicentre, open-label, randomised, phase 3 study. Lancet Oncol 12: 735–742.

6. Rosell R, Gervais R, Vergnenegre A, Massuti B, Felip E, et al. (2011) Erlotinib

versus chemotherapy (CT) in advanced non-small cell lung cancer (NSCLC)

patients (p) with epidermal growth factor receptor (EGFR) mutations: Interim

results of the european erlotinib versus chemotherapy (EURTAC) phase III

randomized trial. In: Proceedings of ASCO 2011. volume 29.

7. Rosell R, Moran T, Queralt C, Porta R, Cardenal F, et al. (2009) Screening for

epidermal growth factor receptor mutations in lung cancer. N Engl J Med 361:

958–967.

8. Mok TS, Wu YL, Thongprasert S, Yang CH, Chu DT, et al. (2009) Gefitinib or

carboplatin-paclitaxel in pulmonary adenocarcinoma. N Engl J Med 361: 947–

957.

9. Lilenbaum R, Axelrod R, Thomas S, Dowlati A, Seigel L, et al. (2008)

Randomized phase II trial of erlotinib or standard chemotherapy in patients

with advanced non-small-cell lung cancer and a performance status of 2. J Clin

Oncol 26: 863–869.

10. Thomas M, Reuss A, Fischer JR, Andreas S, Kortsik C, et al. (2011)

Innovations: Randomized phase II trial of erlotinib (E)/bevacizumab (B)

compared with cisplatin (P)/gemcitabine (G) plus B in first-line treatment of

advanced nonsquamous (NS) non-small cell lung cancer (NSCLC). In:

Proceedings of ASCO 2011. volume 29.

11. Gridelli C, Ciardiello F, Feld R, Butts CA, Gebbia V, et al. (2010) International

multicenter randomized phase III study of first-line erlotinib (E) followed by

second-line cisplatin plus gemcitabine (CG) versus first-line CG followed by

second-line E in advanced non-small cell lung cancer (aNSCLC): The TORCH

trial. In: Proceedings of ASCO 2010. volume 28.

Exonic Biomarkers in Non-Small Cell Lung Cancer

PLOS ONE | www.plosone.org 9 September 2013 | Volume 8 | Issue 9 | e72966



12. Douillard JY, Shepherd FA, Hirsh V, Mok T, Socinski MA, et al. (2010)

Molecular predictors of outcome with gefitinib and docetaxel in previously
treated non-small-cell lung cancer: data from the randomized phase III

INTEREST trial. J Clin Oncol 28: 744–752.

13. Shepherd FA, Pereira JR, Ciuleanu T, Tan EH, Hirsh V, et al. (2005) Erlotinib
in previously treated non-small-cell lung cancer. N Engl J Med 353: 123–132.

14. Cappuzzo F, Ciuleanu T, Stelmakh L, Cicenas S, Szczsna A, et al. (2010)
Erlotinib as maintenance treatment in advanced non-small-cell lung cancer: a

multicentre, randomised, placebo-controlled phase 3 study. Lancet Oncol 11:

521–529.
15. Perol M, Chouaid C, Milleron BJ, Gervais R, Barlesi F, et al. (2010)

Maintenance with either gemcitabine or erlotinib versus observation with
predefined second-line treatment after cisplatinge-mcitabine induction chemo-

therapy in advanced NSCLC: IFCT-GFPC 0502 phase III study. In:
Proceedings of ASCO 2010. volume 28.

16. Kabbinavar FF, Miller VA, Johnson BE, O’Connor PG, Soh C (2010) Overall

survival (OS) in ATLAS, a phase IIIb trial comparing bevacizumab (B) therapy
with or without erlotinib (E) after completion of chemotherapy (chemo) with B

for first-line treatment of locally advanced, recurrent, or metastatic non-small
cell lung cancer (NSCLC). In: Proceedings of ASCO 2010. volume 28.

17. Brugger W, Triller N, Blasinska-Morawiec M, Curescu S, Sakalauskas R, et al.

(2011) Prospective molecular marker analyses of EGFR and KRAS from a
randomized, placebo-controlled study of erlotinib maintenance therapy in

advanced non-small-cell lung cancer. J Clin Oncol 29: 4113–4120.
18. Kris MG, Johnson BE, Kwiatkowski DJ, Iafrate AJ, Wistuba II, et al. (2011)

Identification of driver mutations in tumor specimens from 1,000 patients with
lung adenocarcinoma: The NCIs Lung Cancer Mutation Consortium (LCMC).

In: Proceedings of ASCO 2011. volume 29.

19. Perez-Moreno P, Brambilla E, Thomas R, Soria JC (2012) Squamous cell
carcinoma of the lung: molecular subtypes and therapeutic opportunities. Clin

Cancer Res 18: 2443–2451.
20. Herbst RS, Ansari R, Bustin F, Flynn P, Hart L, et al. (2011) Efficacy of

bevacizumab plus erlotinib versus erlotinib alone in advanced non-small-cell

lung cancer after failure of standard first-line chemotherapy (beta): a double-
blind, placebo-controlled, phase 3 trial. Lancet 377: 1846–1854.

21. Zappa F, Droege C, Betticher D, von Moos R, Bubendorf L, et al. (2012)
Bevacizumab and erlotinib (BE) first-line therapy in advanced non-squamous

non-small-cell lung cancer (NSCLC) (stage IIIB/IV) followed by platinum-based
chemotherapy (CT) at disease progression: a multicenter phase II trial (SAKK

19/05). Lung Cancer 78: 239–244.

22. Reck M, von Pawel J, Zatloukal P, Ramlau R, Gorbounova V, et al. (2009)
Phase III trial of cisplatin plus gemcitabine with either placebo or bevacizumab

as first-line therapy for nonsquamous nonsmall-cell lung cancer: AVAil. J Clin
Oncol 27: 1227–1234.

23. Baty F, Facompr M, Kaiser S, Schumacher M, Pless M, et al. (2010) Gene

profiling of clinical routine biopsies and prediction of survival in non-small cell
lung cancer. Am J Respir Crit Care Med 181: 181–188.

24. Sugawa N, Ekstrand AJ, James CD, Collins VP (1990) Identical splicing of
aberrant epidermal growth factor receptor transcripts from amplified rearranged

genes in human glioblastomas. Proc Natl Acad Sci U S A 87: 8602–8606.
25. Pedersen MW, Meltorn M, Damstrup L, Poulsen HS (2001) The type III

epidermal growth factor receptor mutation. Biological significance and potential

target for anti-cancer therapy. Ann Oncol 12: 745–760.
26. de Palazzo IEG, Adams GP, Sundareshan P, Wong AJ, Testa JR, et al. (1993)

Expression of mutated epidermal growth factor receptor by non-small cell lung
carcinomas. Cancer Res 53: 3217–3220.

27. Okamoto I, Kenyon LC, Emlet DR, Mori T, ichiro Sasaki J, et al. (2003)

Expression of constitutively activated EGFRvIII in non-small cell lung cancer.
Cancer Sci 94: 50–56.

28. Ji H, Zhao X, Yuza Y, Shimamura T, Li D, et al. (2006) Epidermal growth
factor receptor variant III mutations in lung tumorigenesis and sensitivity to

tyrosine kinase inhibitors. Proc Natl Acad Sci U S A 103: 7817–7822.

29. Dziadziuszko R, Witta SE, Cappuzzo F, Park S, Tanaka K, et al. (2006)
Epidermal growth factor receptor messenger RNA expression, gene dosage, and

gefitinib sensitivity in non-small cell lung cancer. Clin Cancer Res 12: 3078–
3084.

30. Zhu YJ, Xia Y, Ren GJ, Wang MZ, Zeng X, et al. (2010) Efficacy and clinical/
molecular predictors of erlotinib monotherapy for chinese advanced non-small

cell lung cancer. Chin Med J (Engl) 123: 3200–3205.

31. Cappuzzo F, Ciuleanu T, Stelmakh L, Cicenas S, Szczesna A, et al. (2009)

SATURN: A doubleblind, randomized, phase III study of maintenance erlotinib

versus placebo following nonprogression with first-line platinum-based chemo-

therapy in patients with advanced NSCLC. In: Proceedings of ASCO 2009.

volume 27.

32. Pas TD, Toffalorio F, Manzotti M, Fumagalli C, Spitaleri G, et al. (2011)

Activity of epidermal growth factor receptor-tyrosine kinase inhibitors in patients

with non-small cell lung cancer harboring rare epidermal growth factor receptor

mutations. J Thorac Oncol 6: 1895–1901.

33. Hijiya N, Miyawaki M, Kawahara K, Akamine S, Tsuji KI, et al. (2008)
Phosphorylation status of epidermal growth factor receptor is closely associated

with responsiveness to gefitinib in pulmonary adenocarcinoma. Hum Pathol 39:

316–323.

34. Takano T, Ohe Y, Sakamoto H, Tsuta K, Matsuno Y, et al. (2005) Epidermal

growth factor receptor gene mutations and increased copy numbers predict

gefitinib sensitivity in patients with recurrent non-small-cell lung cancer. J Clin

Oncol 23: 6829–6837.

35. Ichihara S, Toyooka S, Fujiwara Y, Hotta K, Shigematsu H, et al. (2007) The

impact of epidermal growth factor receptor gene status on gefitinib-treated

japanese patients with non-small-cell lung cancer. Int J Cancer 120: 1239–1247.

36. Pao W, Wang TY, Riely GJ, Miller VA, Pan Q, et al. (2005) KRAS mutations

and primary resistance of lung adenocarcinomas to gefitinib or erlotinib. PLoS

Med 2: e17.

37. Eberhard DA, Johnson BE, Amler LC, Goddard AD, Heldens SL, et al. (2005)

Mutations in the epidermal growth factor receptor and in KRAS are predictive

and prognostic indicators in patients with non-small-cell lung cancer treated with

chemotherapy alone and in combination with erlotinib. J Clin Oncol 23: 5900–

5909.

38. Hirsch FR, Varella-Garcia M, Cappuzzo F, McCoy J, Bemis L, et al. (2007)

Combination of EGFR gene copy number and protein expression predicts

outcome for advanced non-small-cell lung cancer patients treated with gefitinib.

Ann Oncol 18: 752–760.

39. Hirsch FR, Varella-Garcia M, Bunn PA, Franklin WA, Dziadziuszko R, et al.

(2006) Molecular predictors of outcome with gefitinib in a phase III placebo-

controlled study in advanced non-small-cell lung cancer. J Clin Oncol 24: 5034–

5042.

40. Fukuoka M, Wu YL, Thongprasert S, Sunpaweravong P, Leong SS, et al. (2011)
Biomarker analyses and final overall survival results from a phase III,

randomized, open-label, first-line study of gefitinib versus carboplatin/paclitaxel

in clinically selected patients with advanced non-small-cell lung cancer in Asia

(IPASS). J Clin Oncol 29: 2866–2874.

41. Hirsch FR, Varella-Garcia M, Bunn PA, Maria MVD, Veve R, et al. (2003)

Epidermal growth factor receptor in non-small-cell lung carcinomas: correlation

between gene copy number and protein expression and impact on prognosis.

J Clin Oncol 21: 3798–3807.

42. Reiter JL, Maihle NJ (1996) A 1.8 kb alternative transcript from the human

epidermal growth factor receptor gene encodes a truncated form of the receptor.

Nucleic Acids Res 24: 4050–4056.

43. Reiter JL, Threadgill DW, Eley GD, Strunk KE, Danielsen AJ, et al. (2001)

Comparative genomic sequence analysis and isolation of human and mouse

alternative EGFR transcripts encoding truncated receptor isoforms. Genomics

71: 1–20.

44. Engelman JA, Mukohara T, Zejnullahu K, Lifshits E, Borrs AM, et al. (2006)

Allelic dilution obscures detection of a biologically significant resistance mutation

in EGFR-amplified lung cancer. J Clin Invest 116: 2695–2706.

45. D’Addario G, Rauch D, Stupp R, Pless M, Stahel R, et al. (2008) Multicenter

phase II trial of gefitinib first-line therapy followed by chemotherapy in

advanced non-small-cell lung cancer (NSCLC): SAKK protocol 19/03. Ann

Oncol 19: 739–745.

46. Savic S, Tapia C, Grilli B, Rue A, Bihl MP, et al. (2008) Comprehensive

epidermal growth factor receptor gene analysis from cytological specimens of

non-small-cell lung cancers. Br J Cancer 98: 154–160.

47. Irizarry RA, Bolstad BM, Collin F, Cope LM, Hobbs B, et al. (2003) Summaries

of affymetrix genechip probe level data. Nucleic Acids Res 31: e15.

48. R Core Team (2012) R: A Language and Environment for Statistical

Computing. R Foundation for Statistical Computing, Vienna, Austria.

Available: http://www.R-project.org/. ISBN 3-900051-07-0. Accessed 2013

Jul 26.

Exonic Biomarkers in Non-Small Cell Lung Cancer

PLOS ONE | www.plosone.org 10 September 2013 | Volume 8 | Issue 9 | e72966


