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Abstract

Background

Epidermal Growth Factor Receptor (EGFR) molecular analysis is performed to assess the
responsiveness to Tyrosine Kinase Inhibitors (TKIs) in patients with Non-Small Cell Lung
Cancer (NSCLC). The existence of molecular intra-tumoral heterogeneity has been
observed in lung cancers. The aim of the present study is to investigate if the percentage of
mutated neoplastic cells within the tumor sample might influence the responsiveness to
TKis treatment.

Material and methods

A total of 931 cases of NSCLC were analyzed for EGFR mutational status (exon 18, 19, 20,
21) using Next Generation Sequencer. The percentage of mutated neoplastic cells was cal-
culated after normalizing the percentage of mutated alleles obtained after next generation
sequencer analysis with the percentage of neoplastic cells in each tumor.

Results

Next generation sequencing revealed an EGFR mutation in 167 samples (17.9%), mainly
deletions in exon 19. In 18 patients treated with TKls and with available follow-up, there was
a significant correlation between the percentage of mutated neoplastic cells and the clinical
response (P =0.017). Patients with a percentage of mutated neoplastic cells greater than
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56%, have a statistical trend (P = 0.081) for higher Overall Survival (26.3 months) when
compared to those with a rate of mutated neoplastic cells lower than 56% (8.2 months).

Conclusions

The percentage of EGFR-mutated neoplastic cells in the tumor is associated with response
to TKls. A “quantitative result” of EGFR mutational status might provide useful information in
order to recognize those patients which might have the greatest benefit from TKis.

Introduction

The adenocarcinoma tumor subtype accounts for about the 40% of all Non-Small Cell Lung
Cancer (NSCLC) [1]. Molecular tests, such as analysis of Epidermal Growth Factor Receptor
(EGFR) mutations (exons 18, 19, 20, 21) and Anaplastic Lymphoma Kinase (ALK) fusion gene,
are prescribed in non-squamous NSCLC to determine the responsiveness to Tyrosine Kinase
Inhibitors (TKIs) or ALK inhibitors, respectively [2]. EGFR mutations are approximately pres-
ent in 10% of lung adenocarcinoma in Caucasian population [3-12] and TKIs based therapy is
strongly recommended as first-line treatment in presence of these gene markers [13-22].

For this reason, EGFR mutations are crucial biomarkers to select patients for TKIs based
treatment, and guidelines for molecular diagnosis have been outlined by oncologic societies
both in Europe and in the United States [2, 23]. The greater part of all activating mutations
that confer sensitivity to TKI (up to 80-90%) are either deletions in EGFR exon 19 or the p.
L858R mutation (exon 21), but a variety of activating EGFR mutations can also occur (e.g.
p-G719X in exon 18) [23].

Patients with non-squamous NSCLC harboring EGFR activating mutations or clinical fea-
tures that suggest their presence, have been enrolled in randomized clinical trials where TKIs
were compared to platinum-based chemotherapy in first-line treatment settings: results have
clearly shown that TKIs improve prognosis and quality of life of patients when compared to
traditional chemotherapy [13-18].

In spite of the high clinical evidence to employ TKIs (afatinib, erlotinib and gefitinib) in the
early phases of the treatment of patients with advanced NSCLC harboring sensitive mutations,
the duration of the clinical response is variable, and about 20% of patients undergoes tumor
progression during TKI therapy. Well known explanations for this “resistance” are: i) molecu-
lar alterations in genes other than EGFR (e.g additional mutations downstream of EGFR along
the MAPK/Kinase pathway) [24]; ii) mutations of EGFR conferring resistance (e.g EGFR
p-T790M) [25]. An additional explanation may be the EGFR mutation heterogeneity within
the tumor [22]. In this last instance, assessment of EGFR mutation heterogeneity in NSCLC
may recognize those patients with EGFR mutations that might benefit most from TKI therapy.
Next Generation Sequencing (NGS), that allows quantitative assessment of mutated alleles per-
formed in lung [26, 27], gastrointestinal tract [28], pancreatic [29, 30], thyroid [31, 32], and
renal tumors [33], has demonstrated the existence of heterogeneity of the driving molecular
alterations, not only within the primary tumor, but also between the primary and its metastasis
[29, 31]. Recently, Bria et al. showed a relevant relationship between the heterogeneity of
EGFR mutations in NSCLC and duration of clinical response after TKI treatment: patients
with a high proportion of EGFR mutated alleles responded better to TKIs [26].
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This study investigates for the first time whether, not only the frequency of EGFR mutated
allele, but also the percentage of EGFR mutated neoplastic cells has an influence on the
response to TKIs.

Material and methods

Opverall, a total of 931 cases of NSCLC were analyzed for EGFR mutational status (exons 18, 19,
20, 21) (Fig 1).

To address if EGFR mutation heterogeneity could influence the response to TKIs, the per-
centage of EGFR-mutated alleles was evaluated using a high sensitive approach (NGS: 454
GS-Junior, Roche), previously used to quantify mutated allele percentages of tumor samples.

All the samples were collected as part of routine diagnostic protocols and retrieved from the
archives of Anatomic Pathology of Bellaria-Maggiore Hospitals (Azienda USL Bologna, Italy)
and collected during routine clinical care.

Biological assessment was performed in the Molecular Diagnostic Unit, Azienda USL di
Bologna. Diagnoses were centrally reviewed by two pathologists (AC, GT) and classified
according to WHO criteria [1]. In 18 cases with advanced NSCLC with mutated EGFR treated
in first-line with TKIs (15 with erlotinib and 3 with gefitinib) follow-up (FU) data was available
because patients have been referred to Medical Oncology Bellaria Hospital (AUSL Bologna,
Italy) (Fig 1).

The study was approved by Ethic Committee of Azienda Sanitaria Locale di Bologna (num-
ber of study CE 16013, protocol number 234/CE of 22nd March 2016, Bologna, Italy). The eth-
ics committee waived the requirement for patient written consent. EGFR mutational analysis
is part of the routine diagnostic workup of patients with NSCLC lesions treated at Azienda
USL di Bologna and by necessity the authors had access to information identifying the

931 Non-small cell lung cancer

764 EGFR not mutated

167 EGFR mutated

137 Incomplete or not available follow-up

30 Available follow-up

6 Unknown clinical significance

24 Clinical significance

6 Treated with chemotherapy

18 Treated with Tyrosine Kinase Inhibitors

Fig 1. Flow chart of the cases analyzed.
https://doi.org/10.1371/journal.pone.0177822.9001
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patients. All information regarding the human material used in the study was managed using
anonymous numerical codes.

EGFR mutational analysis

DNA was extracted starting from one or two cytological smears (depending on the total
amount of neoplastic cells in the analyzed specimens) and from one or two 10pum-thick FFPE
slides. Area of interest was scraped using a sterile blade according to the pathologist selection.

DNA from cytological smears was extracted using Epicentre MasterPure DNA purification
kit (Epicentre, Madison, WI, USA) according to manufacturer’s indications. DNA from FFPE
samples was extracted using the QuickExtract DNA Extraction Solution (Epicentre, Madison,
WI, USA).

EGFR analysis was performed using previously described primers and protocol.[27] In 129
(77.2%) specimens also KRAS (exons 2 and 3) mutational analysis was performed, as previ-
ously described [34, 35]. Only nucleotide variations observed in both strands were considered
for mutational call. Ambiguous base calls associated to stretches of homopolymers four-base-
pair or longer were not considered mutated due to the limitations of the pyrosequencing
chemistry that is used by 454-NGS [36]. Based on previously published data [27, 37], we estab-
lished as criteria to define a sample mutated the identification of the mutation in at least 10
reads and in at least 1% of the total number of reads analyzed.

Percentage of mutated neoplastic cells

The proportion of neoplastic cells was expressed as a percentage after evaluation by two
pathologists (AC, GT). As the estimate of this percentage is critical for the study it was carefully
analyzed as follows. Two types of specimens were analyzed: formalin fixed paraffin embedded
(FFPE) tissue specimens and Papanicolau (PAP) stained cytology slide smears obtained after
fine needle aspiration of the tumor mass. For FFPE specimens, the tumor area marked on the
hematoxylin and eosin (HE) section used as DNA extraction control was evaluated microscop-
ically. As this control section was the last cut after four 10um-thick sections, the proportion of
neoplastic cells was also evaluated on the original HE section used for the histopathological
diagnosis. The tumor cell percentage difference between these two HE sections was always
<10%, and the area marked on the DNA extraction control HE to guide the selection of the
material scraped for DNA analysis was used to evaluate the percentage of neoplastic cells.

For PAP stained cytology slides, the percentage of neoplastic cells was evaluated on the
entire surface area marked to scrape cellular material for DNA analysis.

To avoid the bias due to the larger size of tumor cells, the microscopic analysis of tumor cell
content was always based on the evaluation of tumor cell nuclei vs. the number of nuclei of
non-neoplastic cells (the surface areas occupied by the tumor cells vs. non-tumor cells was not
taken into account). The two pathologists evaluated the percentage of neoplastic cells indepen-
dently. The greatest difference in the neoplastic cell content among the two pathologists was
+10% (average absolute difference: 8%), and the mean percentage values for each case was
used for the study.

The percentage of mutated alleles obtained using NGS was normalized to the proportion of
neoplastic cells in each tumor using the following formula [32]:

Percentage of mutated neoplastic cells = [(MR * 2)/X] * 100

where MR is the percentage of mutated reads according to NGS and X is the estimated per-
centage of neoplastic cells. For all cases the tumor was postulated to be euploid.
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Evaluation of clinical response to TKI therapy

Restaging exams have been planned as daily clinical practice and the response rate was evalu-
ated using RECIST criteria [38]. We divided patients based on the responsiveness to TKIs in 4
categories: complete response (CR), partial response (PR), stable disease (SD) and progression
of disease (PD). Progression-Free Survival (PFS) was calculated from the time of diagnosis to
the date of the progression of disease documented by clinical exam or radiological assessment.
Opverall Survival (OS) was defined as the time from the initial diagnosis until death.

Statistical analysis

Data are reported as means, medians, ranges and frequencies. Survival data (median survival
times with 95% confidence interval) were computed by the means of the Kaplan-Meier proce-
dure. Spearman’s correlation, Kruskal-Wallis test, Breslow-Wilcoxon test and Cox propor-
tional hazards model were applied. Receiver-operating characteristics (ROC) curves were
plotted. The area under the ROC curve (AUC) was computed together with the 95% CI. The
best cut-off was calculated using the method of maximization of the Youden’s index [39].

The SPSS (Version 13.0 for Windows; SPSS Inc., Chicago, IL, USA) was used as a statistical
package. Two-tailed P values less than 0.05 were considered significant.

Results

EGFR mutational analysis and clinical responses

NGS revealed EGFR mutations in 167 (17.9%) patients of whom 94 (56.3%) females and 73
(43.7%) males, aged from 33 to 87 years (mean: 68.3 years). Specimens have been obtained
from the lung primary in 111 (66.5%) and in 56 cases (33.5%) from tumor metastases (brain,
bones, lymph-nodes). The 167 mutated samples were 82 (49.1%) FFPE tissue specimens and
85 (50.9%) cytology specimens.

The mean of analyzed reads in the 167 EGFR mutated samples was 936 (coverage: 115x
-3,080x), the mean of mutated alleles in the 167 samples was 25.2% (range: 2% - 90%). No dif-
ferences in the clonal distribution of EGFR mutations were observed. Specifically, we did not
identify any statistical difference in the percentage of mutated neoplastic cells with G719X vs.
Exon 19 Deletion vs. Exon 20 insertion vs. p.L858R vs. p.L861X (p = 0.6636). No correlation
was observed between patients age and percentage of mutated neoplastic cells (r* = 0.040,

p = 0.607). EGFR mutations are summarized in Table 1. More than one mutational event was
identified in 26 cases (15.6%): 6 cases had double EGFR mutations, in 20 cases a KRAS muta-
tions co-existed with EGFR mutation.

In 3 of the 6 cases with double EGFR mutations the discrepancy in the proportion of reads
carrying the two mutations was divergent (>10%), implying the presence of two different
EGFR-mutated clones. In the remaining cases, it is likely that mutations occurred in the same
neoplastic cell clone: in two cases the percentage of the alleles with the two mutations was
exactly the same (mutations in haplotype); in the remaining case the difference in the propor-
tion of reads carrying the two mutations very low (<10%).

A total of 18 patients with EGFR mutation, but no KRAS mutation, were treated in first-line
with TKIs: their clinical and EGFR molecular status is summarized in Table 2 and S1 Table.

Correlation between the percentage of EGFR mutated neoplastic cells
and response to TKls

In the 18 cases treated with EGFR-TKIs (Table 2), the mean of the neoplastic cells in the sam-
ple analyzed was 46.1% (range: 5% - 70%) and the median percentage of mutated alleles was
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Table 1. Type of detected EGFR mutations in the 167 mutated specimens.

EGFR Mutation
G719X?
p.G719A (c.2156G>C)
p.G719S (c.2155G>A)
Del Ex19

p.E746_A750delELREA ®
(c.2235_2249del15)

p.E746_S752delELREATS
(c.2236_2256del21)

p.E746_T751delELREAT °
(c.2235_2252del18)

p.K745_A750delKELREA
(c.2234_2248del15)

p.L747-A750delLREA
(c.2239_2248del10)

p.L747_E749LRE
(c.2239_2247del9)

p.L747_P753delLREATSP
(c.2238_2258del21)

p.L747_S752delLREATS
(c.2238_2256del19)

Other Ex19 deletions

Ex20 insertion

p.T790M °¢
(c.2369C>T)

p.L858R P%-°
(c.2573T>G)

p.L861X
p.L861Q (c.2582T>A)
p.L861P (c.2582T>C)
Other Mutations °©

Exon
18

19

20
20

21

21

18-21

Number of mutations (%) | % range of mutated allele Notes

13(7.8) 4-90

9 (69.2) 9-90

4 (30.8) 4-33

85 (50.9) 2-90

42 (49.4) 2-90

4(4.7) 2-39

8(9.4) 2-75

4(4.7) 5-55

4(4.7) 4-52 p.L747_A750delLREAInsP (n = 2);
p.L747_A750delLREAInsS (n=1)

5(5.9) 5-80 p.L747_E749 + p.K745E (n = 2)

7(8.2) 2-55 p.T747_P753 + p.A755D (n=1)

6(7.1) 2-45

5(5.9) 3-88 p.R748_A750delREA+p.L747F (n=1);

p.L747_T751delLREAT (n = 2);
p.R745_A750delRELREA (n = 2)

5(3.0) 21-62
2(1.2) 53-60
32(19.2) 2-65
8 (4.8) 3-60
6 (75.0) 3-60
2(25.0) 5-9
28 (16.8) 2-55

2 In two sample a double mutation p.G719X + p.E709A was observed;
® In one sample a double mutation DEL E746_A750 + p.L858R was observed;
°In one sample a double mutation DEL E746_T751 + p.T790M was observed,
91n one sample a double mutation p.L858R + p.T790M was observed;
¢ In one sample a double mutation p.L858R + p.E709A was observed.

https://doi.org/10.1371/journal.pone.0177822.t001

21% (range: 5.0% - 70.0%). The median of mutated neoplastic cells was 74.8% (range: 23.3% -
110%) (S1 Table).

In 6 samples the percentage of mutated cells calculated according to the formula shown
above was higher than 100%, reflecting EGFR gene amplification with mutant allele-specific
imbalance (MASI) [21, 40, 41].

A trend (P = 0.068) was observed between the percentage of mutated alleles and responsive-
ness to TKIs classified according to the PR>SD>PD scale. No statistical correlation was
observed with PFS (P = 0.268) and OS (P = 0.708).

We found a strong correlation (P = 0.017) between the percentage of EGFR mutated neo-
plastic cells and clinical response to TKIs classified according to the same PR>SD>PD scale.
No relationship was observed in PES (P = 0.512) and OS (P = 0.334).
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Table 2. Molecular and clinical characteristics of patients treated with EGFR-TKIs.

Features Value Percentage

Mean age (years) 68.4

Sex

- Male 5 27.8%

- Female 13 72.2%

Site

- Lung 16 88.8%

- Lymph node 1 5.6%

- Pleural effusion 1 5.6%

Mean % neoplastic cells 46

EGFR mutation?

- p.E746_A750delELREA 5 27.8%
(c.2235_2249del15)

- p.L747_P753delLREATSP 2 11.1%
(c.2238_2258del21)

- p.L747_E749LRE 2 11.1%
(c.2239_2247del9)

- p.E746_T751delELREAT 1 5.6%
(c.2235_2252del18)

- p.E746_S752delELREATS 1 5.6%
(c.2236_2256del21)

- p.L747-A750delLREA 1 5.6%
(c.2239_2248del10)

- p.L747_E749LRE 1 5.6%
(c.2239_2247del9)

- p.L858R 3 16.7%
(c.2573T>G)

- p.E709A/p.G719A% 1 5.6%
(c.2126A>C/c.2156G>C)

-p.G719S/p.L861Q? 1 5.6%
(c.2155G>A/ ¢.2582T>A)

EGFRExon

-18/182 1 5.6%

-18/212 1 5.6%

-19 13 72.2%

-21 3 16.7%

Mean % EGFR mutated cells 74.8

Response to treatment

- Progression Disease 4 22.2%

- Stable Disease 6 33.3%

- Partial Response 8 44.4%

- Complete Response 0 0.0%

& In two patients two EGFR mutations were detected. DEL: deletion

https://doi.org/10.1371/journal.pone.0177822.t002

We tried to identify those patients that could benefit most from TKIs therapy. For this, we
looked for a threshold of EGFR mutated neoplastic cells that could differentiate “responders”
(PR group) from “non-responders” (PD/SD group). We calculated and plotted the AUC curve
for the percentage of EGFR mutated neoplastic cells. A threshold of 56% EGFR mutated neo-

plastic cells was identified as the percentage of neoplastic cells that best correlates with

response to TKIs (AUC: 0.813, 95% CI 0.603-1.022, P = 0.026, Fig 2). In fact, patients with a
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Fig 2. Receiver operating characteristic (ROC) curve examining the relationship between the
neoplastic cell percentage and the clinical response to TKIs. Area under the curve (AUC): 0.813, 95% Cl
0.603-1.022, P = 0.026. The dotted diagonal line shows the expected ROC curve for a random correlation.

https://doi.org/10.1371/journal.pone.0177822.9002

percentage of mutated neoplastic cells equal or lower than 56% had a median OS of 8.2 months
(95% CI: 5.4-11.0) compared to the 26.3 months OS (95% CI: 16.5-36.0) of patients with more
than 56% mutated neoplastic cells, although the difference did not reach a statistical signifi-
cance (P = 0.081, Fig 3).

Discussion

EGFR mutations are a key biomarker to select patients with NSCLC for TKI therapy [13-18,
22]. Some studies have noted that the load of EGFR mutated alleles associates positively with
the response to TKIs [22, 26]. In 2011 Zhou et al. observed that the abundance of EGFR
mutated alleles correlates with PES in patients that received gefitinib [22]. Recently, Bria et al.
in a series of 17 patients, stratified in three groups based on the time of tumor progression,
found a statistical trend between the proportion of mutated alleles obtained after NGS muta-
tion analysis and the duration of clinical response to TKIs, no differences were found for PFS
and OS [26].

In a similar cohort of patients, we observed only a statistical trend between the percentage of
EGFR mutated alleles and the clinical response classified as ordinal categories (PR>SD>PD).
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Fig 3. Relationship between Overall Survival (OS) and percentage of mutated neoplastic cells
(threshold 56%).

https://doi.org/10.1371/journal.pone.0177822.9003

The correlation was instead very strong (P = 0.017) when the percentage of mutated neoplastic
cells was considered as opposed to that of EGFR mutated alleles.

In the study mentioned above, Zhou et al. did not address the issue of the proportion of
EGFR mutated neoplastic cells influence on TKI response, but used as cutoff for case selection
tumors with >50% neoplastic cells [22]. In our study, we actually attempted to determine the
proportion of mutated neoplastic cells that best identifies the subset of patients that benefits
most from TKIs therapy: patients with a NSCLC harboring EGFR mutations in more than 56%
of neoplastic cells have a median OS trice longer in comparison to that of patients harboring
tumors with a lower percentage of mutated neoplastic cells. The difference in OS between the
two groups falls short of statistical significance (P = 0.081), most likely due to the limited num-
ber of the case available for follow up.

Currently, commercial available mutation-specific antibodies allow to detect only two acti-
vating EGFR mutations: delE746_A750ELREA and p.L858R. Immunohistochemistry with
these antibodies can identify the percentage of mutated neoplastic cells with good specificity,
but with highly variable sensitivity (from 40 to 60%) [37]. Therefore, immunohistochemistry
with mutation-specific antibodies may be a useful as “screening” method, but cannot replace
sequencing of the mutated hot spots.

In approximately one third of our cases the calculated percentage of mutated neoplastic
cells was above 100%, most likely reflecting the well-known occurrence of amplification of
mutated EGFR alleles in lung adenocarcinoma [21, 40, 41]. It should be noted that NGS is not
the ideal technique to identify chromosomal gains (i.e. amplification), that are specifically
identified by fluorescence in situ hybridization. In our cohort of patients this finding did not
influence the clinical response to TKIs (data not shown). This is consistent with a detailed
study addressing the issue of EGFR mutant allele-specific imbalance in NSCLC that showed
how this molecular event does not predict response to TKI therapy [40].

In approximately 15% of our EGFR mutated tumors we identified more than one mutation
(two EGFR mutations or KRAS and EGFR mutations). The allelic frequency of these concomi-
tant mutations was quite different (data not shown), supporting the hypothesis of different
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clones in the same tumor, as previously demonstrated in lung cancer [26, 27], as well as in
other neoplasms of the thyroid [31, 32], gastrointestinal tract [28], kidney [33] or pancreas
[29, 30].

This study indicates that EGFR mutation heterogeneity within the tumor is an additional
variable that may predict response to TKIs: the percentage of mutated neoplastic cells has an
impact on clinical response. Our findings highlight the importance of pre-analytic evaluation
of neoplastic material and the use of sensitive quantitative techniques (e.g. NGS technology)
for mutation detection. Not only a ‘qualitative” (presence and type of mutation) data, but also
“quantitative” analysis of the EGFR mutational load may be necessary in order to recognize
those patients likely to receive the greatest benefit from TKIs treatment.

Supporting information

S1 Table. Molecular characterization of the 18 samples treated with EGFR-TKIs. M, Male;
F, Female; DEL, deletion.
(PDF)

Acknowledgments

The authors are grateful to Ms. Natasha Dvornik for technical assistance.

Author Contributions

Conceptualization: DdB GG GT AAB.

Data curation: DdB GG MV MDB GC A. Paccapelo AC RT RDE SB A. Pession.
Formal analysis: A. Paccapelo.

Funding acquisition: DdB A. Pession GT AAB.
Investigation: DdB GG MV GA MDB GC AC RT RDE SB.
Methodology: DdB GG A. Paccapelo.

Project administration: GT AAB.

Resources: A. Pession GT AAB.

Supervision: GT AAB.

Visualization: DdB GG MV GA.

Writing - original draft: DdB GG GT AAB.

Writing - review & editing: DdB GG GT AAB.

References

1. Travis WD, Brambilla E, Miller-Hermelink HK, Harris CC. WHO. Pathology and Genetics of Tumours of
the Lung, Pleura,Thymus and Heart. Lyon, France: IARC; 2004.

2. Lindeman NI, Cagle PT, Beasley MB, Chitale DA, Dacic S, Giaccone G, et al. Molecular testing guide-
line for selection of lung cancer patients for EGFR and ALK tyrosine kinase inhibitors: guideline from the
College of American Pathologists, International Association for the Study of Lung Cancer, and Associa-
tion for Molecular Pathology. Journal of thoracic oncology: official publication of the International Associ-
ation for the Study of Lung Cancer. 2013; 8(7):823-59. Epub 2013/04/05.

3. Eberhard DA, Johnson BE, Amler LC, Goddard AD, Heldens SL, Herbst RS, et al. Mutations in the epi-
dermal growth factor receptor and in KRAS are predictive and prognostic indicators in patients with non-

PLOS ONE | https://doi.org/10.1371/journal.pone.0177822 May 16,2017 10/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0177822.s001
https://doi.org/10.1371/journal.pone.0177822

@° PLOS | ONE

EGFR mutated cells and response to TKls

10.

11.

12

13.

14.

15.

16.

17.

18.

small-cell lung cancer treated with chemotherapy alone and in combination with erlotinib. Journal of clin-
ical oncology: official journal of the American Society of Clinical Oncology. 2005; 23(25):5900-9. Epub
2005/07/27.

Han SW, Kim TY, Hwang PG, Jeong S, Kim J, Choi IS, et al. Predictive and prognostic impact of epider-
mal growth factor receptor mutation in non-small-cell lung cancer patients treated with gefitinib. Journal
of clinical oncology: official journal of the American Society of Clinical Oncology. 2005; 23(11):2493—
501. Epub 2005/02/16.

Huang SF, Liu HP, LiLH, Ku YC, Fu YN, Tsai HY, et al. High frequency of epidermal growth factor
receptor mutations with complex patterns in non-small cell lung cancers related to gefitinib responsive-
ness in Taiwan. Clinical cancer research: an official journal of the American Association for Cancer
Research. 2004; 10(24):8195-203. Epub 2004/12/30.

Johnson BE, Janne PA. Epidermal growth factor receptor mutations in patients with non-small cell lung
cancer. Cancer research. 2005; 65(17):7525-9. Epub 2005/09/06. https://doi.org/10.1158/0008-5472.
CAN-05-1257 PMID: 16140912

Lynch TJ, Bell DW, Sordella R, Gurubhagavatula S, Okimoto RA, Brannigan BW, et al. Activating muta-
tions in the epidermal growth factor receptor underlying responsiveness of non-small-cell lung cancer to
gefitinib. The New England journal of medicine. 2004; 350(21):2129-39. Epub 2004/05/01. https://doi.
org/10.1056/NEJM0a040938 PMID: 15118073

Marks JL, Broderick S, Zhou Q, Chitale D, Li AR, Zakowski MF, et al. Prognostic and therapeutic impli-
cations of EGFR and KRAS mutations in resected lung adenocarcinoma. Journal of thoracic oncology:
official publication of the International Association for the Study of Lung Cancer. 2008; 3(2):111-6.
Epub 2008/02/28.

Paez JG, Janne PA, Lee JC, Tracy S, Greulich H, Gabriel S, et al. EGFR mutations in lung cancer: cor-
relation with clinical response to gefitinib therapy. Science. 2004; 304(5676):1497—-500. Epub 2004/05/
01. https://doi.org/10.1126/science.1099314 PMID: 15118125

Rosell R, Ichinose Y, Taron M, Sarries C, Queralt C, Mendez P, et al. Mutations in the tyrosine kinase
domain of the EGFR gene associated with gefitinib response in non-small-cell lung cancer. Lung Can-
cer. 2005; 50(1):25—-33. Epub 2005/07/14. https://doi.org/10.1016/j.lungcan.2005.05.017 PMID:
16011858

Rosell R, Moran T, Queralt C, Porta R, Cardenal F, Camps C, et al. Screening for epidermal growth fac-
tor receptor mutations in lung cancer. The New England journal of medicine. 2009; 361(10):958—67.
Epub 2009/08/21. https://doi.org/10.1056/NEJM0a0904554 PMID: 19692684

Yang CH, Yu CJ, Shih JY, Chang YC, Hu FC, Tsai MC, et al. Specific EGFR mutations predict treat-
ment outcome of stage l1IB/IV patients with chemotherapy-naive non-small-cell lung cancer receiving
first-line gefitinib monotherapy. Journal of clinical oncology: official journal of the American Society of
Clinical Oncology. 2008; 26(16):2745-53. Epub 2008/05/30.

Maemondo M, Inoue A, Kobayashi K, Sugawara S, Oizumi S, Isobe H, et al. Gefitinib or chemotherapy
for non-small-cell lung cancer with mutated EGFR. The New England journal of medicine. 2010; 362
(25):2380-8. Epub 2010/06/25. https://doi.org/10.1056/NEJM0a0909530 PMID: 20573926

Mitsudomi T, Morita S, Yatabe Y, Negoro S, Okamoto |, Tsurutani J, et al. Gefitinib versus cisplatin plus
docetaxel in patients with non-small-cell lung cancer harbouring mutations of the epidermal growth fac-
tor receptor (WJTOG3405): an open label, randomised phase 3 trial. The Lancet Oncology. 2010; 11
(2):121-8. Epub 2009/12/22. https://doi.org/10.1016/S1470-2045(09)70364-X PMID: 20022809

Mok TS, Wu YL, Thongprasert S, Yang CH, Chu DT, Saijo N, et al. Gefitinib or carboplatin-paclitaxel in
pulmonary adenocarcinoma. The New England journal of medicine. 2009; 361(10):947-57. Epub 2009/
08/21. https://doi.org/10.1056/NEJMoa0810699 PMID: 19692680

Rosell R, Carcereny E, Gervais R, Vergnenegre A, Massuti B, Felip E, et al. Erlotinib versus standard
chemotherapy as first-line treatment for European patients with advanced EGFR mutation-positive non-
small-cell lung cancer (EURTAC): a multicentre, open-label, randomised phase 3 trial. The Lancet
Oncology. 2012; 13(3):239—46. Epub 2012/01/31. https://doi.org/10.1016/S1470-2045(11)70393-X
PMID: 22285168

Sequist LV, Yang JC, Yamamoto N, O’'Byrne K, Hirsh V, Mok T, et al. Phase IlI study of afatinib or cis-
platin plus pemetrexed in patients with metastatic lung adenocarcinoma with EGFR mutations. Journal
of clinical oncology: official journal of the American Society of Clinical Oncology. 2013; 31(27):3327-34.
Epub 2013/07/03.

Wu YL, Zhou C, Hu CP, Feng J, Lu S, Huang Y, et al. Afatinib versus cisplatin plus gemcitabine for first-
line treatment of Asian patients with advanced non-small-cell lung cancer harbouring EGFR mutations
(LUX-Lung 6): an open-label, randomised phase 3 trial. The Lancet Oncology. 2014; 15(2):213-22.
Epub 2014/01/21. https://doi.org/10.1016/S1470-2045(13)70604-1 PMID: 24439929

PLOS ONE | https://doi.org/10.1371/journal.pone.0177822 May 16,2017 11/13


https://doi.org/10.1158/0008-5472.CAN-05-1257
https://doi.org/10.1158/0008-5472.CAN-05-1257
http://www.ncbi.nlm.nih.gov/pubmed/16140912
https://doi.org/10.1056/NEJMoa040938
https://doi.org/10.1056/NEJMoa040938
http://www.ncbi.nlm.nih.gov/pubmed/15118073
https://doi.org/10.1126/science.1099314
http://www.ncbi.nlm.nih.gov/pubmed/15118125
https://doi.org/10.1016/j.lungcan.2005.05.017
http://www.ncbi.nlm.nih.gov/pubmed/16011858
https://doi.org/10.1056/NEJMoa0904554
http://www.ncbi.nlm.nih.gov/pubmed/19692684
https://doi.org/10.1056/NEJMoa0909530
http://www.ncbi.nlm.nih.gov/pubmed/20573926
https://doi.org/10.1016/S1470-2045(09)70364-X
http://www.ncbi.nlm.nih.gov/pubmed/20022809
https://doi.org/10.1056/NEJMoa0810699
http://www.ncbi.nlm.nih.gov/pubmed/19692680
https://doi.org/10.1016/S1470-2045(11)70393-X
http://www.ncbi.nlm.nih.gov/pubmed/22285168
https://doi.org/10.1016/S1470-2045(13)70604-1
http://www.ncbi.nlm.nih.gov/pubmed/24439929
https://doi.org/10.1371/journal.pone.0177822

@° PLOS | ONE

EGFR mutated cells and response to TKls

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Di Maio M, Leighl NB, Gallo C, Feld R, Ciardiello F, Butts C, et al. Quality of life analysis of TORCH, a
randomized trial testing first-line erlotinib followed by second-line cisplatin/gemcitabine chemotherapy
in advanced non-small-cell lung cancer. Journal of thoracic oncology: official publication of the Interna-
tional Association for the Study of Lung Cancer. 2012; 7(12):1830—44. Epub 2012/11/17.

Gridelli C, Ciardiello F, Gallo C, Feld R, Butts C, Gebbia V, et al. First-line erlotinib followed by second-
line cisplatin-gemcitabine chemotherapy in advanced non-small-cell lung cancer: the TORCH random-
ized trial. Journal of clinical oncology: official journal of the American Society of Clinical Oncology. 2012;
30(24):3002—11. Epub 2012/07/11.

Metro G, Finocchiaro G, Toschi L, Bartolini S, Magrini E, Cancellieri A, et al. Epidermal growth factor
receptor (EGFR) targeted therapies in non-small cell lung cancer (NSCLC). Reviews on recent clinical
trials. 2006; 1(1):1-13. Epub 2008/04/09. PMID: 18393776

Zhou Q, Zhang XC, Chen ZH, Yin XL, Yang JJ, Xu CR, et al. Relative abundance of EGFR mutations
predicts benefit from gefitinib treatment for advanced non-small-cell lung cancer. Journal of clinical
oncology: official journal of the American Society of Clinical Oncology. 2011; 29(24):3316—21. Epub
2011/07/27.

The Cancer Genome Atlas Research Network. Comprehensive molecular profiling of lung adenocarci-
noma. Nature. 2014; 511(7511):543-50. Epub 2014/08/01. https://doi.org/10.1038/nature 13385 PMID:
25079552

Pao W, Wang TY, Riely GJ, Miller VA, Pan Q, Ladanyi M, et al. KRAS mutations and primary resistance
of lung adenocarcinomas to gefitinib or erlotinib. PLoS medicine. 2005; 2(1):e17. Epub 2005/02/08.
https://doi.org/10.1371/journal.pmed.0020017 PMID: 15696205

Pao W, Miller VA, Politi KA, Riely GJ, Somwar R, Zakowski MF, et al. Acquired resistance of lung ade-
nocarcinomas to gefitinib or erlotinib is associated with a second mutation in the EGFR kinase domain.
PLoS medicine. 2005; 2(3):e73. Epub 2005/03/02. https://doi.org/10.1371/journal.pmed.0020073
PMID: 15737014

Bria E, Pilotto S, Amato E, Fassan M, Novello S, Peretti U, et al. Molecular heterogeneity assessment
by next-generation sequencing and response to gefitinib of EGFR mutant advanced lung adenocarci-
noma. Oncotarget. 2015; 6(14):12783-95. Epub 2015/04/24. https://doi.org/10.18632/oncotarget.3727
PMID: 25904052

de Biase D, Visani M, Malapelle U, Simonato F, Cesari V, Bellevicine C, et al. Next-generation sequenc-
ing of lung cancer EGFR exons 18-21 allows effective molecular diagnosis of small routine samples
(cytology and biopsy). PloS one. 2013; 8(12):e83607. Epub 2014/01/01. https://doi.org/10.1371/journal.
pone.0083607 PMID: 24376723

Mafficini A, Amato E, Fassan M, Simbolo M, Antonello D, Vicentini C, et al. Reporting tumor molecular
heterogeneity in histopathological diagnosis. PloS one. 2014; 9(8):e104979. Epub 2014/08/16. https:/
doi.org/10.1371/journal.pone.0104979 PMID: 25127237

Yachida S, Jones S, Bozic |, Antal T, Leary R, Fu B, et al. Distant metastasis occurs late during the
genetic evolution of pancreatic cancer. Nature. 2010; 467(7319):1114—7. Epub 2010/10/29. https://doi.
org/10.1038/nature09515 PMID: 20981102

Visani M, de Biase D, Baccarini P, Fabbri C, Polifemo AM, Zanini N, et al. Multiple KRAS mutations in
pancreatic adenocarcinoma: molecular features of neoplastic clones indicate the selection of divergent
populations of tumor cells. International journal of surgical pathology. 2013; 21(6):546-52. Epub 2013/
02/22. https://doi.org/10.1177/1066896912475073 PMID: 23426962

Gandolfi G, Sancisi V, Torricelli F, Ragazzi M, Frasoldati A, Piana S, et al. Allele percentage of the
BRAF V600E mutation in papillary thyroid carcinomas and corresponding lymph node metastases: no
evidence for a role in tumor progression. The Journal of clinical endocrinology and metabolism. 2013;
98(5):E934—42. Epub 2013/03/28. https://doi.org/10.1210/jc.2012-3930 PMID: 23533235

de Biase D, Cesari V, Visani M, Casadei GP, Cremonini N, Gandolfi G, et al. High-sensitivity BRAF
mutation analysis: BRAF V600E is acquired early during tumor development but is heterogeneously dis-
tributed in a subset of papillary thyroid carcinomas. The Journal of clinical endocrinology and metabo-
lism. 2014; 99(8):E1530-8. Epub 2014/05/02. https://doi.org/10.1210/jc.2013-4389 PMID: 24780046

Gerlinger M, Rowan AJ, Horswell S, Larkin J, Endesfelder D, Gronroos E, et al. Intratumor heterogene-
ity and branched evolution revealed by multiregion sequencing. The New England journal of medicine.
2012; 366(10):883-92. Epub 2012/03/09. https://doi.org/10.1056/NEJMoai113205 PMID: 22397650

Altimari A, de Biase D, De Maglio G, Gruppioni E, Capizzi E, Degiovanni A, et al. 454 next generation-
sequencing outperforms allele-specific PCR, Sanger sequencing, and pyrosequencing for routine
KRAS mutation analysis of formalin-fixed, paraffin-embedded samples. OncoTargets and therapy.
2013; 6:1057-64. Epub 2013/08/21. https://doi.org/10.2147/OTT.S42369 PMID: 23950653

de Biase D, Visani M, Baccarini P, Polifemo AM, Maimone A, Fornelli A, et al. Next generation sequenc-
ing improves the accuracy of KRAS mutation analysis in endoscopic ultrasound fine needle aspiration

PLOS ONE | https://doi.org/10.1371/journal.pone.0177822 May 16,2017 12/13


http://www.ncbi.nlm.nih.gov/pubmed/18393776
https://doi.org/10.1038/nature13385
http://www.ncbi.nlm.nih.gov/pubmed/25079552
https://doi.org/10.1371/journal.pmed.0020017
http://www.ncbi.nlm.nih.gov/pubmed/15696205
https://doi.org/10.1371/journal.pmed.0020073
http://www.ncbi.nlm.nih.gov/pubmed/15737014
https://doi.org/10.18632/oncotarget.3727
http://www.ncbi.nlm.nih.gov/pubmed/25904052
https://doi.org/10.1371/journal.pone.0083607
https://doi.org/10.1371/journal.pone.0083607
http://www.ncbi.nlm.nih.gov/pubmed/24376723
https://doi.org/10.1371/journal.pone.0104979
https://doi.org/10.1371/journal.pone.0104979
http://www.ncbi.nlm.nih.gov/pubmed/25127237
https://doi.org/10.1038/nature09515
https://doi.org/10.1038/nature09515
http://www.ncbi.nlm.nih.gov/pubmed/20981102
https://doi.org/10.1177/1066896912475073
http://www.ncbi.nlm.nih.gov/pubmed/23426962
https://doi.org/10.1210/jc.2012-3930
http://www.ncbi.nlm.nih.gov/pubmed/23533235
https://doi.org/10.1210/jc.2013-4389
http://www.ncbi.nlm.nih.gov/pubmed/24780046
https://doi.org/10.1056/NEJMoa1113205
http://www.ncbi.nlm.nih.gov/pubmed/22397650
https://doi.org/10.2147/OTT.S42369
http://www.ncbi.nlm.nih.gov/pubmed/23950653
https://doi.org/10.1371/journal.pone.0177822

@° PLOS | ONE

EGFR mutated cells and response to TKls

36.

37.

38.

39.

40.

41.

pancreatic lesions. PloS one. 2014; 9(2):e87651. Epub 2014/02/08. https://doi.org/10.1371/journal.
pone.0087651 PMID: 24504548

Patel RK, Jain M. NGS QC Toolkit: a toolkit for quality control of next generation sequencing data. PloS
one. 2012; 7(2):e30619. Epub 2012/02/09. https://doi.org/10.1371/journal.pone.0030619 PMID:
22312429

Ragazzi M, Tamagnini |, Bisagni A, Cavazza A, Pagano M, BaldiL, et al. Diamond: immunohistochem-
istry versus sequencing in EGFR analysis of lung adenocarcinomas. Journal of clinical pathology. 2016;
69(5):440-7. Epub 2015/11/11. https://doi.org/10.1136/jclinpath-2015-203348 PMID: 26553934

Therasse P, Arbuck SG, Eisenhauer EA, Wanders J, Kaplan RS, Rubinstein L, et al. New guidelines to
evaluate the response to treatment in solid tumors. European Organization for Research and Treatment
of Cancer, National Cancer Institute of the United States, National Cancer Institute of Canada. Journal
of the National Cancer Institute. 2000; 92(3):205—16. Epub 2000/02/03.

Youden WJ. Index for rating diagnostic tests. Cancer. 1950; 3(1):32-5. Epub 1950/01/01. PMID:
15405679

Malapelle U, Vatrano S, Russo S, Bellevicine C, de Luca C, Sgariglia R, et al. EGFR mutant allelic-spe-
cific imbalance assessment in routine samples of non-small cell lung cancer. Journal of clinical pathol-
ogy. 2015; 68(9):739—41. Epub 2015/06/07. https://doi.org/10.1136/jclinpath-2015-203101 PMID:
26047622

Soh J, Okumura N, Lockwood WW, Yamamoto H, Shigematsu H, Zhang W, et al. Oncogene mutations,
copy number gains and mutant allele specific imbalance (MASI) frequently occur together in tumor
cells. PloS one. 2009; 4(10):e7464. Epub 2009/10/15. https://doi.org/10.1371/journal.pone.0007464
PMID: 19826477

PLOS ONE | https://doi.org/10.1371/journal.pone.0177822 May 16,2017 13/13


https://doi.org/10.1371/journal.pone.0087651
https://doi.org/10.1371/journal.pone.0087651
http://www.ncbi.nlm.nih.gov/pubmed/24504548
https://doi.org/10.1371/journal.pone.0030619
http://www.ncbi.nlm.nih.gov/pubmed/22312429
https://doi.org/10.1136/jclinpath-2015-203348
http://www.ncbi.nlm.nih.gov/pubmed/26553934
http://www.ncbi.nlm.nih.gov/pubmed/15405679
https://doi.org/10.1136/jclinpath-2015-203101
http://www.ncbi.nlm.nih.gov/pubmed/26047622
https://doi.org/10.1371/journal.pone.0007464
http://www.ncbi.nlm.nih.gov/pubmed/19826477
https://doi.org/10.1371/journal.pone.0177822

