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Abstract
Background The clinical relevance of epidermal growth factor receptor (EGFR) copy number gain in patients with EGFR 
mutated advanced non-small cell lung cancer on first-line tyrosine kinase inhibitor treatment has not been fully elucidated.
Objective We aimed to estimate EGFR copy number gain using amplicon-based next generation sequencing data and 
explored its prognostic value.
Patients and Methods Next generation sequencing data were obtained for 1566 patients with non-small cell lung cancer. 
EGFR copy number gain was defined based on an increase in EGFR read counts relative to internal reference amplicons and 
normal controls in combination with a modified z-score ≥ 3.5. Clinical follow-up data were available for 60 patients treated 
with first-line EGFR-tyrosine kinase inhibitors.
Results Specificity and sensitivity of next generation sequencing-based EGFR copy number estimations were above 90%. 
EGFR copy number gain was observed in 27.9% of EGFR mutant cases and in 7.4% of EGFR wild-type cases. EGFR gain 
was not associated with progression-free survival but showed a significant effect on overall survival with an adjusted hazard 
ratio of 3.14 (95% confidence interval 1.46–6.78, p = 0.003). Besides EGFR copy number gain, osimertinib in second or 
subsequent lines of treatment and the presence of T790M at relapse revealed significant effects in a multivariate analysis with 
adjusted hazard ratio of 0.43 (95% confidence interval 0.20–0.91, p = 0.028) and 0.24 (95% confidence interval 0.1–0.59, 
p = 0.001), respectively.
Conclusions Pre-treatment EGFR copy number gain determined by amplicon-based next generation sequencing data predicts 
worse overall survival in EGFR-mutated patients treated with first-line EGFR-tyrosine kinase inhibitors. T790M at relapse 
and subsequent treatment with osimertinib predict longer overall survival.
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Key Points 

Amplicon-based targeted next generation sequencing 
data can be used to identify epidermal growth factor 
receptor (EGFR) amplifications.

High EGFR copy number is not associated with pro-
gression-free survival on first-line EGFR-tyrosine kinase 
inhibitors.

High EGFR copy number is associated with poor overall 
survival in T790M + patients treated with second-line 
osimertinib.

1 Introduction

In the past decade, targeted therapies have dramatically 
improved the clinical management of non-small cell lung 
cancer (NSCLC), especially of patients with lung adenocar-
cinoma [1]. Activating variants in epidermal growth factor 
receptor (EGFR) are observed in 10–35% of patients with 



 J. Wei et al.

lung adenocarcinoma, with deletions in exon 19 (E19DEL) 
and the L858R mutation in exon 21 being the most common 
[2]. Other tyrosine kinase inhibitor (TKI)-sensitive muta-
tions are observed at amino acid positions 719, 768, and 861 
[3]. Patients with these activating variants are treated with 
first-, second-, and third-generation TKIs including erlotinib, 
gefitinib, afatinib, dacomitinib, and osimertinib [4].

Patients with EGFR-sensitive mutations show variable 
overall survival and progression-free survival (OS and PFS) 
to EGFR-TKIs [5]. To explore the underlying cause, several 
studies analyzed the effect of differences in variant allele 
frequency (VAF) and the presence of EGFR amplifications, 
yet, the effects of VAF on survival to EGFR-TKIs were vari-
able [6–8]. Amplifications were observed more frequently 
in tumor samples with EGFR mutation (range 8–81%) as 
compared to tumor samples without EGFR mutation (range 
1–29%) and more frequently involved the mutant allele 
[9–16]. In an Asian cohort study and a Latino cohort study, 
patients with concurrent EGFR amplification and muta-
tion had a better response to first/second-generation TKI as 
compared to patients without EGFR amplifications [11, 12]. 
Both studies used fluorescence in situ hybridization (FISH)-
based assays to determine the presence of EGFR amplifi-
cations. However, the limited size of NSCLC biopsies are 
frequently not sufficient for multiple clinical tests.

To date, next generation sequencing (NGS) data are 
more commonly used for the detection of copy number 
variations, and validated protocols are available for whole 
genome sequencing data and hybridization-based targeted 
enrichment sequencing data sets [17]. The use of NGS data 
obtained by amplicon-based target enrichment is more chal-
lenging, and a consensus of “best practices” especially for 
aneuploidy tumor samples still needs to be reached. In a 
recent study, the ratio of the normalized read counts per 
amplicon and/or per gene compared to those in normal sam-
ples was used as an estimation of the copy number [18]. For 
targeted NGS data with a limited number of amplicons per 
gene, a modified approach has been proposed, using median 
ratio values and a modified z-score cut-off of 3.5 as recom-
mended in previous studies [19–21]. The modified z-score 
is more robust as compared with the normal z-score because 
it relies on the median for the calculations and is therefore 
less susceptible to outliers. The sensitivity and specificity of 
calling NGS-based amplifications in formalin-fixed paraffin-
embedded material were 100% and 99%, respectively. As a 
high degree of aneuploidy is frequently observed in lung 
cancer, we anticipated that a comparison to normal samples 
may result in an overestimation of gains [18, 22]. Moreo-
ver, the use of normal control samples as proposed in these 
studies may potentially be influenced by variability in inter-
assay and experimental conditions over time. An alternative 
approach, using a selection of the amplicons that are not 

involved in copy number aberrations as an internal reference 
is less biased by the aneuploidy state of the tumor sample.

Based on current literature there are no clear guidelines 
for defining EGFR amplification in lung cancer, and it 
remains unclear whether a gain of EGFR copies determined 
by amplicon-based targeted NGS is a marker for tumor 
response to first-line EGFR-TKI in EGFR mutated cases. 
In this study, we analyzed an amplicon-based diagnostic 
IonTorrent hotspot panel dataset of patients with advanced 
NSCLC. We used amplicon read depth relative to internal 
reference amplicons and relative to normal samples to iden-
tify copy number gains of EGFR. In addition, we evaluated 
whether EGFR copy number gain in patients with TKI-sen-
sitive EGFR mutations is a prognostic marker for survival 
to EGFR-TKIs and which approach has a better performance 
to predict clinical outcome.

2  Materials and Methods

2.1  Patient/Sample Information

We retrieved data from 3563 diagnostic samples that were 
subjected to NGS analysis in the period 2014–17 (Fig. 1). 
Three hundred and fifty-eight samples were excluded based 
on low coverage (i.e., median read counts per amplicon < 50) 
resulting in 3205 data sets with sufficient coverage. For 57 
EGFR-mutated and first-line EGFR-TKI-treated patients, 
clinical data could be retrieved. For 16 additional patients 
treated with first-line EGFR-TKI from January until Septem-
ber 2018, clinical data could be retrieved from three cases. 
Data of these three patients were used only for the survival 
analysis. Retrieved clinical data included age, sex, smoking, 
mutation type, TKI use and duration, second and subsequent 
lines of treatment, presence of T790M mutation in follow-up 
biopsies, PFS, and OS.

2.2  DNA Isolation, Library Preparation, 
and Sequencing

DNA was isolated from neoplastic cell-rich areas of four to 
eight 10-μm formalin-fixed paraffin-embedded tissue sec-
tions to reach a tumor cell percentage > 20%, using Cobas 
kit (Roche Diagnostic Systems Inc., Branchburg, NJ, USA) 
according to the instructions of the manufacturer. The DNA 
concentration was measured by the Qubit™ dsDNA Broad 
range assay using Qubit 2.0 Fluorometer (Invitrogen, Carls-
bad, CA, USA). A minimum of 6 ng of DNA was used as 
input for the amplicon-based enrichment step. Estimated 
tumor cell percentages of biopsies from 58 of the 60 patients 
with clinical data ranged from 20 to 90% (median: 40%).

Two custom-designed AmpliSeq™ panels have been 
used in the period between 2014 and 2017. The first 
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custom-designed AmpliSeq panel (Design 1) was used 
from September 2014 to September 2016 and consisted 
of 30 amplicons covering mutational hotspots of 11 genes 
(Table S1 of the Electronic Supplementary Material [ESM]). 
The second design (Design 2) implemented in September 
2016 included two separate amplicon pools (Pool 1 and 
Pool 2) with 44 and 40 different amplicons respectively for 
36 genes (Table S1 of the ESM). Sample preparation was 
performed separately for each pool, whereas for sequencing 
both pools were combined. Barcoded AmpliSeq libraries 
were pooled and subjected to emulsion polymerase chain 
reaction using the OneTouch2 (Life Technologies, San Fran-
cisco, CA, USA). Resulting libraries were generated and 
processed for sequencing on the IonTorrent PGM sequenc-
ing system (Life Technologies).

2.3  Copy Number Analysis

Read counts for each amplicon were generated using a tar-
geted NGS-based copy number variation detection (CoN-
VaDING) pipeline [17]. Of note, as a pre-filtering step, we 
excluded reads that covered < 80% of the amplicon as they 
cannot reliably be assigned in case of overlapping ampli-
cons. For Design 2, the amplicons from the two polymerase 
chain reaction pools were analyzed separately and AMELY, 
a sex-differentiating gene located on the Y chromosome, 
was excluded.

Variability in coverage per amplicon was standardized 
using amplicon coverage divided by the total read counts of 
all other amplicons in the library pool. Reference amplicons 

were selected per pool (one for design 1 and two for design 
2) based on coefficient of variations (CVs) of standardized 
read counts per amplicon in samples that had a median read 
count > 50. The 25% amplicons with the lowest CV values 
across all samples were selected as internal reference ampli-
cons. Starting from the CoNVaDING-derived read counts, 
we calculated the coverage of each amplicon relative to the 
internal reference amplicons.

We next followed two approaches to estimate EGFR copy 
numbers, i.e., (1) within the tumor sample relative to a set 
of reference amplicons and (2) relative to a set of normal 
control samples. For comparison within the sample, we cal-
culated the copy number ratio for EGFR per amplification 
pool using the formula: median EGFR amplicon read cover-
age/median reference amplicon read coverage. For design 
1, this ratio indicates the relative EGFR-specific copy num-
bers using the within-tumor sample approach. For design 
2, we averaged the ratio of the two pools as a measure for 
the relative EGFR-specific copy numbers within-tumor 
sample approach. Next, we calculated the modified z-score 
within the sample as a measure for the significance of the 
identified copy number changes [19, 20], by using the pre-
viously proposed formula for limited numbers of ampli-
cons per gene: 0.6745 × (EGFR ratio tumor − median ratio 
internal reference amplicons)/median absolute deviation (MAD) of 
ratios internal reference amplicons. For comparison relative to nor-
mal control samples, we first calculated the EGFR-specific 
read count ratio within the normal control samples, follow-
ing the same approach as described above for the tumor 
samples.

Fig. 1  Flow diagram of patient 
samples for copy number call-
ing (2014–17) and of patients 
available for survival analysis 
(from 2014 to 2017 and 2018). 
A total of 1566 patients with 
non-small cell lung cancer were 
included for copy number gain 
analysis. Together with the 
patients from 2018, 60 patients 
were treated with first-line, epi-
dermal growth factor receptor-
tyrosine kinase inhibitors 
(EGFR-TKIs) and had clinical 
follow-up data. Clinical analysis 
was not performed for the other 
1506 patients



 J. Wei et al.

Next, the EGFR-specific ratio of the tumor samples was 
divided by the median of the EGFR-specific ratios of the 
normal control samples. The z-scores relative to normal 
control samples were calculated as 0.6745 × (EGFR ratio 
tumor − median EGFR ratio normal controls)/MAD of EGFR 
ratios normal controls. The optimal cut-off value of the calculated 
ratios was determined based on the results of the multiplex 
ligation-dependent probe amplification (MLPA) test (see 
below). The cut-off for the modified z-score was set as ≥ 3.5 
according to a previous study [20].

2.4  MLPA

To determine the optimal cut-off value for the ratios, we 
performed a MLPA analysis [23] using the SALSA MLPA 
P105 Glioma-2 probe mix (MRC Holland, Amsterdam, the 
Netherlands), which is a validated assay in the molecular 
diagnostics group for glioblastoma. This assay determines 
EGFR copy number gains based on the signals of 11 EGFR 
probe pairs in an assay consisting of a total of 55 probe 
pairs. Multiplex ligation-dependent probe amplification was 
performed in accordance with the manufacturer’s instruction 
on the same DNA sample as used for targeted NGS. For 
each run, we included three normal controls and one sample 
with a known EGFR amplification. DNA samples used for 
the analysis were retrieved from the molecular diagnostics 
archive, based on availability. We aimed to include a similar 
number of cases with and without amplification based on our 
NGS data. Copy number variation analysis was performed 
using Coffalyser net software (MRC Holland, Amsterdam, 
the Netherlands).

2.5  Statistical Analysis

Receiver operating characteristic curve analyses to deter-
mine the optimal ratio cut-off values based on the MLPA 
results were performed by both internal and normal com-
parison approaches using SPSS 23 (IBM SPSS Statistics, 
Armonk, New York, United States). Percentages of patients 
with and without EGFR gain were calculated using the opti-
mal ratio cut-off and the z-score in the total patient group 
and in the EGFR mutant and wild-type subgroups. Progres-
sion-free survival was defined as the time between the start 
of the first TKI treatment and tumor progression or censored 
for end/loss of follow-up. Overall survival was defined as the 
time between the start of the first EGFR-TKI treatment and 
death or censored for end/loss of follow-up. Kaplan–Meier 
survival analysis and univariate and multivariate Cox regres-
sion analysis for both PFS and OS were performed using 
SPSS 23. Variates included in the univariate analysis were 
age, sex, smoking, EGFR variant types, variant allele fre-
quency, first-line treatment drugs, and copy number gain as 
defined by both approaches. Covariates with p < 0.1 for the 

hazard ratio (HR) were included in the multivariate analysis. 
According to the results of these initial analyses, we subse-
quently tested the effect of osimertinib in second or subse-
quent lines of treatment and EGFR T790M mutation status 
after disease progression to first-line EGFR-TKI on OS using 
both univariate and multivariate Cox regression analyses. 
For these analyses, we changed second or subsequent lines 
of treatment to a binary variable based on being treated with 
osimertinib in second, third, or fourth line or no osimertinib. 
Kaplan–Meier plots to show the time to event distributions 
were generated by GraphPad Prism. Differences were con-
sidered to be statistically significant when the p value was 
0.05 or less.

3  Results

3.1  Overview of Patient Samples

In total, we could include 2205 samples analyzed with 
design 1 and 1000 samples analyzed with design 2. These 
included 1729 NSCLC samples from 1566 patients, 1443 
samples of other malignancies from 1334 patients, and 33 
normal samples. We identified 172 patients with NSCLC, 
with a total of 229 tumor samples being analyzed by NGS 
(11%) with EGFR variants from diagnostic reports (Table S2 
of the ESM). E19DELs (including some cases with an E19 
insertion combined with a deletion) were the most common 
with a frequency of 4.2%, followed by the L858R variant 
with a frequency of 3.3%. Other variants included G719A/
C/S with a frequency of 1.1%, S768I with a frequency of 
0.4%, and E709A/K and L861Q with a frequency of 0.2% 
and 0.3%, respectively. Exon 20 INDEL variants (E20IN-
DELs) were observed with a frequency of 1.1%. Variant 
allele frequencies of the activating EGFR mutation had a 
range of 9–95% (median: 51%), which is slightly higher 
than the median frequency as can be expected based on the 
median tumor cell content.

3.2  Estimating EGFR Copy Number Gains

For design 1, the eight reference amplicons had a CV 
range of 0.35–0.49. For design 2, the 11 reference ampli-
cons in pool 1 had a CV range of 0.27–0.34 and the ten 
amplicons from pool 2 had a CV range of 0.26–0.35 
(Table S1 of the ESM). Next EGFR ratios and z-scores 
were calculated according to internal reference amplicons 
and to normal control samples. Based on a z-score ≥ 3.5 
and a ratio ≥ 3.0, 49 samples were selected for an inde-
pendent validation using MLPA. Of these, 22 were scored 
as amplification positive and 27 as non-amplified based 
on significantly elevated signals for at least ten out of the 
11 EGFR probe pairs as calculated by the Coffalyser net 
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software (Table 1). Receiver operating characteristic curve 
analysis revealed an optimal cut-off value of 2.8 and 2.3 
for the EGFR ratio as determined by the internal refer-
ence and normal comparison approach, respectively (Fig. 
S1 of the ESM). These ratios equal 5.6 and 4.6 copies 
in cases with a diploid genome and 100% tumor cells, 
respectively. EGFR copy number gain was defined by a 
ratio ≥ 2.8 or ≥ 2.3 for the internal and normal compari-
son approaches, respectively, and a modified z-score ≥ 3.5. 
Using these criteria for the internal comparison approach, 
20 out of 22 samples were correctly scored as EGFR 
amplified, resulting in a sensitivity value of 91%. Using 
the criteria for the normal comparison approach, 21 out 
of 22 samples were correctly scored positive indicating a 
sensitivity of 95%. For one sample, EGFR copy number 
gain was called only for the normal comparison and not 
for the internal reference amplicon approach.

EGFR copy number gains were identified in 151 (9.6%) 
patients with NSCLC by the internal reference amplicon 
approach and in 149 samples (9.5%) by the normal control 
approach. A total of 118 patients were positive for both 

approaches (Fig. 2). The percentage of samples with a 
NGS-based amplification was 27.9% in the EGFR mutant 
group as compared with 7.4% in the EGFR wild-type 
group according to the within-tumor sample comparison 
approach and 25.6% vs 7.5% according to the normal sam-
ple comparison approach (Table 2).

3.3  Association of EGFR Copy Number Gain 
and Clinical Outcome

A total of 60 patients were treated with first-line EGFR-TKIs 
and had complete follow-up data (Table 3). The median PFS 
time was 8 months (95% confidence interval [CI] 5.9–10.1) 
and the median overall survival was 30 months (95% CI 
23.6–36.4) in the total group.

Kaplan–Meier survival analysis showed no significant 
differences of PFS for patients with EGFR ratio ≥ 2.8, 
z-score ≥ 3.5, or copy number gain as defined by the combi-
nation of both criteria for the internal comparison approach 
(Fig. 3a–c). In contrast, a significant shorter OS was seen for 
patients with an EGFR ratio ≥ 2.8, z-score ≥ 3.5, or EGFR 
copy number gain (p-values were 0.011, 0.002, and 0.0003, 
respectively) (Fig. 3d–f). Patients with EGFR copy num-
ber gains had a median OS of 13 months, while the median 
OS of patients without gain was not reached. The univariate 
analysis showed no significant differences for PFS (Table S3 
of the ESM), thus no multivariate analysis was performed 
for PFS. The HR for OS of EGFR gain by the internal com-
parison approach was 3.14 (95% CI 1.46–6.78, p = 0.003) 
[Table S4 of the ESM].

Table 1  Validation of NGS-based EGFR copy number gain by MLPA

EGFR epidermal growth factor receptor, MLPA multiplex ligation-
dependent probe amplification, NGS next generation sequencing

Internal comparison Normal comparison

NGS+ NGS− NGS+ NGS−

MLPA+ 20 2 21 1
MLPA− 2 25 1 26

Fig. 2  Next generation sequencing analysis-based epidermal growth 
factor receptor (EGFR) high copy numbers using two different strat-
egies. Ratios and z-scores of patients with non-small cell lung can-
cer as calculated by (a) the within-tumor sample and (c) the normal 
control sample approaches. For each patient, we only included the 
first biopsy analyzed by next generation sequencing. b Venn diagram 
showing the overlap between the two approaches. The lines in the 

graphs of panels a and c represent the cut-off values used for calling 
high copy numbers. The two distinct subpopulations that can be seen 
in this graph represent samples analyzed by design 1 and design 2, 
the ratio values show two distinct subgroups owing to differences in 
normal controls used for calculation of the ratios. Green dots indicate 
normal samples, black dots indicate EGFR wild-type samples, and 
red dots indicate EGFR mutant samples
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For the comparison relative to normal control samples, 
no significant differences were observed for PFS, similar to 
the within-tumor sample approach (Figs. S2a–c of the ESM). 
For OS, log-rank p values for the ratio, z-score, and EGFR 
copy number gain as defined by both criteria were 0.062, 
0.096, and 0.062, respectively (Fig. S2d–f of the ESM). 
Median OS for patients with EGFR copy number gain as 
defined by the normal control approach was 23 months and 
32 months for patients without gain. The HR for OS was 
2.01 (95% CI 0.94–4.32, p = 0.074). Thus, the approach 

using the internal reference amplicons showed a more sig-
nificant effect on OS as compared with the relative to nor-
mal control comparison. Excluding the two patients who 
received first-line osimertinib treatment did not change the 
results on OS for both the internal and normal comparison 
approaches (Figs. S3 and S4 of the ESM).

We next checked second and/or subsequent lines of treat-
ment and T790M status as potential variables for the effect 
on OS. An overview of the subsequent lines of treatment is 
shown in Table S5 of the ESM. Three patients were excluded 
based on receiving radiotherapy (n = 1), EGFR antibody 
treatment (n = 1), or with missing treatment information 
(n = 1). As all but one of the patients received osimertinib 
as a third-generation TKI, we further refer to this group as 
the osimertinib-treated patients. Median OS for patients who 
received osimertinib, first/second-generation EGFR-TKI, 
chemotherapy, or no further treatment was significantly dif-
ferent (p = 0.0003) with not reached, 30 months, 30 months, 
and 5 months respectively (Fig. 4a). A multivariate analysis 
including osimertinib and EGFR copy number gain for OS 
revealed significant and opposite HR for EGFR copy number 
gain (HR = 2.79, 95% CI 1.29–6.02, p = 0.009) and osimer-
tinib treatment (HR = 0.43, 95% CI 0.20–0.91, p = 0.028) 
[Table S6 of the ESM]. Among the 29 patients who had 
osimertinib as second- or subsequent lines of treatment, five 
patients with EGFR copy number gain had a median OS of 
13 months while the median OS for the 24 patients without 
EGFR copy number gain was not reached (Fig. 4b).

T790M mutation status in follow-up biopsies could be 
retrieved for 42 patients from the molecular diagnostics 
reports. No re-biopsy was available at progression or there 
was no progression during follow-up for the remaining 18 
cases. T790M was identified in follow-up samples of 27 
out of the 42 patients, including 16 patients with a baseline 
E19DEL, nine patients with a L858R, one patient with 
S768I, and one patient with a R776G. For the remaining 
15 patients, we did not identify a T790M mutation in the 
biopsy retrieved at progression.

The 27 patients with a T790M mutation at progression 
had a longer OS compared with the 15 patients that did not 
develop a T790M (p = 0.0002) (Fig. 5a). Cox regression 
analysis of the 42 patients using EGFR gain and T790M 
mutation status as covariates showed an HR of 3.8 (95% CI 
1.78–8.1, p = 0.014) and 0.24 (95% CI 0.1–0.59, p = 0.001), 
respectively, indicating opposite effects for T790M and 
EGFR gain on OS. The four patients with concurrent 
EGFR T790M and EGFR gains had a shorter OS than the 
23 patients with T790M but without EGFR gain (log-rank 
p = 0.002) [Fig. S5a of the ESM]. Non-T790M mutation 
patients had a short OS irrespective of their EGFR copy 
number status (Fig. S5b of the ESM). As the number of 
patients with EGFR gain is rather low, we analyzed OS of 
EGFR T790M mutant and non-T790M patients based only 

Table 2  Next generation sequencing-based EGFR high copy number 
in patients with EGFR wild-type and mutant non-small cell lung can-
cer

EGFR epidermal growth factor receptor

EGFR High copy number

Internal comparison approach
Mutant 48/172 (27.9%)
Wild type 103/1394 (7.4%)
Normal comparison approach
Mutant 44/172 (25.6%)
Wild type 105/1394 (7.5%)

Table 3  Characteristics of patients with EGFR mutation-positive ade-
nocarcinoma treated with a first-line EGFR inhibitor

*Uncommon mutations: EGFR sensitive mutations except for 
E19DEL and L858R
EGFR epidermal growth factor receptor, TKI tyrosine kinase inhibi-
tors, VAF variant allele frequency

Characteristics n = 60 (%)

Age upon TKI treatment
Median 66
Range 38–85
Sex
Male 20 (33%)
Female 40 (67%)
Smoking status
Never smoker 24 (40%)
Former and current smoker 36 (60%)
Mutation type
E19DEL 28 (47%)
L858R 17 (28%)
Uncommon mutations* 15 (25%)
EGFR-TKI inhibitors
Afatinib 14 (23%)
Erlotinib 16 (27%)
Gefitinib 28 (47%)
Osimertinib 2 (3%)
Median VAF (range) 51 (9–95)
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on a z-score cut-off ≥ 3.5 (without using the ratio cut-off 
score) for calling EGFR copy number gain. These analyses 
revealed a longer OS for patients with T790M and a z-score 
for EGFR gain < 3.5 (p = 0.0008), while there was no dif-
ference for OS for non-T790M patients (p = 0.306) (Fig. 5b, 

c). Despite the limited number of patients, our data suggest 
that OS for patients with EGFR gain is different between 
T790M-positive and T790M -negative patients.

Progression-free survival was different (p = 0.036) among 
the mutation types (Fig. S6 of the ESM), with a median 

Fig. 3  Kaplan–Meier plots of progression-free survival and over-
all survival for ratio, z-score, and the combined score (indicated as 
EGFR high copy number [CN] or no EGFR high CN) of epidermal 
growth factor receptor (EGFR) gain using the internal comparison 
approach of 60 EGFR-mutated patients who were treated with EGFR-
TKIs. a–c Progression-free survival of EGFR-mutated patients with 
and without EGFR ratio ≥ 2.8, z-score ≥ 3.5 as single parameters, and 

for the combination. There is no significant difference in progression-
free survival time between patients with and without EGFR gain. 
d–f Overall survival of EGFR-mutated patients with and without an 
EGFR ratio ≥ 2.8, z-score ≥ 3.5 as single parameters, and for the com-
bination. Patients with a ratio ≥ 2.8 and/or a z-score ≥ 3.5 for EGFR 
had a worse overall survival

Fig. 4  Kaplan–Meier plots of overall survival for patients strati-
fied according to subsequent lines of treatment. a Overall survival 
of 55 patients stratified based on second-line treatment regimens. 
The patient for whom no second-line treatment information could be 
retrieved, the two patients received radiotherapy or epidermal growth 
factor receptor (EGFR) antibody treatment as second-line treatment, 
and the two patients who received osimertinib in the first line were 

excluded. b Overall survival of 29 patients had third-generation 
EGFR-tyrosine kinase inhibitors as second-line or subsequent lines of 
treatment according to EGFR copy number. Three of the 29 patients 
received osimertinib as third- or fourth-line treatment. 1/2/3G first/
second/third-generation, CN copy number, mOS median overall sur-
vival
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PFS of 10 months (95% CI 4.8–15.2) for E19DEL patients 
(n = 28), 8 months (95% CI 5.6–10.4) for L858R patients 
(n = 17), and 5 months (95% CI 1.2–8.8) for patients with 
uncommon activating EGFR mutations (n = 15). No signifi-
cant difference was observed for OS according to mutation 
type. Lower or higher EGFR VAFs according to median, 
upper, and lower quartiles of VAF were not associated with 
PFS or OS.

4  Discussion

In this study, we evaluated two approaches for calling EGFR 
copy number gain based on read counts of the amplicons 
obtained via a routinely applied, amplicon-based targeted 
NGS approach. The percentages of EGFR gain as deter-
mined by the within-tumor sample approach were 9.6%, 
27.9%, and 7.4% in all patients, in patients with and without 
EGFR mutations, respectively. Moreover, a high EGFR copy 
number as estimated by the within-tumor sample approach 
in EGFR-mutated patients was associated with a signifi-
cant shorter OS, but not with PFS, indicating that it is a 
worse prognostic factor. No association was observed for 
the relative to normal control samples. A longer OS was 
observed specifically for patients without EGFR gain who 
were treated with osimertinib as second- or subsequent lines 
of treatment and in patients who developed a T790M muta-
tion at disease progression. The difference in OS between 
T790M- positive and T790M-negative groups should be 
interpreted carefully given the limited number of patients. 
As the presence of T790M is an indication for treatment with 
osimertinib, we cannot dissect the effect of both variables in 
a multivariate analysis.

The use of diagnostic data for copy number variation 
calling enables broad implementation, as targeted NGS 
data are available for most patients with advanced-stage 

NSCLC. Several studies have analyzed the presence of 
EGFR amplifications in patients with EGFR mutant and/or 
EGFR wild-type NSCLC using FISH, chromogenic in situ 
hybridization, Southern blot, or MLPA assay [9–16]. The 
incidence of EGFR amplifications varied between 3.5% and 
32% in these studies [9, 10, 13, 14, 16]. In EGFR wild-type 
cases, amplification percentages were lower, with a range 
of 1–29% as compared with cases with known EGFR driver 
variants (8–81%) [9–16]. Of note, these studies applied dif-
ferent techniques and used different cut-off values to define 
amplifications as there is no guideline for calling clinically 
relevant EGFR gains or amplifications. High percentages 
were reported in studies that were less strict for setting 
amplification cut-off values, e.g., ≥ 3 or ≥ 4 EGFR copies/
cell [12, 15]. One study with relatively strict criteria for 
amplification estimation showed EGFR amplifications in 
8% of EGFR mutant patients. Their criterion was seven or 
more EGFR copies per cell as a cut-off value [10]. We used 
a ratio cut-off of 2.3 or 2.8 to define high EGFR copy num-
ber gain, indicating approximately five copies for diploid 
or near diploid tumor cells. As NSCLC is frequently highly 
aneuploid with three to four copies of each chromosome 
per cell [24, 25], our criterion of a ratio ≥ 2.3 or 2.8 will for 
most cases reflect around seven copies per tumor cell. We 
observed amplifications in 27.9% of the NSCLC cases with 
an EGFR mutation as compared with 7.4% in EGFR wild-
type cases by an internal comparison approach. These fre-
quencies are in line with previously published frequencies. 
All studies show a consistently higher percentage of EGFR 
copy number gain in EGFR mutation-positive NSCLC cases.

In our Dutch cohort, we showed that patients with both 
an EGFR mutation and copy number gain had a worse 
OS as compared with patients with EGFR mutation and 
without copy number gain while there was no significant 
effect on PFS. In an Asian cohort with gefitinib-treated 
EGFR mutant patients, EGFR was amplified in 48% of 

Fig. 5  Kaplan–Meier plots of overall survival for patients with or 
without an epidermal growth factor receptor (EGFR) T790M muta-
tion in the follow-up biopsy. a Overall survival of all 42 patients. 
Patients who had a T790M mutation in follow-up biopsies had a 
longer overall survival compared with those without the T790M 
variant. b Overall survival of T790M-positive patients based on a 

z-score ≥ 3.5 or < 3.5. Patients with a z-score ≥ 3.5 had a shorter over-
all survival than patients with a z-score < 3.5. c Overall survival of 
non-T790M patients using a z-score cut-off of 3.5. There was no dif-
ference in overall survival for non-T790M patients stratified accord-
ing to a z-score cut-off of 3.5
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the patients and the EGFR amplification group (n = 41) 
had a better median PFS compared with the group without 
EGFR amplifications (n = 45) [16 months vs 9.1 months] 
[12]. Overall survival was not reported in this study. In 
an erlotinib-treated Latino cohort, the median PFS of the 
EGFR amplification group (n = 22) vs the no amplifica-
tion group (n = 50) was 28.5 months vs 11.0 months and 
the median OS was 37.8 months vs 27.1 months [11]. The 
patients in this study were included from 2013 to 2016 and 
included eight patients with, in addition to the activating 
EGFR mutation, a T790M mutation in the pre-treatment 
biopsy. Two different hypotheses can be proposed for the 
potential effect of EGFR amplifications on PFS/OS, i.e., 
either as favorable as the tumor cells are more dependent 
on EGFR and thus more sensitive to EGFR blockade, or 
alternatively as unfavorable as it might be harder to effi-
ciently block all mutated EGFR receptors and tumor cells 
have an increased chance to develop the T790M muta-
tion on one of the mutant EGFR copies. Our results that 
EGFR amplification is associated with poor OS fits with 
the second hypothesis in which the initial tumor response 
is not affected by EGFR copy numbers, but in the case of 
second-line treatment with a third-generation TKI, that 
targets EGFR-activating mutations and T790M is less 
effective, owing to amplification of EGFR, which is a 
known resistance mechanism toward osimertinib. In the 
diagnostic setting, we mostly see a lower T790M vari-
ant allele frequency as compared with the variant allele 
frequency of the driver mutations [26], which further 
supports that having a single copy of the resistant EGFR 
(because of T790M) is sufficient to induce a relapse. The 
T790M-positive relapse patients subsequently show more 
indolent progression [27] and still a good response towards 
third-generation TKIs, indicating that the tumor cells are 
dependent on EGFR signaling.

Potential differences with the above-mentioned studies 
might be related to differences in techniques as well as dif-
ferences in ethnicity. We used amplicon-based targeted NGS 
data to detect EGFR copy number gain, while the previ-
ous studies used FISH. Our approach gives an estimation 
of the EGFR copy number level based on DNA extracted 
from a tumor cell-rich area of the tissue sample, aiming at 
a minimal tumor cell content of at least 20%, while FISH 
results are based on counting copies in a limited number of 
tumor cells [11, 12, 28]. As marked differences have been 
shown for minor allele frequencies for the intronic CA repeat 
between different ethnicities [29], and EGFR polymorphisms 
have been linked to survival on EGFR-TKIs [30], this might 
at least in part explain differences in survival between our 
study and previous studies with respect to the clinical effect 
of EGFR amplifications.

To explore the potential underlying reason why patients 
with EGFR gain had a worse OS in our cohort, we 

determined the potential influence of second- or subsequent 
lines of treatment and T790M as a resistance mechanism. 
This revealed a longer median OS for patients who received 
osimertinib as second or subsequent lines of treatment and/
or developed a T790M as compared to patients who did not 
develop a T790M at disease progression. Patients with a 
T790M as a resistance mechanism were mostly successfully 
treated with a third-generation TKI at progressive disease. 
Combined analysis of these variables indicated that the 
favorable OS was restricted to the group of patients without 
EGFR copy number gains who developed a T790M muta-
tion and were treated with osimertinib. In our study, lack of 
EGFR copy number gains at baseline is a good prognostic 
factor for OS, which fits with the observation that EGFR 
amplification has been reported as a resistance mechanism to 
osimertinib or other third-generation EGFR-TKIs [31–33].

In addition to studies focusing on EGFR gain in rela-
tion to survival, some other studies determined the relation 
between the VAF of the EGFR mutation and survival. A 
shorter PFS was shown for cases with lower E19DEL and 
L858R VAF in the study of Li et al. [8], whereas this was 
observed only for L858R in a study of Hung et al. [6]. Ono 
et al. [7] observed a shorter PFS for patients with a low 
L858R VAF but did not observe a difference in PFS for 
E19DEL VAF. In our study, VAF of both E19DEL (14–95%) 
and L858R (21–86%) were above the cut-off values used in 
the above-described papers (i.e., 4.9–9.9%) in all patients, 
while estimated tumor cell percentages were not higher in 
our study. Based on results as reported in the literature and 
our own data showing no effect of VAF on survival, we 
conclude that VAF is not a reliable predictor of survival in 
EGFR-TKI-treated patients.

Our targeted NGS panels included only a limited num-
ber of amplicons at chromosome 7. Therefore, we were 
limited in differentiating a high copy number because 
of polysomy or focal amplification. Moreover, the small 
NGS panel (Table S1 of the ESM) precluded a more in-
depth analysis of other concurrent genomic alterations that 
may affect survival [34, 35]. Pseudo-amplification due to 
decreased copy numbers of reference amplicons by inter-
nal comparison approach can occur, but the impact will 
be low, as we selected the most stable amplicons and used 
the median value of these amplicons for the calculations. 
Read count normalization using the within-tumor sample 
approach had a better correlation with survival than the 
approach using normal control samples in this study. The 
differences between the two methods might be related to 
the high degree of aneuploidy in the tumor samples, with 
up to three or four copies per chromosome and related 
to the batch-wise analysis of normal control samples, 
whereas tumor samples were retrieved over a period of 
3 years. The number of EGFR mutation-positive patients 
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with available clinical data for first-line TKI treatment was 
limited and further studies are needed.

5  Conclusions

Amplicon-based targeted NGS data can be used to esti-
mate the presence of EGFR gain. The EGFR copy number 
status as defined by the internal amplicon comparison can 
be used as a prognostic marker for OS in EGFR mutation-
positive patients treated with EGFR-TKIs. The observed 
clinical value of EGFR gain was observed in cases that 
were treated with osimertinib in second or subsequent 
lines of treatment based on the presence of T790M upon 
resistance to first-line TKIs. Our findings warrant routine 
testing of EGFR copy number gains in the clinical set-
ting, especially because it might be associated with a lower 
tumor response to second-line EGFR-TKIs with osimerti-
nib. Based on our results, we hypothesize that alternative 
combination therapies may improve outcome for patients 
with EGFR gain and mutation.
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