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Abstract

Introduction Next-generation sequencing (NGS)-based assays to understand various mutations and co-occurrence of genomic
alterations in non-small cell lung cancer (NSCLC) have enabled understanding of treatment impact on clinical outcomes.
Methods This retrospective study was conducted in 1353 formalin-fixed paraffin-embedded (FFPE) tissues from surgically
resected, pre-TKI-treated NSCLC patients with identified gene alterations. Genomic DNA and RNA extraction was fol-
lowed by NGS library preparation and sequencing using the lon Ampliseq Colon and Lung Cancer Gene Panel V2 and the
AmpliSeq RNA Lung Cancer Research Fusion Panel.

Results A total of 2328 alterations in 25 genes were detected from the 1293 patients. DNA mutations and RNA fusions
co-occurred in 27 patients with 7P53 being the most common co-occurring DNA mutation (43.8%) with concurrent ALK
fusions. Analysis of the 975 patients with EGFR mutations revealed that the incidence of dual EGFR L858R/T790M muta-
tions was higher compared to EGFR 19del/T790M, and the mean allele fraction (MAF) of T790M was lower compared to
19del in dual EGFR 19del/T790M patients.

Conclusion NSCLC patients represented genetically heterogeneous subgroup with a high frequency of co-occurring muta-
tions in cancer-associated pathways. This diverse mutational profile may have key clinical and research implications for
understanding the variability of treatment outcome in pre-TKI-treated NSCLC population. The differences in the MAF of
EGFR T790M may determine different responses to TKI therapy in patients harboring dual mutations.

Keywords Non-small cell lung cancer - Co-occurring genetic alterations - Next-generation sequencing

Abbreviations
MAF Mutant allele frequency
NGS Next-generation sequencing
Yuan Tang, Nanying Che, Yang Yu and Yun Gao are contributed FFPE Formalin-fixed paraffin-embedded

equally to this work. NSCLC Non-small cell lung cancer

TKI Tyrosine kinase inhibitors
EGFR  Epidermal growth factor receptor

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00432-019-03065-0) contains
supplementary material, which is available to authorized users.

P4 Jie Ma 4 Department of Pathology, Chinese PLA General Hospital
majie_fzbl@163.com and Chinese PLA Medical School, Beijing, China

Key Laboratory of Carcinogenesis and Translational
Research (Ministry of Education), Department of Pathology,
Peking University Cancer Hospital and Institute, Fucheng

>4 Dongmei Lin
Dongm_lin@126.com

Department of Pathology, West China Hospital, Sichuan
University, Chengdu, China

Department of Pathology, Beijing Chest Hospital, Beijing
Tuberculosis and Thoracic Tumor Research Institute, Capital
Medical University, Beijing, China

Beijing Novogene Bioinformatics Technology Co., Ltd.,
Beijing, China

Road No. 52, Haidian District, Beijing 100142, China

Department of Molecular Pathology, The Affiliated Cancer
Hospital of Zhengzhou University, 127 Dongming Road,
Zhengzhou 450003, China

Medical Affairs Department, Pfizer Oncology, Shanghai,
China

@ Springer


http://orcid.org/0000-0002-6491-0455
http://crossmark.crossref.org/dialog/?doi=10.1007/s00432-019-03065-0&domain=pdf
https://doi.org/10.1007/s00432-019-03065-0

Journal of Cancer Research and Clinical Oncology (2020) 146:407-416

408

ALK Anaplastic lymphoma kinase

ARMS  Amplification refractory mutation system
FISH Fluorescence in situ hybridization

IHC Immunohistochemistry

PFS Progression free survival

oS Overall survival

Introduction

Treatment of advanced non-small cell lung cancer (NSCLC)
with epidermal growth factor receptor (EGFR) mutations
includes EGFR-tyrosine kinase inhibitors (TKIs) and has
resulted in higher survival rates when compared to the
standard chemotherapy regimen (Yang et al. 2015). Despite
remarkable efficacy against T790M-related resistance muta-
tion-positive NSCLC (Mok et al. 2017), genetically driven
resistance to TKIs has emerged, thereby limiting their pro-
longed effectiveness (Suda and Mitsudomi 2014). It has been
speculated that co-occurring genetic alterations might play
an underlying role in resistance mechanisms, thereby poten-
tially explaining the diversity of individual patient outcomes
(Hong et al. 2018; Schildgen and Schildgen 2018). Although
previous study has hinted at the potential role of 7P53 muta-
tions in poor therapeutic response, specific co-occurring
genetic alterations affecting the clinical outcomes of EGFR
TKI in addition to primary driver mutations remain poorly
studied (Yu et al. 2018). Some of the recent studies have sug-
gested the presence of T790M at a low frequency within the
tumor cells before the initiation of TKI therapy that eventu-
ally becomes dominant clone following TKI therapy (Godin-
Heymann et al. 2007; Inukai et al. 2006). However, due to
the limited sensitivity of the different detection methods,
the reported rates of de novo resistance varied. The study by
Su et al. has reported a shorter progression-free survival in
NSCLC patients harboring de novo T790M mutation treated
with EGFR TKI therapy (Su et al. 2012).

Compared to ARMS, FISH and THC, NGS has enabled
simultaneous screening of a variety of genetic alterations
with relatively low input of nucleic acids (Butler et al.
2016; Jurgens et al. 2016; Zheng et al. 2016). It provides a
cost- and tissue-efficient alternative to current single-gene
assessment methods. NGS-based hybrid capture assays not
only allows identification of hotspot mutations but also the
assessment of unknown alterations, from a single FFPE
specimen or serum sample (Drilon et al. 2015). Amplicon-
based NGS has clinical significance at deeper sequencing
depths to facilitate increased detection sensitivity for muta-
tions in heterogeneous or low purity tumor samples (Grasso
et al. 2015; Youssef et al. 2018). These options have enabled
the study of a complex genomic condition of NSCLC easier
and accessible.
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As per the recent studies, co-occurring genetic altera-
tions are frequently observed and cooperate with the primary
genetic driver as co-drivers to promote tumor progression
and limit targeted therapy response (Blakely et al. 2017,
Hong et al. 2018). Further, there are evidences of de novo
mutation associated with worse clinical benefits in NSCLC
patients treated with EGFR TKI therapy (Liu et al. 2017),
thereby necessitating the detection of this subset in NSCLC
patients. In this study, we performed concurrent DNA and
RNA NGS assays in 1336 pre-TKI-treated NSCLC tumor
samples harboring identified gene alterations using the Ion
AmpliSeq Colon and Lung Cancer Research Panel V2 and
the Ion AmpliSeq RNA Fusion Lung Cancer Research Panel.

Materials and methods
Patients and samples

This retrospective study assessed FFPE tissues from sur-
gically resected NSCLC with identified gene alterations
using PCR, THC, and FISH. A total of 1353 NSCLC patient
samples from five different institutions (Peking University
Cancer Hospital & Institute, West China Hospital, Chinese
PLA General Hospital, The Affiliated Cancer Hospital of
Zhengzhou University, Beijing Chest Hospital, from 2015
to 2017) were used to perform NGS. Tumor tissue samples
were reviewed by a pathologist to make certain that cancer
cells accounted for >30%. This study was approved by the
ethics committee of Peking University Cancer Hospital. All
patients signed informed consents for their tumor samples to
be used in future studies. All clinical data and samples were
received anonymously.

DNA and RNA extraction from clinical samples

Genomic DNA was extracted from unstained FFPE samples
using the TIANamp FFPE DNA Kit (TTANGEN, Beijing,
China) following the manufacturer’s instructions. DNA was
quantified using the Qubit dsDNA HS Assay Kit (Thermo
Fisher Scientific, Inc., Waltham, MA, USA) and the Qubit
2.0 Flurometer. DNA quality check was performed by elec-
trophoresis using 5 ng DNA in a 1% agarose gel. DNA
samples with bands < 500 bps after agarose gel electropho-
resis were excluded. RNA was isolated using the Recov-
erAll™ Total Nucleic Acid Isolation Kit and RNA integ-
rity was evaluated using the Qubit™ RNA HS Assay Kit
(Thermo Fisher Scientific, Inc., Waltham, MA, USA).

NGS library preparation and sequencing

Ten nanograms of DNA was used to prepare libraries using
the Ion AmpliSeq™ Library Kit 2.0 and Ion Ampliseq
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Colon and Lung Cancer Panel V2 (Thermo Fisher Scien-
tific, Inc., Waltham, MA, USA) according to the manufac-
turer’s instructions. The panel consisted of a primer pool of
92 amplicons covering 504 hotspot mutations in 22 genes,
including EGFR, ALK, ERBB2, ERBB4, FGFRI, FGFR2,
FGFR3, MET, DDR2, KRAS, PIK3CA, BRAF, AKTI, PTEN,
NRAS, MAP2KI, STKI11, NOTCHI, CTNNBI, SMADA4,
FBXW7, TP53.

RNA libraries were prepared with 30 ng of RNA using
the AmpliSeq RNA Lung Cancer Research Fusion Panel.
The panel consisted of 83 pairs of unique primers in a sin-
gle pool that included: (i) primers that allowed the ampli-
fication and detection of 70 known ALK, RET, ROSI, and
NTRKI fusion transcripts; (ii) primers located in the 5" and
3’ regions of ALK, RET, ROS1, and NTRKI mRNA genes;
(iii) primers that targeted five housekeeping genes to serve
as internal controls.

The libraries were purified using AMPure XP beads
(Beckman coulter Co, Ltd.) and quantified using the Ion
Library TagMan® Quantitation Kit (ThermoFisher Scien-
tific, Inc., Waltham, MA, USA). Multiplex barcoded librar-
ies were enriched by clonal amplification using emulsion
PCR on Ion Sphere particles (Ion PI™ Template OT2 200
Kit v3, Life Technology, CA, USA) and loaded onto an Ion
PI™ Chip. Sequencing was performed on the Ion Proton
platform using the Ion PI™ Sequencing 200 Kit v3 accord-
ing to the manufacturer’s instructions.

NGS data analysis

Variant calling was performed using the Ion Reporter Soft-
ware (version 5.6). Sequencing was considered successful
if the mean sequencing depth was 2000. If the criterion was
not met, the sample was excluded from the analysis. Called
variants were only accepted if the allele frequency (AF)
was > 1%.

Amplification-refractory mutation system (ARMS)
PCR

DNA mutations in FFPE tumor samples, including EGFR,
KRAS, NRAS, BRAF, etc., were carried out by ADx-ARMS
Test Kits (Xiamen AmoyDx Biomedical Technology Co.,
Ltd.). After the reaction, the fluorescent signal curves and
the threshold line were used to interpret the mutation results.

Fluorescence in situ hybridization (FISH)

FISH results were used to classify each tumor as ERBB2
amplified or nonamplified in accordance with the stand-
ard practice. FFPE tissue sections were hybridized with
probes to ERBB2 and the centromere region of chromo-
some 17 (CEPI7) in the PathVysion ERBB2 FISH assay

(Abbott-Vysis Co., Ltd.). FISH results were reported as
average ERBB2 copy number and ERBB2/CEP17 ratio. All
FFPE samples were reviewed by two individual pathologists
to determine ERBB?2 status.

ALK rearrangement status was assessed by FISH using
the Apart FISH Probe Kit (Abbott-Vysis Co., Ltd.). A tumor
was considered ALK rearrangement positive if more than
15% of 50 (minimum) or 100 analyzed tumor cells showed
split probes signals or isolated orange signals in accordance
with published IASLC guidelines (JASLC Atlas of ALK
Testing in Lung Cancer).

Statistical analysis

The experimental data were presented as percentages and
were analyzed with the two-tailed Student’s 7 test. Pearson’s
correlation was used to assess relation between EGFR vari-
ant type and T790M. The threshold of P <0.05 was consid-
ered as statistically significant.

Results
Patient characteristics

A total of 1353 NSCLC patients were enrolled in this study,
of which 1336 tumor samples were used to perform ampli-
con-based NGS. The remaining samples were excluded due
to insufficient quantity and/or poor sample quality. Median
age of our cohort patients was 60 years (21-83 years). There
were 541 (40.49%) male and 795 (59.51%) female patients.
The pathological features of patient tumor samples showed
that 1263 (94.54%) patients diagnosed with adenocarci-
noma, 43 (3.22%) with squamous carcinoma, and 27 (2.02%)
with adenosquamous carcinoma (Supplementary Table 1).

Overall mutation status detected by NGS

The mutation status in 1336 tumor samples, including DNA
mutations and RNA fusions, has been identified previously
by ARMS or FISH in the hospital where the patient was
first treated. The known tumor mutation status was evalu-
ated using the Ion Ampliseq Colon, and Lung Cancer Panel
V2, AmpliSeq RNA Lung Cancer Research Fusion Panel.
The DNA mutations (insertion, deletion and point muta-
tion) from 1230 samples, RNA fusions from 90 samples,
co-occurring DNA mutations and RNA fusions from 27
samples, and the remaining 43 samples had no detectable
mutations using the aforementioned panels (Fig. 1a). Among
the detected genetic mutations, the range of DNA mutations
and RNA fusions was 1-9 and 1-2 per sample, respectively
(Fig. 1b). A total of 2328 alterations were detected from the
1293 patients, where point mutations accounted for 71%,
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Fig. 1 Overall mutational spec-
trum. a Venn diagram showing
mutation status, including DNA
mutations detected in 1230
samples, RNA fusion detected
in 90 samples, and 43 samples
had no detectable mutation. b
Incidence of detected genetic
mutations (DNA mutation and
RNA fusion) for each sample.
The detected DNA mutations
ranged from 1 to 9, and RNA
fusion ranged from 1 to 2 per
sample. ¢ Pie chart of mutation
type for the 2328 mutations
detected in 1293 tumor samples.
The proportion of SNP, deletion c
mutations, fusion mutations and

insertion mutations is shown

deletion mutations accounted for 21%, fusion mutations
accounted for 5%, and insertional mutations accounted for
3% (Fig. 1c¢).

Co-occurring genetic alterations

Lung cancer-associated genetic alterations were listed in the
mutation spectrum for analyzing the detailed pattern of these
mutations (Fig. 2a). This included fusions, truncations, in-
frame and missense mutations. EGFR had the highest rate
of variation, accounting for 73% of 1336 samples. As an
important tumor suppressor and oncogene, TP53 and KRAS
mutations were detected in 38% and 8% of the samples,
respectively. TP53, SMAD4, PIK3CA, CTNNBI, and PTEN
mutations occurred either alone or alongside with EGFR
mutations. KRAS mutations and fusions (including ALK,
RET, ROS]) rarely co-occurred with EGFR. Of the 1293
mutation detected patients, 25 genes were identified to have
2338 variants (Supplementary Table 2). Frequency of EGFR
mutations was the highest (47%), followed by TP53 (23%)
and KRAS (5%) (Fig. 2b).

Co-occurring DNA mutations and RNA fusions in 27
patients

Co-occurring DNA mutations and RNA fusions were iden-

tified in 27 patients (Fig. 3). TP53 was the most common
co-occurring DNA mutation, present in 43.8% (7/16),
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71.4% (5/7) and 50% (2/4) of the samples with concurrent
ALK, ROS1 and RET fusions, respectively. There were five
patients with concurrent drug-related EGFR/ERBB2 vari-
ations and ALK/ROS1 fusions (Table 1), which were con-
firmed by subsequent Sanger sequencing.

Alteration of EGFR T790M with 19del and L858R
in pre-TKI-treated NSCLC patients

It was seen that 73% (975/1336) of the patients harbored
EGFR mutations (Fig. 2a). Of the 2328 mutations identi-
fied from 1293 patients, EGFR mutations accounted for
47% (Fig. 2b). As shown in Table 2, EGFR exon19 deletion
and exon21 L858R substitution mutations were the highest
two variant types. The frequency of EGFR exonl19 deletions
was higher compared to exon21 L858R mutations (42.5%
vs. 36.8%). In this study, 57 patients (5.2%) had detecta-
ble T790M mutations. Exon 20 insertion mutations were
detected in 34 patients (3.1%).

Analysis of 975 patients with EGFR mutation revealed
high prevalence of co-occurring genetic alterations. The
most common co-occurring genetic alteration was TP53,
present in 368/975 (37.7%) of all EGFR-mutated samples.
Further analysis revealed that 184/464 (39.7%) of the sam-
ples harbored TP53 co-occurring mutations with EGFR
exonl9 deletions, 138/401 (34.4%) samples with EGFR
L858R mutations, and 30/57 (52.6%) of samples with EGFR
T790M mutations. Additionally, 10/975 (1.0%) samples had
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Fig.2 Co-occurring genetic A
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co-occurring EGFR and KRAS mutations, and 53/975 (5.4%)
samples had co-occurring EGFR and PIK3CA mutations.

Further, analysis of EGFR exonl9 deletion, exon21
L858R and exon20 T790M mutation showed that the mean
allele fraction (MAF) of EGFR exon21 L858R, exon19 dele-
tion and exon20 T790M was 23.3% (95% CI 25.86-30.02%),
37.1% (95% CI 35.17-39.04%), and 20.9% (95% CI
17.80-28.85%), respectively (Fig. 4a). MAF of EGFR
exonl9 deletion was higher compared to exon21 L858R,
but the difference was not statistically significant. The MAF
of T790M mutation was lower when compared to EGFR
exon19 deletion and exon21 L858R mutation.

No alterations

ot T D ' '
[ I | { | |

0 Fusion W Truncating Mutation ~ W Inframe Mutation ~ ® Missense Mutation

Total Mutation (2328)

M EGFR

W TP53

= KRAS

B SMAD4

m ALK

= PIK3CA

B CTNNB1

H PTEN

M ERBB2

W STK11

W FGFR3

M ERBB4

= AKT1

M DDR2
FBXW7

m ROS1

W RET
MET

W BRAF

B NOTCH1

= MAP2K1

B NRAS

EGFR, 47%

Among the 57 samples harboring T790M mutations, 31
samples had L858R mutations, and 20 samples had exon19
deletions. For patients with concurrent L858R/T790M
mutations, the MAF of these two mutations was very close,
whereas the MAF of T790M was lower compared to 19del
in samples with co-occurring EGFR 19del/T790M muta-
tions (Fig. 4b).

RNA Fusions

As shown in Fig. 1a and Supplementary Table 3, 106 RNA
fusions were detected in 90 patients. There were seven types

@ Springer



412

Journal of Cancer Research and Clinical Oncology (2020) 146:407-416

Fig.3 Co-occurring DNA
mutations and RNA fusions.
Co-occurring DNA mutations
and RNA fusions detected in 27
patients were plotted. Each sam-
ple occupies a vertical column.
The alternations of genes are
classified as fusions, truncating
mutation, inframe and missense
mutations, which were denoted
in different colors

Table 1 Concurrent EGFR/
ERBB?2 mutations and ALK/
ROS1 fusions (N = 5)

ALK 59% RERRRARRANARNNNN Genetic Alteration
ROS1 26% l l l l l l l No alterations
RET 15% (111 H Fusion
TP53 52% HEEEEERE EEEEE ©ERE B Truncating Mutation
EGFR 22% 0 (11 5} [ | B |nframe Mutation
SMAD4 15% n m n B Missense Mutation
STK11 15% (1] ] |
ERBB2 7% [ ] |
CTNNB1 7% | 3]
FGFR3 4% [ |
PTEN 4% |
NOTCH1 4% |
AKT1 4% |
FBXW7 4% [ |
ERBB4 4% [ |
1D Age Gender Histology Fusion mutation (NDF) Concurrent DNA variation (MAF)
1077 56 Female ADC ALK-E6aA20 (— 2.11) EGFR exon21 L858R (22.56%)
TP53 exon7 P250L (28.25%)
1124 59 Female ADC ALK-E6aA20 (— 1.82) EGFR exonl9 746_748del (45.15%)
EGFR exonl9 K754E (42.6%)
CTNNBI1 exon3 D32N (4.78%)
1156 65 Male ADC ROS1-S13R32 (- 1.65) EGFR exon20 S768I (18.28%)
EGFR exonl18 G719C (18.17%)
3394 37 Female ADC ALK-E6aA20 (— 1.97) ERBB2 exon20 E770delins EAYVM (11.74%)
ALK-E6bA20 (- 2.49)
3536 72 Male ADC ALK-E6aA20 (— 2.66) EGFR exonl9 746_748del (7.96%)

of ALK fusions, the most frequent type of fusions in this study. Discussion

Among 76 ALK fusions, the most common ALK-EMIA fusion

variant was ALK-E6aA20 (35.5%) and ALK-E13A20 (26.3%), = Recommendations from current guidelines suggest test-
and frequently co-occurred in the same samples. The most  ing of molecular variations in terms of genetic muta-
common RET and ROS fusion variants were KIF5B-RET.  tions for all patients with NSCLC to aid clinicians to
K15R12 and CD74-ROS1.C6R34, respectively.
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Table 2 EGFR mutational subtypes

Mutation subtype N Proportion (%)
EGFR 19del 464 42.5
EGFR exon21 L858R 401 36.8
EGFR exon20 T790M 57 5.2
EGFR exon20ins 34 3.1
EGFR exon21 L861Q 32 29
EGFR exon20 S7681 25 23
EGFR exonl8 G719A 24 22
EGFR exonl18 G719S 10 0.9
EGFR exonl8 G719C 7 0.6
EGFR exonl8 E709K 5 0.5
EGEFR exonl8 E709A 4 0.4
EGEFR exon21 A871G 4 0.4
EGEFR exonl19 K754E 3 0.3
EGEFR exonl8 T725M 2 0.2
EGEFR exon20 R776H 1 0.1
EGEFR exon21 E865G 1 0.1
EGEFR exonl8 G724S 1 0.1
EGEFR exon21 A871E 1 0.1
EGEFR exon18 709_710del 1 0.1
EGEFR exonl8 T7101 1 0.1
EGEFR exonl18 K714N 1 0.1
EGEFR exon20 R776S 1 0.1
EGEFR exon21 K8601 1 0.1
EGEFR exonl8 E709G 1 0.1
EGEFR exonl9 E746fs 1 0.1
EGFR exonl8 L718V 1 0.1
EGEFR exonl8 I706T 1 0.1
EGEFR exon21 E866Q 1 0.1
EGEFR exon20 R776C 1 0.1
EGEFR exon20 R776G 1 0.1
EGEFR exon19 E734K 1 0.1
EGEFR exon19 A755D 1 0.1
EGEFR exonl19 D761Y 1 0.1
Total 1091 100.0

first- and second-line targeted therapies with durable
clinical responses (Hirsch et al. 2016). Accurate molecular
characterization using NGS, involving gene panels, offers
a quick and cost-effective multiple gene analysis allow-
ing a more comprehensive tumor mutation profiling (Lim
et al. 2016; Lusebrink et al. 2018a, b). Results from the
current study represent an extensive and comprehensive
analysis of co-occurring genomic alterations in pre-TKI-
treated NSCLC patients. The current data suggest that
differences in co-occurring molecular events may partly
explain the clinical heterogeneity in patients with EGFR
mutant NSCLC.

Lung cancer tissues exhibiting EGFR mutations dem-
onstrate an equal distribution of mutations in exon19 and
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Fig.4 The alteration of EGFR T790M between 19del and L858R
in pre-TKI-treated NSCLC patients. a MAF of the three variants of
EGFR (exonl9 deletion, exon21 L858R, exon20 T790M). The mean
allele fraction (MAF) of exon21 L858R, exon19 deletion and exon20
T790M was 23.3%, 37.1% and 20.9%, respectively. **P>0.05. b
Correlation of MAFs in NSCLCs with co-occurring L858R/T790M
and 19del/T790M mutations. Among the 57 samples harboring
T790M mutations, 31 samples had co-occurring L858R/T790M
mutations, and 20 samples had co-occurring 19del/T790M mutations

the L858R point mutation in exon21 (Peng et al. 2018).
Although patients with EGFR exon19 deletions and L858R
mutations have similar benefits to EGFR TKIs, several
recent studies have suggested that the benefit of EGFR TKIs
is greater for patients with exon19 deletions than exon21
L858R substitutions (Lee et al. 2015; Yang et al. 2015;
Zhang et al. 2014). However, patients randomly assigned to
chemotherapy harboring exon21 L858R substitutions had
significantly longer PFS compared to patients with exon19
deletions (Ke and Wu 2016); these findings have been
inconsistent (Rosell et al. 2012; Wu et al. 2014). A recent,
single-arm meta-analysis involving 1770 patients revealed
that de novo T790M mutations was significantly less fre-
quent with 19del compared to L858R mutations (OR 0.59;
95% CI1 0.44-0.80; P <0.001). However, the acquired resist-
ance of T790M, i.e., after the TKI therapy, was higher with
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19del when compared to L858R mutations (53% vs. 36%;
OR 1.87; P<0.001) (Chen et al. 2016; Liang et al. 2018).
This observation was consistent with our study wherein the
T790M mutation was less with 19del compared to L§58R
in pre-TKI patients. We also found that the MAF of T790M
was lower compared to 19del in samples with co-occurring
EGFR 19del/T790M mutations (Fig. 4b). T790M has been
identified as a common mutation in pre-TKI-treated NSCLC
samples using NGS. Osimertinib is an oral EGFR-TKI with
high affinity for mutated EGFR with T790M mutation (Soe-
jima et al. 2017). The pooled analysis of AZD9291 First
Time in Patients Ascending Dose Study (AURA) exten-
sion trial and the AURA2 trial has demonstrated clinical
benefits of Osimertinib as second- and third-line therapy
in terms of higher objective response rate [66% (95% con-
fidence interval [CI] 61-70%)], progression-free survival
(PFS) [9.9 months (95% CI, 9.5-12.3 months)] and median
overall survival [26.8 months (95% CI 24.0-29.1 months)]
(Ahn et al. 2019). Further, the AURA3 trial including the
Japanese subgroup analysis study has demonstrated the
superior clinical efficacy and safety of Osimertinib in com-
parison to platinum-pemetrexed chemotherapy (Akamatsu
etal. 2018; Mok et al. 2017). Based on the results of AURA3
trial, FDA has approved Osimertinib as second-line ther-
apy for the treatment of EGFR T790M mutation-positive
NSCLC whose disease has progressed on or after EGFR
TKI therapy. The detection of de novo T790M mutation will
aid the clinicians in initiating the therapy with Osimertinib
upfront (Gregorc et al. 2018). The AZENT trial (ClinicalTri-
als. gov, NCT02841579) assessing the efficacy and safety
of Osimertinib as first-line therapy in advanced NSCLC
patients with de novo T790M mutation will highlight the
importance of primary T790M mutation. T790M mutations
in 19del patients are more likely to be selected and enriched.
Future clinical studies are needed to confirm this hypothesis.

There were 27 patients harboring DNA mutations and
RNA fusion variants (Fig. 1a). Analysis of these samples
with fusion mutations found that the highest frequency of
co-occurring DNA mutations was TP53, followed by EGFR
(Fig. 3). We observed that 43.8% of samples were harboring
TP53 mutations with ALK fusions, 71.4% of ROS fusions
and 50% of RET fusions (Fig. 3). Previous findings have
shown that TP53 mutations reduced the responsiveness to
crizotinib and worsened prognosis in NSCLC patients with
ALK rearrangements (Wang et al. 2018). Larger cohorts are
needed to assess the impact of TP53 mutations on response
to targeted drugs in NSCLC patients with ALK/ROSI/RET
rearrangements. Furthermore, another recent study showed
that co-occurrence of TP53 mutation with an EGFR muta-
tion significantly shortened PFS and OS in EGFR TKI
Ist/2nd pretreated samples (Canale et al. 2017; Yu et al.
2018). This observation thereby postulates that it is not just
important to analyze the major driver mutations to assess
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therapeutic response and clinical outcomes but also to con-
duct comprehensive genome sequencing in patients harbor-
ing an EGFR mutation.

Five patients had co-occurring EGFR/ERBB2 drug-
related variations and ALK/ROS1 fusions (Table 1). Previ-
ous studies have shown that multiple mutations are usually
caused by tumor heterogeneity (Cai et al. 2015; Fan et al.
2018). Currently, there is no consensus on how to treat
patients with multiple mutations. Patients treated with EGFR
TKI and ALK TKI go into remission (Recondo et al. 2018);
however, the right TKI combination that can demonstrate
the best efficacy needs to be investigated.

Few of the study limitations include its retrospective
design. Since our NGS panel is designed to detect single-
nucleotide variants, insertions, deletions and fusions, other
mutaions such as copy number variants and structural vari-
ants are unable to be detected in this study. Therefore, the
data acquired may underestimate the mutation burden for
the cases.

We have paid more attentions and set strict quality con-
trol processes to ensure the true positive mutations we have
detected when analyzing FFPE material for the introduction
of low frequent variant detection (Ye et al. 2013). The pro-
cess of generating raw sequencing data by NGS technology
is subject to strict quality control to filter the possible false-
positive results. We have eliminated the oxidized sample
which might be generated by formaldehyde, a component
of formalin. The mean sequencing depth was 2000 and
called variants were only accepted if the allele frequency
(AF) was > 1%. That means the sum of the support reads
of both plus and minus chains of mutation and wild-type
was 2000, and at least 20 reads were needed to determine
positive mutants. In addition, the cohorts in our study were
enrolled to the clinical trial of the Human EGFR, KRAS,
BRAF, PIK3CA, ALK, ROS1 gene mutation detection kit
(semiconductor sequencing method), which was approved
by the National Medical Products Administration (NMPA).
In the clinical trial, we compared the consistency of Sanger
sequencing and NGS technology in mutation detection of
FFPE samples. The results showed that the consistency of
EGFR mutation between NGS and Sanger sequencing was
up to 99% (Supplementary Table 5).

Sensitive detection methods are of great significance in
the detection of primary drug-resistant mutations due to the
de novo T790M mutation associated with worse clinical ben-
efits in NSCLC patients treated with first and second EGFR
TKI therapy but with great survival benefit treated with third
EGFR TKI therapy (Liu et al. 2017; Zhang et al. 2018). The
pretreatment T790M mutation widely exists in EGFR mutant
NSCLC, ranging from 0.009% to 26.9% (Watanabe et al.
2015). Compared with conventional NGS (limit of detec-
tion, 1%), digital PCR and the unique molecular identifiers
(UMI) labeled NGS technology are more sensitive methods
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to detect the rare variants. For patients with resistance to
the first-line TKI treatment, ultra-sensitive methods such as
digital PCR (LoD 0.01%) and UMI-labeled NGS technology
(LoD 0.1%) can detect those rare T790M mutations through
analysis of circulating tumor DNA, indicating the develop-
ment of drug resistance (Oxnard et al. 2018; Vollbrecht
et al. 2018; Watanabe et al. 2015). Compared with digital
PCR, NGS technology has advantages in detecting novel
resistant mutations with tissue biopsies for massively paral-
lel sequence analysis, despite its lower sensitivity relatively
(Ding et al. 2019; Xu et al. 2017). Therefore, this high-res-
olution mutational profiling of pretreatment T790M muta-
tion using ultra-sensitive methods can open the possibility
of developing strategies for personalized cancer therapies
in NSCLC patients.

In conclusion, co-occurring genetic alterations might play
an underlying role in resistance mechanisms, thereby poten-
tially explaining the diversity of individual patient outcomes.
Our results indicated that T790M was a common mutation
in pre-TKI-treated NSCLC, and might be enriched following
TKI treatment. In addition, differences in the MAF of EGFR
T790M may also result in different responses to TKI therapy
in patients harboring dual mutations.
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