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Background: Kinase domain duplication (KDD) is a special type of large genomic rearrangement (LGR),
occurring in the kinase domain of protein kinase genes. KDD of some lung cancer driver genes, such as EGFR-
KDD, has been identified and implicated to be oncogenic in non-small cell lung cancer (NSCLC). The present
study aims to interrogate the spectrum of KDD occurring on classic driver genes in Chinese lung cancer
patients without the presence of classic lung cancer driver mutations.

Methods: We retrospectively enrolled 10,525 Chinese lung cancer patients who met the following inclusion
criteria; (I) do not carry classic lung cancer driver mutations in any of the 8 driver genes and (II) tyrosine kinase
inhibitor (TKI)-naive. Capture-based targeted sequencing was performed on tissue or plasma samples. LGR
and KDD were identified by using in-house analysis scripts. The prevalence and distribution of LGR and KDD
in our cohort were analyzed.

Results: The median age of the cohort was 64 years with 68.7% being male. Among all patients, 23.2% and
51.8% were diagnosed with stage IIT and IV disease respectively. We identified 43 cases (0.41%) harboring
LGR in one of the driver genes (EGFR/ERBB2/ALK/RET/ROSI/MET/BRAF), with 24 (0.23%) patients
harboring KDD. Of the patients harboring KDD, a majority (n=19) harbored canonical EGFR-KDD involving
exons 18-25, whilst one patient harbored duplications of EGFR exons 18-26. There were three MET-KDD
patients; in two, the alteration occurred in exons 15-21 and in one, the alteration occurred in exons 3-21.
One patient harbored RET-KDD involving exons 12-18. KDD showed a comparable prevalence in lung
adenocarcinoma (LUAD) and lung squamous cell carcinoma (LUSC) (0.33% wvs. 0.11%, P=0.118). Nineteen
non-KDD LGRs, spanning six genes including EGFR (n=6), MET (n=3), ALK (n=4), ROSI (n=2), ERBB2 (n=2)
and BRAF (n=2), were found, each occurring in one patient. The prevalence of LGR in LUADs and LUSCs
was comparable (0.55% vs. 0.38%, P=0.452).

Conclusions: We observed a prevalence of 0.41% and 0.23% for LGR and KDD, respectively. Twenty-four
different LGR alterations, including 5 KDDs and 19 non-KDD LGRs, were observed. KDDs mainly occurred
in EGFR involving exons 18-25 and non-KDD LGRs were distributed more randomly. The prevalence of
LGR/KDD in LUSCs and LUADs was comparable.
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Introduction

Protein kinases catalyze the transfer of the y-phosphate
group of adenosine triphosphate (ATP) to the hydroxyl
group of serine, threonine or tyrosine residues of protein
substrates (1-3). These kinases mediate most signal
transductions and control various cellular processes
including, but not limited to, cell proliferation, movement,
apoptosis, metabolism and cell cycle progression (4-7).
Mutations, overexpression, and the dysregulation of protein
kinases play central roles in the initiation and development
of human cancers, including lung cancers, the leading cause
of cancer-related deaths worldwide (8-10).

Over the past two decades, the protein kinase family
has become one of the most important drug targets for
lung cancer therapy (11,12). The development of tyrosine
kinase inhibitors (TKIs) has revolutionized the treatment
of patients with advanced refractory lung cancer harboring
actionable mutations, such as EGFR (exon 19 deletion,
G719, L858R, and L861Q), MET (amplification or exon
14 skipping mutation), and rearrangements of ALK, ROS1
and RET (13-19). With advancements in sequencing
technologies and our understanding of lung cancer, the list
for actionable mutations is expanding.

Large genomic rearrangement (LGR), including
deletions or duplications of single or multi-exons (20,21),
are rare alterations in lung cancer. Kinase domain
duplication (KDD) is a special type of LGR occurring in
the kinase domain of protein kinase genes, which results in
a novel mechanism for protein kinase activation in tumor
cells. A recent study revealed a KDD frequency of 0.62% in
pan-cancers in a Caucasian population (22). The most well-
studied KDD is EGFR-KDD, which often results from the
in-frame tandem duplication of EGFR exons 18-25, causing
subsequent constitutive activation of EGFR signaling. Some
studies have demonstrated the oncogenic properties of
EGFR-KDD from in silico, in vitro and in vivo perspectives
(23-25). In silico analysis has shown that EGFR-KDD
can form intramolecular dimers and in vitro studies have
demonstrated that EGFR-KDD can be targeted by EGFR-
TKIs, including erlotinib, afatinib and osimertinib (23).
In vivo studies have revealed that increased EGFR-KDD
expression promotes tumor growth in nude mice (26).
Evidence suggests that KDD might be an oncogenic driver
and may also act as a resistance mechanism of TKIs in lung
cancer patients (27). EGFR-KDD has been recognized as a
therapeutically actionable alteration in lung cancer (23,28).
A series of case reports revealed that NSCLC patients
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with EGFR-KDD responded to EGFR-TKIs including
gefitinib, erlotinib, icotinib and afatinib (23,28). A recent
work indicates MET-KDD can mediate resistance to ALK
inhibitor ceritinib and respond to crizotinib in an ALK-
rearranged lung adenocarcinoma (LUAD) patient (27).
Recently, great interest has arisen in the role of KDD alone
as a primary oncogenic driver in lung cancer. However,
most studies interrogating KDD have been conducted in
Western populations (22,23). The prevalence of LGR, and
specifically KDD in Chinese lung cancer patients remains
elusive. In this study, we interrogated the genomic profiling
data of 10,525 TKI-naive Chinese lung cancer patients
without the presence of driver mutations to determine the
prevalence and distribution of LGR/KDD occurring on
classic driver genes.

We present the following article in accordance with the
Materials Design Analysis Reporting (MDAR) reporting
checklist (available at http://dx.doi.org/10.21037/atm-20-
7408).

Methods
Patients and samples

Between January 2017 and October 2019, the genomic
profiling records of 31,942 Chinese lung cancer patients
from the Burning Rock databank were screened. A total
of 10,525 patients were selected for subsequent analysis
according to the following inclusion criteria: (I) without
the presence of classic lung cancer driver mutations in any
of the eight genes (EGFR/ERBB2/ALK/RET/ROS1/MET/
BRAF/KRAS); classic lung cancer driver mutations were
summarized in Table S1; (II) TKI-naive. This study was
approved by the Ethical Committee of Shenzhen People’s
Hospital (No. SYL-201919-01). Informed consent was
obtained from each patient for the use of their plasma
or tumor tissue samples. The study was conducted in
accordance with the Declaration of Helsinki (as revised in
2013).

DNA extraction and library construction

Tissue and plasma DNA were extracted with a QIAamp
DNA formalin fixed paraffin embedded (FFPE) tissue kit
and the QIAamp Circulating Nucleic Acid Kit, (Qiagen,
Valencia, CA, USA), respectively, followed by end repair,
phosphorylation, dA addition, and adaptor ligation for
library construction. The DNA library was purified
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by using Agencourt AMPure beads (Beckman Coulter,
Fullerton, CA, USA). Capture-based targeted sequencing
was performed using a panel consisting of eight lung cancer
classic drivers (Burning Rock Biotech, Guangzhou, China).

Sequencing data analysis

The raw sequencing data were preprocessed by using
Trimmomatic 0.36 for trimming adaptor, low-quality reads
and reads less than 50 base pairs. Preprocessed sequencing
data were mapped to the human genome (hgl19) by using
Burrows-Wheeler Aligner 0.7.10 and the Genome Analysis
Toolkit 3.2 (Broad Institute, Cambridge, MA, USA). Variant
calling was performed by using VarScan and variants were
annotated with ANNOVAR and SnpEff v3.6. Mutations
were then filtered against common single nucleotide
polymorphisms (SNP) found in 1,000 Genomes ExAC,
dbSNP, and ESP6500SI-V2, ClinVar databases. LGR was
detected by calculating coverage depth of capture intervals.
The coverage depth data of each capture interval in EGFR/
ERBB2/ALK/RET/ROSI/MET/BRAF was calculated. The
average coverage of all capture regions was calculated
as internal control, which was utilized to normalize the
coverage of different samples to comparable scales. Those
capture intervals with an obvious less (for deletions of single
or multi-exons) or larger (for duplication of single or multi-
exons) average coverage data than the internal control
was identified as LGR. Furthermore, the certain capture
intervals with an obvious larger average coverage data than
others in the identical gene occurring in kinase domain of
EGFR/ERBB2/ALK/RET/ROS1/MET/BRAF was identified
as KDD.

Statistical analysis

Differences in two-groups were accessed by two-tailed,
unpaired 7-test for continuous variables with normal
distribution or by Chi-square test for discontinuous
variables. P<0.05 was considered statistically significant. All
statistical analyses were performed in R 3.3.3 and SPSS 22.0
(IBM Corporation, Armonk, NY, USA).

Results
Patient characteristics

A total of 31,942 Chinese lung cancer patients were
screened. A total of 10,525 TKI-naive patients without
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the presence of classic lung cancer driver mutations were
enrolled in the study. Schematic design of the study is
shown in Figure S1. The median age of the cohort was
64 years, ranging from 6 to 98 years. The majority of
patients (n=5,459, 51.9%) had lung adenocarcinoma
(LUAD), whilst 1,836 (17.4%) had lung squamous cell
carcinoma (LUSC). The histological subtype of the
remaining 3,230 patients was unknown. The distribution for
stage was; stage I (544/10,525, 5.2%), stage II (617/10,525,
5.9%), stage 111 (2,444/10,525, 23.2%) and stage IV
(5,457/10,525, 51.8%). The status of stage in the remaining
1,463 cases (13.9%) was unknown. Patient characteristics
are summarized in Table 1.

The prevalence of LGR/KDD

A total of 43 cases (0.41%, 43/10,525) carrying LGR
alterations were identified. The median age of this group
was 60.5 years, being younger in comparison to that of
all enrolled patients (64 years, P=0.055, Table 1). With
the exception of one lung cancer harboring BRAF exon 8
deletion and another harboring BRAF exon 14-16 deletion,
41 cases (0.39%) harbored 22 LGR alterations in one of
the receptor tyrosine kinase (RTK) genes (EGFR/ERBB2/
ALK/RET/ROSI/MET). The distribution of LGR is
shown in Figure 1. Of 43 patients with LGR, 24 (0.23%,
24/10,525) carried KDD and 19 (0.18%, 19/10,525) carried
non-KDD LGR. Twenty-four patients harbored KDD,
spanning in three genes; EGFR (n=20), MET (n=3) and
RET (n=1). Five different KDD alterations were observed.
For patients with EGFR-KDD, all harbored canonical
EGFR-KDD (19/20) involving exons 18-25 except for
one, which involved exons 18-26 (Figure 2A). There were
three MET-KDD patients; in two, the alteration occurred
in exons 15-21 and in one, this occurred in exons 3-21
(Figure 2B). One patient harbored RET-KDD involving
exons 12-18 (Figure 2C). The prevalence of LGR in LUAD
and LUSC was comparable (0.55% vs. 0.38%, P=0.452,
Figure 34). The median age of the 24 KDD patients was
significantly younger than that of enrolled patients (59 vs.
64 years, P=0.044, Tuble 1). A comparable prevalence of
KDD in LUAD and LUSC was observed (0.33% wvs. 0.11%,
P=0.118, Figure 3B). Nineteen different non-KDD LGR
alterations were found, each occurring in one patient. Non-
KDD LGR were identified in EGFR (n=6), MET (n=3),
ALK (n=4), ROSI (n=2), ERBB2 (n=2) and BRAF (n=2).
Collectively, the prevalence of KDD occurring on driver
genes in Chinese lung cancer patients without the presence
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Table 1 The clinical information of our cohort
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Enrolled patients

Characteristics (n=10,525). n (%)

LGR patients
(n=43), n (%)

P value
(KDD vs. enrolled)

P value
(LGR vs. enrolled)

KDD patients
(n=24), n (%)

Median age [range], years 64 [6-98]
Sex
Female 2,762 (26.2)
Male 7,226 (68.7)
Unknown 537 (5.1)
Histological type
LUAD 5,459 (51.9)
LUSC 1,836 (17.4)
Unknown 3,230 (30.7)
Stage
I 544 (5.2)
I 617 (5.9)
M 2,444 (23.2)
\% 5,457 (51.8)
Unknown 1,463 (13.9)
Total 10,525 patients

60.5 [42-80]

7 (16.3)
35 (81.4)
1(2.3)

30 (69.8)
7 (16.3)
6 (14.0)

0(0.0)
4(9.3)
10 (23.3)
26 (60.5)
3(6.9)
43 patients

0.055 0.044
0.122 0.648

59 [42-80]

5 (20.8)
19 (79.2)
0
0.452 0.075
18 (75.0)
2 (8.3)
4(16.7)
0.346 0.404
0(0.0)
3(12)
5 (24)
15 (60.0)
1(4.0)
24 patients

LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; LGR, large genomic rearrangement; KDD, kinase domain duplication.

ALKexon 12-16dup
ALKexon 17-18dup
ALK exon 19-23dup
ALKexon 7dup
BRAF exon 14-16del
BRAF exon 8del
EGFRexon 18-25dup
EGFR exon 18-26dup
EGFR exon 19-26dup
EGFR exon 20-28dup
EGFR exon 21-28dup
EGFR exon 2-21dup
EGFR exon 2-7del
EGFRexon 2-7dup
ERBB2exon 1-4dup
ERBB2 exon 20-22dup
RET exon 12-18dup
MET exon 15-16dup
MET exon 15-20dup
MET exon 15-21dup
MET exon 2dup

MET exon 3-21dup
ROS17exon 13-30dup
ROS1exon 41dup

10 12 14 16 18 20

Number of cases

Figure 1 The LGR alterations in our study. The X-coordinate and the Y-coordinate indicate the number of cases and the LGR occurring
on classic driver genes, respectively. dup: duplication; del: deletion. LGR, large genomic rearrangement. EGFR, epidermal growth factor
receptor; KRAS, KRAS proto-oncogene, GTPase; BRAF, B-Raf proto-oncogene, serine/threonine kinase; ERBB2, erb-b2 receptor tyrosine
kinase 2; ALK, ALK (anaplastic lymphoma kinase) receptor tyrosine kinase; RET, ret proto-oncogene; ROSI, ROS proto-oncogene 1,
receptor tyrosine kinase; MET, MET (hepatocyte growth factor receptor gene) proto-oncogene, receptor tyrosine kinase.
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Figure 3 The prevalence of LGR and KDD in our study. (A) The prevalence of LGR in LUAD and LUSC; (B) the prevalence of KDD

in LUAD and LUSC; LGR, large genomic rearrangement; KDD, kinase domain duplication; LUAD, lung adenocarcinoma; LUSC, lung
squamous cell carcinoma.
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of classic lung cancer driver mutations was 0.23%. LUAD
and LUSC had comparable prevalence of KDD.

Discussion

Over the past few decades, the development of TKIs has
revolutionized the management of lung cancer. With
advancements in next-generation sequencing technologies
and our increased understanding of lung cancer, the list for
actionable mutations is expanding. It has been reported that
LGR occurring on oncogenic drivers may play an important
role in tumorigenesis. The significance of LGR in some
cancer types has been elucidated, but remains elusive in lung
cancer. For example, oncogenic LGR in EGFR has been
reported in human malignant glioma (29). The distribution
of LGR in oncogenic gene in transitional cell carcinoma
of urinary bladder has been reported (30). As a special
type of LGR alteration, KDD occurring in a few classic
lung cancer driver genes, such as EGFR-KDD and MET-
KDD, have been identified and implicated to be oncogenic
in non-small cell lung cancer (NSCLC). KDD occurring
on ERBB2, ALK, RET, ROS1 and BRAF as an oncogenic
driver has not been reported. The prevalence of KDD
has been interrogated in a Western population, however,
the prevalence of LGR and KDD in Chinese lung cancer
patients remains elusive. A previous study has demonstrated
that KDD can act as an acquired resistance against TKIs in
lung cancer (27). In order to investigate the prevalence and
distribution of de novo KDD in Chinese lung cancer patients
without the presence of driver mutations, only TKI-naive
patients were selected in our work. Herein, we conducted
a retrospective study to investigate the prevalence and
distribution of LGR and KDD occurring on classic driver
genes in TKI-naive Chinese lung cancer patients without
the presence of classic lung cancer driver mutations.

This study revealed 0.41% of lung cancer patients
harboring LGR on classic driver genes (EGFR/ERBB2/
ALK/RET/ROS1/MET/BRAF) in TKI-naive Chinese lung
cancer patients without the presence of classic lung cancer
driver mutations, with 24 (0.23%) patients harboring KDD.
The prevalence of EGFR-KDD in Chinese lung cancers in
our work was 0.20%. The similar result was observed in a
previous study indicating that 0.12% east Asian NSCLC
patients harbored EGFR-KDD (31). The prior studies
indicated 0.04-0.07% Caucasian lung cancer patients
harbored EGFR-KDD (23,25). The higher frequency of
EGFR-KDD observed in our study can be explained that
East Asians have a higher percentage of having EGFR
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mutations.

Of the patients with KDD, 24 harbored KDD, including
canonical KDD rearrangements involving EGFR exons
18-25, EGFR-KDD exons 18-26, MET-KDD of exons
15-21 and uncommon rearrangements, such as MET-KDD
of exons 3-21, and RET-KDD of exons 12-18 that have not
previously been described in lung cancer (26,27). Similar to
canonical EGFR-KDD involving exons 18-25, EGFR-KDD
of exons 18-26 exhibits constitutive autophosphorylation in
vitro and induces tumor growth in vive (26). EGFR-KDD
of exons 14-26 and exons 17-25 (31), reported to occur
in east Asian population, were not observed in this study.
Furthermore, BRAF-KDD, ERBB2-KDD, ROS1-KDD and
ALK-KDD occurring in pan-cancers were not found in this
study.

The study revealed 19 different non-KDD LGR
alterations. Only two non-KDD alterations involving
deletion and duplication of EGFR exons 2-7 that have
previously been described in human malignant glioma
(32,33) were found. The remaining 17 non-KDD alterations
appear to have not been previously reported. Evidence
suggest that both deletion and duplication of exons 2-7 in
EGFR could promote oncogenesis by way of constitutive
autophosphorylation in glioblastoma (29).

Multiple studies have demonstrated that KDDs can serve
as therapeutic targets. In a computationally constructed
three-dimensional structure model of EGFR-KDD, both
gefitinib and osimertinib can bind to and inhibit EGFR-
KDD, but osimertinib shows higher binding affinity (34).
In vitro studies show that erlotinib, afatinib and osimertinib
can inhibit EGFR-KDD phosphorylation in a dose-
dependent manner (23). The efficacy of EGFR-TKIs in
lung cancer patients with EGFR-KDD has been reported,
but the treatment response varies. Some case reports show
that LUAD patients with EGFR-KDD obtain a substantial
clinical response to EGFR-TKIs (including gefitinib,
icotinib, afatinib) with a PFS ranging from 5 months to over
a year (23,28,31). In contrast, one case report reported an
LUAD patient harboring EGFR-KDD refractory to EGFR-
TKIs including erlotinib and osimertinib (31). Clinical trials
to assess the efficacy of EGFR-TKIs in LUAD patients
with EGFR-KDD are needed. Furthermore, the question of
whether RET-KDD is the oncogenic driver in lung cancer
remains unclear. Research is needed to explore the roles of
RET-KDD in lung tumorigenesis.

LGR occurring oncogenic driver might play an
important role in tumorigenesis. We revealed the landscape
of LGR in Chinese lung cancer to pave the way for
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identification of possible therapeutic target, which is crucial
for development of effective therapeutic strategies for those
NSCLC patients who are ineligible for targeted therapy.
KDD could serve as an oncogenic driver, therapeutic target,
and resistance mechanism of TKIs in lung cancer. We
assessed the frequency of KDD to reveal the landscape of
oncogenic KDD in Chinese lung cancer patients without
the presence of classic lung cancer driver mutations to
maximize the identification of all patients that can benefit
from precision oncology.

Conclusions

This study revealed the prevalence and distribution of
KDD and non-KDD LGR in Chinese lung cancer patients
without the presence of classic lung cancer driver mutations,
by employing the largest Chinese lung cancer cohort to
date. The results advance the understanding of LGR in
lung cancer, paving the way for further evaluation of the
administration of TKIs in lung cancer patients with KDD.
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Supplementary

Table S1 Driver mutations of genes

31,942 tumor tissue/plasma samples
performed for capture-based targeted
sequencing were retrospectively

Driver gene Mutations

EGFR Exon 19 deletion, L858, L861, G719, S768, E709, recruited

R776 - 20,111 samples with known driver

- mutations were excluded

KRAS G12, G13, Q61, A146 \7
BRAF V600, G469, G466 11,831 tumor tissue/plasma samples
ERBB2 amplification, exon 20 insertion, S310 5 tléi?‘fdsjvﬁft‘ﬁ'?;f;g:} "3332‘9)”; Previously
ALK fusion v treatment (n=2) were excluded
RET fusion 10,525 tumor tissue/plasma samples
ROS1 fusion v
MET amplification, exon 14 skipping mutations 06'2Z‘rers;('jgzz”c?atshsei'cpg‘;i‘f;fggigsf i|f1DT|:|)(I-
EGFR, epidermal growth factor receptor; KRAS, KRAS proto- xi{:’:u??ri’;esilsiﬁ:i’;%?;sf’gg‘TS;S
oncogene, GTPase; BRAF, B-Raf proto-oncogene, serine/ drﬁ/er mutations 9
threonine kinase; ERBB2, erb-b2 receptor tyrosine kinase
2; ALK, ALK (anaplastic lymphoma kinase) receptor tyrosine Figure 1 Schematic design of our study. A total of 10,525 tumor
kinase; RET, ret proto-oncogene; ROS1, ROS proto-oncogene tissue/plasma samples performed for capture-based targeted

1, receptor tyrosine kinase; MET, MET (hepatocyte growth factor

I s sequencing were retrospectively enrolled for investigating the
receptor gene) proto-oncogene, receptor tyrosine kinase.

prevalence of KDD occurring on classic driver genes in Chinese
lung cancer patients without the presence of classic lung cancer
driver mutations. TKI, tyrosine kinase inhibitor; KDD, kinase

domain duplication.
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