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Abstract
Background: β3-αC loop is a highly conserved structural domain across oncogene 
families, which is a switch for kinase activity. There have been numerous researches 
on mutations within β3-αC loop in EGFR, but relatively less in ERBB2, BRAF, and 
MAP2K1. In addition, previous studies mainly focus on β3-αC deletion in EGFR, 
which is the most common type affecting kinase activity and driving lung cancer. 
Other mutation types are not well studied.
Methods: Here we analyzed the profile of β3-αC loop mutations in a total of 10,000 
tumor biopsy and/or ctDNA patient samples using hybridization capture-based next-
generation sequencing.
Results: We identified 1616 mutations within β3-αC loop in this cohort. Most muta-
tions were located in EGFR, with less percentage in ERBB2, BRAF, and MAP2K1. 
EGFR β3-αC deletions occurred at a high percentage of 96.7% and were all drug-
relevant. We also detected rare EGFR β3-αC insertions and point mutations, most 
of which were related to EGFR TKIs resistance. ERBB2 β3-αC deletions were only 
found in breast cancers and sensitive to EGFR/ERBB2 inhibitor. Moreover, BRAF 
and MAP2K1 mutations within β3-αC loop also demonstrated drugs relevance.
Conclusion: Our study showed that oncogenic  mutations within the β3-αC loop 
of ERBB2, MAP2K1, and BRAF are analogous to that of EGFR, which have pro-
found effect on drug response. Understanding the mutation profile within the β3-αC 
loop is critical for targeted therapies.
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1 |  INTRODUCTION

Protein kinases usually have a structurally conserved do-
main and the way that the structural elements tend to fold 
determines the activation status of the kinases (Scheeff & 
Bourne, 2005). The structure will change in response to up-
stream signaling and thus lead to activation or inactivation 
of the kinases, which then regulates different biological ac-
tivities. Mutations in this region or mutations that lead to the 
structure change will affect kinase activity and the down-
stream signaling. In one study, they analyzed somatic muta-
tions across the kinome. They mapped significantly mutated 
positions (SMPs) of protein kinases and identified 23 SMPs. 
These SMPs are located at certain structural regions, such 
as activation loop (A-loop), nucleotide binding P-loop, the 
αC-helix, the N- or C-terminal to the αC-helix (the β3-αC 
loop and the αC-β4 loop, respectively), and the catalytic loop 
(C-loop; Kumar & Bose, 2017). β3-αC loop in kinase domain 
is highly conserved across oncogene families. Deletions in the 
β3-αC loop of HER2 and BRAF have been shown to resemble 
EGFR exon 19 deletions (Foster et al., 2016). Exon 19 dele-
tion within EGFR β3-αC loop affecting kinase activity and 
driving lung cancer has been described (Chung et al., 2012).

Since kinase signaling pathways are involved in regulating 
multiple cellular processes, including proliferation, survival, 
motility, differentiation, and metabolism, activation of these 
signaling is frequently found in all kinds of tumors (Gross, 
Rahal, Stransky, Lengauer, & Hoeflich,  2015; Hanahan & 
Weinberg, 2011). Kinase activation can be caused by differ-
ent mechanisms, such as point mutations, in-frame deletions 
or insertions, and gene fusions (Foster et al., 2016).

There are a variety of anticancer drugs designed for tar-
geting oncogenically activated kinases. The efficacy of some 
drugs could be affected by structure changes in the kinase 
domain. For example, drugs that target kinase activation in 
BRAF-mutant cancers depend on structural variations in the 
BRAF kinase domain. BRAF  exon 12 deletions within the 
β3-αC loop, which is required for kinase activation, make the 
tumors resistant to “first-generation” BRAF-V600E inhibitors 
(Chakraborty et al., 2016). Recently, two new activating mu-
tations of BRAF involving the β3-αC loop in anaplastic pleo-
morphic xanthoastrocytoma were identified and patients with 
these mutations were predicted to be resistant to kinase in-
hibitors (Pratt et al., 2018). On the other hand, BRAF V600E 
mutation is often sensitive to small molecular kinase inhibi-
tors (Cantwell-Dorris, O'Leary, & Sheils, 2011; Holderfield, 
Deuker, McCormick, & McMahon, 2014).

Although β3-αC loop widely exists in kinds of oncogenes, 
researches on mutations within this structure mainly focus on 
EGFR exon 19 deletions. Other mutation types and mutations 
in other oncogenes accommodating β3-αC loop were not well 
understood. Here we analyze the profile of β3-αC loop mu-
tations within important oncogenes, EGFR, ERBB2, BRAF, 

and MAP2K1, and the potential implications on sensitivity to 
therapeutic drugs in Chinese patients.

2 |  MATERIALS AND METHODS

2.1 | Patients and sample collection

Between October 2015 and July 2018, 10,000 patients with 
advanced cancer from China received next-generation se-
quencing (NGS) testing in Geneplus-Beijing Institute. For 
each patient, signed consent form was obtained before start-
ing the test. Tissue including fresh, formalin-fixed, paraffin-
embedded samples, or plasma samples was obtained. Tumor 
specimens were reviewed by qualified pathologists to con-
firm the diagnosis of tumor types and ensure > 20% tumor 
content. At the same time, peripheral blood was collected 
using EDTA Vacutainer tubes (BD Diagnostics) as a source 
of matched normal (germline) sample. As for plasma test-
ing, 10-ml peripheral blood was collected from each patient 
in cell-free DNA BCT tubes (Streck) and processed within 
72 hr of sample collection.

2.2 | Sample processing and DNA extraction

Extraction of DNA was performed as previously de-
scribed (Nong et  al.,  2018). Genomic DNA was extracted 
from FFPE samples using Maxwell® RSC DNA FFPE 
Kit (Promega). Plasma was separated by centrifugation at 
1,600 g for 10 min, transferred to new microcentrifuge tubes, 
and centrifuged at 16,000 g for 10 min to remove remain-
ing cell debris. Peripheral blood lymphocytes (PBLs) from 
the initial spin were used for isolation of germline genomic 
DNA. PBL DNA was extracted using the DNeasy Blood & 
Tissue Kit (Qiagen). Cell-free circulating DNA was isolated 
from plasma using QIAamp Circulating Nucleic Acid Kit 
(Qiagen). DNA concentration was measured using a Qubit 
fluorometer and the Qubit dsDNA HS (High Sensitivity) 
Assay Kit (Invitrogen, Carlsbad). With that, the size distri-
bution of plasma DNA was assessed using an Agilent 2100 
BioAnalyzer and the DNA HS kit (Agilent Technologies).

2.3 | Sequencing library construction and 
target enrichment

Before library construction, genomic DNA extracted from 
PBL or FFPE specimen was sheared to 300  bp fragments 
with a Covaris S2 ultrasonicator (Covaris). KAPA Library 
Preparation Kit (Kapa Biosystems) was adopted to prepare 
indexed Illumina NGS libraries from PBL DNA, tumor 
DNA, and plasma DNA. Target enrichment was performed 
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with a custom SeqCap EZ Library (Roche NimbleGen). The 
capture probe designed based on cancer genomic regions of 
59 genes or 1021 genes was used in this study to explore the 
comprehensive genetic properties of advanced solid tumors. 
Capture hybridization was carried out according to the manu-
facturer's protocol. Following hybrid selection, the captured 
DNA fragments were amplified and then pooled to generate 
several multiplex libraries.

2.4 | NGS Sequencing and data analysis

Sequencing was carried out using Illumina 2 × 75 bp paired-
end sequencing on Illumina HiSeq 3000 instruments, using 
TruSeq PE Cluster Generation Kit v3 and the TruSeq SBS 
Kit v3 (Illumina) according to the manufacturers’ recommen-
dations. After removal of terminal adaptor sequences and 

low-quality data, reads were mapped to the reference human 
genome (hg19) and aligned using BWA (0.7.12-r1039; Li & 
Durbin, 2009).

GATK (https://www.broad insti tute.org/gatk/, The Genome 
Analysis Toolkit), MuTect2 (3.4-46-gbc02625; Cibulskis 
et al., 2013), and in-house algorithm NChot (Yang et al., 2017) 
were employed to call somatic small insertions and deletions 
(indel), and single nucleotide variants (SNV) by filtering PBL 
sequencing data. Contra (2.0.8) was used to detect copy num-
ber variations (Li et al., 2012). For structure variations (SV), 
an in-house algorithm NCSV was used to identify split-read 
and discordant read-pair to identify SVs (Yang et al., 2020).

For the sequence variant nomenclature, we followed the 
Human Genome Variation Society (HGVS) recommen-
dations and used the transcript references as below: EGFR 
NM_005228.3, ERBB2 NM_004448.2, BRAF NM_004333.4, 
MAP2K1 NM_002755.3.

T A B L E  1  Distribution of identified mutations in different cancer types

Total 
mutation Genes Lung cancer Breast cancer

Colorectal 
cancer

Pancreatic 
cancer

Other 
cancers

1530 EGFR 1,530 (96.7%) — — — —

38 ERBB2 17 (1.07%) 20 (100%) — — 1 (14%)

18 BRAF 12 (0.70%) — — 3 (100%) 3 (43%)

30 MAP2K1 23 (1.45%) — 4 (100%) — 3 (43%)

Total 1616 — 1583 (97.8%) 20 (1.2%) 4 (0.25%) 3 (0.19%) 7 (0.43%)

Note: Number in brackets indicates the percentage of certain type of cancer that harbors the corresponding gene mutation. The transcript references are as below: 
EGFR NM_005228.3, ERBB2 NM_004448.2, BRAF NM_004333.4, MAP2K1 NM_002755.3.

F I G U R E  1  Distribution of key mutations within β3-αC loop of protein kinases EGFR, ERBB2, BRAF, and MAP2K1. (a) Percentage of each 
mutation in lung cancer samples. (b) Amino acid sequence of β3-αC loop of protein kinases EGFR, ERBB2, BRAF, and MAP2K1. (c) Mutations in 
β3-αC loop of protein kinases EGFR, ERBB2, BRAF, and MAP2K1 in lung cancer are mutually exclusive. The transcript references are as below: 
EGFR NM_005228.3, ERBB2 NM_004448.2, BRAF NM_004333.4, MAP2K1 NM_002755.3

EGFR
ERBB2

BRAF

MAP2K1

Lung cancer patients Total mutations

1530
17

23

12

(a) (b)

EGFR

ERBB2

BRAF

MAP2K1

(c)
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2.5 | Actionable mutation assessment

Sequence mutations were annotated according to in-house 
database, a curated knowledge base of the oncogenic effects 
and treatment implications of somatic mutations. According 
to the level of evidence that the mutation is a predictive 
biomarker of drug response, mutations were classified in a 
tumor type-specific manner.

3 |  RESULTS

3.1 | Key genetic alterations identified in 
patients

Total of 10,000 patients diagnosed with advanced cancer be-
tween October 2015 and July 2018 were included in this study, 
with 65.5% of all patients were lung cancer, 7.3% were breast 
cancer, 1.4% were pancreatic cancer, 7.6% were colorectal, 
and 18.1% were other cancer types. All patients received NGS 
testing. We identified 1616 mutations within β3-αC loop of 
protein kinases EGFR, ERBB2, BRAF, and MAP2K1 in the 
cohort. Of these mutations, 97.8% (1583/1616) were found 
in lung cancer, with 96.71% (1530/1583) of the mutations 
in lung cancer were located in EGFR, 1.1% (17/1583) lo-
cated in ERBB2, 0.7% (12/1583) located in BRAF, and 1.4% 
(23/1583) in MAP2K1 (Table 1 and Figure 1a). Of all muta-
tions identified here, 1.2% (20/1617), 0.25% (4/1617), 0.19% 
(3/1617), and 0.49% (8/1617) were found in breast cancer, 
colorectal cancer, pancreatic cancer, and others, respectively. 
Hundred percent of the mutations found in breast cancer were 
located in ERBB2 and similarly, BRAF accounts for all muta-
tions in colorectal cancer and MAP2K1 in pancreatic cancers. 
The kinase domain β3-αC loop is highly conserved across 
oncogenes and also resides in ERBB2, BRAF, and MAP2K1 
(Figure 1b). Interestingly, we found that mutations in this re-
gion of EGFR, BRAF, ERBB2, and MAP2K1 were mutually 
exclusive (Figure 1c), which is consistent with a previous re-
port (Arcila et al., 2015) that suggested one driver mutation 
is sufficient cancer initiation or development.

3.2 | Characteristics of EGFR 
mutations and clinical indication

All EGFR β3-αC alterations were found in lung cancer pa-
tients and EGFR β3-αC deletions were present in a very high 
frequency of 96.7% (1479/1530), with the most frequent dele-
tion of amino acids glutamic acid-leucine-arginine-glutamic 
acid-alanine (also referred to as ΔELREA), followed by 
lower frequencies of ∆LREATS, P753S, and ∆LREAT. We 
also found 12 patients harboring rare EGFR β3-αC insertion 
(I740_K745dup, also referred to as K745_E746insIPVAIK), 

which was reported as tyrosine kinase inhibitor (TKI)-
sensitive mutation (Kobayashi & Mitsudomi,  2016). 
Although the therapeutic response of patients with EGFR 
β3-αC deletions to different EGFR TKIs was slightly dif-
ferent, all the patients with the deletions were sensitive to 
EGFR TKI treatment. This is consistent with previous study 
that patients with LRE deletions were associated with bet-
ter response to TKIs than those with non-LRE deletions in 
exon 19 (Chung et  al.,  2012). We were also able to iden-
tify 38 (24.8%, 38/1530) missense mutations within β3-αC 
region and among these, 34% (13/38), that is p.L747P and 3 
p.L747S (Table 2), showed influence on kinase activities and 
were found to be resistant to EGFR TKI treatment accord-
ing to previous studies (Liu, Wu, Zhong, Hui, & Fang, 2013; 
Wang, Ning, Li, & Huang, 2016; Wu et al., 2011; Yamaguchi 
et  al.,  2014; Yamaguchi, Kugawa, Tateno, Kokubu, & 
Fukuchi, 2012; Yu et al., 2015).

3.3 | Characteristics of ERBB2, BRAF, and 
MAP2K1 mutations and clinical indication

ERBB2 β3-αC deletions (ΔLRENT) were only detected in 
breast cancers, which were sensitive to EGFR/ERBB2 in-
hibitor neratinib and resistant to lapatinib. In lung cancer, 
most of the ERBB2 β3-αC mutations are point mutations and 
the percentage of drug-relevant mutations was 59% (10/17; 
Table 2, red). Sixty-one percent (11/18) of BRAF mutations 
were found in lung cancers and 16.7% (3/18) in pancreatic 
cancers. About 45.5% (5/11) of lung cancer patients with 
BRAF β3-αC loop mutations demonstrated drug relevance. 
We detected 23 (23/30 = 76.7%) MAP2K1 mutations in lung 
cancer patients and four (4/30 = 13.3%) in colorectal cancer 
patients. In contrast to ERBB2, most of MAP2K1 mutations 
found in lung cancer are β3-αC deletions. Seventy percent 
(15/23) of the mutations in this region were drug-relevant.

4 |  DISCUSSION

In this study, we analyzed a large number of 10,000 patients 
with advanced cancers for oncogenic mutations in EGFR, 
ERBB2, BRAF, and MAP2K1, especially for those located 
within the kinase domain β3-αC loop. In addition, we sum-
marized the effect of these mutations on the sensitivity to 
target therapy, that is TKIs. These data not only refined our 
understanding of the mutation profile within β3-αC loop of 
these kinase domain but also provided a comprehensive in-
struction for target therapies.

Most kinase domain β3-αC loop deletions/insertions or 
point mutations are activating mutations as shown in a pre-
vious study (Foster et  al.,  2016). We found an interesting 
phenomenon that mutations in this region of EGFR, BRAF, 
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ERBB2, and MAP2K1 were mutually exclusive, indicating 
changes in this region of these kinases function similarly to 
drive tumorigenesis. This finding supports the opinion that 
single driver mutation is required for oncogene addiction in 
lung tumors (Gazdar, Shigematsu, Herz, & Minna,  2004). 
EGFR is one of the most frequently altered genes in lung can-
cer, especially in Asian adenocarcinoma subgroup (Dearden, 
Stevens, Wu, & Blowers,  2013). Most EGFR gene muta-
tions can be targeted for therapy and thus is considered the 
most common “actionable” mutation in lung cancer patients 
(Castellanos, Feld, & Horn, 2017). In our study, most of the 
kinase β3-αC loop alterations found in lung cancer were from 
EGFR with all β3-αC indels, and 34% of point mutations in 
this region were drug-relevant alterations. About 59% ERBB2 
mutations, 65% MAP2K1 mutations, and 50% BRAF muta-
tions in this region were drug-relevant, confirming the im-
portance of β3-αC loop for kinase functions.

Genetic alterations in MAPK/ERK pathway are very 
common in non-small cell lung cancer (NSCLC), especially 
mutations found in the upstream members, EGFR and KRAS, 
which account for 70% or more of all known driver muta-
tions (Ladanyi & Pao, 2008; Riely et al., 2008). Alterations 
in BRAF and MAP2K1 (MEK1) are less common, with BRAF 
mutations well studied and MAP2K1 mutation remaining 
relatively undefined with a close association with smoking 
(Arcila et  al.,  2015; Marks et  al.,  2008; Paik et  al.,  2011). 
In our study, we found similar genetic alterations in kinase 

β3-αC loop and that the majority of them are localized in 
EGFR gene. Human epidermal growth factor receptor 2 
(HER2; ERBB2) is tyrosine kinase receptor and the mutation 
or amplification of which have been linked with human can-
cers, with lung cancer and breast cancer the most common 
(Connell & Doherty, 2017). We found about 52.6% (20/38) 
of ERBB2 mutations were from breast cancer patients and 
44.7% (17/38) were from lung cancer patients, with 59% of 
all mutations in β3-αC loop were druggable.

In conclusion, based on a large cohort of cancer patients, 
our study analyzed mutations in β3-αC loop in kinase do-
main of EGFR, ERBB2, MAP2K1, and BRAF, and summa-
rized the drug-relevant mutations of each gene. These results 
highlighted the significance of β3-αC loop in kinase domain 
and generated valuable mutation profiles of this region, thus 
providing insight into the target therapies that rely on these 
mutations.
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T A B L E  2  Major alterations in β3-αC region of EGFR, ERBB2, BRAF, and MAP2K1 genes in lung cancer

EGFR_mis EGFR β3-αC delins ERBB2 MAP2K1 BRAF mutations

p.L747P (10) p.E746_A750del (978) p.L755P (5) p.E102_I103del (15) p.N486_P490del (2)

p.V742I (6) p.L747_P753delinsS (131) p.D769Y (2) p.P105_A106del (4) p.K483E (3)

p.V742L (5) p.L747_T751del (79) p.K753E (2) p.Y134F (1) p.D479N (2)

p.D761Y (4) p.L747_A750delinsP (66) p.I767M (1) p.A106T (1) p.L485F (1)

p.L747S (3) p.E746_T751delinsA (31) p.D769H (1) p.V127M (1) p.E501K (1)

p.I744M (2) p.E746_S752delinsV (28) p.I740M (1) p.I99V (1) p.K483Q (1)

p.I759M (2) p.L747_S752del (22) p.L607Q (1) p.Q496* (1)

p.K757M (2) p.L747_T751delinsP (16) p.L755V (1) p.N486_
A489delinsK (1)

p.E734D (1) p.L747_E749del (12) p.S760del (1)

p.I759N (1) p.I740_K745dup (12) p.I767F (1)

p.K757L (1) Others together (117) p.L755S (1)

p.L747C (1)

DR 34% (13/38)a 100%a 59% (10/17)‡ 70% (16/23)§ 50% (6/12)¶

Total 38 1,492 17 23 12

Note: DR, percentage of drug-relevant mutations; Red color indicates the drug-relevant mutations. The transcript references are as below: EGFR NM_005228.3, 
ERBB2 NM_004448.2, BRAF NM_004333.4, MAP2K1 NM_002755.3.
aSensitive to EGFR TKI. 
bRelated to the efficacy of HER2 target therapy. 
cRelated to MEK target therapy. 
dRelated to BRAF/MEK target therapy. 
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