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Background: Human epidermal growth factor receptor 2 (ERBB2, HER-2) exon 20

insertion (ERBB2ex20ins) remains a refractory oncogenic driver in lung cancer. So far

there is limited data showing the co-occurring mutation background of ERBB2ex20ins

in Chinese lung cancer and its relationship with response to afatinib.

Patients and Methods: A total of 112 Chinese patients with ERBB2ex20ins identified

by next-generation sequencing from 17 hospitals were enrolled. The clinical outcomes

of 18 patients receiving afatinib treatment were collected.

Results: Among the 112 patients, insertion-site subtypes comprised of A775ins (71%;

79/112), G776indel (17%; 19/112), and P780ins (12%; 14/112). There were 66.1%

(74/112) of patients carrying TP53 co-mutation and FOXA1 was the most prevalent

co-amplified gene (5.5%, 3/55). The co-occurring genomic feature was similar among

three insertional-site subtypes and had an overall strong concordance with the western

population from the MSKCC cohort (R2
= 0.74, P < 0.01). For the prognosis, patients

with co-occurring mutation in cell-cycle pathway especially TP53 showed shorter OS

than patients without [median OS: 14.5m (95% CI:12.7–16.3m) vs. 30.3m (95% CI:

not reached), p = 0.04], while the OS was comparable among three subtypes. For
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the response to afatinib, ERBB2ex20ins as a subclonal variant was an independent

factor relating to shorter PFS [median PFS: 1.2m (95% CI: 0.8–1.6m) vs. 4.3m (95% CI:

3.3–5.3m), p < 0.05].

Conclusion: Our data revealed co-occurring TP53 represent an unfavorable prognosis

of patients with ERBB2ex20ins, emphasizing the more valuable role of the co-mutation

patterns than insertion-site subtypes in predicting prognosis of this group of patients.

Moreover, the clonality status of ERBB2ex20ins was identified as a potential indicator for

response to afatinib.

Keywords: non-small cell lung cancer, ERBB2 exon 20 insertion, co-occurring alterations, afatinib, clonality status

INTRODUCTION

Aberrations in human epidermal growth factor receptor 2
(HER-2, ERBB2) have emerged as oncogenic drivers and
therapeutic targets in 1–4% of non-small cell lung cancer
(NSCLC) and up to 6% of EGFR/KRAS/ALK-negative lung
adenocarcinoma (LUAD) (1, 2). Most of ERBB2 mutations
is characterized by inframe insertion occurring at exon 20
in the protein kinase domain (3). Prior studies showed that
pan-ERBB family inhibitor (afatinib, dacomitinib) (4, 5), ado-
trastuzumab (T-DM1) (6) as well as some new agents such as
poziotinib (7), pyrotinib (8) may elicit an objective response
in patients with ERBB2 exon 20 insertion (ERBB2ex20ins);
however, no therapy has been approved as a standard
treatment yet.

Afatinib has been demonstrated its suppressive effect on
lung cancer cell lines with ERBB2ex20ins in vivo (9). Previous
studies also revealed clinical outcomes of afatinib with a 13–19%
objective response rate (ORR) and a disease control rate (DCR)
around 70% in three separate cohorts (10–12); Nevertheless,
there exists profound efficacy heterogeneity on them, such as
patients with the same subtype displayed discordant benefits and
duration of time.

Several prior studies revealed that genetic co-alterations
were independent variables associated with unfavorable
prognosis of EGFR-TKIs (13, 14). However, because of its
low frequency, researches focused on ERBB2ex20ins have
generally been limited to insufficient number of cases from
single institution and prevent making a broad assessment
of co-existing alteration patterns of ERBB2ex20ins, which
may reflect its genomic background heterogeneity and
contribute to the variable responsiveness to the targeted
therapy. Therefore, making a comprehensive analysis of
concomitant mutation spectrum of ERBB2ex20ins in a large
cohort and correlating its co-mutation status with prognosis are
urgently warranted.

Moreover, growing number of studies are paying attention to
the clonality heterogeneity of targetable somatic alterations and
adapting the cancer-treatment strategy to taking into account
how a tumor evolves (15). It seems that therapy targeted
clonal (“trunk”) mutations may be more effective than targeted
subclonal (“branch”) ones (16, 17). Nevertheless, how the
clonality status of driver aberrations modulates the efficacy of
therapy is unclear.

Using the next-generation sequencing (NGS) method, we here
described the co-occurringmolecular spectrum of ERBB2ex20ins
in a cohort of 112 NSCLC patients from 17 hospitals in China.
We also compared our spectrum with the western population
from Memorial Sloan Kettering Cancer Center (MSKCC) and
investigated the impact of co-mutation status on the prognosis
of them. Furthermore, we retrospectively assessed the efficacy
and tried to identify efficacy predictive factors of afatinib in 18
patients with ERBB2ex20ins.

MATERIALS AND METHODS

Patient Cohort and Clinical Data Collection
We retrospectively screened 112 patients (from 17 hospitals)
harboring ERBB2ex20ins in a College of American Pathologists
(CAP) Laboratory (Geneplus-Beijing, Beijing, People’s Republic
of China) from July 2016 to December 2018. Samples of tumor
tissue, plasma or effusion were analyzed by next-generation
sequencing (NGS) assay using two versions (59 or 1,021 cancer-
related genes) of capture-based targeted sequencing panel. Gene
lists of two versions of sequencing panel are shown in Table S1.
The sample type and panel for each patient are shown in
Figure 1A. A total of 55 and 57 samples were sequenced
using 1,021 or 59-gene panel, respectively. Clinicopathological
features were abstracted from the accompanying pathology
report submitted by the ordering physician. All patients
provided written informed consent for our study. This study
was approved by the institutional review board of The
Second Affiliated Hospital of Xi’an Jiaotong University and all
participating hospital.

The sequencing data of the Memorial Sloan Kettering Cancer
Center (MSKCC) Cohort was downloaded from an open-access
database named the Cancer Genome Atlas Database, which is
publicly available at http://www.cbioportal.org [MSK-IMPACT
Clinical Sequencing Cohort (MSKCC, Nat Med 2017)] (18,
19). The data of overall survival (OS) was acquired from the
cbioportal website directly. OS was measured from the date when
the tumor specimen was collected to the date of death or last
follow-up visit (20).

Response Evaluation
The clinical outcomes of 18 patients treated with afatinib were
collected by each contributing doctor in charge and pooled for
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FIGURE 1 | (A) Sample types and sequencing panel details of study design. (B) Pie chart visualizing eight specified insertion subtypes combined with insertion site.

Multi, multiple alterations; Co-Amp, co-amplification; Co-SNV, co-single nucleotide variant. (C) Top 18 genes in the highest co-occurring frequency with ERBB2 exon

20 insertion (no relation to the total numbers analyzed). Only the genes with concurrent frequency over 5% are shown. *The genes included in the 59-gene panel.

analysis. Patients were administered afatinib depending on their
performance status and other comorbidities at a starting dose
of 30, 40, or 50mg daily. Best response evaluation was assessed
according to the Response Evaluation Criteria in Solid Tumors
(RECIST, v1.1). The progression free survival (PFS) for afatinib
treatment was defined as the time from the start of afatinib
treatment to the date of disease progression or death.

DNA Extraction
Circulating DNA and Genomic DNA for genomic testing
were isolated from 3ml of plasma or effusion and FFPE
samples, respectively. Peripheral blood lymphocytes

(PBL) DNA were extracted for germline reference
(Supplemental Online Methods).

Target Capture and Next-Generation
Sequencing
KAPA Library Preparation Kit (Kapa Biosystems, Wilmington,
MA, USA) was applied to prepare Indexed IlluminaNGS libraries
from peripheral blood lymphocytes (PBL) DNA, and tumor
DNA or plasma DNA according to the manufacturer’s protocol.
Capture probes were designed to cover coding sequences or hot
exons of 59 or extended 1,021 genes that are frequently mutated
in NSCLC and other common solid tumors (details of sequencing
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region for each gene are uploaded in Table S1). Libraries
were hybridized to custom-designed biotinylated oligonucleotide
probes (Integrated DNA Technologies, Iowa, IA, USA). DNA
sequencing was performed on the HiSeq 3000 Sequencing System
(Illumina, San Diego, CA) with 2× 101 bp paired-end reads.

Sequencing Data Analysis
Terminal adaptor sequences and low-quality data were removed
from the raw data. The BWA (0.7.12-r1039) was employed
to align clean reads to the reference human genome (hg19)
(21). MuTect2 (3.4-46-gbc02625) and GATK was applied to
call single nucleotide variants (SNVs) and small insertions and
deletions (Indels), respectively. Somatic copy number variants
(CNVs) were identified using CONTRA (2.0.8) (22). Moreover,
we employed the NoahCare Tool Kit using NCfilter (software
developed by self, version 1.5.0) for fastq data QC, NCbamInfo
(version 0.2.0) for alignment QC, NCanno (version 0.1.1)
for annotation with multiple databases, and NChot (version
0.1.0) for hotspot region variant review and recall. All final
candidate variants were all manually verified using the Integrative
Genomics Viewer (IGV) Browser.

Clonality Analysis
The subclonal architecture of all DNA samples were constructed
by PyClone run with 20,000 interactions and default parameters
(23). Variants were clustered as previously described (23), briefly,
the copy number information of each SNV was used as input for
PyClone analysis (24, 25), and the cancer cell fraction (CCF) was
inferred. Variants located in the cluster with greatest mean CCF
were defined as clonal, the rest were subclonal (23).

Statistical Analysis
All statistical analyses were performed using SPSS version
19.0 (SPSS Company, Chicago, IL). Categorical and continuous
variables were compared by Fisher’s exact test and Kruskal-
Wallis H-test, respectively. The Pearson correlation coefficient
was applied to assess the linear correlation degree of co-
occurring genes’ frequency appearing inOur Cohort andMSKCC
Cohort. The OS and PFS were estimated using the Kaplan-
Meier method and compared with the log-rank test. A multi-
variant regression model was calculated for HRs and 95% CIs.
All statistical tests were two-sided, and p < 0.05 was defined as
statistical significance.

RESULT

Patients With ERBB2 exon 20 Insertion
One hundred and twelve patients carrying ERBB2ex20ins were
screened from July 2016 to December 2018 (Figure 1A). The
clinical characteristics for these patients were summarized
in Table 1. In all, patients were predominantly in the stage
IV (80/112, 72%) and had the histology of adenocarcinoma
(68%,76/112). There were slightly more female (54%; 60/112)
than male (46%; 52/112), with a median age of 61.5 years (range:
28–87 years).

Totally, eight specific insertion types of ERBB2ex20ins were
identified. Considering the fact that certain studies discussing

TABLE 1 | Clinical characteristics of patients with ERBB2 exon 20 insertion in

different positions.

Characteristics A775ins

(n = 79)

G776indel

(n = 19)

P780ins

(n = 14)

Sum P-value

Age at initial diagnosis

Median (range) 62

(28–83)

58

(29–87)

64

(48–83)

61.5 (28–87) 0.425

Unknown 6 0 2 8

Gender

Female 39 (49%) 11(58%) 10 (71%) 60 (54%) 0.287

Male 40 (51%) 8 (42%) 4 (29%) 52 (46%)

Histology

NSCLC NOS 14 (18%) 3 (16%) 1 (7%) 18 (16%) nc

Adenocarcinoma 55 (70%) 11(58%) 10 (72%) 76 (68%)

Squamous

carcinoma

0 0 1(7%) 1(1%)

Unknown 10 (12%) 5 (26%) 2 (14%) 17 (15%)

Stage

I–III 15 (19%) 2 (10%) 2 (14%) 19 (16%) 0.850

IV 55 (70%) 14 (74%) 11 (79%) 80 (72%)

Unknown 9 (11%) 3 (16%) 1 (7%) 13 (12%)

P-values are calculated with Fisher’s exact test except for age using the Kruskal-Wallis H-

test.

ins, insertion; indel, insertion and deletion; NSCLC NOS, non-small cell lung cancer not

other specified; nc, not calculate.

the efficacy of targeted therapy for ERBB2ex20ins are always
based on the different insertion sites, we classified them into
three subtypes. The most common subtype was four amino acids
insertion at codon 775 (A775ins; 70.5%), followed by insertion
combined with deletion occurring at codon 776 (G776indel;
17.0%), and three amino acids insertion at codon 780 (P780ins;
12.5%). Multi-alterations were present in five patients, with two
patients harboring concurrent ERBB2 amplification and three
patients carrying ERBB2ex20ins with ERBB2 single nucleotide
variant (SNV) referring to p.A775_G776insYVMA+ p.R897Q,
p.P780_Y781insGSP+ p.G519R, and p.G776delinsAVGC+
p.G776A (Figure 1B).

Moreover, insertion-subtype abundance was not significantly
different among the sample types (p = 0.41; Table S2). It
indicated that distinct sample type was not biased toward the
detection of certain ERBB2 subtype.

Co-occurring Genomic Profile of ERBB2
exon 20 Insertion
Spectrum of Co-occurring Alterations and

Characteristics in Different Insertion Sites
On the basis of 59 genes strongly associated with cancer, 80.4%
(90/112) of patients had at least one additional alteration, with
48.9% (44/90) of them carrying one and 27.8% (25/90) carrying
two. Three or more concomitant alterations were present at the
rest of 23.3% (21/90) patients. TP53 was the most frequent gene
co-mutant with ERBB2ex20ins, making up 66.1% (74/112) cases,
with predominant alteration type of missense mutation (63.5%,
47/74), concentrating on exon 5, 8, 6, 7 (76.7%, 56/74; range: exon
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4-exon 11) (Figure S1A, Table S3). The remaining prevalent
co-occurring genes were LRP1B (18.2%, 10/55), EPHA5 (9.1%,
5/55), MLL3 (9.1%, 5/55), and RB1 (8.0%; 9/112) (no relation
to the total numbers analyzed). FOXA1 appeared in 5.5%
(3/55) of patients and became the most common co-mutant
gene in the form of amplification (Figure 1C). Putative driver
aberrations including EGFR (L858R or 19del), ROS1 fusions,
ALK receptor tyrosine kinase gene (ALK) rearrangement, KRAS,
BRAF (V600E) were not found in this cohort, probably mutually
exclusive from ERBB2ex20ins.

Of the pathway level, we classified the co-mutant genes
according to the pathway involved. 86.7% (78/90) of patients,
who carried at least one additional mutation, had the co-
altered genes enriched in the cell cycle, followed by receptor
tyrosine kinase/growth factor signaling (RTK) (15.2%) and DNA
damage/repair (8.9%) (Figure 2B). Furthermore, some patients
had co-mutant genes involved multiple important pathways
simultaneously, while some patients had more than one co-
mutant genes involving one single pathway (Table S4).

We also explored the co-occurring alteration feature among
A775ins (n = 79), G776indel (n = 19), and P780ins (n = 14).
No substantial discrepancy was observed among the three groups
at either the co-occurring somatic alterations (only TP53 was
included in the analysis) or pathway enriched, the clinical
details were as well (Figures S2A,C, Table 1). The location
and exon distribution of TP53 mutation were comparable in
three insertion-site subtypes (Figures S1B–E); however, when
considering TP53 mutation types, there was a tendency that
G776indel may be less adept at co-occurring with TP53 missense
mutations, with no statistically significant (p= 0.06; Figure S2B).

Spectrum Comparison With the Western Population

From the MSKCC Cohort
Next, we compared our data with the findings previously
reported by the MSKCC, which included 1,563 tumor specimens
from patients with NSCLC. Totally 30 patients harboring
ERBB2ex20ins involved in this cohort.

Overall, both the proportion of three subtypes and the
whole molecular co-occurring mutation spectrum (genes that
co-altered at a frequency over 5% in each cohort) were similar
between the two cohorts (R2 = 0.74, P < 0.01), although the co-
mutant frequencies of certain genes were higher in the MSKCC
cohort than in ours(Figure 2A, Table S5). Notably, these genes
in slightly higher frequency were in the form of copy number
variant (CNV) (Figure S2D), and it is probably caused by the
low detection rate of CNV due to the mixed plasma samples in
our samples.

For the pathway analysis, the enrichment of each pathway
in our cohort was in accord with the MSKCC cohort, with
a slightly higher frequency of cell-cycle pathway enriched in
MSKCC cohort (36.7 vs. 17.9%, P = 0.044) on account of the
higher frequency of CDKN2A alteration (Figure 2B, Table S4).

Impact of Insertional-Site Subtypes and
Co-occurring Mutational Status on OS
Based on the complete overall survival (OS) from the MSKCC
cohort, prognosis impact of ERBB2 insertion-site subtypes and

genes co-occurring over 5 or more cases in either cohort were
evaluated. Statistic descriptive of co-occurring genes included
in the analysis were summarized in Figure S3A. There was a
trend that patients harboring co-occurring genes enriched in cell-
cycle pathway showed a worse survival, with no significantly
statistic difference (p = 0.059; Figure S3B). However, worse
overall survival was seen in patients with co-mutations in TP53
[median OS:14.5m (95% CI:12.7–16.3m) vs. 30.3m (95% CI: not
reached); log-rank test], while OS was not significantly different
among three subtypes (p= 0.72, Figures 2C,D).

Prior study revealed TP53 mutation in exons 5, 7, 8,
and 9 sharing a better prognosis than other sites in the
advanced NSCLC (26). In this regard, we investigate the
prognosis value of co-occurring TP53 mutation in exons 5,
7, 8, and 9 and whether they can be even more relevant in
a specific subgroup of patients with ERBB2ex20ins mutation
(i.e., A775ins, G776indel, and P780ins subgroups) but found
negative result (log rank, p = 0.095; Fisher exact test,
p= 0.427; Figures S3C,D).

Clinical Outcomes of Afatinib for Patients
Harboring ERBB2ex20ins
Afatinib Treatment Efficacy Overview
The basic clinical and molecular characteristics of 18 patients
treated with afatinib were summarized in Table 2. Nearly all of
patients were in the advanced stage and 61.1% (12/18) of patients
receiving afatinib as 2 line or more.

Of the 18 patients, tumor remission data according to RECIST
1.1 criteria were available for 15 patients. Among them, 5
patients achieved PR (33.3%) and 4 patients achieved SD (26.7%).
All PRs were, respectively, observed in 3 separate insertion
subtypes, whereas the patients with PD only involved in the
subtype of A775ins. The median time on treatment with afatinib
was 3.7 months (95% CI: 2.1–5.3m; range: 0.7–13.4m). The
median duration time for patients responding to afatinib was
4.5 months (95% CI: 3.6–5.4m; range: 2.5 m−13.4 months). The
response details and duration of response (DoR) of afatinib for
each patient were showed in Figure 3A. One patient harboring
G776delinsVC was treated for afatinib as first-line therapy with
PR for over 13.4 months and didn’t achieve disease progression
until the last follow-up in this study. As for the rest of
patients, 3 cases (16.7%) responding to afatinib had a DoR over
6 months.

Impact of Clonality Status and Co-occurring

Mutations of ERBB2ex20ins on Afatinib Treatment

Outcome
For 18 patients treated with afatinib, we identified 54 somatic
SNVs, 4 CNVs and 18 somatic indels in 18 samples, for an average
of 4.3 somatic variants per sample. In this regard, we applied
method PyClone to evaluate whether the ERBB2ex20ins carried
by the patients were clonal or subclonal mutations.

Result revealed that ERBB2ex20ins as subclonal variants was
significantly associated with shorter PFS of afatinib [median
PFS: 1.2m (95% CI: 0.8–1.6m) vs. 4.3m (95% CI: 3.3–5.3m),
p < 0.01], while co-occurring TP53 mutation and insertion-site
subtypes had no significant impact on the efficacy of afatinib. This
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FIGURE 2 | A comprehensive comparison of the co-occurring profile between our cohort and MSKCC cohort for the frequency of (A) totally matched 28 genes (the

genes included in the analysis were matched in both cohorts’ panel with the frequency over 5%; the genes labeled are significantly different between the two cohorts).

(B) Pathway enriched (Only genes included in 59-gene panel were analyzed; *the pathway significantly different between the two cohorts). RTK, receptor tyrosine

kinase/growth factor signaling. (C) Kaplan–Meier curve showing the difference of median overall survival (OS) among patients harboring three different ERBB2

insertion subtypes. (D) Kaplan–Meier curve visualizing the effect of TP53 alteration on OS.

result remained significant when adjusted for ERBB2 insertion
subtypes, TP53 mutation, TP53 missense mutation and no. line
of afatinib [HR: 0.025 (0.002–0.41); p = 0.01)] (Figure 3B,
Table S6).

Next, we divided the patients into durable clinical benefit
(DCB) cohort and no durable benefit (NDB) cohort (The DCB
was defined as the patients achieving PR or SD and having the
duration of PFS for over 3 months; the NDB referred to the
patients having the PFS<3months). Clinical baseline parameters
for two groups of patients are displayed in Table 2 and
basically similar among each parameter. The variables including
concurrent TP53 mutation and TP53 missense mutation were
not significantly different between the two groups (data not
show, Fisher’s exact test, p > 0.05) except for the ERBB2ex20ins
clonality status (Fisher exact test, p < 0.01; Figure 3C).

Dynamic Detection and Afatinib Resistance
To gain some insight into the potential mechanism upon afatinib
resistance, we analyzed two patients conducting NGS at two
time points in the course of afatinib treatment. The clinical
characteristics and test details for two patients were summarized
in Table S7. Both patients were non-smoking female. For the
Patient#1, ERBB2 amplification [copy number (CN) = 3.1]
occurred in the repeat biopsy sample upon the progression
of afatinib. Similarly, the patient#2 also presented the ERBB2
amplification (CN = 2.74) which was undetected in the initial
plasma sample after taking afatinib for half of a month,
unfortunately, we did not examine the ERBB2 CN status at the
time of progression on afatinib. Despite this, it can be speculated
that ERBB2 amplification may represent a potential resistance
mechanism of afatinib.
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TABLE 2 | Clinical and molecular characteristics of patients treated with afatinib.

Characteristics NCB

(n = 8)

DCB

(n = 10)

Sum

(n = 18)

P-value

Age at initial diagnosis, years

Median (range) 56.5 (40–75) 54 (29–69) 55.5 (29.75)

<65 5 9 14 (77.8%) 0.28

≥65 3 1 4 (22.2%)

Gender

Female 5 5 10 (55.6%) 0.66

Male 3 5 8 (44.4%)

Tobacco use

Never 5 4 9 (50.0%) 0.15

Former or

current

3 2 5 (27.8%)

Unknown 0 4 4 (22.2%)

Histology

Adenocarcinoma

8 10 18 (100.0%)

Brain metastasis

Yes 3 4 7 (38.9%) 0.34

No 3 6 9 (50.0%)

NA 2 0 2 (11.1%)

Tumor stage

IIIa 1 0 1 (5.6%) nc

IV 6 10 16 (88.8%)

Unknown 1 0 1 (5.6%)

No. line of afatinib treatment

1 3 3 6 (27.8%) 1.00

≥2 5 7 12 (61.1%)

ERBB2ex20ins subtypes

A775 insertion 6 7 13 (72.2%) 1.00

G776 indel 1 2 3 (16.7%)

P780 insertion 1 1 2 (11.1%)

Concurrent TP53 alteration

Yes 7 6 13 (72.2%) 0.31

No 1 4 5 (27.8%)

Concurrent TP53 missense mutation

Yes 6 4 10 (55.6%) 0.19

No 2 6 8 (44.4%)

DCB, durable clinical benefit; NCB, no durable benefit; nc, not calculate.

DISCUSSION

In this study, we delineate the co-occurring alterations
and common pathway involved addicted to ERBB2ex20ins
in a representative NSCLC cohort of 112 patients and
correlate co-mutation patterns with the prognosis of patients
harboring ERBB2ex20ins. Moreover, to our knowledge, we
present the first time to examine the impact of clonality
status of oncogenic drivers in relation to the efficacy of
targeted therapy.

The recent widespread use of NGS enables us to move
researches from concentrating solely on the driver gene to the
full view of genomic co-alterations, which may have prognostic

implications. To date, somatic mutations in TP53 are the most
prevalent co-mutation in EGFR-mutant lung adenocarcinoma
(LUAD) with a frequency of 54.6–64.6% and several studies have
identified TP53 co-alteration as a negative prognosis marker,
with consistently predicting worse clinical outcomes receiving
EGFR-TKI therapy (27). In our study, TP53 ranked as the most
common accompanying somatic altered gene with a frequency
of 66%; this frequency was slightly higher than the previously
reported 51.6% (10), possibly due to the fewer proportion of
female in our cohort (28). Our results showed that patients
had a worse OS when co-occurring mutation in TP53, which is
also validated in a previous study (29). Recently, the different
prognosis value was recognized in distinct exons and alteration
types of TP53 mutation and the results were inconsistent.
Exons 5, 7, 8 and 9 were reported to share a better prognosis
than other sites (26); it is worth mentioning that the study
referred here sought to reveal the prognostic value of TP53
alterations in advanced NSCLC compared to most of studies
limited to the early stage or EGFR-mutant background (30,
31). Unfortunately, TP53 mutations in exons 5, 7, 8, and 9
did not produce more favorable prognosis than other sites
in the advanced NSCLC patients carrying ERBB2 mutation.
Clinicopathological characteristics and treatment status should
be well-defined to clearly investigate the prognosis impact
of various TP53 exons. Moreover, there is a tendency that
G776indel subtype may be less adept at co-occurring with TP53
missense mutations, however, whether this characteristic will
have a beneficial effect on the prognosis for them remains
to be explored. Interestingly, we found neither the co-mutant
frequency of TP53 nor pathway enrichment was significantly
different among three insertion subtypes, and the OS was
comparable as well. For the clinical practice, we suppose that the
co-occurring mutation status may have greater impact on the
prognosis for this subset of patients than the insertion subtypes
itself. Moving forward, the study highlightedmultiple concurrent
mutations besides ERBB2 insertion subtypes should be tested
prospectively in order to provide better predictions of prognosis
for them.

In order to systematically understand the co-mutation profile
of ERBB2ex20ins, we cataloged co-altered genes based on
existing biological pathway knowledge and the cell-cycle (86.7%),
receptor tyrosine kinase/growth factor signaling (RTK) (15.2%)
and DNA Damage/Repair (8.9%) showed predominance among
all the involved pathways. Prior study found that cell-cycle and
DNA-damage response pathway are involved in leptomeningeal
metastasis of NSCLC (32). This finding was somehow inter-
correspondent with the likely unfavorable prognosis for the
patients with the co-occurring genes enriched in the cell-cycle
pathway in our study, although the survival discrepancy was
not significant maybe on account of the insufficient follow-
up time or limited sub-group sample size. Unfortunately, we
cannot collect the detailed metastasis status for each patient;
however, for the patients treated with afatinib, we found seven
in 16 of patients having brain metastasis. Moreover, a recent
retrospective study found patients carrying ERBB2 mutations in
lung cancer developed more brain metastases on treatment than
patients with KRAS mutations [28 vs. 8%; hazard ratio (HR),
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FIGURE 3 | (A) Swimming plot visualizing the response details for afatinib in each patient (n = 18). (B) Kaplan-Meier comparing PFS for ERBB2ex20ins as clonal or

subclonal variant (p-values determined by multi-variant regression analysis and HR with 95% CI are shown). (C) The distribution of ERBB2 clonality status between the

DCB group and the NDB group. DCB, durable clinical benefit; NDB, no durable benefit.

5.2; p < 0.001] and trended more than patients with EGFR
mutations [28 vs. 16%; HR, 1.7; p = 0.06; (33)]. These findings
may underline the central nervous system (CNS) surveillance
practices in patients with ERBB2 alterations and the urgent need
for the development of novel HER2-targeted agents with active
efficacy in the CNS.

The co-occurring genomic spectrum of ERBB2ex20ins in our
cohort of Chinese people had an overall strong concordance with
the MSKCC cohort from the United States (R2 = 0.74, p <

0.01). In a retrospective study collated two cohorts of patients
with ERBB2 alteration from the MSKCC and Guangdong
General Hospital, they also found great consistency with each
other in the aspect of the prevalence and baseline clinical
parameters of patients possessing ERBB2 mutation (34). These
findings, on the one hand, can be supporting evidence for U.S.-
China collaborations in clinical trials to accelerate new drug

development for this infrequent mutation; on the one hand,
highlight the robustness of our results.

An important aspect of our study is that we found the
clonality status of ERBB2ex20ins was an independent potential
indicator for response to afatinib. It is well-known that there
exists substantial intratumor heterogeneity and tumor evolves in
a trunk-branch model. The “trunk” mutation (clonal mutation)
was known as taking place in the early development of cancer
and expected to present in every tumor subclone and region,
whereas the mutation defined as “branch” would present in a
certain fraction of tumor cells and regions (17). Thus, alterations
closer to the clonal variant were associated with numerical
greater variant allele frequency (VAF). Driver mutations in
lung cancer can occur both clonally and subclonally (35).
Rachiglio et al. (36) reported that patients harboring EGFR
alteration in a lower VAF presented shorter PFS than not,
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to some extent, this reflecting the clonality status may affect
the efficacy of TKIs. These lead us to speculate that other
small molecule TKIs in other molecularly defined cohorts
may be even more efficacious when targeting the driver
mutation as the clonal variants. In this study, however, we
should make this result conclusive with caution due to the
limited sample size, further exploration in a large cohort
named DARWIN trial (Deciphering Anti-tumor Response With
intratumor Heterogeneity; Clinical Trials No. NCT02183883) is
ongoing (37, 38).

ERBB2 amplification has been identified as a resistance
mechanism induced upon treatment with erlotinib or gefitinib
(39, 40) and was observed in 12% of tumor samples obtained
from patients at resistance to EGFR TKI therapy (41);
however, its role in afatinib resistance is unclear. Chuang
et al. (42) reported a patient carrying ERBB2ex20ins, whose
plasma samples were obtained upon progression on her initial
chemotherapy, erlotinib and afatinib, and results showed that
the ERBB2 copy number (CN) level increased over time. In
our study, we also found two patients treated with afatinib
acquired ERBB2 CN gain after taking afatinib for half of
a month and upon gained resistance; notably, for the first
patient, the biopsy from the initial lesion was taken, respectively,
before and upon progression on afatinib, which makes the
result more reliable. This makes us speculate that the patients
carrying combined ERBB2 mutation and amplification may be
less benefit from afatinib. Further basic research may explore
this hypothesis.

Admittedly, our study exists several limitations. Firstly, the
sequencing panel in the cohort is not uniform, which impeded
us making the deep understanding of co-occurring landscape
of ERBB2ex20ins, and we can only analyze co-mutant feature
of TP53 among the three insertion-site subgroups. Large-panel
NGS should be conducted uniformly in further studies when
enrolling patients for the research. Another limitation is due to
its retrospective nature, a small sample size of the study, selected
bias and various imaging intervals are inevitable in the process of
assessing the clinical outcomes of afatinib; nonetheless, the ORR
and PFS of afatinib treatment was almost correlated well with
prior studies. Furthermore, since we used single tumor sample
taken at a one-time point in the disease course, we may not verify
the true clonality status of each mutation; however, this single-
point samples may be more likely to underestimate the true
extent of heterogeneity within tumors rather than distinguishing
clonal from subclonal variants. Importantly, although multifocal
or repeated tumor biopsies is better for tracking the true
evolution process of tumor development, single sampling may be
easier to achieve in the clinical practice.

In summary, our data revealed co-occurring TP53 represent
an unfavorable prognosis of patients with ERBB2ex20ins,
highlighting the greater impact of the co-mutation patterns than
insertion-site subtypes on the prognosis of this group of patients.
Furthermore, our clinical outcome data for afatinib confirmed its
certain efficacy for patients with ERBB2ex20ins and suggested the

clonality status of ERBB2 mutation may be a potential indicator
of response to afatinib.
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