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ABSTRACT

Background ERBBZ exon 16 skipping is an alternatively
spliced isoform of ERBBZ, which was reported to lead to
oncogenic activation of ERBB2 and could potentially cause
tyrosine kinase inhibitor (TKI) resistance in non-small cell lung
cancer (NSCLC) in case studies. In this study, we aimed to
evaluate the frequency of ERBB2 exon 16 skipping in a large
patient cohort and its function in cancer development.
Methods A total of 38680 Chinese patients with cancer
whose tumour specimens and/or circulating cell-free

DNA underwent targeted nextgeneration sequencing of
cancer-related genes were retrospectively reviewed.
Clinicopathological features and treatment history of
patients harbouring ERBBZ2 exon 16 skipping were
evaluated. RNA-sequencing was performed to validate

the presence of exon 16 skipping in ERBBZ2 at the
transcriptional level.

Results ERBB2 exon 16 skipping is rare and was
identified in a total of 18 patients (0.046% of total
patients), including 12 lung cancers, which were caused
by large fragment deletion spanning the whole or partial
region of exon 16 (13/18, 72.2%) and/or splice site
variants (6/18, 33.3%). The majority of these variants

have not been previously reported and three of them were
confirmed by RNA-sequencing. Among the 12 patients with
lung cancer, 9 had coexisting activating EGFR mutations
(exon 19 deletions or L858R) and received prior-treatment
with epidermal growth factor receptor TKIs. Further
analysis of matched pre-treatment and post-treatment
samples in three EGFR-mutated NSCLC patients confirmed
that ERBBZ exon 16 skipping was newly acquired on
resistance to TKI therapies. In 6 out of 18 patients,
including colorectal, gastric and ovarian cancers, there
were no mutations in known cancer driver genes detected,
indicating that ERBB2 exon 16 skipping might be the
oncogenic driver in these patients.

Conclusions Our data suggest that ERBB2 exon 16
skipping is another mechanism of TKI resistance in EGFR-
mutated patients with lung cancer, in addition to its role of
being an oncogenic driver in other solid malignancies.

INTRODUCTION

The erb-b2 receptor tyrosine kinase 2 (ERBB2/
HER2) is a member of human epidermal
growth factor receptor (EGFR) family. In breast
cancer, ERBB2 has drawn extensive attention
and become a crucial biomarker as 20%-30%
of breast cancer are onset through the

Key question

What is already known about this subject?

» The splice variant of ERBB2 resulting from exon 16
skipping was first identified as an oncogenic driver
in breast cancer.

» ERBBZ2exon 16 skipping was rarely reported in other
cancer types.

What does this study add?

» We identified 18 patients harbouring ERBBZ2 exon
16 skipping from a large pan-cancer population and
confirmed the presence of ERBB2A16 transcripts in
three patients by RNA sequencing.

» ERBB2 exon 16 skipping may underlie the acquired
resistance to epidermal growth factor receptor
(EGFR)-targeted therapies in patients with lung can-
cer who received EGFR tyrosine kinase inhibitors
(TKISs).

» No other known oncogenic drivers were detected
in the remaining six patients with non-lung cancer,
highlighting the role of ERBB2 exon 16 skipping as
an oncogenic driver in these solid malignancies.

How might this impact on clinical practice?

» This study emphasised the concurrence of ERBB2
exon 16 skipping beyond breast cancer.

» The dual role of ERBB2 exon 16 skipping in TKI re-
sistance and oncogenesis suggested its great po-
tential to be a promising therapeutic target for drugs.

amplification of ERBB2 gene and/or protein
overexpression.l Several targeted agents such as
trastuzumab, ado-trastuzumab emtansine and
pertuzumab have been approved as ERBB2-
targeted therapies which are monoclonal
antibodies. However, trastuzumab resistance
has been widely observed in ERBB2-positive
patients with breast cancer within a longer
period of treatment.” Several point mutations
(eg, ERBB2 V659E and G660D) and inframe
insertion in exon 20 were identified as driver
mutations as well and able to escape from trastu-
zumab targeting as they promoted the protein
dimerisation causing the constitutive activation
of ERBB2.”
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More recently, an ERBB2 splicing variant skipping the
exon 16 was reported and studied in breast cancer. FRBB2
exon 16 encodes a transmembrane domain, deletion of
which changes the conformation of the extracellular
domain and further promotes the protein dimerisation.*
In breast cancer, ERBB2 exon 16 skipping was identified
as a major oncogenic driver that increases tumour prolif-
eration and mediates trastuzumab resistance in vitro.”
ERBB2 exon 16 skipping was also reported in gastric,
colorectal and ovarian cancers.’ However, there was
barely any further investigation on its role in these cancer
types due to the low incidence and it was only hypothe-
sised to be a candidate oncogenic mutation in non-breast
cancers. Nevertheless, FRBB2 exon 16 skipping was first
reported in non-small cell lung cancer (NSCLC) in 2019
and proven to be a novel mechanism of osimertinib resis-
tance cooperating with EGFR T790M/L858R mutants
in vitro.” It is worth noting that the patient was detected
with ERBB2 exon 16 skipping in his first plasma sample
collected after gefitinib and erlotinib treatment. There-
fore, it is very likely that ERBB2 exon 16 skipping was
acquired during the primary EGFR tyrosine kinase inhib-
itors (TKIs) treatment.

In this study, we identified 18 patients with ERBB2
exon 16 skipping from a cohort of 38 680 patients under-
going next generation sequencing (NGS) analysis. Our
data revealed that ERBB2 exon 16 skipping may be an
acquired mutation contributing to the general TKIs resis-
tance in lung cancer, in addition to being an oncogenic
driver in colorectal, gastric and ovarian cancers as previ-
ously accepted in breast cancer.

METHODS

Patient sample collection

A series of 38680 consecutive cancer cases were analysed
using comprehensive genomic profiling targeting 400+
cancerrelevant genes conducted by a Clinical Labora-
tory Improvement Amendments-certified, College of
American Pathologists-accredited laboratory (Nanjing
Geneseeq Technology, Jiangsu, China) as previously
described.” Written informed consent was collected from
each patient on sample collection according to the proto-
cols approved by the ethical committee of each hospital.
We identified patients with ERBB2 alterations in the LIMS
database by using natural language search programme.
Relevant demographic and clinical data were extracted
from the database for these cases, including age, gender,
date of diagnosis, histology type, pathological stage and
evaluation of treatment response as per reports by clin-
ical investigators. For tumour tissue samples, the patho-
logical diagnosis and tumour content of each case was
confirmed by pathologists. 8-10mL of peripheral blood
was collected in EDTA-coated tubes and centrifuged at
1800xg for 10 min within 2 hours of collection to separate
the plasma for circulating tumour DNA (ctDNA) extrac-
tion and white blood cells for genomic DNA extraction as
germline control.

DNA extraction and targeted enrichment ctDNA from
plasma was purified using the Circulating Nucleic Acid
Kit (Qiagen) following the manufacturer’s protocol.
Genomic DNA from the white blood cells was extracted
using the DNeasy Blood & Tissue Kit (Qiagen), while
FFPE (Formalin-Fixed Paraffin-Embedded) genomic
DNA was purified using the QIAamp DNA FFPE Tissue
Kit (Qiagen). All DNA was quantified using the dsDNA
HS Assay Kit on a Qubit Fluorometer (Life Technol-
ogies). Sequencing libraries were prepared using the
KAPA Hyper Prep Kit (KAPA Biosystems), as described
previously.” Indexed DNA libraries were pooled together
for probe-based hybridisation capture of the targeted
gene regions covering over 400 cancer-related genes for
all solid tumours.

Sequencing data processing

Sequencing was performed wusing the Illumina
HiSeq4000 platform, followed by data analysis as previ-
ously described.” In brief, sequencing data were analysed
by Trimmomatic'’ to remove low-quality (quality <15)
or N bases, and were then mapped to the human refer-
ence genome, hgl9, using the Burrows-Wheeler Aligner
(https://github.com/lh3/bwa/tree/master/bwakit).
PCR duplicates were removed by Picard (available at:
https://broadinstitute.github.io/picard/). The Genome
Analysis Toolkit (GATK) (https://software.broadinsti-
tute.org/gatk/) was used to perform local realignments
around indels and base quality reassurance. Gene fusions
were identified by Fusion And Chromosomal Transloca-
tion Enumeration and Recovery Algorithm (FACTERA) M
SNPs and indels were analysed by VarScan2'? and Haplo-
typeCaller/UnifiedGenotyper in GATK, with the mutant
allele frequency cut-off at 0.5% for tissue samples, 0.1%
for cell-free DNA samples and a minimum of three unique
mutant reads. Common SNPs were excluded if they
were present in >1% population frequency in the 1000
Genomes Project or the Exome Aggregation Consortium
(ExAC) 65000 exomes database. The resulting mutation
list was further filtered by an in-house list of recurrent
artefacts based on a normal pool of whole blood samples.

RNA-seq
Total RNA from FFPE samples was extracted using the
RNeasy FFPE kit (QIAGEN). Total RNA amount was
quantified by the Bioanalyzer 2100 (Agilent Technolo-
gies). Ribosomal RNA and residual genomic DNA were
depleted by the KAPA Standard RNA-Seq Kit with Ribo-
Erase (HMR) and DNase digestion, followed by purifica-
tion using the Agencourt RNA Clean XP Beads according
to the manufacturers’ protocol. KAPA Stranded RNA-Seq
Library Preparation Kit was used to construct Illumina-
compatible sequencing libraries including RNA fragmen-
tation and priming, double-stranded cDNA synthesis,
adaptor ligation and PCR amplification.

Sequencing was performed on Illumina HiSeq NGS
platforms (Illumina). To generate sequence reads in the
FASTQ format, base calling was performed on bcl2fastq
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Table 1 Patient characteristics and mutational information

Clinical information Total (N=18) Lung (N=12) Non-lung (N=6)
Median age (range) 53 (28-80) 52 (28-70) 62 (49-80)
Sex

Male 7 (38.9%) 4 (33.3%) 3 (50%)

Female 11 (61.1%) 8 (66.7%) 3 (50%)
Stage

v 9 (50%) 7 (568.3%) 2 (33.3%)

Unknown 9 (50%) 5 (41.7%) 4 (66.7%)
Treatment

TKl-involved 10 (55.6%) 9 (75%) 1(16.7%)

TKI-exclusive 4 (22.2%) 2 (16.7%) 2 (33.3%)

Unknown 4 (22.2%) 1 (8.3%) 3 (50%)
Mutation type

Ex16 deletion 13 (72.2%)* 8 (66.7%)* 5 (83.3%)

Splice site deletion 2 (11.1%) 1 (8.3%) 1(16.7%)

Splice site point mutation 4 (22.2%)* 4 (33.3%)* 0

*One patient harboured both Ex16 deletion and splice site point mutation.

Ex16, exon 16; TKI, tyrosine kinase inhibitor.

V.2.16.0.10 (Illumina) and quality control was performed
with Trimmomatic (V.0.33)."° RNA-seq reads were
mapped to the human genome (hgl9, Genome Refer-
ence Consortium GRCh37) using STAR (V.2.5.32)" to
identify individual exon, intron and intergenic features.
The average coverage of mapped reads across base posi-
tions of the feature coordinates were calculated. Exon
junctions were detected and visualised on the Integrative
Genomics Viewer."*

RESULTS

Overall incidence of ERBB2 exon 16 skipping patients in
human cancer

From January 2014 to December 2019, a total of 38680
individual cancers were successfully evaluated by
comprehensive genomic profiling using hybrid capture
based NGS by a Clinical Laboratory Improvement
Amendments-certified, College of American Pathologists-
accredited laboratory (Nanjing Geneseeq Technology,
Jiangsu, China). From the NGS analysis database, we
identified 18 patients with ERBB2 exon 16 skipping
(0.047%, 18/38680). The 18 patients were 11 women
and 7 men. The age of diagnosis ranged from 28 to 80
years old (median=53) (table 1). The majority of the 18
patients were diagnosed as lung cancer (12/18, 66.67%)
and particularly 10 of them were identified as NSCLC.
Genomic analysis revealed that 9 of the 12 patients with
lung cancer harboured activating EGFR mutations as
oncogenic drivers (six with EGFR exon 19 deletion and
three with EGFR L858R) (figure 1). These EGFR+ patients
with lung cancer received one or multiple TKIs during
their clinical treatments and the detailed treatment
history was provided in online supplemental table SI.

There were three patients without detectable oncogenic
EGFRmutations, two of which were never exposed to TKIs
and the treatment history of the third was unavailable.
In addition to lung cancer, we also identified two gastric
cancer, two rectal cancer, one ovarian cancer and one
gallbladder cancer patients with ERBB2 exon 16 skipping.
The two patients with rectal cancer underwent similar
treatment procedures including surgery, chemotherapy
and multiple types of monoclonal antibody (see online
supplemental table S2 for details). The gallbladder case
received surgical removal and adjuvant chemotherapy.
However, the clinical history of three patients with ovarian
or gastric cancer was unavailable.

RNA-seq validation of ERBB2 exon 16 skipping caused by
large fragment deletions and splice site variations

Since we identified the ERBB2 exon 16 skipping based on
NGS analysis which reflected the genomic changes, it is
still debatable whether the DNA alterations could cause
the skip of exon 16 at the RNA or protein level. Therefore,
we first subgrouped the ERBB2 exon 16 skipping events
according to the mutation types. Among the 18 identified
patients, 12 (66.67%) had the whole or partial region of
exon 16 deleted (Ex16del full or partial), 5 (27.78%) had
splice site variants (three with point mutation and two
with splice site deletion; table 1 and figure 2A). Only one
patient (patient 5) was detected with both exon 16 dele-
tion and splice site variant. To validate the ERBB2 exon
16 skipping at the RNA level, we did the RNA-seq in three
patients with available samples (figure 2B). Patient 4 was
diagnosed as NSCLC with the whole exon 16 deletion at
the DNA level detected in a post-afatinib tumour tissue
sample. RNA-seq confirmed this exon-16-skipping event
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Figure 1 OncoPrint showing the distribution of genomic
alterations in patients with lung cancer. OncoPrint provides
an overview of genomic alterations (legend) in particular
genes (rows) affecting individual samples (columns). The
missense, frameshift, non-sense, inframe deletion and copy
number gain are shown as green, blue, orange, purple and
red, respectively. The mutational frequency of each gene

is labelled on the left. The relative TMB of each patient is
shown on top of the patient ID. The bottom annotation
indicates the mutation type (solid bar: exon 16 deletion;
open bar: splice site variant) causing the ERBB2 exon 16
skipping, NGS sample type (yellow: FFPE; blue: tissue;
red: plasma) and TKI treatments (white: no TKI treatments;
purple: post-TKIls). NGS, next-generation sequencing; TKI,
tyrosine kinase inhibitor; TMB, tumor mutational burden;
FFPE, formalin-fixed paraffin-embedded.

at an allele frequency of approximately 50%. Similarly,
another whole exon 16 deletion in patient 6 with rectal
cancer was validated by RNA-seq. In addition, RNA-seq
also supported the occurrence of exon 16 skipping when
the splice site was deleted as shown in patient 9 who had
ovarian cancer. Therefore, both direct deletion of the
coding sequence of exon 16 and variants at splice sites
could result in the ERBB2 exon 16 skipping.

ERBB2 exon 16 skipping as a resistance mechanism acquired
during TKI therapy in lung cancer

To investigate the occurrence mechanism of ERBB2 exon
16 skipping in lung cancer, we analysed the mutational
profile of each patient at different time points of the clin-
ical history. Among the 12 patients with lung cancer, 9
had coexisting activating EGFR mutations (exon 19 dele-
tions or L858R) who received prior treatment with one
or multiple TKIs (online supplemental table S1). The
remaining three cases were absent of canonical oncogenic
driver mutations and did not receive any targeted thera-
pies (online supplemental table SI1). Particularly, three

NSCLC patients underwent multiple NGS testing with
both pre-EGFR and post-EGFR TKI treatment samples for
analysis, while other patients had post-TKI samples only.
As illustrated in figure 3, for patient 4, ERBB2 exon 16
skipping, which was caused by the full deletion of ERBB2
exon 16 as validated by RNA-seq (figure 2B), was acquired
post-afatinib and most likely conferred osimertinib insen-
sitivity (figure 3 and online supplemental table S1). For
patient 5, a 9-month radiographic response was observed
when on osimertinib and an ERBB2 exon 16 full deletion
was detected in the post-osimertinib sample (figure 3 and
online supplemental table S1). In patient 11, an ERBB2
exon 16 splice site variant was acquired after a serial TKI
treatment (figure 3 and online supplemental table S1).
All these evidence suggested that KRBB2 exon 16 skip-
ping mediated acquired resistance to EGFR TKI therapy
in patients with lung cancer.

Besides the three patients in whom ERBB2 exon 16 skip-
ping was validated by RNA-seq (figure 2), other ERBB2
splice site mutations (including c.1899-2A>T, ¢.1899—
1G>T and ¢.1899-1G>C, online supplemental table S1)
have also been reported in lung and breast cancers on the
Catalogue Of Somatic Mutations In Cancer database indi-
cating they were recurrent in cancers. Furthermore, we
observed a high frequency (10/12, 83.33%) of the co-oc-
currence of ERBB2amplification (figure 1). TP53 (10/12,
83.33%) represented the most frequently mutated gene
in addition to ERBB2 in these patients (figure 1). Recur-
rent copy number variations were detected in CDKI2
(6/12,50%), NKX2.1(6/12,50%) and MYC (3/12, 25%)
(figure 1). Taken together, we believed that ERBB2 exon
16 skipping is an acquired mutation potentially contrib-
uting to TKI resistance.

Exon 16 skipping ERBB2 as an oncogenic driver in diverse
cancer types other than lung cancer

In breast cancer, ERBB2 exon 16 skipping is generally
considered as an important oncogenic event driving the
resistance to trastuzumab which has been widely studied
both in vitro and in vivo.” 7 "' To our best knowledge,
very limited studies reported the FRBB2 exon 16 skipped
isoform in gastric, colorectal and ovarian cancers and
considered it as a candidate oncogenic mutation as
well.” ™2 In our cohort, six patients were detected with
ERBB2 exon 16 skipping in non-lung cancers resulting
from either whole exon 16 coding sequence deletion or
deletions at the splice donor site. We have confirmed the
skipping of ERBB2 exon 16 at the RNA level in patient 6
and 9 (figure 2B). Three patients were treatment-naive,
one patient received surgery plus chemotherapy, and the
other two rectal patients were treated with anti-HER2
therapies including lapatinib and HER2 monoclonal
antibody trastuzumab (online supplemental table S2).
More specifically, patient 7 showed partial response to
the combination therapy of trastuzumab plus lapatinib at
last follow-up, while patient 6 progressed on trastuzumab
after two cycles of the therapy.
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Furthermore, TP53 mutations (5/6, 83.3%) and ERBB2
amplification (5/6, 83.3%) were the most frequently
concurrent mutations with ERBB2 exon 16 skipping.
The frequency of CDKI2 amplification (3/6, 50%) was
the same as ZNF217 amplification (3/6, 50%), which
were both the highest except ERBB2 amplification (5/6,
83.3%). Overall, there was no significant difference in

the frequency of concurrent mutations between patients
with lung cancer and non-lung cancer who carried ERBB2
exon 16 deletion. The occurrence of ERBB2 exon 16 skip-
ping in multiple cancer types with completely different
therapeutics indicated its potential to be oncogenic.
However, further investigation needs to be done to come
to a solid conclusion.
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DISCUSSION

In this paper, we have reported the occurrence of ERBB2
exon 16 skipping in 18 cases of non-breast cancers which
is the largest cohort study till now due to its rarity. Particu-
larly, in lung cancer, only one group reported an NSCLC
patient harbouring ERBB2 exon 16 skipping and inves-
tigated its role in osimertinib resistance in vitro.”' Our
study included 12 patients with lung cancer having FRBB2
exon 16 skipping with one being validated by RNA-seq.
According to the analysis of matched samples prior and
post-TKI treatments, we concluded that ERBB2 exon 16
skipping was an acquired mutation during TKI treatment
which may also contribute to the TKI resistance. EGFR
T790M is the most common secondary mutation acquired
during the first-generation TKIs therapy.”* Other EGFR
point mutations have also been reported to mediate
the TKI resistance such as C797S, G796S and V802F.%
Other than that, EGFR-independent mechanisms of TKI
resistance also caught broad attention in recent years
including MET, MYC and ERBB2 almpliﬁcation.25 Here,
we observed the coexisting of ERBB2 amplification and
exon 16 skipping in nine patients with lung cancer who

received TKI treatments which indicated the possibility
that ERBB2 exon 16 skipping cooperates with its ampli-
fication to mediate TKI resistance. Other concurrent
genomic alterations included 7P53 mutations, CDKI2
amplification and MYCamplification which all contribute
to carcinogenesis and drug resistance.”®

ERBB2 overexpression is a well-known oncogenic driver
in breast cancer targeted by Food and Drug Administra-
tion (FDA)-approved drugs such as trastuzumab. Though
ERBBZ2 exon 16 skipping has been reported and studied in
breast cancer, its response to trastuzumab is controversial.
In vitro, several groups found that cell lines that trans-
fected with exon-16-skipping ERBB2 were resistant to tras-
tuzumab’ * due to the conformational changes. However,
in transgenic mice model, expression of exon-16-skipping
ERBB2 was sufficient to improve the response to trastu-
zumab.'” Since we also noticed the frequent coexisting
of ERBB2 exon 16 skipping and ERBB2 amplification, the
high levels of wild-type ERBB2 may be enough to mediate
trastuzumab’s targeting. Recently, an HER2 antibody-
drug conjugate, trastuzumab deruxtecan, has launched
in the USA and Japan as a third-line treatment for breast
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cancer. Meanwhile, several phase II trials reported prom-
ising responses for HER2-positive or HER2-mutated
patients in gastric,go 3 NSCLC? and colorectal® cancer.
As the exon-16-skipped HER2 forms a stable and constitu-
tively active homodimer on the surface of tumour cells,”*
it is worth investigating whether trastuzumab deruxtecan
could benefit the patients with this unique isoform of
ERBB2in the future.

Exon-skipping events in oncogenes are not rare. One
of the most well-studied examples is MET exon 14 skip-
ping which is a targetable genomic alteration and has
been reported mainly in NSCLC.” In March 2020, tepo-
tinib has been approved in Japan for specifically targeting
MET exon 14 skipping alterations in NSCLC which is the
first approved drug worldwide. Later in May, capmatinib
was approved by FDA as a selective MET (MET proto-
oncogene, receptor tyrosine kinase) inhibitor for treating
MET exon 14 skipping-mutated NSCLC. Unfortunately,
so far there are not any approved drugs or ongoing clin-
ical trials that specifically target this exon-16-skipping
ERBB?2 isoform. However, it is still worth being examined
and investigated as a potential biomarker to predict drug
efficacy.

ERBB2 exon 16 skipping has been barely reported in
other cancer types with no mechanism investigations.
In this paper, we reported six cases of other cancers and
hypothesised ERBB2 exon 16 skipping to be an oncogenic
driver as proven in breast cancer. In our cohort, ERBB2
exon 16 skipping resulted from either exon 16 deletion or
splice site variants. We had available samples from three
patients to do RNA-seq validation and all of them had
been confirmed. Due to the limitation of clinical sample
availability, we could not repeat the RNA-seq for patient 9
whose sequencing coverage was lower than the other two
(figure 2B). However, the skipping event of ERBB2 exon
16 in patient 9 was still confirmed at the transcriptional
level. Therefore, both direct deletion of exon 16 coding
region and splice site deletion could eventually cause the
ERBB2 exon 16 skipping.

Above all, ERBB2 exon 16 skipping is a known onco-
genic mutation in breast cancer, driving the resistance
to trastuzumab in vitro.” '* In NSCLC, ERBB2 exon 16
skipping was investigated in vitro as a novel mechanism
of osimertinib resistance.”’ In other cancer types, a few
cases reported the detection of ERBB2 exon 16 skipping
but the detailed mechanism remained to be investigated.
We have shown here that ERBB2 exon 16 skipping is an
acquired mutation contributing to the general TKIs resis-
tance in lung cancer and also working as an oncogenic
driver in colorectal, gastric and ovarian cancers as previ-
ously accepted in breast cancer.
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