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ABSTRACT

Aims The present study investigated the incidence and
spectrum of human epidermal growth factor receptor

2 (HER2) mutations, associated clinicopathological
characteristics and the co-occurrence of HER2 gene
amplification in the HER2 gene mutated cases in non-
small cell lung cancer (NSCLC).

Methods All patients with advanced lung
adenocarcinoma (LUAD) who underwent broad genomic
profiling by next generation sequencing (NGS) from
2015 to 2019 were included in the study. HER2 gene
amplification was checked in all the HER2 gene mutated
cases. Tumour tissues of all the mutated cases were
examined by fluorescent in situ hybridisation (FISH).
Results Fifty-four (37.2%) out of the 145 cases
harboured tier 1 driver mutations comprising EGFR

in 22.1%, ALK rearrangements in 7.6% cases, ROS1
rearrangements and BRAF'®° in 3.5% cases each, and
NTRK fusion in 0.7% cases. Nine (6.2%) cases exhibited
a significant genetic alteration in HER2 gene (tiers 2
and 3) on NGS. The most common alteration was exon
20 insertion of amino acid sequence AYVM in five cases
(p.E770_AT771insAYVM) followed by insertion of YVMA
(p.A771_Y772insYVMA) in one case, insGSP (p.V777_
G778insGSP) in one case and two missense mutations:
p.G776C and p.QA795C (novel variant). The median copy
number of the HER2 gene was 3.21 while on FISH, the
median HER2/CEP17 ratio was 2.0.

Conclusions There is a relatively higher occurrence of
HERZ2 exon 20 mutations as primary oncogenic driver in
NSCLC especially LUAD. Our cohort has demonstrated
(p.E770_A771insAYVM) as the strikingly dominant
insertion mutation against the most often globally
reported (p.A771_Y772insYVMA).

INTRODUCTION

Human epidermal growth factor receptor 2
(HER2) is a transmembrane protein with ‘receptor
tyrosine kinase’ function, that on activation initi-
ates transcription of genes driving cell proliferation,
migration and differentiation.! Gain-of-function
genetic alterations in HER2 gene release the regu-
lated pathway to a constitutively activated onco-
genic driver. Amplification of HER2 gene and
overexpression of HER2 protein are well known in
breast,” gastric,’ bladder® and gall bladder* malig-
nancies and act as a predictive marker for HER2-
directed targeted therapy. HER2 gene amplification
has also been observed in lung adenocarcinoma
(LUAD).’ ® However, these have so far not been
found actionable.’ Contrarily, HER2 missense and

,' Shrinidhi Nathany,” Rupal Tripathi,® Sanjeev Kumar Sharma,

in-frame insertions in LUAD are being recognised
as actionable.®

HER2 exon 20 mutations have been reported at
a sizeable frequency of 4% of LUAD in The Cancer
Genome Atlas (TCGA) database®” and 3% in the
lung cancer mutation consortium (LCMC) project.®
In consideration of significant frequency and action-
ability, the most recent National Comprehensive
Cancer Network guidelines® promote identification
of HER2 mutations and treating these cases with
Ado-Trastuzumab. OncoKB,’ the precision medicine
database from Memorial Sloan Kettering Cancer
Center, list HER2 gene exon 20 insertion mutations
as level 2 biomarker and the missense mutations as
level 3 biomarker supported by published literature
for biomarker-based therapy with adotrastuzumab
and neratinib.” '* "' HER2 mutations in non-small
cell lung cancer (NSCLC) are specially observed
in Asians, women, never smokers and in tumours
with adenocarcinoma histology.® > These muta-
tions are located in the tyrosine kinase domain of
HER?2 receptor.’ 1> A canonical 12bp duplica-
tion/insertion at codon 771 in exon 20 that results
in insertion of the YVMA amino acid sequence is
the most recurrent of these mutations’; however,
several other highly and potentially clinically signif-
icant mutations have also been detected in patients
of NSCLC.” ?

In view of growing significance of HER2 muta-
tions as predictive biomarker, this study was
conducted to identify the incidence and spectrum
of HER2 mutations, investigate the clinicopatho-
logical characteristics and identify the co-occur-
rence of HER2 gene amplification in the HER2
gene mutated cases in NSCLC.

MATERIALS AND METHODS
All patients with advanced LUAD and a few chosen
by physician with other morphologies with strong
likelihood of finding an oncogenic driver were
included in the study conducted from 2015 to 2019.
All patients underwent broad genomic profiling by
next generation sequencing (NGS). Clinical data
were collected and collated from the electronic
medical records of the patients. Information related
to the demographic profile and tumour details was
recorded. Histological features were evaluated
independently by two pathologists and reported in
line with the WHO, 2015 criteria."

A total of 145 patients were included in this
study. Various mutations detected on NGS in these
patients were classified into four tiers based on the
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evidence of actionability as per American College of Medical
Genetics and Genomics (ACMG)."

Next generation sequencing

The percentage of tumour cells relative to other cells (stromal,
inflammatory and normal appearing epithelial cells) was esti-
mated on one H&E stained tumour section by a pathologist, and
an area with a maximum tumour cell content but not <20% was
encircled for macrodissection to carry out nucleic acid extraction
for NGS assay. Nucleic acids (DNA and RNA) were extracted
each from 40uM (4x10puM) macrodissected Formalin Fixed
Paraffin Embedded (FFPE) tissue section using the Recover All
Total Nucleic Acid Isolation kit as recommended by the manu-
facturer (Thermo Fisher Scientific, San Francisco, USA). DNA
and RNA concentrations were measured on Qubit fluorometer
(Thermo Fisher Scientific, USA) employing dsDNA HS and the
Qubit RNA HS Assay kits, respectively. RNA was reverse tran-
scribed to cDNA using the SuperScript VILO (Thermo Fisher
Scientific) cDNA synthesis kit (all from Thermo Fisher Scien-
tific). Libraries were prepared using the Oncomine Focus assay
and were equalised to 100 pm concentration using the lon PGM
Select Library Equalizer kit. Template preparation and enrich-
ment were performed using the Ion OneTouch Select Template
Kit (all from Thermo Fisher Scientific) on Ion OneTouch 2. The
library was quality checked using Tape Station with High sensi-
tivity DNA kits, to ensure adequate size and cleanup. The library
was sequenced using the Ion PGM sequencer (Thermo Fisher
Scientific) or the Ion S5 sequencer using a 520/530 chip.

Data analysis

Quality metrics were checked on Torrent suite (V.5.0) for
mapped reads, uniformity of reads, reads with 100 x, 500 x
and 1000 X coverage, strand bias, number of amplicons read
end-to-end, mapping quality, base quality and base coverage.
The run was considered successful when the following quality
metrics were met'®: (1) mapped reads =300000; (2) average
base coverage depth =1000; (3) amplicons having at least 500
reads: =90%; (4) no strand bias:=90%; (5) amplicons read
end-to-end: =85%. Five thousand mapped reads for expression
control genes were set as the limit for the RNA library. For the
copy number alterations, an median absolute pairwise difference
(MAPD) score of <0.5 was considered optimal. The NGS read-
outs and variants were called using lon Reporter Software V.5.10.
The final report, with possible treatment and trials available,
was generated using the Oncomine Knowledge Reporter. The
variants called were visualised on Integrative Genomics Viewer
to ascertain validity of the variant call. Additionally, the func-
tional effects were checked primarily on OncoKB.” Catalogue
of Somatic Mutations in Cancer (COSMIC) database,'® Varsome
search engine,'” Clinvar'® and existing publications in PubMed
were studied for further confirmation. The variants were classi-
fied as per the ‘Standards and Guidelines for the Interpretation
and Reporting of Sequence Variants in Cancer (ACMG)" into
tiers 1, 2, 3 and 4 based on their clinical significance. The canon-
ical transcript NM_004448.3 on assembly hg19 version of the
human genome was used to call the HER2 variants. The list of
genes interrogated and the genetic alterations studied are cited
in online supplementary table 1.

HER2 amplification

HER2 gene amplification was checked in all the HER2 gene
mutated cases by scrutinising the NGS data for HER2 gene
copy number alteration after due consideration of MAPD of

<0.5'®. The integrated genome viewer focused on HER2 gene
was examined for all the amplicons residing in HER2 gene to
assess the ploidy. In addition, FFPE sections from tumour of all
the mutated cases were examined by fluorescent in situ hybridi-
sation (FISH). The pretreatment was done using 0.2M hydro-
chloric acid followed by 1 M sodium thiocyanate and protease
solution. The target and probes were denatured using heat treat-
ment at 80°C for 10 min. Subsequently, hybridisation was done
at 37°C for 16 hours using Spec ERBB2/CEN17 Dual colour
probe (ZytoVision Germany; ERBB2 labelled green and CEN17
labelled orange). Post hybridisation, first wash was done at 72°C
using 0.3%NP40/2 x Saline Sodium Citrate Buffer (SSC), and
a second using 0.1%NP40/2 x SSC at ambient temperature.
Counterstaining was done using 4’,6-Diamidino-2-phenylindole
dihydrochloride (DAPI) II (Abbott, Chicago, Illinois, USA). The
signals were analysed using DM6000B Leica Fluorescent micro-
scope (Wetzlar, Germany), employing four filters; DAPI for
nuclear localisation, Fluorescein isothiocyanate -FITC (green),
Tetramethylrhodamine-5-Isothiocyanate (TRITC) (orange) and
Dual. Images were captured using Cytovision software (Leica
Biosystems, Wetzlar, Germany). The results were interpreted
in accordance with American Society of Clinical Oncology -
College of American Pathologists (ASCO-CAP) guidelines 2018
for invasive breast carcinoma.”

Statistical analysis

SPSS V.23 for Windows (SPSS) was used for statistical analysis.
The categorical variables were presented in frequencies along
with respective percentages. A two-sided p-value <0.05 was
considered as significant.

RESULTS

Patient characteristics

Of the 145 patients of NSCLC who underwent NGS and included
in this study, adenocarcinoma, squamous cell carcinoma and
not otherwise specified (but likely carcinosarcoma) morpholo-
gies were reported in 133, 8 and 4 patients, respectively. The
patient characteristics are shown in table 1. The median age of
the patients was 60 years with a male-to-female ratio of 1.2:1.

NGS findings

Fifty-four (37.2%) out of the 145 cases harboured tier 1 driver
mutations comprising EGFR in 22.1% (32/145), ALK rear-
rangements in 7.6% (11/145) cases, ROS1 rearrangements and

Table 1 Clinical features of 145 patients with non-small cell lung
cancer
Characteristics N (%)
Median age in years (range) 60 (18-86)
Gender
Male 78 (53.8)
Female 67 (46.2)
Smoking history
Never smoker 58 (40)
Ever smoker 34 (23.4)
Not available 53 (36.6)
Histology
Well differentiated 29 (20)
Moderately differentiated 86 (59.3)
Poorly differentiated 26 (17.9)
Carcinosarcoma 4(2.8)
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Table 2 Mutations detected on next generation sequencing in 145
patients with non-small cell lung cancer

Genetic alterations N (%)
Tier 1 54 (37.2)
EGFR sensitising mutations 32 (22.1)
ALK fusion rearrangement 11 (7.6)
ROS1 fusion rearrangement 5(3.5)
NTRK fusion rearrangement 1(0.7)
BRAF(V600E) mutation 5(3.5)
Tier 2 15(10.3)
HER?2 exon 20 insertions 7 (4.8)
MET exon 14 skipping 3(2.1)
MET amplification 2(1.4)
RET fusion rearrangement 3(2.1)
Tier 3 28(19.3)
KRAS mutations 25(17.2)
MAP2K1 mutations 1(0.7)
HER2 oncogenic mutations 2(1.4)
Tier 4* 33(22.8)
ATM mutations 2(1.4)
BRAF mutations (others—not V600E) 2(1.4)
Others 29 (20)
No mutation detected 15(10.3)

*Nine cases which had level 4 mutations also had levels 1 and 2 mutations.
EGFR, epidermal growth factor receptor; HER2, human epidermal growth factor
receptor 2.

BRAFY*%E in 3.5% cases each (5/145), and NTRK fusion in 1
case (0.7%). Ninety-one cases (62.7%) lacked tier 1 mutations.
Tier 2 alterations were seen in 15 (10.3%) cases including RET
fusions in 3 cases, MET exon 14 skipping mutation in 3 cases,
MET amplification in 2 cases and HER2 exon 20 insertion in 7
cases. Besides, two cases had oncogenic missense mutations in

exon 20 of HER2 gene categorised as tier 3 HER2 alterations.
Overall, 9 out of the 145 (6.2%) cases exhibited a significant
genetic alteration in HER2 gene on NGS. All HER2 mutations
were mutually exclusive with other known oncogenic drivers
of LUAD. Table 2 exhibits the mutational spectrum detected on
NGS.

Spectrum of HER2 mutations

HER2 mutations were detected in 6.2% cases (9/145). Among
the tier 2 mutations, HER2 mutations accounted for an over-
whelming 46.6% of the cases (7/15 cases). The clinicopatho-
logical features and genomic alterations in the HER2 mutant
cases have been profiled in table 3. The most common alter-
ation was exon 20 insertion of amino acid sequence AYVM in
five cases (p.E770_A771insAYVM) followed by insertion of
YVMA (p.A771_Y772insYVMA) in one case, insGSP (p.V777_
G778insGSP) in one case and two missense mutations: p.G776C
and p.QA795C. Eight of the nine variants encountered were
classified as variants of strong clinical significance, and one
(p-Q795C) was reported as variant of unknown clinical signif-
icance. This variant is not reported in the COSMIC, ClinVar,
dbSNP or PubMed databases, and hence is considered a novel
variant.

The tumour fraction in the HER2 mutated group ranged from
50% to 90%, with the HER2 variant allele fraction ranging
between 22.9 and 67.4 and being arithmetically proportional
to monoallelic somatic change of clonal/truncal nature. The
p.E770_A771insAYVM mutant cases had a median age of 63
years and showed male preponderance. All these patients had
distant organ metastases and nodular pleural involvement.

HER2 amplification status

The HER2 amplification status using NGS was available for 5/9
(55.59%) cases. The median copy number of the HER2 gene was
3.21. The copy number variation heat map of a representative

Table 3 Spectrum of HER2 mutations

Variant Other
Case class Smoking concurrent HER2 ploidy HER2/CEP17 ratio
# HER2 mutation TF/IVAF  ACMG'  COSMIC ID® Age/sex  status Histology ~ mutations by NGS by FISH
1 p.(V777_G778insGSP) 60/32.4 Tier 2 COSM303948 62/F Never Acinar - 2.1 3.3/1.6=2.06
2 p.(E770_ 90/50.1 Tier 2 COSM20959 80/F Never Solid - 3.73 4.6/1.7=
A771insAYVM) 2.70
3 p.(E770_ 50/23.9 Tier 2 COSM20959 79/F Never Acinar STK11 Not available  3.3/1.7=1.94
A771insAYVM)
4 p.(Q795Q) 60/24.3 Tier 3 NOVEL* 62/M Never S KIT, ATM, GNAQ, Not available 2.4/1.8=1.33
Not in COSMIC SMAD4
Not in clinvar/
dbSNP
5 p.(A771_ 90/67.4 Tier 2 COSM133608 54/M Never Acinar - Not available  3.1/1.9=1.63
Y772insYVMA)
6 p.(E770_ 70/33.2 Tier 2 COSM20959 64/M Never Acinar NOTCH1 Not available  Not available
A771insAYVM)
7 p.(G776C) 80/34.2 Tier 3 COSM303938 78/M Never Acinar - 3.21 Not available
8 p.(E770_ 50/22.9 Tier 2 COSM20959 33/M Never Acinar - 1.36 3.6/1.6=
A771insAYVM) 2.25
9 p.(E770_ 60/25.3 Tier 2 COSM20959 57/M Never Acinar - 414 Not available

A771insAYVM)

The variants in HER2 have been reported using the NM_004448.3 isoform of the HER2 gene, with hg19 assembly.

*The mutation p.Q795C has two pathogenic moderate and one pathogenic supporting assertion and one benign supporting assertion as per American College of Medical
Genetics and Genomics (ACMG) rules and is hence labelled as variant of uncertain significance.

A, alanine; C, cysteine; COSMIC, Catalogue of Somatic Mutations; CS, carcinosarcoma; E, glutamate; FISH, fluorescent in situ hybridisation; G, glycine; HER2, human epidermal
growth factor receptor 2; M, methionine; NGS, next generation sequencing; P, proline; S, serine; TF, tumour fraction; V, valine; VAF, variant allele fraction; Y, tyrosine.
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Figure 1  (A) Copy number variations heat map showing the ploidy for
ERBB2 (HER2) with an average ploidy of 4.14 in a representative case.
(B) Fluorescent in situ hybridisation image showing HER2 signals in
green and centromere 17 signals in red in a non-amplified case.

case is depicted in figure 1. Additionally, orthogonal testing
for HER2 amplification was performed employing FISH in 6/9
(66.6%) cases. The other three cases could not be tested due to
exhaustion of tissue in the FFPE blocks. On FISH, the median
HER2/CEP17 ratio was 2.0 (1.3-2.7). A comparison of the NGS
copy number, the HER2 mutant and FISH HER2/CEP17 ratio is
also shown in table 3. HER2 ploidy status by NGS and HER2/
CEP17 ratio by FISH was available in five and six cases, respec-
tively. Interestingly, all these nine cases were non-smokers and
seven out of nine cases had acinar histology.

DISCUSSION

Lung cancer is one of the most frequently occurring cancer glob-
ally and advanced NSCLC carries a bad prognosis. While there is
enough information on incidence and treatment benefits for tier
1 biomarkers in LUAD, the information is still being gathered for

Original research

tier 2 biomarkers. The current study identifies the incidence and
nature of HER2 mutations and looks at the coexistence of HER2
gene amplification in the HER2 gene mutated cases of NSCLC
especially LUAD.

In the present study, tier 1 alterations involving EGFR, ALK,
ROS1, NTRK and BRAFPV®"E were identified at a frequency
of 37.24% which is similar to the incidence reported from the
Indian subcontinent." The tier 2 mutations comprising MET
amplification, MET exon 14 skipping mutation, RET fusion rear-
rangement and HER2 exon 20 insertion mutation were observed
in 10.3% cases of the tested cohort. Of the tier 2 mutations,
the HER2 exon 20 insertion mutations were the most domi-
nant. HER2 exon 20 insertions categorised as tier 2 biomarker
is known to be mutually exclusive with other tier 1 driver
alterations® ¢ ' 2 and our study reiterates the same. We have
observed that HER2 exon 20 insertion mutations are truncal,
and a primary oncogenic driver in NSCLC as reported previ-
ously.’ ¢ 2

HER?2 alterations have been reported in 4% cases of NSCLC
in the TCGA database’ and in 3% cases of LCMC cohort.® The
tier 2 HER2 mutations in our cohort were 4.8%. The literature
on frequency of HER2 exon 20 mutation in Indian subcontinent
is non-existent but our report suggests that unlike EGFR and
KRAS, the incidence of HER2 exon 20 insertion mutations is
similar with the global data. Many studies conducted prior to
the use of NGS, however, have shown lesser frequencies varying
from 1% to 2.6%"22'"** (table 4). Geographical differences and
diverse platforms with lower analytical sensitivity used in these
studies like Sanger sequencing, single strand conformational
polymorphism, fragment length analysis and mass spectrometry
(table 4) possibly account for this difference. On the basis of the
observed high frequency of HER2 insertions mutations in the
current study, even more than combined frequency of ROSI,
NTRK and BRAF"V"F tier 1 mutations, the authors propose
that all patients should be tested for this genetic alteration with
the ultimate goal of receiving targeted therapy.

The variants reported in databases and literature largely bunch
in the tyrosine kinase domain of the HER2 gene spanning exons
18-21. All the seven insertion variants and two level 3 missense
mutations identified in our cohort resided in exon 20. The most
common among these accounting for five of the nine HER2 gene
alterations is a duplication/insertion of 12 bp leading to insertion
of four additional amino acids AYVM (p.E770_A771insAYVM).
Previous studies have reported insertion of YVMA (p.A771_
Y772insYVMA)* # as the most common alteration; however,
in the present study, it was reported in a single case only. This is
ascribed to either the racial difference or a limited sample size
of the present study. Of the two missense mutations in exon 20
of HER2 gene, the p.Q795C in exon 20 was seen in a case of
NSCLC—not otherwise specified that had carcinosarcomatous

Table 4 Comparison with other contemporary large studies

Number of HER2 exon 20 insertion
Study subjects Method of detection mutation rate Most common variant Concurrent mutation
Shigematsu et a/*' 671 Sangers sequencing 1.6% YVMA None
Arcila et al"? 560 Sizing assay and mass spectrometry 2% enriched population YVMA None
Barlesi et a/”® 11723 Assorted platforms in 28 hospitals 1% YVMA One with BRAF and one
with ALK
Buttitta et al** 403 Single-strand conformation polymorphism ~ 2.2% YVMA None
Tomizawa et al* 504 Sangers sequencing 2.6% YVMA Not Reported
Present study, 2020 145 Next generation sequencing 4.8% AYVM None

A, alanine; HER2, human epidermal growth factor receptor 2; M, methionine; V, valine; Y, tyrosine.
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morphology on small biopsy. p.Q795C classifies as variant of
‘uncertain clinical significance’ by the ACMG rules.” It may
be added that another amino acid change at the same codon
(Q795R (COSMS85896))" has also been categorised as a variant
of uncertain clinical significance strengthening the current call.

HER2 amplification status as determined on NGS yielded a
median ploidy of 3.21. None of the cases with HER2 mutation
showed concurrent significant gene amplification, highlighting
their independent status as oncogenic driver mutations. On
orthogonal testing by FISH for HER2/CEP17 ratio, the median
ratio was 2.0. Previous reports suggest that concurrent higher
levels of HER2 gene amplification or higher HER2/CEP17 ratio
is of importance in terms of defining an inferior therapeutic
response to single agent trastuzumab. >’

The current study highlights the relative high occurrence
of HER2 exon 20 mutations as a primary oncogenic driver
in NSCLC especially LUAD. Our cohort has demonstrated
p.(E770_A771insAYVM) as the strikingly dominant insertion
mutation against the most often globally reported p.(A771_
Y772insYVMA). There is no overlap between HER2 gene
amplification and existence of HER2 exon 20 mutations and
hence these tests cannot be used interchangeably. Since only
three insertion mutations p.(E770_A771insAYVM), p.(A771_
Y772insYVMA) and p.(V777_G778insGSP) made up the entire
gamut of HER2 exon 20 insertion mutations, a multiplexed
reverse transcriptase PCR or pyrosequencing can be used as the
identification strategy in institutions lacking NGS facility.

Take home messages

» Amplification of human epidermal growth factor receptor 2
(HER?2) is so far not actionable; however, its missense and in-
frame insertions may be actionable in lung adenocarcinoma
(LUAD).

» There is a relatively higher occurrence of HER2 exon 20
mutations as primary oncogenic driver in non-small cell lung
cancer especially LUAD.

» Our cohort has demonstrated (p.E770_A771insAYVM) as the
strikingly dominant insertion mutation against the most often
globally reported (p.A771_Y772insYVMA).
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