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Trastuzumab has significantly improved the overall survival of patients with HER2+ metastatic breast cancer (MBC). However,
outcomes can vary, with patients progressing within 1 year of treatment or exceptional cases of complete response to trastuzumab
for ≥10 years. Identification of the underlying genomic aberrations of “exceptional responders (ExRs)” compared to “rapid non-
responders (NRs)” increases our understanding of the mechanisms involved in MBC progression and identification of biomarkers of
trastuzumab response and resistance. Whole-exome sequencing was performed on six ExRs compared to five NR. The overall
fraction of genome copy number alteration (CNA) burden was higher in NR patients (P= 0.07), while more significantly pronounced
in copy number gains (P= 0.03) in NR compared to ExRs. Delineation of the distribution of CNA burden across the genome
identified a greater degree of CNA burden in NR within Chr8 (P= 0.02) and in Chr17 (P= 0.06) and conferred a statistically
significant benefit in overall survival. Clinical trial number: NCT01722890 [ICORG 12/09].
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BACKGROUND
Historically, HER2+ metastatic breast cancer (MBC) was desig-
nated as an incurable disease. The introduction of anti-HER2
therapies such as trastuzumab has markedly improved survival1

and extended to 56.5 months with the combination of
trastuzumab plus pertuzumab plus docetaxel.2 We and others3, 4

have reported cases of long-term durable complete response to
trastuzumab in HER2+ MBC. However, to date only clinical and
molecular analysis of this “exceptional” cohort exists. Somatic
copy number alterations (CNAs) alter a significant proportion of
the cancerous genome. CNAs dominate the breast cancer
genome, with somatic mutations in breast cancer genes at low
frequencies and mainly characterised in driver genes by high-
throughput targeted mutation profiling.5 However, somatic
single-nucleotide variants (SNVs) and insertions/deletions in
driver genes do contribute to tumour biology.6 It remains
unclear as to the extent in which genomic CNA burden can act
as a prognostic measure of predicting response to trastuzumab
in long-term, never relapse exceptional responders (ExRs)
compared to rapid non-responders (NRs). To investigate this
hypothesis, we present the first study of whole-exome sequen-
cing (WES) analysing the genome CNA burden of six ExRs
compared with five NRs with HER2+ MBC patients treated with
trastuzumab.

METHODS
A retrospective, single institution review from 2000 to 2018
identified 295 HER2+ MBC who received treatment with
trastuzumab in the metastatic setting. Informed consent was
obtained and approved by St. Vincent’s University Hospital Ethics
Committee. HER2+ immunohistochemical status was confirmed
by pathologist (C.Q.). Analysis of patients with never relapse and
>3-year overall survival follow-up data identified 40 patients. A
further refined analysis revealed 11 patients with a minimum
overall survival of 10 years (range 10–19 years). We performed
WES on 6/11 of these patients and 5 corresponding NRs (median
relapse-free survival (RFS) ≤14 months) (Supplementary Table 1).
DNA from tumour and adjacent normal tissue (where available)
underwent WES (Agilent SureSelect Human All Exon V4) using an
Illumina HiSeq (2 × 100 bp) at a mean depth of 56×. Reads were
trimmed and aligned to the hg38 reference genome using BWA7

and duplicate reads were marked. Base recalibration was
conducted with GATK.8 Variant calling was performed using
Mutect2 from GATK (4.1.3). CNAs were identified by EXCAVA-
TOR2.9 Variant statistics and tumour mutational burden (TMB)
were calculated by maftools.10–12

Two-sample t test with unequal variances was used to evaluate
total genome CNA burden between ExRs and NRs, and across
individual chromosomes, two-sided P value < 0.05 was considered
statistically significant. Somatic CNA burden was used to stratify
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Fig. 1 Results of CNA burden on ExRs and NRs and overall survival outcome. a Total overall genome-wide CNA burden. b Fraction of
genome gained. c Fraction of genome lost. d Individual chromosome CNA burden in Chr8 and Chr17 in non-responder (NR) and exceptional
responder (ExRs) genomes. e Kaplan–Meier overall survival curves of cases dichotomised by exceptional responder and non-responder. f Total
CNA burden, low CNA (total CNA burden <median) and high CNA (total CNA ≥median). g Overall CNA burden on Chr8, low CNA (Chr8 total
CNA burden <median) and high CNA (Chr8 total CNA burden ≥median). h Overall CNA burden on Chr17, low CNA (Chr17 total CNA burden
<median) and high CNA (Chr17 total CNA burden ≥median).
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patients into high and low CNA burden groups based on the
median CNA burden observed across each chromosome. The
binary CNA stratification groups were further assessed using
Kaplan–Meier survival estimation; P value < 0.05 log rank was
considered statistically significant.

RESULTS
We estimated the fraction of the genome amplified/deleted and
present CNA burden as a measure of genome instability. We
observed that the overall fraction of genome CNA burden was
higher in NR patients (P= 0.07; Fig. 1a), while more significantly
pronounced in copy number gains (P= 0.03) in NRs compared to
ExRs (Fig. 1b), with non-significant copy number losses (Fig. 1c).
We further delineated the distribution of CNA burden across the
genome and identified a greater degree of CNA burden in NRs in
chromosome 8 (P= 0.02) and in chromosome 17 (Fig. 1d).
Kaplan–Meier survival analysis highlighted the extended survival
of ExRs compared to NRs (P= 0.0007, log rank; Fig. 1e). Further
analysis highlighted that dichotomisation into low versus high
CNA burden does not significantly affect overall survival (P=
0.389, log rank); however, it does stratify patients (Fig. 1f).
Subanalysis of the CNA burden at specific chromosomes revealed
that low total CNA burden at Chr8 and Chr17 conferred a
statistically significant benefit in overall survival (P= 0.02 and P=
0.02, log rank; Fig. 1g, h).
To provide additional insight into the somatic mutation

landscape at variant, gene, and biological pathway levels, we
refined our study to include only normal–tumour matched pairs of
ExR (n= 5; 3 never relapse, 2 RFS >96 months) and NR (n= 4)
cases. Of our small cohort, we observed a higher median of SNV in
ExRs (median= 1621) compared to NRs (median= 638); albeit this
large variance was mostly driven by an unusual SNV in ExR patient
1 (Supplementary Fig. 1a, b). Mutations were observed in TTN
(80% of ExR and 75% NR samples), HSPG2 (60% of ExR and 75% NR
samples), SYNE1 (40% of ExR and 75% NR samples), SYNE2 (80% of
ExR and 50% NR samples) and MACF1 (40% of ExR and 75% NR
samples) (Supplementary Fig. 1c). We used the mutant-allele
tumour heterogeneity (MATH) score to quantify intratumour
heterogeneity based on the variation in variant’s allele frequencies
of all mutations in a tumour. MATH scores were computed for the
ExR and NR tumours separately. MATH scores from ExR (mean=
47, median= 41, interquartile range (IQR)= 16–46) and NR (mean
= 35, median= 31, IQR= 23–102) and TMB was insignificantly
different between both cohorts (Supplementary Fig. 1d, e).

DISCUSSION
Identification of genomic alterations associated with exceptional
response and survival may improve risk assessment and treatment
strategies for HER2+ MBCs. This is the first study to propose that
CNA burden in HER2+ MBC ExRs may represent a novel
prognostic predictor to trastuzumab response. Despite the limited
sample size, we observed a trend in which the overall CNA burden
was lower in ExRs compared to NRs; moreover, individual CNA
analysis per chromosome revealed that specific chromosomes 8
and 17 were more altered in NR genomes compared to ExRs, and
stratified analysis revealed significantly poorer overall survival.
CNA burden was previously shown to be associated with overall
survival and disease-specific survival in breast cancer, with
chromosome 8 along with chromosomes 1 and 16 carrying the
highest CNA burden, suggesting a further role of chromosome 8 in
prognosis.13 Key genes in our analysis such as TTN, HSPG2, SYNE1,
SYNE2 and MACF1 are frequently altered in breast and other
cancers but their roles in HER2+ breast cancer tumorigenesis and
trastuzumab response/resistance are as yet uncertain. Our
investigation of genome-wide CNA burden offers the potential
to gain insight into the underlying genetic landscape of long-term,

never relapse exceptional response to trastuzumab. Recent
analysis of the SAKK 22/99 trial identified that a subset of
advanced HER2+ patients displayed long-term disease control
with trastuzumab monotherapy;14 however, this study was unable
to identify any meaningful clinical predictive markers to char-
acterise these patients. Therefore, our preliminary study supports
our hypothesis that CNA burden may account for exceptional
response to trastuzumab. Particularly as MBC is generally termed
incurable, this study presents a paradigm shift in the conventional
ideology of oncology therapeutics that is unexplored and clearly
warrants further investigation. The contribution of the immune
system to the therapeutic effect of trastuzumab and other HER2
antibodies has been established, and further investigation into
immune-related markers may provide predictive information for
increased clinical activity in combination with genomic CNA data.
Therefore, an extended analysis of 40 HER2+ MBC ExRs and NRs is
now underway to validate our findings; furthermore, we intend to
characterise the role of CNAs and immune signatures that may
contribute to long-term trastuzumab (and other HER2 therapies)
therapeutic response in the metastatic setting.
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