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Background
The ERBB2 gene encodes for human epidermal 
growth factor receptor 2 (HER2), a transmem-
brane receptor tyrosine kinase that is overexpressed 
in 10–30% of invasive breast cancers.1 Patients 
with HER2-positive breast cancers, as defined by 
high protein expression on immunohistochemistry 

(IHC) or gene amplification on in situ hybridiza-
tion (ISH), derive significant benefit from HER2-
directed targeted therapies.2,3 In recent years, a 
novel classification of HER2-negative breast can-
cers has emerged, defining a ‘HER2-low’ subtype 
based on low-moderate HER2 protein expression 
(IHC score of 1+ or 2+) and lack of gene 
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Abstract
Background: Recently, HER2-negative breast cancers have been reclassified by protein 
expression into ‘HER2-low’ and ‘HER2-zero’ subgroups, but the consideration of HER2-low 
breast cancer as a distinct biological subtype with differing prognoses remains controversial. 
By contrast, non-neutral ERBB2 copy number alteration (CNA) status is associated with 
inferior survival outcomes compared to ERBB2 CNA-neutral breast cancer, providing an 
alternative approach to classification.
Methods: Here, we investigated the molecular landscape of non-metastatic HER2-negative 
BCs in relation to ERBB2 CNA status to elucidate biological differences. Molecular Taxonomy 
of Breast Cancer International Consortium (METABRIC) and The Cancer Genome Atlas (TCGA) 
TCGA-BRCA datasets (n = 1875) were analyzed.
Results: Nearly two-fifths of the cohort harbored ERBB2 CNAs (39.4%), which were 
significantly enriched within hormone receptor-negative (56.1%) than within hormone 
receptor-positive BCs (35.5%; p < 0.0001). Globally, CNAs across the genome were 
significantly higher in ERBB2 non-neutral compared to neutral cohorts (p < 0.0001). Notably, 
genetic aberrations on chromosome 17 – BRCA1, NF1, TP53, MAP2K4, and NCOR1 – were 
widespread in the ERBB2 non-neutral cases. While chromosome 17q arm-level alterations 
were largely in tandem with ERBB2 CNA status, arm-level loss in chromosome 17p was 
prevalent regardless of ERBB2 gain, amplification, or loss. Differential gene expression 
analysis demonstrated that pathways involved in the cell cycle, proteasome, and DNA 
replication were upregulated in ERBB2 non-neutral cases.
Conclusion: Classification of HER2-negative BCs according to ERBB2 CNA status reveals 
differences in the genomic landscape. The implications of concurrent aberrations in other 
genes on chromosome 17 merit further research in ERBB2 non-neutral BCs.
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amplification on ISH,4 in contrast to HER2-zero 
(IHC score of 0) breast cancers. Importantly, 
patients with HER2-low breast cancers may bene-
fit from novel HER2 antibody–drug conjugates 
(ADCs), with progression-free survival and overall 
survival improvements, demonstrated over stand-
ard chemotherapy in a recent phase III trial.5–7

However, it is contentious whether HER2-low 
breast cancers, as defined above, truly represent a 
distinct molecular subtype of breast cancer with 
unique biological characteristics.4,8–10 In particu-
lar, there are reproducibility issues in the scoring of 
HER2 protein expression on IHC, resulting in sig-
nificant variability among pathologists and special-
ized centers.11,12 In addition, identification of the 
HER2 status may be complicated by intra-patient 
heterogeneity.13 Consequently, studies investigat-
ing survival outcomes in HER2-low versus HER2-
zero breast cancers have demonstrated mixed  
results,8,14–20 leading to uncertainty as to whether 
the current definition of HER2-low breast cancer 
has any biological or prognostic implications.

In a recent study, we demonstrated that HER2-
low breast cancers conferred a superior prognosis 
compared to HER2-zero cases in the non-meta-
static setting, but absolute differences were mod-
est. Compared with HER2-zero tumors, 
HER2-low cases had significantly better relapse-
free survival [hazard ratio (HR) 0.90, p < 0.001] 
and overall survival (HR 0.86, p < 0.001).19 
Specifically, improved survival outcomes were 
evident between patients with HER2 IHC 1+ 
and HER2-zero tumors, but not between those 
with HER2 IHC 2+ and HER2-zero tumors. In 
addition, we showed that ERBB2 non-neutral 
copy number alteration (CNA) status (as defined 
by the presence of loss or gain/amplification in 
ERBB2) was associated with worse relapse-free 
survival compared to ERBB2 neutral status in a 
combined Molecular Taxonomy of Breast Cancer 
International Consortium (METABRIC) and 
TCGA cohort of HER2-negative non-metastatic 
breast cancers (HR 1.39, p = 0.001). These find-
ings suggest that the classification of traditionally 
HER2-negative breast cancers may be improved 
using information about ERBB2 CNA status.

Hence, in this paper, we examined the molecular 
landscape of non-metastatic HER2-negative breast 
cancers in relation to ERBB2 CNA status to fur-
ther elucidate biological differences and to discuss 
potential clinical implications in this context.

Methods

Study cohort
Cases diagnosed with non-metastatic HER2-
negative breast cancers in the Molecular 
Taxonomy of Breast Cancer International 
Consortium (METABRIC; n = 1192) and TCGA 
TCGA-BRCA (n = 683) datasets were extracted 
from cBioPortal for analysis.21–24 ERBB2 CNA, 
genomic mutational data including single nucleo-
tide variants, small indels, and copy number 
alterations (CNA), as well as clinical and patho-
logical details including age, grade, stage, and 
hormone receptor status were retrieved. Discrete 
ERBB2 CNA status was based on the Genomic 
Identification of Significant Targets in Cancer 
(GISTIC) method [− 2, loss of both copies; − 1, 
one copy loss; 0, neutral; 1, low-level gain (a few 
additional copies, often broad); 2, high-level 
amplification (more copies, often focal)].25

Bioinformatic analysis
Differential mutational and CNA analysis was 
conducted by grouping the patients into two dif-
ferent cohorts: neutral and non-neutral ERBB2 
copy number. The entire cohort was first described 
with an oncoplot via maftools,26 exhibiting 53 
breast cancer-related genes that comprised vari-
ants with >25% of mean allele frequency.27 
Tumor mutation burden [i.e. the number of 
somatic coding variants per megabase (mt/Mb), 
with the capture size of 45 and 1 Mb, respectively, 
in TCGA and METABRIC datasets] was then 
calculated for each cohort. Furthermore, their 
association with ploidy status was investigated 
using Fisher’s exact test. AbsCN-seq28 was used 
to estimate ploidy based on the copy number data 
from METABRIC as well as copy number and 
single nucleotide variant data from TCGA. The 
top 10 differentially altered genes, sorted by odds 
ratio (OR), from the 53 genes shown in oncoplot 
were presented in a co-barplot, and the number of 
patients exhibiting these 53 genes in each cohort 
was tabulated in a table, with the respective OR 
and false discovery rate (FDR). To investigate the 
effect of hormone receptor status, we repeated the 
analysis in hormone receptor-positive and hor-
mone receptor-negative cohorts, respectively,  
and the ERBB2 non-neutral copy number cohort 
was further sub-categorized into gain/amplifica-
tion (GISTIC = 1 or 2) and heterozygous loss 
(GISTIC = −1) to pinpoint the contributing sub-
group in differentially altered genes.
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Analysis of differentially expressed genes was per-
formed in a similar approach. Since TCGA and 
METABRIC datasets were sequenced in differ-
ent platforms (RNA-seq for TCGA and microar-
ray for METABRIC), we employed DESeq229 
and limma,30 respectively, within TCGA and 
METABRIC datasets, to detect differentially 
expressed genes at FDR < 0.01 and abs(fold 
changes) > 1. Pathway enrichment analysis was 
then performed via Enrichr,31–33 using the KEGG 
database, to identify pathways that are signifi-
cantly enriched in neutral and non-neutral 
cohorts, based on the upregulated genes that are 
shared between two datasets.

Statistical analysis
Comparisons of the frequencies of categorical 
variables were performed using Pearson’s chi-
squared tests. Box–Whisker plots were used to 
represent continuous variables and Mann–
Whitney–Wilcoxon tests with Bonferroni correc-
tion were used to evaluate potential associations. 
All statistical calculations were performed assum-
ing a two-sided test with a significance level of 
0.05 unless otherwise stated. All tests were per-
formed using MedCalc for Windows version 
19.0.4 (MedCalc Software, Ostend, Belgium).

Results

Patient cohort
A total of 1875 patients diagnosed with stage 
I–III HER2-negative (i.e. IHC score of 0–2+ and 
HER2-negative on ISH if HER2 2+) breast can-
cers were extracted from the METABRIC 
(n = 1192) and TCGA (n = 683) datasets. These 
include hormone receptor-positive (n = 1520) and 
hormone receptor-negative (n = 355) cases. 
Nearly two-fifths of the cases harbored ERBB2 
CNAs or non-neutral ERBB2 status (n = 739; 
39.4%), which included amplification (n = 57), 
gain (n = 242), and heterozygous loss (n = 440). 
The remaining were ERBB2 neutral (n = 1136; 
60.6%).

In hormone receptor-negative breast cancer, het-
erozygous loss of ERBB2 was most commonly 
observed (44.5%), followed by neutral (43.9%), 
gain (9.6%), and amplification (2.0%). In hor-
mone receptor-positive breast cancer, ERBB2 
was most commonly copy number neutral 
(64.5%), while heterozygous loss (18.6%), gain 

(13.7%), and amplification (3.3%) were observed 
in the rest (Table 1, Supplemental Figure 1). 
Altogether, non-neutral ERBB2 CNA status was 
significantly more common within hormone 
receptor-negative (56.1%) than within hormone 
receptor-positive BCs (35.5%; p < 0.0001). We 
observed that there was a higher proportion  
of stage 1 cancer with neutral ERBB2 CNA  
status (374/557; 67.1%), compared to 59.5% 
(649/1090) of stage II tumors and 49.6% 
(113/228) of stage III disease. Notably, grade I 
breast cancers also had proportionately more 
ERBB2 neutral tumors (89/107; 83.2%), com-
pared to 73.8% (360/488) of grade 2 tumors and 
54.8% (304/555) of grade 3 tumors.

Somatic mutation and copy number landscape
The list of 53 breast cancer-related genes is shown 
in Figure 1(a). The contribution of each variant 
type for the top 10 differentially altered genes, 
among these 53 genes, was exhibited in a co-bar-
plot between the ERBB2 neutral and non-neutral 
cohorts. Alterations in BRCA1, NF1, TP53, 
MAP2K4, and NCOR1 were most prevalent in 
the ERBB2 non-neutral cohort [detected in 
⩾85% of cases; Figure 1(b) and Supplemental 
Table 1]. ERBB2, BRCA1, and NF1 lie on chro-
mosome 17q, while TP53, MAP2K4, and NCOR1 
are located on chromosome 17p, suggesting a 
possible molecular pathologic event in ERBB2 
non-neutral cases within classical HER2-negative 
breast cancers.

In the whole cohort, the median TMB of ERBB2 
neutral and non-neutral tumors was similar  
at 3.00 mt/Mb and 2.63 mt/Mb, respectively 
(p = 0.1254). TMB was also not significantly dif-
ferent within hormone receptor-positive (neutral, 
3.00 and non-neutral, 2.63; p = 0.1158) and hor-
mone receptor-negative cohorts [neutral, 3.89 
and non-neutral, 2.82; p = 0.6720; Figure 1(c)]. 
Globally, CNAs across the entire genome were 
significantly higher in the ERBB2 non-neutral 
(whole cohort: 11,360; hormone receptor-nega-
tive cohort: 14,618; hormone receptor-positive 
cohort: 9318) compared to neutral (whole cohort: 
4313; hormone receptor-negative cohort: 8350; 
hormone receptor-positive cohort: 4128) cohorts 
[p < 0.0001; Figure 1(d)]. An association analysis 
was performed between ERBB2 copy number 
and estimated ploidy from AbsCN-seq, based  
on the copy number data from METABRIC  
and a combination of copy number and single 
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Table 1. Characteristics of HER2-negative breast cancers from TCGA and METABRIC according to ERBB2 CNA status.

Characteristics Total (%) p Value

Neutral n = 1136 Heterozygous 
loss n = 440

Gain n = 242 Amplification 
n = 57

Overall 
n = 1875

Hormone receptor status

 Positive 980 (86.3%) 282 (64.1%) 208 (86.0%) 50 (87.7%) 1520 (81.1%) <0.0001

 Negative 156 (13.7%) 158 (35.9%) 34 (14.0%) 7 (12.3%) 355 (18.9%)

Age at diagnosis (years)

 Below 40 48 (4.2%) 43 (9.8%) 13 (5.4%) 4 (7.0%) 108 (5.8%) 0.0007

 40–49 194 (17.1%) 79 (18.0%) 39 (16.1%) 12 (21.1%) 324 (17.3%)

 50–59 271 (23.9%) 121 (27.5%) 60 (24.8%) 8 (14.0%) 460 (24.5%)

 60–69 341 (30.0%) 104 (23.6%) 70 (28.9%) 22 (38.6%) 537 (28.6%)

 70–79 209 (18.4%) 59 (13.4%) 42 (17.4%) 11 (19.3%) 321 (17.1%)

 80 and over 73 (6.4%) 34 (7.7%) 18 (7.4%) 0 (0.0%) 125 (6.7%)

Stage

 1 374 (32.9%) 107 (24.3%) 61 (25.2%) 15 (26.3%) 557 (29.7%) 0.0002

 2 649 (57.1%) 260 (59.1%) 151 (62.4%) 30 (52.6%) 1090 (58.1%)

 3 113 (9.9%) 73 (16.6%) 30 (12.4%) 12 (21.1%) 228 (12.2%)

Tumor status

 T1 120 (10.6%) 42 (9.5%) 33 (13.6%) 1 (1.8%) 196 (10.5%) <0.0001

 T2 183 (16.1%) 123 (28.0%) 83 (34.3%) 6 (10.5%) 395 (21.1%)

 T3 38 (3.3%) 20 (4.5%) 15 (6.2%) 3 (5.3%) 76 (4.1%)

 T4 5 (0.4%) 7 (1.6%) 4 (1.7%) 0 (0.0%) 16 (0.9%)

 Unknown 790 (69.5%) 248 (56.4%) 107 (44.2%) 47 (82.5%) 1192 (63.6%)

Nodal status

 N0 175 (15.4%) 112 (25.5%) 66 (27.3%) 3 (5.3%) 356 (19.0%) <0.0001

 N1 119 (10.5%) 37 (8.4%) 48 (19.8%) 4 (7.0%) 208 (11.1%)

 N2 33 (2.9%) 28 (6.4%) 10 (4.1%) 2 (3.5%) 73 (3.9%)

 N3 17 (1.5%) 14 (3.2%) 8 (3.3%) 1 (1.8%) 40 (2.1%)

 Unknown 792 (69.7%) 249 (56.6%) 110 (45.5%) 47 (82.5%) 1198 (63.9%)

Grade

 1 89 (7.8%) 12 (2.7%) 5 (2.1%) 1 (1.8%) 107 (5.7%) <0.0001

 2 360 (31.7%) 69 (15.7%) 45 (18.6%) 14 (24.6%) 488 (26.0%)

 3 304 (26.8%) 163 (37.0%) 56 (23.1%) 32 (56.1%) 555 (29.6%)

 Unknown 383 (33.7%) 196 (44.5%) 136 (56.2%) 10 (17.5%) 725 (38.7%)

CNA, copy number alteration; HER2-, human epidermal growth factor receptor 2; METABRIC, Molecular Taxonomy of Breast Cancer International 
Consortium; TCGA, the cancer genome atlas.
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Figure 1. Genomic landscape of study cohort. Somatic mutational and copy number analysis was performed for 1875 cases from 
both METABRIC (n = 1192) and TCGA (n = 683) datasets. (a) An oncoplot is generated with the 53 breast cancer-related genes, which 
are comprised of variants with >25% of mean allele frequency. (b) The top 10 differentially altered genes from these 53 genes were 
shown in a co-barplot between the neutral and non-neutral cohorts. (c) Mann–Whitney–Wilcoxon tests, with Bonferroni correction, 
were performed for the TMB between patients harboring neutral and non-neutral ERBB2 copy numbers, for the whole cohort as well 
as within hormone receptor-negative and hormone receptor-positive cohorts, respectively. There is no significant difference in TMB 
between neutral and non-neutral copy numbers for all three comparisons (median of whole cohort and neutral: 3.00, whole cohort 
and non-neutral: 2.73, hormone receptor-negative and neutral: 3.89, hormone receptor-negative and non-neutral: 2.82, hormone 
receptor-positive and neutral: 3.00, hormone receptor-positive and non-neutral: 2.63). (d) As in (c), same statistical tests were 
performed on the frequency of CNA for all three different comparisons, and non-neutral cases have significantly more CNAs than 
those of neutral cases in whole cohort, hormone receptor-negative, and hormone receptor-positive cohorts (median of whole cohort 
and neutral: 4313, whole cohort and non-neutral: 11,360, hormone receptor-negative and neutral: 8350, hormone receptor-negative 
and non-neutral: 14,618, hormone receptor-positive and neutral: 4128, hormone receptor-positive and non-neutral: 9318). (e) An 
association analysis was performed between ERBB2 copy number and estimated ploidy from AbsCN-seq, based on the copy number 
data from METABRIC and a combination of copy number and single nucleotide variant data from TCGA. No significant association 
was detected between copy number and ploidy for all three comparisons (p values are annotated on top of bar chart).
CNA, copy number alteration; METABRIC, Molecular Taxonomy of Breast Cancer International Consortium; TCGA, The Cancer Genome Atlas; TMB, 
tumor mutation burden.

nucleotide variant data from TCGA. No signifi-
cant association was detected between copy num-
ber and ploidy [Figure 1(e)].

Enrichment for alterations in seven genes 
(BRCA1, NF1, TP53, MAP2K4, NCOR1, TET2, 

and STK11) was demonstrated in both ERBB2 
gain/amplification and heterozygous loss sub-
groups in the whole cohort, as well as in the hor-
mone receptor-positive cohort (Supplemental 
Table 2 and Figure 2). Notably, BRCA1 and NF1 
CNA were largely in congruence with ERBB2 
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Figure 2. Genomic alteration landscape within ERBB2 CNA subgroups. Additional differential mutational and 
CNA analysis was performed among three groups of copy number: neutral (GISTIC = 0), gain/amplification 
(GISTIC = 1 or 2), and heterozygous loss (GISTIC = −1) for (a) the whole cohort, (b) hormone receptor-positive, 
and (c) hormone receptor-negative cohorts of HER2-negative breast cancers, as depicted in co-barplots. 
Similar to Figure 1(b), the top 10 differentially altered genes among the 53 genes were shown for each 
comparison. Seven genes (BRCA1, NF1, TP53, MAP2K4, NCOR1, TET2, and STK11) were shared among ERBB2 
gain/amplification and heterozygous loss subgroups in the whole cohort, as well as in the hormone receptor-
positive cohort.
Amp, amplification; GISTIC, Genomic Identification of Significant Targets in Cancer; Het loss, heterozygous loss.

CNA status, while TP53, MAP2K4, and NCOR1 
showed frequent copy number loss regardless. In 
keeping with these findings from gene-level copy 
number analysis, arm-level loss in chromosome 
17p was most prevalent regardless of ERBB2 
gain, amplification, or loss. Whereas chromo-
some 17q arm-level alterations were largely in 
tandem with ERBB2 CNA status (Figure 3).

Gene expression analysis
Differential expression analysis between ERBB2 
copy number non-neutral and neutral cases 

revealed a total of 11,600 and 4612 differentially 
expressed genes respectively within TCGA and 
METABRIC datasets, at FDR < 0.01 and abs(fold 
changes) > 1 [Figure 4(a)]. Among these genes, 
1704 (upregulated in non-neutral cases) and 964 
(upregulated in neutral cases) were shared between 
these two datasets, and they were used in the path-
way enrichment analysis (with the KEGG data-
base). Specifically, pathways involved in the cell 
cycle, proteasome, and DNA replication were 
upregulated in ERBB2 non-neutral cases [Figure 
4(b) and (c)]. Using the same filtering criteria of 
FDR < 0.01 and abs(fold changes) > 1, additional 
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differential expression analysis was performed 
among three groups of ERBB2 CNA status: 
ERBB2 neutral (GISTIC = 0), gain/amplification 
(GISTIC = 1 or 2), and heterozygous loss 
(GISTIC = −1) for the whole cohort, hormone 
receptor-positive, and hormone receptor-negative 
cohorts of HER2-negative breast cancers from 
TCGA (Supplemental Table 3). Enrichment for 

cell cycle, proteasome, and DNA replication path-
ways was noted in both ERBB2 gain/amplification 
and heterozygous loss subgroups (Supplemen tal 
Figure 2A). These findings are mainly  
attributed to the hormone receptor-positive  
cohort (Supplemental Figure 2B and C). The 
METABRIC dataset was not utilized for this anal-
ysis since no differentially enriched pathways were 

Figure 3. Distribution of TCGA arm-level data with respect to ERBB2 copy number in each chromosome. In 
keeping with findings from gene-level CNA analysis, arm-level loss in chromosome 17p was most prevalent 
regardless of ERBB2 gain, amplification, or loss. Whereas, chromosome 17q arm-level alterations were largely 
in tandem with ERBB2 CNA. Only the TCGA dataset is included since no arm-level data are available for the 
METABRIC dataset.
ERBB2 copy number gain, loss, or neutral (unchanged).
CNA, copy number alteration; METABRIC, Molecular Taxonomy of Breast Cancer International Consortium; TCGA, the cancer 
genome atlas.
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significantly detected amongst the three sub-
groups, due to the smaller number of differentially 
expressed genes observed with the microarray 
sequencing platform.

Discussion
The traditional classification of breast cancers 
based on HER2 status is grounded on protein 
expression on IHC and/or gene copy number  
status on ISH.2,3 Approximately 60% of ‘HER2-
negative’ breast cancers display low immunohis-
tochemical expression of HER2, including in 
both hormone receptor-positive and hormone 
receptor-negative subtypes. Although patients 
with this group of breast cancers do not classically 

benefit from HER2-directed therapies, recent 
clinical trials demonstrated significant improve-
ments in clinical outcomes with trastuzumab der-
uxtecan, an antibody–drug conjugate composed 
of an anti-HER2 antibody linked to a topoisomer-
ase I inhibitor payload.7 In our previous study, 
tumors harboring HER2 IHC scores of 1+ 
showed improved prognosis, as did those with 
ERBB2 CNA neutral status.19 ERBB2 gene 
expression levels were correlated with both IHC 
and CNA scores in the TCGA-METABRIC 
cohort, with higher gene expression detected in 
patients with higher IHC and CNA scores, 
though no association with survival outcomes 
could be demonstrated based on RNA expres-
sion. These results highlight the complexities of 

Figure 4. Differential expression analysis between ERBB2 copy number non-neutral and neutral cases for TCGA and METABRIC 
datasets. (a) Volcano plots showing fold changes and p values of differentially expressed genes in respective datasets, with light blue 
color representing genes passing the filter of FDR < 0.01 and fold changes >1 (i.e. genes that are upregulated in non-neutral cases), 
and light red color representing genes passing the filter of FDR <0.01 and fold-changes < (−1; i.e. genes that are upregulated in 
neutral cases). There are 7456 and 2597 genes that are, respectively, upregulated in TCGA and METABRIC datasets of non-neutral 
cases, as well as 4144 and 2015 genes in neutral cases; 1704 and 964 genes are shared between these two datasets for non-neutral 
and neutral cases, respectively. These genes are later used in the pathway enrichment analysis of (b) non-neutral and (c) neutral 
cases with the KEGG database.
FDR, false discovery rate; METABRIC, Molecular Taxonomy of Breast Cancer International Consortium; TCGA, The Cancer Genome Atlas.
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subclassifying HER2-negative breast cancers and 
may imply new approaches for therapeutic 
intervention.

Current assays for the assessment of HER2 status 
rely largely on conventional IHC testing, along 
with ISH testing when deemed equivocal (2+). 
The accuracy of these scoring methods, particu-
larly for HER2 IHC in the low (0 and 1+) range, 
has been questioned. Data assessment from 
College of American Pathologists surveys showed 
a poor agreement in the evaluation of HER2 IHC 
scores of 0 and 1+, while a study on 18 patholo-
gists demonstrated a concordance of only 26% 
between 0 and 1+ scores. Alternative quantitative 
methods for improved disease classification and 
optimal patient selection for therapy are therefore 
urgently warranted.11 Our results suggest that 
ERBB2 CNA estimation may offer a feasible 
approach for this purpose, although the ideal 
assay remains to be determined. Standard tar-
geted FISH assays feature five ASCO-CAP 
groupings, with classic HER2-amplified breast 
cancer defined by HER2/CEP17 ratio ⩾2 and 
mean HER2 copy number ⩾4. Classic HER2 
non-amplified breast cancer is defined by HER2/
CEP17 ratio <2 and mean HER2 copy number 
<4, while the other four groups are defined as 
negative unless trumped by concurrent IHC 
scores.34 The minimum cutoffs representing 
‘HER2-low’ will require further studies.

Genome-wide assays such as array comparative 
genomic hybridization (aCGH), single nucleotide 
polymorphism arrays, and next-generation 
sequencing (NGS) methods offer yet additional 
options for obtaining ERBB2 CNA status, along 
with other potentially actionable genomic infor-
mation.35–38 To our knowledge, data comparing 
contemporary IHC and FISH with various 
genome-wide assays are not available currently. 
In addition, the impact of intratumoral heteroge-
neity will need to be carefully assessed. The ques-
tion of whether ERBB2 CNA status can predict 
benefit from novel HER2 ADCs also merits fur-
ther investigation. ERBB2 heterozygous loss 
might be associated with upfront resistance to 
trastuzumab–deruxtecan based on biomarker 
analyses from the DAISY trial.39,40 Perhaps with 
the increasing adoption of NGS technologies in 
the clinical setting, an NGS-based diagnostic 
approach to ERBB2 CNA status assessment that 
complements conventional IHC/FISH testing 
might be feasible in the near future.

Breast cancer is known to have a generally low 
mutation burden, but is characterized by the high 
number of CNAs compared to other tumor 
types.41 From our analysis, nearly two-fifths of 
HER2-negative non-metastatic breast cancers 
harbored ERBB2 CNAs, with heterozygous loss 
being most commonly observed. Non-neutral 
ERBB2 CNA status was significantly more preva-
lent within hormone receptor-negative as com-
pared to hormone receptor-positive breast cancers 
(56.1% versus 35.5%, respectively) and was pre-
viously shown to be an independent prognostic 
factor for worse relapse-free survival.19 
Interestingly, non-neutral ERBB2 status was 
associated with a significantly higher genome-
wide burden of CNAs, although there were no 
statistically significant differences in TMB and 
ploidy. In terms of specific genes, somatic altera-
tions (particularly CNA) in genes on chromo-
some 17 – TP53, NF1, BRCA1, MAP2K4, and 
NCOR1 – were more prevalent in the ERBB2 
non-neutral group. This observation is related to 
chromosomal arm-level events and is consistent 
with previous studies reporting a high frequency 
of 17p (short arm) losses but with complex com-
binations of gains and losses within 17q (long 
arm).42 Furthermore, our results suggest that 
ERBB2 CNA, particularly heterozygous loss, is 
accompanied almost always by concurrent loss of 
major tumor suppressor genes on chromosome 
17.43–46 The implications of these genes as poten-
tial contributors driving the inferior prognosis in 
this group of breast cancers warrant further 
investigation. In keeping with the association of 
ERBB2 CNA with worse patient survival out-
comes,19 analysis of differential gene expression 
revealed upregulated oncogenic pathways such 
as those involved in cell cycle signaling and DNA 
replication in the ERBB2 non-neutral group. 
Our findings are in keeping with a previous report 
demonstrating high somatic CNA burden with 
worse survival in patients with breast cancer,47 as 
well as in prostate, endometrial, renal clear cell, 
thyroid, and colorectal cancer.48 In other studies, 
higher somatic CNA burden was also associated 
with poorer responses to immunotherapy in mel-
anoma,49,50 non-small-cell lung cancer,51 gastro-
intestinal cancer,52 and other metastatic 
cancers.41

The current findings are limited by the availabil-
ity of datasets used for the in silico analysis. We 
focused on non-metastatic, stage I–III HER2-
negative breast cancers to follow up on our 
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previous findings of inferior survival in ERBB2 
non-neutral breast cancer in the non-metastatic 
setting.19 Specific results pertaining to breast can-
cer subtypes, particularly hormone receptor-neg-
ative cases, will require validation in larger 
cohorts. Given that the new classification of 
HER2-low breast cancers impacts treatment 
decisions only in the metastatic setting currently, 
additional investigation in metastatic breast can-
cers may be required.

Conclusion
In conclusion, our work highlights the complexity 
of HER2-negative breast cancers in the context of 
their copy number status. Apart from differences 
in survival outcomes, the classification of HER2-
negative breast cancers according to ERBB2 
CNA status reveals distinct patterns of genomic 
aberrations especially in chromosome 17 genes. 
The biological and therapeutic implications of 
CNA classification merit further research.
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