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Comprehensive genomic characterization
of HER2-low and HER2-0 breast cancer
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Ana C. Garrido-Castro 1,2,3, Romualdo Barroso-Sousa6,7,
Brittany L. Bychkovsky 2,3,8, Simona DiLascio1, Lynette Sholl 1,
Laura MacConaill1, Neal Lindeman1,12, Bruce E. Johnson1,
Matthew Meyerson 1,3,5, Rinath Jeselsohn 1,2,3, Xintao Qiu 1, Rong Li 1,
Henry Long 1, Eric P. Winer9, Deborah Dillon3,10, Giuseppe Curigliano 11,
Andrew D. Cherniack1,3,5, Sara M. Tolaney 1,2,3,14 & Nancy U. Lin1,2,3,14

The molecular underpinnings of HER2-low and HER2-0 (IHC 0) breast tumors
remain poorly defined. Using genomic findings from 1039 patients with HER2-
negative metastatic breast cancer undergoing next-generation sequencing
from 7/2013-12/2020, we compare results between HER2-low (n = 487, 47%)
and HER2-0 tumors (n = 552, 53%). A significantly higher number of ERBB2
alleles (median copy count: 2.05) are observed among HER2-low tumors
compared to HER2-0 (median copy count: 1.79; P = 2.36e-6), with HER2-0
tumors harboring a higher rate of ERBB2 hemideletions (31.1% vs. 14.5%). No
other genomic alteration reaches significance after accounting for multiple
hypothesis testing, and no significant differences in tumor mutational burden
are observed between HER2-low and HER2-0 tumors (median: 7.26mutations/
megabase vs. 7.60 mutations/megabase, p = 0.24). Here, we show that the
genomic landscape of HER2-low and HER2-0 tumors does not differ sig-
nificantly, apart fromahigher ERBB2 copy count amongHER2-low tumors, and
a higher rate of ERBB2 hemideletions in HER2-0 tumors.

For over two decades, HER2 has been classified in a binary fashion in
breast oncology: positive, if overexpressed (immunohistochemistry
[IHC] 3+) or amplified (positive in situ hybridization [ISH]), and negative
in the absence of these alterations1. Based on this paradigm, 80–85% of
breast cancerswere traditionally definedasHER2-negative, despite over
half of these having detectable HER2 protein by IHC2. According to the
latest American Society of Clinical Oncology/College of American

Pathologists (ASCO/CAP) Guidelines for HER2 testing, HER2-negative
breast cancers include tumors with HER2 IHC scores of 0, 1+ or 2+/ISH-
negative1, for which treatment with traditional HER2-targeting
agents has not demonstrated meaningful clinical benefits3,4. A para-
digm shift in this setting has however occurred with the emergence of
anti-HER2 antibody-drug conjugates (ADCs)5, several of which have
demonstrated relevant activity among patients with HER2-negative
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metastatic breast cancer (MBC) exhibiting HER2-low expression,
defined as IHC 1+ or 2+/ISH-negative6–10. In this setting, the phase 3
DESTINY-Breast04 trial demonstrated that trastuzumab deruxtecan (T-
DXd) is associated with substantial improvements in progression-free
survival and overall survival compared with traditional chemotherapy
among patients with HER2-low MBC11, leading to the approval of the
drug by the U.S. Food and Drug Administration and European Medi-
cines Agency, and reshaping treatment algorithms in breast oncology.

Currently, patients with HER2-low MBC may be offered T-DXd,
whereas T-DXd is not considered the standard of care in patients with
HER2 IHC 0 (hereafter referred to as HER2-0) MBC. However, it
remains unclear whether HER2-low breast cancer should be con-
sidered a distinct molecular entity, with different genomic under-
pinnings compared with HER2-0 tumorsbreast cancer12,13.

In this study, we aim to characterize the genomic profile of HER2-
low tumors across a largepopulationof patientswithMBCevaluated at
Dana-Farber Cancer Institute and to compare it with the genomic
profile of HER2-0 tumors after correcting for potential confounding
variables.

Results
Cohort characteristics
A total of 1039 patients met the inclusion criteria and were included in
this study (Supplementary Fig. 1). Baseline demographics and clin-
icopathologic characteristics according to HER2 status are reported in
Table 1, Supplementary Table 1, and in the Source Data. In total, 487
patients had HER2-low (46.9%), and 552 patients had HER2-0 (53.1%)
status in the tumor tested with NGS. Most of the tumors were from
metastatic lesions (n = 777, 74.8%), and only a minority were primary
tumors (n = 238, 22.9%) or local recurrences (n = 24, 2.2%). In terms of
procedures utilized to collect tissue, most of the tissue derived from
tumor biopsies performed in clinical practice for the biologic char-
acterization of tumors (72%, n = 750), with a similar proportion of
samples collected via biopsy across HER2-low (71%, n = 344) and HER2-
0 patients (73%, n = 406). Among the samples collected in the meta-
static setting, the median time from metastatic diagnosis to tissue
collection was 12 days (interquartile range: 0–153).

Overall, 706 (67.9%) of the patients had estrogen receptor (ER)-
positive, 39 (3.8%) had ER-low, and 288 (27.7%) had ER-negative dis-
ease; 6 (0.6%) did not have an available ER status on the specimen
undergoing NGS. A significant difference was observed in the dis-
tribution of ER status between HER2-low and HER2-0 samples: 370
(76.0%) HER2-low vs. 336 (60.9%) HER2-0 ER-positive samples, 18
(3.7%) vs. 21 (3.8%) ER-low, and 94 (19.3%) vs. 194 (35.1%) ER-negative
samples (P = 1.29e-7). As would be expected given the differences in ER
status between patients with HER2-low and HER2-0 tumors, further
differences were observed in the time from initial diagnosis to NGS
testing, the incidence of brain metastases, the incidence of liver
metastases and the receipt of prior endocrine treatments (all P <0.05).

Genomic landscape of HER2-low and HER2-0 breast cancers
Among HER2-low tumors, the most common oncogenic variants were
identified in TP53 (34.8% in the overall HER2-low cohort; 79.8% ER-
negative, 45.5% ER-low, 22.6% ER-positive), PIK3CA (32.9%; 14.9%,
22.7%, 38.2%), CDH1 (15.3%; 5.3%, 22.7%, 17.5%), GATA3 (13.5%; 2.1%,
13.6%, 16.1%), and ESR1 (10.8%; 0%, 9.1%, 13.4%) (Figs. 1 and 2). Onco-
genic variants in the same five genes were also found to be the most
common in the HER2-0 cohort: TP53 (50.3% whole HER2-0 cohort;
87.2% ER-negative, 81.8% ER-low, 26.5% ER-positive), PIK3CA (32.2%;
11.8%, 36.4%, 43.8%), CDH1 (11.8%; 3.1%, 18.2%, 16.4%), GATA3 (8.0%;
1.0%, 0.0%, 12.5%), and ESR1 (7.1%; 0.0%, 0.0%, 11.6%) (Figs. 1 and 2).

In both the HER2-low and the HER2-0 cohorts, only 3 oncogenic
copy number variations (CNVs) were present inmore than 5% of cases:
high amplifications of CCND1 (13.3% HER2-low, 13.2% HER2-0), high
amplifications of FGFR1 (12.3% HER2-low, 9.8% HER2-0), and high

Table 1 | Patient and tumor characteristics among patients
with metastatic breast cancer included in the study

Total popula-
tion (n = 1039)

Patients with
HER2-low
tumors tes-
ted (n = 487)

Patients with
HER2-0 tumors
tested (n = 552)

P-value

Age in years, median
(min, max)

55 (22, 89) 56 (25, 89) 54 (22, 88) 0.06

Sex, n (%) – – 0.92

Female 1028 (99) 482 (99) 546 (99) –

Male 11 (1) 5 (1) 6 (1) –

Ethnicity, n (%) – – – 0.14

African American/Black 50 (4.8) 20 (4.1) 30 (5.4) –

Asian or Pacific Islander 39 (3.7) 16 (3.3) 23 (4.2) –

White 897 (86.3) 433 (88.9) 465 (84.1) –

Other 21 (2.0) 9 (1.8) 12 (2.2) –

Unknown 32 (3.1) 9 (1.8) 23 (4.2) –

Ethnicity, n (%) – – – 0.69

Hispanic 41 (3.9) 18 (3.7) 23 (4.2) –

Non-Hispanic 936 (90.1) 437 (89.7) 499 (90.4) –

Unknown 62 (6.0) 32 (6.6) 30 (5.4) –

Stage at initial diag-
nosis, n (%)

– – – 0.71

DCIS 17 (1.6) 8 (1.6) 9 (1.6) –

I 161 (15.5) 78 (16.0) 83 (15.0) –

II 339 (32.6) 153 (31.4) 186 (33.7) –

III 266 (25.6) 118 (24.2) 148 (26.8) –

IV 245 (23.6) 124 (25.5) 121 (21.9) –

Unknown 11 (1.1) 6 (1.2) 5 (0.9) –

Hormone receptor sta-
tus of sample tested,
n (%)

– – – –

Positive 761 (73.2) 392 (80.5) 369 (66.9) <0.0001

Negative 272 (26.2) 90 (18.5) 182 (33.0) –

Not done 6 (0.6) 5 (1.0) 1 (0.1) –

Estrogen receptor sta-
tus of sample tested,
n (%)

– – – <0.0001

Positive 706 (67.9) 370 (76.0) 336 (60.9) –

Positive low 39 (3.8) 18 (3.7) 21 (3.8) –

Negative 288 (27.7) 94 (19.3) 194 (35.1) –

Not done 6 (0.6) 5 (1.0) 1 (0.2)

Histology at initial
diagnosis, n (%)

– – – 0.09

DCIS 17 (1.6) 8 (1.6) 9 (1.6) –

Invasive ductal carci-
noma (IDC)

758 (73.0) 338 (69.4) 420 (76.1) –

Invasive lobular carci-
noma (ILC)

135 (13.0) 70 (14.4) 65 (11.8) –

Mixed (IDC & ILC) 93 (8.9) 47 (9.7) 46 (8.3) –

Other 11 (1.1) 5 (1.0) 6 (1.1) –

Unknown 25 (2.4) 19 (3.9) 6 (1.1) –

Type of specimen tes-
ted, n (%)

– – – 0.40

Primary breast 238 (22.9) 113 (23.2) 125 (22.6) –

Local recurrence 24 (2.3) 8 (1.6) 16 (2.9) –

Metastasis 777 (74.8) 366 (75.2) 411 (74.5) –

OncoPanel version,
n (%)

– – – 0.90

V1 62 (6.0%) 29 (6.0%) 33 (6.0%) –

V2 268 (25.8%) 128 (26.3%) 140 (25.4%) –

V3 709 (68.2%) 330 (67.8%) 379 (68.7%) –

Time from initial met
diagnosis to OncoPanel
test (median,min,max)a

12 (0, 4224) 15.5 (0, 4224) 9 (0, 3530) 2E-04

All tests were carried out using two-sided tests. For comparisons with categorical variables,
chi-square test was used, while continuous or nominal variables were compared using a
t-test. Duration to OncoPanel test was calculated using a Wilcoxon test. The test statistic
is the underlying distribution for each of these tests with normally calculated degrees of
freedom.
HER2 human epidermal growth factor receptor 2, DCIS ductal carcinoma in situ.
aExcludes those with Procedure Dates Before Metastatic Diagnosis.
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amplifications ofMYC (6.1% HER2-low, 6.1% HER2-0) (Figs. 1 and 2). As
any CNV event that were not high amplifications for oncogenes and
2-copy deletions for tumor suppressor genes were included in the
“variants of unknown significance (VUS)” category, a significantly
higher number of VUSs appear in Fig. 1 as compared to other studies.
Other commonly altered genes are shown in Figs. 1 and 2. Of note, no
homozygous loss of ERBB2 was observed in this cohort.

Comparison of genomic profile by HER2 status
We next compared the genomic landscape of HER2-low and HER2-0
tumors. Logistic regression was used to account for background
mutation or copy number alteration rate, as well as to adjust for ER

status. Common mutations (present in >4% of either HER2-0 or HER2-
low samples) found to be enriched amongHER2-low samples included
MTOR mutations (Odds Ratio [OR], 1.95; 95% CI, 1.04–3.64; P =0.04),
while those enriched among HER2-0 includedMAP3K1mutations (OR,
0.59; 95%CI, 0.40–1.00, P = 0.03), oncogenicNF1mutations (OR, 0.48;
95% CI: 0.24–0.97; P =0.04), and oncogenic TP53mutations (OR, 0.72;
95% CI, 0.53–0.97; P =0.03). However, when adjusting for multiple
hypothesis testing, no difference in the distribution of mutations was
found between HER2-low and HER2-0 tumors (q =0.96 for mentioned
genes, Fig. 3 only including common mutations for simpler
visualization).

When comparing oncogenic CNVs, only ESR1 (OR: 4.89
[1.02–23.13], P =0.05) and IGF1R (OR: 2.53 [1.00–6.40], P = 0.05)
amplifications were enriched in HER2-low tumors, whereas no onco-
genic copy number alterations were enriched in HER2-0 compared to
HER2-low tumors. As CNVs are less common, all oncogenic CNVs are
highlighted in the text as only including commonCNVswould limit the
number severely. When adjusting for multiple hypothesis testing,
however, no difference in the incidence of CNVs retained significance
(Fig. 3). A full table with all converged logistic regression model for all
mutations and all CNVs is provided in the Supplementary Data File.

Tumor mutational burden
No significant differences in estimated tumor mutational burden
(TMB) were observed according to HER2-low status, with a median
TMB of 7.26 (0.76–85.94) for HER2-low and 7.60 (0.00–111.36) for
HER2-0 samples (P =0.24; stratified P by ER status = 0.28, stratified
Kruskal-Wallis test). Overall, 7.1% of the HER2-0 and 6.6% of the HER2-
low tumors were found to be hypermutated (P = 0.86).

ERBB2 copy count
A total of 786 samples were found adequate for ERBB2 copy counts
estimation (HER2-low=369, HER2-0 = 417). Among HER2-low samples,
56 (15.2%) had a single-copy deletion of ERBB2, 247 (66.9%) had no
change, and 66 (17.9%) had an allelic gain, versus 128 (30.7%), 252
(60.4%), and 37 (8.9%) for HER2-0, respectively (Fig. 4), resulting in a
statistically significant difference in distribution after accounting for
ER status (HER2-low median copy count: 2.05, HER2-0 median copy
count: 1.79, P = 2.36e-6, Cochran-Mantel-Haenszel [CMH] test using ER
status as the strata). When comparing HER2 expression against IHC,
similar results are returned with control for ER status (IHC 0 median
copy count: 1.79, IHC 1+median copy count: 2.02, IHC 2+median copy
count: 2.08, P = 4.11e-6, CMH test using ER status as the strata) (Fig. 4).

Sensitivity analysis of metastatic samples
Overall, 801 patients with samples collected while having metastatic
disease and having a known ER status were included in the sensitivity
analysis (HER2-low = 385, HER2-0= 416).

Consistent with the overall analysis, HER2-low samples weremore
likely to be ER-positive (78.7%, vs. 63.2% in HER2-0, P = 2.87e-6). The
top 5 mutated genes for both HER2-low and HER2-0 subgroups were
TP53, PIK3CA, CDH1, ESR1, and GATA3 (Supplementary Fig. 2), with
comparable incidence compared to the overall cohort. CNVs also fol-
lowed a pattern consistent with the overall cohort, with amplifications
in CCND1, FGFR1, and MYC being the most common alterations (Sup-
plementary Fig. 2). When comparing themutational landscape and the
frequency of CNV based on HER2-low expression, no significant dif-
ferences were found after adjusting for multiple hypothesis testing
(Supplementary Fig. 3). TMB also did not differ significantly, with
HER2-low tumors having a median TMB of 7.26 (0.76–85.94), vs. 7.60
(1.33–53.99) for HER2-0 tumors (P =0.07, stratified P = 0.10).

When comparing the estimated ERBB2 genomic copy count, both
HER2-low status and IHC expression were significantly associated with
ERBB2 copy count. A total of 575 samples (HER2-low=291, HER2-
zero=284) were used in this specific analysis. Among HER2-low
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Fig. 1 | Frequency of most common genomic alterations by HER2 status. a The
frequency of copy number variations (CNV); b the frequency of gene mutations.
Shading represents the percentage of oncogenic events. An annotation of “(A)”
beside a gene represents high amplification and “(D)” represents a deep or 2-copy
deletion as the oncogenic event. Unshaded bars represent any other copy number
event. HER2 human epidermal growth factor receptor 2, ER estrogen receptor.
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status. Genes are ordered by frequency of variants in the overall study population.
Percentages listed show the frequency of alterations in HER2-0 and HER2-low,

respectively. All variants represent oncogenic mutations or deep deletions/high
amplifications. TMB (mut/mb) is recorded on the top of the plot. HER2 human
epidermal growth factor receptor 2, MBC metastatic breast cancer, ER estrogen
receptor, TMB tumor mutational burden.

Article https://doi.org/10.1038/s41467-023-43324-w

Nature Communications |         (2023) 14:7496 4



0 1 2 3 4 5
Odds Ratio 

p<0.05
q<0.25

p<0.05
q<0.25

HER2-Low
Depleted

HER2-Low
Enriched

Odds Ratio HER2-Low
Depleted

HER2-Low
Enriched

SDHAF2 2DEL
SDHC 2DEL

CDKN2B 2DEL
CD79B HA
CCND1 HA

MCL1 HA
PIK3C2B HA
ZNF217 HA

MAP2K4 2DEL
MYC HA

RAD21 2DEL
FGFR1 HA
MDM2 HA

CCNE1 HA
CEBPA 2DEL

PTEN 2DEL
PHOX2B 2DEL

GNAS HA
PRKAR1A HA

RB1 2DEL
BRCA2 2DEL

MYB HA
GATA3 2DEL

AKT2 HA
FAS 2DEL
MYBL1 HA
PRKDC HA
IGF1R HA
BRD4 HA
JAK2 HA
ESR1 HA

CCND2 HA
CCND3 HA
BAP1 2DEL

0 1 2 3 4 5
NF1 ONC
BCORL1

KMT2A
RB1 ONC
MAP3K1
KMT2D

RB1
CREBBP

TP53 ONC
SETD2

NF1
TP53
ATRX

ARID1B
CIITA

MAP3K1 ONC
PIK3CA ONC

ARID1A
PRKDC
PIK3CA

NOTCH1
APC

BRCA1
EP300

ATM
ESR1
CDH1

CDH1 ONC
BRCA2

PTEN
ARID1A ONC

GATA3
ESR1 ONC
PTEN ONC

ERBB2
TSC2

GATA3 ONC
ERBB3
ROS1

SF3B1
MTOR

a b
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and HER2-0 (n = 551). a The enrichment analysis for mutations; b the enrichment
analysis for copy number variations (CNV). Modeling was done using multivariate
logistic regression accounting for ER status and background rate of eithermutation
or copy number events, using the statsmodel package in Python. ER-low caseswere
included in the ER-positive group. Only models that reached a significant value for
rejecting the log-likelihood null were included after multiple hypothesis correction
using BH-FDR, as well as those that converged after 500 iterations. Onlymutations
that appeared in over 4% of either all HER2-0 or HER2-low samples were included.
On the left, lines labeled “_ONC” represent only oncogenic mutations, while the

CNVs were done on 2DELs or high amplifications for tumor suppressor genes and
oncogenes, respectively (labeled in the figure). Error bars are reported as the 95%
confidence interval. P-values are determined as the likelihood of the model’s cal-
culated coefficients under the assumption that the true coefficients are 0 and are
reported as two-tailed. Multiple hypothesis correction was done using BH-FDR.
Exact p-values are reported in the source data of this figure. These are the same
statistical tests used in the Supplementary Data File, Supplementary Figs. 3 and 6.
CNVcopynumber variations, ERestrogen receptor,HER2human epidermal growth
receptor factor.
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Fig. 4 | Comparison of ERBB2 copy counts between HER2-low (n = 369) and
HER2-0 tumors (n = 417). Panel a depicts the estimated copy count of ERBB2 by ER
status and HER2 status. The blue line depicts the point at which HER2 would be
called a 1-copy loss and the red line depicts the point at which it would be called a
gain. Panelb shows a similar plot, except colored by IHCstaining forHER2. Samples

with a recorded IHCof unspecified valuewere excluded (HER2-low = 369 andHER2-
0 = 417). Box plots are constructed with the central line as the median, the outer
lines of the box as the lower and upper quartile, and whiskers are equal to 1.5x the
closest quartile. HER2 human epidermal growth factor receptor 2, ER estrogen
receptor, IHC immunohistochemistry.
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samples, 13.0% had a single-copy deletion, 68.7% with no change, and
18.3% with copy number gain (median copy count: 2.05), while among
HER2-0 samples, 32.3%had single-copydeletion, 60.8%no change, and
6.9% copy number gain (median copy count: 1.76), mirroring the
results observed in the overall cohort. Both HER2-low status and the
HER2 IHC scorewere found significantly associatedwith the estimated
ERBB2 copy count when corrected for ER status (P = 1.42e-7 and
P = 5.53e-6, respectively P) (Supplementary Fig. 4).

Sensitivity analysis of IHC 2+ vs. IHC 0 samples
Given some studies suggesting incomplete concordance in the
pathologic scoring of HER2 IHC 0 vs 1+, a sensitivity analysis was car-
ried out by comparing only HER2-low designated samples that stained
IHC 2+/not amplified against the HER2-0 cohort for samples with a
recorded ER status. This filtering left a total of 759 samples (549 HER2-
0, 210 HER2-low) for analysis.

Slightly more HER2 IHC 2+ samples were ER-positive (78.1%,
P = 5.86e-6 < 0.001) in this smaller cohort, while TMB was not sig-
nificantly different between the twogroups,with amedianTMBof 7.26
(0.76–38.02) for HER2 2+ and a median TMB of 7.60 for HER2-0
(0.0–111.36, P = 0.86). Common oncogenic genomic mutations in the
HER2 IHC 2+ cohort included the same as in the larger analysis with
PIK3CA (36.2% HER2 IHC 2+ samples; 26.3% ER-negative, 37.5% ER
positive-low, 38.7% ER-positive), TP53 (32.9%; 78.9%, 87.5%, 19.6%),
CDH1 (14.8%; 7.9%, 12.5%, 16.6%), GATA3 (13,8%; 0%, 0%, 17.8%), and
ESR1 (11.4%; 0%, 12.5%, 14.1%) the most common, which was similar to
the overall cohort, though TP53 was replaced by PIK3CA as the most
commonmutation. Copy number eventswere also similar and a plot of
commonly altered samples can be seen in Supplementary Fig. 5.

When comparing the mutational landscape and copy number
landscape, no genes rose to significance when accounting for multiple
hypothesis testing (Supplementary Figs. 5 and 6). Mutations in similar
genes, TP53 and NF1, were found to be enriched in HER2-0 before
multiple hypothesis testing. As the results of comparing the HER2 IHC
and ERBB2 copy count values were already described, the values are
not restated here.

Discussion
The demonstration of the targetability of HER2-low expression in
breast oncology has ignited an extensive debate regarding whether to
consider HER2-low a distinct entity within HER2-negative breast can-
cers. Among the criteria required to support the definition of a new
entity, a critical one pertains to the presence of distinct patterns of
genomic alterations14. Key genomic and gene expression differences
are indeed established among traditional subtypes of breast cancer
(i.e., luminal, HER2-positive, triple-negative)14. However, in our large
study, including over 1000 patients with metastatic breast cancer
undergoing genomic sequencing, after accounting for the confound-
ing factor of ER expression, we did not identify any significant differ-
ence in genemutations,CNV, nor inTMBbetweenHER2-lowandHER2-
0 breast tumors, except for a higher ERBB2 copy count expectedly
found in HER2-low tumors. These results are concordant with those of
other recent genomic studies, highlighting marginal differences in the
genomic landscape between HER2-low and HER2-0 tumors, after cor-
recting for ER expression15,16. For instance, in a cohort of 3608 HER2-
negative patients subjected to targeted NGS sequencing, Marra et al.
found no difference in mutational signatures and tumor mutational
burden overall and when cases were stratified by HR expression16.
When looking at the frequency of gene alterations, no difference was
found in triple-negative HER2-low vs. HER2-0 tumors, regardless of the
stage, and no difference was found in early-stage hormone receptor
(HR)-positive HER2-low vs. HER2-0 tumors; the only identified differ-
encewas a higherTP53mutational rate inmetastaticHR-positiveHER2-
low vs. HER2-0 tumors (OR 1.49)16. Moreover, Schettini et al. found

only marginal differences between HER2-low and HER2-0 tumors at
the transcriptomic level in a cohort of 1576 patients with HER2-
negative breast cancer undergoing PAM50 profiling17. Beyond not
differing in terms of molecular features, HER2-low tumors do not
appear to show clinically relevant differences in terms of prognosis
compared with HER2-0 tumors, as observed in a large cohort study
from our group (n = 5235)18 and in multiple similar studies17,19–29 Taken
together, both molecular and prognostic studies suggest that HER2-
low breast cancer does not represent a distinct molecular entity, but
rather a heterogeneous group of tumors, whose biology and behavior
is primarily dictated by HR expression. Of note, this view is consistent
with the vote provided by 32 experts in the recently published ESMO
Consensus Statements on HER2-low breast cancer.

Despite the lack of an obvious distinct genomic profile, HER2-low
tumors evaluated in our study did show a significantly higher ERBB2
copy number compared with HER2-0 tumors. Intriguingly, the fre-
quency of ERBB2 single-copy deletions among HER2-0 tumors was
double that of HER2-low tumors (31.1% vs. 14.5%), an alteration that has
been suggested to mediate resistance to T-DXd among a small subset
(6%, n = 5/88) of patients treated in the DAISY phase 2 trial30. In this
setting, the identification of a predictor of T-DXd activity in the HER2-
negative disease remains critical, given that HER2 IHC scores appear
inadequate for the purpose. Indeed, similar activity with T-DXd has
been observed in patients having HER2 IHC 1+ and 2+/non-amplified
tumors6,11,31, and meaningful antitumor activity (overall response rate
[ORR] 30%) was observed even in patients with HER2-0 tumors in the
DAISY trial32. Exploration of different means to quantify HER2 status at
the low end of the range and to predict the activity of T-DXd is thus
urgently needed33, with ERBB2 copy counts being a promising bio-
marker warranting further study. Overall, the demonstration of the
molecular similarity between HER2-low and HER2-0 breast tumors
supports the notion that both subsets may potentially benefit from
T-DXd. This finding is partly being tested in the DESTINY-Breast06
phase 3 trial, which tests T-DXd not only among patients with HER2-
low but also with “ultralow”HER2 expression (i.e., >absence <1+, which
is currently considered a subset of HER2-0)34. Nonetheless, until more
prospective data are available, our analysis should not be extrapolated
to treat patients with HER2-0 breast cancer with T-DXd.

Limitations of our study include the retrospective nature of the
analysis, the inclusion of a mixture of samples obtained from meta-
static biopsies andprimary tumors, the inclusion of FPPE frombiopsies
that may not fully capture the spatial heterogeneity of the disease, the
known temporal instability in HER2 expression, the heterogeneity of
treatment administered to patients and the lack of study-specific
central rescoring for HER2 IHC central determination of HER2 IHC
scores. Nonetheless, all efforts were dedicated to minimizing the risk
of bias. Indeed, the inclusion of a large sample size (>1000 patients)
and the use of a consistent method of genomic analysis are expected
to increase the reliability of the results. Moreover, sensitivity analyses
were conducted to strengthen the study results: both when restricting
the comparison at patients with metastatic disease at the time of
sampling and when restricting the comparison at HER2 IHC 2+ vs.
HER2-0 we obtained results that are consistent with the overall study
cohort. Lastly, the comparable proportion of biopsies (vs. resections)
utilized for conducting NGS between HER2-low and HER2-0 patients is
expected to limit the impact of spatial heterogeneity on the results of
our study, reducing the risk for bias.

In conclusion, among a large cohort of patients with HER2-
negativeMBC, the genomic landscapeofHER2-lowandHER2-0 tumors
did not differ significantly after correcting for ER expression, apart
from a higher average number of ERBB2 alleles among HER2-low
tumors. This study supports the notion that HER2-low tumors, as
currently defined, should not be considered a distinct molecular sub-
type of breast cancer.
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Methods
Ethical considerations
We analyzed clinicopathologic data from a prospectively maintained
institutional database of patients with MBC treated at Dana-Farber
Cancer Institute from July 1, 2013, to December 31, 2020, and provided
written informed consent to DF/HCC IRB #11-104 and/or #17-000
(PROFILE study), which allows for genomic profiling with a targeted
exome, tumor-only next-generation sequencing (NGS) platform
(OncoPanel)35. The study was approved under a dedicated protocol
(DF/HCC IRB #17-482) allowing for clinical annotation linked to
OncoPanel data for patients with breast cancer and was carried out in
accordance with the Declaration of Helsinki.

Inclusion criteria
Patients were included if theywere diagnosedwith de novo or recurrent
MBC, and if they had HER2-negative disease per ASCO/CAP criteria at
the time of initial metastatic diagnosis or, if no metastatic diagnostic
biopsy was performed, at the time of primary breast cancer diagnosis.
Patients were excluded if no information on the HER2 IHC score could
be retrieved; if IHC 2+ without available ISH; or if their primary tumor
tested HER2-positive. We then identified patients who underwent suc-
cessfulNGSona specimenwithdetailedHER2 status available. For those
patients who receivedNGS onmore than one specimen, we selected the
closest tumor sample tested after the patient’s initial metastatic diag-
nosis. Patients were classified as either HER2-low if they had a HER2 IHC
score of 1+ or 2+ with negative ISH assay, or HER2-0 if they had an HER2
IHC score of 0 based on the tumor sample tested by NGS.

HER2 status, along with ER and progesterone receptor (PR)
expression, were abstracted from pathology records. Tumors were
considered HR-positive if at least 1% of invasive tumor cells exhibited
immunostaining for either ER or PR36. Among HR-positive tumors,
patients were further divided into ER-low (ER= 1–9%) and ER-positive
(ER ≥ 10%). Other clinicopathologic parameters evaluated according to
HER2-low or HER2-0 status were: age (date of birth), sex, and ethnicity
group,whichwere self-reportedandabstracted fromthemedical record
based on the demographic information collected at the time of patient
registration; stage, tumor histology, ER, PR, and HER2 status at primary
diagnosis,metastatic diagnosis and for the sample tested byOncoPanel,
timing of sample tested (e.g., primary, local recurrence or metastatic
setting), number/type of metastatic sites, receipt of (neo)adjuvant
therapy, and receipt of prior treatments in the metastatic setting.

Tumor genomic analysis
Tumors for all MBC patients were assessed on a targeted, tumor-only
NGS sequencing platform (DFCI-Profile) using the previously validated
OncoPanel assay37. The assay surveys 277 (version 1), 302 (version 2), or
447 (version 3) cancer-associated genes. Genomic testing on formalin-
fixed, paraffin-embedded (FFPE) tissue was performed centrally within
the Center for Advanced Molecular Diagnostics at Brigham and
Women’s Hospital (Boston, MA), a Clinical Laboratory Improvement
Amendments–certified laboratory environment, according to methods
that were previously published37. All FFPE samples underwent histo-
pathologic review prior to DNA extraction for the determination of
adequacy and tumor cellularity, with selection of cases with at least 20%
tumor cellularity. Amanual reviewwas also conducted for samples with
no mutations, no record tumor purity, or pathology review indicating
that the sample may have failed quality checks during sequencing, and
samples that did not meet minimum sequencing depth standards were
excluded. Standard methods were applied for DNA extraction38. Test
results were reviewed by laboratory staff and interpreted by board-
certified pathologists. Genomic calls included mutations and CNVs in
genes thatwereonly foundcommon in all 3 versions ofOncoPanel using
the previously described pipelines35. Mutations were further filtered by
removing variants present in the gnomAD39 and ClinVar40 databases
(both the 7/31/19 update) unless they were foundmore than once in the

COSMIC40 database (7/11/19 update) to remove non-cancer-causing
germline mutations. Filtered mutations were classified as oncogenic
using the OncoKB tool41 (including the “Predicted Oncogenic” and
“Likely Oncogenic” labels as oncogenic) and further in-house determi-
nation of loss-of-function (LOF) mutations in tumor suppressor genes
(TSGs) (Supplementary Table 2). CNVs were further determined as
oncogenic if they were called high amplifications (for OncoPanel, this
refers to any amplificationwith greater than 6 counts) for oncogenes, or
as a two-copy loss for TSGs.

TMB was estimated by counting all mutations after filtering by
gnomAD and COSMIC and dividing by total panel size. Tumors were
further classified as hypermutated (HM) using segmentation analysis42

to determine an inflection point for the rapid increase in TMB; this was
a TMB greater than 15 for this cohort.

ERBB2 integer copy counts were calculated for tumors with
recorded histology-estimated purities and copy number segmentation
using a simple model of allelic gain/loss given by the formula
ð2Log2R ERBB2 + 1Þ�ð2*ð1�Tumor FractionÞ

Tumor Fraction
ð2Log2RERBB2 + 1Þ�ð2*ð1�Tumor FractionÞ

Tumor Fraction As OncoPa-
nel does not sequencematched normal, these integer copy counts do
not account for tumor ploidy and should be treated as relative copy
counts to the overall tumor ploidy.

Statistical analysis
Clinical and baseline genomic categorical characteristics were com-
pared using chi-square between samples with HER2-low and HER2-0
status. Further comparison was done by stratified analysis on ER status,
positive (here defined as ER≥ 1%) vs. negative, using the Cochran-
Mantel-Haenszel test. Continuous and nominal variables were com-
pared using either a t-test or the Kruskal-Wallis test, and stratified values
were calculated using the asymptotic stratifiedKruskal-Wallis test found
in theRpackage coin43. For statistical analyses orfigureswhere ER status
was treated as a covariate or stratifying factor, patients without recor-
ded ER status were excluded (n =6). Exact statistical procedures are
described in the legend of each relevant figure.

Genomic event enrichment (mutations and CNVs) was determined
by logistic regressionmodels to account for background event rate and
ER status. HM status was used in background modeling as a categorical
variable as the number of oncogenic mutations increases logarith-
mically with total number ofmutations (Supplementary Fig. 7). A similar
value was used for copy number by setting a categorical cut-off on the
number of high amplifications and deep deletions and based on
thresholding andwhere themodel performed the best. HER2 status was
treated as a categorical variable.Models that did not converge after 500
iterations were excluded. P-values were calculated for the log-likelihood
(LL) of each model and corrected for multiple hypothesis testing using
Benjamini-Hochberg false discovery rate (BH-FDR) to produce cor-
rectedp-values (q-values). Thosemodels that had LL q-value <0.05were
included in the final results. P-values for coefficients were also corrected
for multiple hypothesis testing using BH-FDR.

For comparing ERBB2 copy number status, copy counts were
converted to a categorical variable based on a simple interpretation of
allelic copies with noise (single-copy deletion: <1.5 calculated copies,
no copy variation: 1.5-2.5 copies, allelic gain: >2.5 copies), and
HER2 status was considered as either quantitative (HER2 IHC 0, 1+, 2+/
non-amplified) or categorical variable (HER2-low vs. HER2-0). Samples
with a recorded IHC value of “Not Otherwise Specified” when under
“2+” were excluded from any comparisons of ERBB2 copy counts, as
were those without recorded tumor purity or copy number segmen-
tation intermediate files generated by the OncoPanel pipeline

Sensitivity analysis
As the overall analysis was derived from patients who had either pri-
mary or metastatic disease at the time of collection of the tissue
sample used forOncoPanel testing, we performed a sensitivity analysis
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by restricting comparisons toonlypatientswhohadmetastatic disease
at the time of tissue sample collection and otherwisemet the inclusion
criteria. An additional sensitivity analysis was performed to compare
the genomic landscape of IHC 2+ and IHC 0 tumors.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The genomic data generated in this study have been deposited in
AACR Project GENIE cBioPortal under the GENIE cohort public project.
The genomic data in GENIE are under restricted access that can be
accessed when agreeing to the terms and conditions of GENIE use.
Clinical molecular, histological, and staging datasets and internally
filtered genomic datasets are available in the Source Data with
matching GENIE identifiers. However, only GENIE data have exact
mutational data such as base change. Exact mutations for samples
missing from GENIE, as well as additional clinical information, may be
acquired from the corresponding author P.T. (Paolo_Tar-
antino@dfci.harvard.edu) if the researcher has proper access as
described in the study protocol and the patient has agreed to sharing
data with external entities. The timescale for data to bemade available
is approximately 6 months and the data will be available for 3
years. Source data are provided with this paper.

Code availability
Code is included for all analyses that required non-standard use of
existing analysis packages; all other code for analysis and figures can
be provided upon reasonable request to the corresponding author,
P.T. (Paolo_Tarantino@dfci.harvard.edu). Requests will need to be
supported by a description of the plan to utilize the code. The planwill
be reviewedby the co-first authors and the senior authors, with the aim
to provide the code within 6 months of the request.
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