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Abstract
Background The HOXB13/IL17RB gene expression biomarker has been shown to predict response to adjuvant and 
extended endocrine therapy in patients with early-stage ER+ HER2- breast tumors. HOXB13 gene expression is the 
primary determinant driving the prognostic and endocrine treatment-predictive performance of the biomarker. 
Currently, there is limited data on HOXB13 expression in HER2+ and ER- breast cancers. Herein, we studied the 
expression of HOXB13 in large cohorts of HER2+ and ER- breast cancers.

Methods We investigated gene expression, genomic copy number, mutational signatures, and clinical outcome 
data in the TGGA and METABRIC breast cancer cohorts. Genomic-based gene amplification data was validated with 
tri-colored fluorescence in situ hybridization.

Results In the TCGA breast cancer cohort, HOXB13 gene expression was significantly higher in HER2+ versus 
HER2- breast cancers, and its expression was also significantly higher in the ER- versus ER+ breast cancers. HOXB13 
is frequently co-gained or co-amplified with ERBB2. Joint copy gains of HOXB13 and ERBB2 occurred with low-level 
co-gains or high-level co-amplifications (co-amp), the latter of which is associated with an interstitial loss that includes 
the tumor suppressor BRCA1. ERBB2/HOXB13 co-amp tumors with interstitial BRCA1 loss exhibit a mutational signature 
associated with APOBEC deaminase activity and copy number signatures associated with chromothripsis and 
genomic instability. Among ERBB2-amplified tumors of different tissue origins, ERBB2/HOXB13 co-amp with a BRCA1 
loss appeared to be enriched in breast cancer compared to other tumor types. Lastly, patients with ERBB2/HOXB13 
co-amplified and BRCA1 lost tumors displayed a significantly shorter progression-free survival (PFS) than those with 
ERBB2-only amplifications. The difference in PFS was restricted to the ER- subset patients and this difference in PFS 
was not solely driven by HOXB13 gene expression.
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Background
The Breast Cancer Index (BCI) is a gene expression–
based signature comprised of two functional biomarker 
panels, the Molecular Grade Index (MGI) and the two-
gene ratio HOXB13/IL17RB. In patients with hormone 
receptor (HR) positive tumors, the HOXB13/IL17RB gene 
expression ratio has been shown to be both a prognos-
tic and predictive biomarker for women with ER+ breast 
cancer [1–5]. As a prognostic biomarker, the HOXB13/
IL17RB gene expression ratio has been shown to predict 
early (0–5 years, yrs), late (5–10 yrs) and overall (0–10 
yrs) distant disease recurrence [4,5], and as a predictive 
biomarker it has been shown to predict adjuvant and 
extended adjuvant endocrine therapy response across 
a variety of treatment scenarios [1–3,6]. HOXB13 is the 
primary determinant of endocrine benefit and response 
[7]. In cell line models of estrogen receptor positive (ER+) 
breast cancer, expression of HOXB13 has been shown to 
be modulated by estradiol and tamoxifen [8]. The clinical 
and preclinical data strongly suggest an important role of 
HOXB13 in ER biology.

HOXB13 is a transcription factor that belongs to the 
homeobox (HOX) gene family, an essential group of 
developmental transcriptional regulators that are critical 
for embryonic development [9–11]. In humans, there are 
39 HOX genes that are divided into four different HOX 
clusters (A, B, C, and D) located on chromosomes 7p, 
17q, 12q, and 2q, respectively [12]. The clustered organi-
zation of HOX genes is highly conserved from Drosophila 
to man and each gene within a cluster displays a pattern 
of expression during embryogenesis that is contingent 
on its relative position within its cluster [13]. Like other 
HOX gene family members, HOXB13 expression is gen-
erally restricted to undifferentiated and/or proliferating 
cells during embryogenesis [11]. However, dysregulated 
expression of HOXB13 has been described in endocrine-
responsive tumors that include prostate, ovarian, endo-
metrial and breast carcinomas [14–17].

Studies investigating the expression of HOXB13 in 
HER2+ and ER- breast cancer are limited. Previously, in 
a small single-institution cohort, we found that HOXB13 
gene expression was positively correlated with HER2 pro-
tein expression in estrogen receptor-positive (ER+) but 
not ER-negative (ER-) tumors [8]. Considering the rela-
tive paucity of data on HOXB13 expression in HER2+ and 
ER- breast cancer, we sought to examine HOXB13 
expression patterns in independent cohorts [8,18–23].

Methods
Data and analysis
Transcriptomics
Messenger RNA (mRNA) sequencing (RNAseq) data 
from the TCGA pancancer atlas breast cancer dataset  (   
h t  t p s  : / / g  d c  . c a  n c e  r . g o  v /  a b o u t - d a t a / p u b l i c a t i o n s / p a n c a n a t 
l a s /     EBPlusPlusAdjustPANCAN_IlluminaHiSeq_RNAS-
eqV2.geneExp.tsv) were used to correlate HOXB13 gene 
expression with immunohistochemical (IHC)-based 
HER2 classification in ER+ (ER+ PR+, ER+ PR-) and ER- 
(ER-PR+ and ER-PR-) breast cancers. ER, PR and HER2 
immunohistochemistry data were obtained from TCGA 
pancancer atlas file clinical_PANCAN_patient_with_fol-
lowup.csv.

Copy number
DNA copy number information was obtained from the 
TCGA pancancer atlas [24]. Absolute copy number 
calls (TCGA_mastercalls.abs_segtabs.txt) and GISTIC 
thresholded per-gene calls (all_thresholded.by_genes_
whitelisted.tsv) were obtained from  h t t  p s : /  / g d  c .  c a n  c e r .  
g o v  / a  b o u t - d a t a / p u b l i c a t i o n s / p a n c a n a t l a s     . GISTIC calls 
were used to identify ERBB2 and HOXB13 gene gains 
(indicated by a value of 1) and amplifications (indi-
cated by a value of 2) and to stratify tumors into sub-
groups. “ERBB2 only” tumors were identified as those 
with ERBB2 GISTIC copy number levels equaling 1 or 2, 
HOXB13 copy number levels of 0 or -1, and BRCA1 copy 
number level of 0, 1, or 2. “Co-gain” tumors were iden-
tified as those with ERBB2 and HOXB13 GISTIC copy 
number levels equaling 1 or 2 and BRCA1 copy number 
level of 0, 1, or 2. “Gap” tumors were identified as those 
with ERBB2 and HOXB13 GISTIC copy number lev-
els equaling 1 or 2 and BRCA1 copy number level of 0 
or -1. “HOXB13 only” tumors were identified as those 
with ERBB2 GISTIC copy number levels of -1 or 0 and 
HOXB13 GISTIC copy number levels of 1 or 2. For the 
validation cohort from Rheinbay et al. [25], the same 
thresholds for GISTIC calls were used to determine gain 
and amplification for each gene using the file all_thres-
holded.by_genes.txt and to separate patients into sub-
groups. Validation copy number and survival data from 
the METABRIC breast cancer cohort [26] and the MSK-
IMPACT study were obtained from the cBioPortal web-
site  (   h t  t p s  : / / w  w w  . c b  i o p  o r t a  l .  o r g / s t u d y / s u m m a r y ? i d = b r 
c a _ m e t a b r i c     and  h t t  p s : /  / w w  w .  c b i  o p o r  t a l  . o  r g / s t u d y / s u m 
m a r y ? i d = m s k _ i m p a c t _ 2 0 1 7     ) . Log2 tumor/normal copy 
ratios and cell line information from the Cancer Cell Line 

Conclusions HOXB13 is frequently co-gained with ERBB2 at both low-copy number level or as complex high-level 
amplification with relative BRCA1 loss. ERBB2/HOXB13 amplified, BRCA1-lost tumors are strongly enriched in breast 
cancer, and patients with such breast tumors experience a shortened PFS.
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Encyclopedia (CCLE) dataset was downloaded from the 
DepMap portal (version 22Q2, downloaded in October 
2023) [27].

Mutational signatures
Mutational signature analysis: Single-nucleotide vari-
ant (SNV) mutational signature assignments for TCGA 
breast cancers were obtained from Polak et al. [28]. 
Signatures were available for a large subset of samples 
studied here (gap: 43/47 samples; co-gain: 178/191; 
ERBB2-only: 78/86). Extracted signatures from Polak et 
al. were associated with known signature names as fol-
lows (as provided by the authors): H1: MSI (microsatel-
lite instability); H2: homologous recombination repair 
deficiency/BRCAness; H3: Aging (cytosine deamination); 
H4: APOBEC.

The SigProfiler algorithm was used on the copy num-
ber (CNV) data from TCGA participants obtained from 
GDC  (   h t  t p s  : / / g  d c  . c a  n c e  r . g o  v /  a b o u t - d a t a / p u b l i c a t i o n s / 
p a n c a n a t l a s     ) to generate mutational signatures (SigPro-
filerAssignment version 0.1.0, SigProfilerExtractor ver-
sion 1.1.23, SigProfilerMatrixGenerator version 1.2.19, 
SigProfilerPlotting version 1.3.18). For the CNV analysis, 
the matrix tool generateCNVMatrix was used to convert 
the ABSOLUTE calls supplied by TCGA (TCGA_mas-
tercalls.abs_segtabs.fixed.txt) into the sigProfiler format. 
sigProfilerAssigment was then used to assign the number 
of contributing events from each of the 25 CNV signa-
tures to each tumor individually.

TP53 and PIK3CA mutation analysis considered all 
mutation types as impactful, except those classified as 
“Silent”, “Intron”, “5’UTR”, “3’UTR”, and “IGR” (intergenic 
region).

Homologous recombination deficiency (HRD) status 
definition
HRD classification followed a four-step approach. First, 
tumors with mismatch repair deficiency (MMRD) or 
POLE-exo mutations were identified using a multi-class 
classifier in SigMA (v2.0;  h t t  p s : /  / w w  w .  m e d  r x i v  . o r  g /  c o n 
t e n t / 1 0 . 1 1 0 1 / 2 0 2 4 . 0 1 . 1 9 . 2 4 3 0 1 2 3 6 v 1     ) , which combines 
SBS signatures and MSISensor scores, and these were 
excluded from HRD analysis to focus on mismatch repair 
proficient (MMRP) samples. Next, we calculated the Sig3 
score for the remaining samples using the SigMA algo-
rithm with TCGA-MC3 mutation data [29]. Since the 
TCGA-MC3 mutation calls differed from previous data-
sets, we developed optimized classifiers specifically for 
this data. We then trained a pan-cancer gradient boost-
ing classifier using the Sig3 score, genomic instability 
score (sum of telomeric allelic imbalance, loss-of-hetero-
zygosity, and large-scale state transitions, using data from 
Thorsson et al. [30], and deletions at microhomologies 
as features. We used this classifier to predict HRD status 

across all TCGA samples, refining predictions using a 
two-step process where BRCA1/2-/- samples served as 
true HRD references. In this process, samples with low 
scores were excluded, while those with high scores were 
added to the HRD class. Additionally, we trained a breast 
cancer specific classifier following the same strategy. 
We used the two scores and selected samples with high 
values for both to determine the HRD, Indeterminate 
and homologous recombinant proficient (HRP) groups 
(Supplementary Table 1; Supplementary Fig.  1A). We 
compared the frequencies of these categories in bins of 
BRCA1/2 alteration categories (Supplementary Fig. 1B).

Fluorescence in situ hybridization
For validation of findings, formalin-fixed paraffin-embed-
ded (FFPE) tumor samples from 79 consecutive HER2-
amplified breast cancer patients diagnosed between 2010 
and 2013 at Massachusetts General Hospital were retro-
spectively collected under IRB protocol 2002-P002059/
MGH. Tumors from the institutional cohort were graded 
using the Nottingham combined histological grade [31]. 
Clinical determination of hormone receptor status and 
HER2-amplification status in the 79-patient validation 
cohort (Supplementary Table 1) was performed at the 
Clinical Laboratory Improvement Amendments (CLIA)-
certified MGH Clinical Immunohistochemistry and 
MGH Center for Integrated Diagnostics laboratories 
following standard protocols [32,33] using monoclonal 
antibody clone 6F11 for ER and clone 16 for PR (Leica 
Microsystems, Inc. Buffalo Grove, IL, USA), and Path-
Vysion HER-2 DNA probe kit (Abbott, Abbott Park, IL 
USA). Fluorescence in situ hybridization (FISH) using 
formalin-fixed paraffin-embedded (FFPE) tumor speci-
mens was employed to analyze HER2 and HOXB13 gene 
amplification status. Briefly, 5-micron sections of FFPE 
tumor material were prepared, and an H&E section 
reviewed to select regions for hybridization that contain 
most tumor cells. A tri-color FISH assay was performed 
using the using a probe specific to the chromosome 17q 
HER2 locus (locus-specific identifier probe derived from 
bacterial artificial chromosome: Her2, RP11-94L15, 
RP11-1044P23, RP11-661A13, spectrum orange, CHORI, 
Oakland, CA), the HOXB13 locus (RP11-49B4, spectrum 
green; CHORI, Oakland, CA) and a copy number control 
probe recognizing centromere 17 (chromosome enumer-
ation probe 17, CEP17: 17p11.1-q11.1, spectrum aqua, 
Abbott Molecular, Des Plaines, IL). FISH probes were 
validated for specificity using normal peripheral blood 
lymphocyte interphase nuclei and metaphase spreads 
(Supplementary Fig. 1C). Signal quantitation was used to 
generate HER2/centromere 17 and HOXB13/centromere 
17 ratios. A ratio of > 2.0 HER2 and HOXB13 to CEP17 
signals in at least 60 interphase tumor cell nuclei was 
considered as amplification of HER2 and HOXB13.

https://gdc.cancer.gov/about-data/publications/pancanatlas
https://gdc.cancer.gov/about-data/publications/pancanatlas
https://www.medrxiv.org/content/10.1101/2024.01.19.24301236v1
https://www.medrxiv.org/content/10.1101/2024.01.19.24301236v1
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Survival analysis
TCGA pancancer atlas progression-free survival (PFS) 
(TCGA-CDR-SupplementalTableS1.xlsx [34]) was 
used for survival analyses. For the METABRIC cohort, 
relapse-free survival (RFS) (METABRIC_KM_Plot__
Relapse_Free_Survival_(months).txt from cBioPortal) 
was used (Supplementary Table 3). TCGA PFS data 
was combined with METABRIC RFS data due to inad-
equate sample sizes for each cohort within each study. 
Because METABRIC RFS was provided in months, we 
converted survival times to days, where 1 month equals 
30.4166 days. Patients were included if they had a “Posi-
tive” or “Negative” ER status according to reported IHC 
and had non-“NaN” survival information. Kaplan-Meier 
survival estimates and statistics Cox multivariate regres-
sion analyses were calculated with the Python Lifelines 
package (Version 0.27.8). ERBB2 only, Co-gain, Gap, 
and HOXB13 only tumors were selected from both stud-
ies based on the same GISTIC copy number thresholds 
as mentioned above. Covariates for the Cox regression 
analysis included gap status, age at diagnosis, nodal sta-
tus (N0 vs. N1,N2,N3), AJCC pathologic stage (stage 1/2 
vs. stage 3/4), HOXB13 mRNA expression, and BRCA1 
GISTIC status. Gap status was assigned as “1” if the par-
ticipant was part of the gap cohort, and “0” if not. Age 
was assigned as a “1” if the participant’s age was ≥50, 
and “0” if < 50. For the TCGA dataset, nodal status was 
provided but for METABRIC, the following assignments 
were made: N0 if the participant had 0 affected lymph 
nodes, N1 for 1–3 nodes, N2 for 4–9 nodes, and N3 is for 
10 or more nodes. Nodal status was then dichotomized 
as described above. Stage for both studies was assigned 
according to the numeral. HOXB13 mRNA stratified into 
the lowest (reference) and highest tertile. BRCA1 GISTIC 
status was assigned to reference (“0”) if the tumor had a 
BRCA1 GISTIC call of -1 (shallow deletion) or -2 (deep 
deletion) and “1” if the tumor had a BRCA1 GISTIC call 
of ≥0.

Statistics
Comparisons between two distributions were performed 
using the non-parametric Mann-Whitney U test. Fisher’s 
exact test was used for contingency tables. Chi squared 
tests were used for categorical tests.

Visualizations
All graphs were generated from custom Python scripts 
using the Seaborn package [35] and the Matplotlib pack-
age [36] Complex structural somatic variations were 
visualized with Circos [37] and gTrack  (   h t  t p s  : / / g  i t  h u b . c o 
m / m s k i l a b - o r g / g T r a c k     version 0.1.0).

Code Availability
Custom analysis scripts are available under  h t t  p s : /  / g i  t h  u b 
. c o m / r h e i n b a y l a b / M i t s i a d e s _ H O X B 1 3 _ 2 0 2 4     .  

Results
HOXB13 and ERBB2 gene expression in HER2 positive 
breast cancer
We have previously demonstrated that HOXB13 mRNA 
expression is positively correlated with HER2 immuno-
histochemistry (IHC) positivity in ER+ but not ER- breast 
cancers [8]. To further expand upon these findings, we 
investigated the correlation of HOXB13 gene expression 
with IHC-based HER2 protein expression in the TCGA 
breast cancer cohort. Paired gene expression (mRNA-
seq), ER and HER2 IHC-based protein expression and 
outcome data were available for 707 TCGA breast can-
cer samples, the cohort which forms the basis for this 
analysis [38]. HOXB13 gene expression was correlated 
with HER2 IHC status with significantly higher HOXB13 
mRNA levels in HER+ vs. HER2- breast cancers, suggest-
ing a potential link between these two genes (Fig.  1A; 
P = 7.98 × 10− 7). Among HER2+ tumors, HOXB13 expres-
sion was significantly higher in the ER- vs. ER+ subset 
(Fig.  1B; P = 7.29 × 10− 3), and among HER2- tumors 
HOXB13 expression was also higher in ER- vs. ER+ sub-
set (Fig.  1C; P = 7.48 × 10− 5), suggesting generally higher 
expression of HOXB13 in ER- disease.

Joint genomic gains of the ERBB2 locus and HOXB13 in a 
subset of breast cancers
The majority of IHC HER2+ breast tumors is driven 
by the somatic acquisition of additional copies of the 
ERBB2 (encoding the HER2 protein) locus on chro-
mosome 17, either through broad, low-copy arm-level 
gains or high-level focal amplification, including those 
caused by chromothripsis [39–41]. The HOXB13 gene 
is located 9  Mb downstream of the ERBB2 locus on 
chromosome 17q. Thus, the relatively close proxim-
ity of these two genes suggests that increased HOXB13 
expression in HER2+ tumors might be due to simultane-
ous ERBB2/HOXB13 gene gain. To test this hypothesis, 
we interrogated absolute copy number calls from the 
TCGA breast cancer cohort for HOXB13 and ERBB2. 
We first confirmed that IHC HER2+ breast cancers were 
enriched for additional ERBB2 gene copies. Among IHC 
HER2+ tumors (133), 19% (n = 25) had low-level (3–4 
total copies) ERBB2 gains and 52% (n = 69) had high-level 
amplifications (≥ 5 copies) (Fig. 2A; interestingly, 31% of 
IHC HER2- cases also had > 2 ERBB2 copies). Consistent 
with our hypothesis, HOXB13 low-level gains or high-
level amplifications were enriched in IHC HER2+ cases: 
53% of IHC HER2+ tumors had HOXB13 gains or amplifi-
cations, compared to 38% of IHC HER2- tumors (Fig. 2B; 
Fisher’s Exact P = 8.41 × 10− 4). For further analyses, we 

https://github.com/mskilab-org/gTrack
https://github.com/mskilab-org/gTrack
https://github.com/rheinbaylab/Mitsiades_HOXB13_2024
https://github.com/rheinbaylab/Mitsiades_HOXB13_2024


Page 5 of 15Mitsiades et al. Breast Cancer Research          (2024) 26:185 

used the TCGA GISTIC-derived copy number calls, as 
they incorporate overall tumor ploidy in the thresholded 
gene-level copy number assessment [42]. Following the 
GISTIC definitions, we classified ERBB2 and HOXB13 
copy number calls with 1 as “gained”, 2 as “amplified”, and 
0 as “unaltered”. ERBB2 and HOXB13 genes were fre-
quently concurrently gained or amplified in the TCGA 
breast cancer cohort (Fig. 2C; Fisher’s Exact P = 2 × 10–94). 
Together, HOXB13 and ERBB2 were jointly gained at low 
level or co-amplified at high-level in 240 participants 
(22.6%; Fig. 2C). ERBB2 without HOXB13 was gained or 
amplified in 87 cases (8.2%, Fig. 2C), and HOXB13 with-
out ERBB2 was gained or amplified in 67 tumors (6.3%; 
Fig.  2C). Although most of the tumors with ERBB2 
high-level amplification (with or without HOXB13) were 
HER2+ by IHC, we also observed several HER2- cases 
with amplification (Supplementary Fig. 2A). Similarly to 
TCGA, HOXB13 gains and amplifications co-occurred 
with ERBB2 events and were enriched in HER2+ tumors 
from METABRIC (Supplementary Fig.  2B-E; Fisher’s 
P = 0.001826), supporting that ERBB2/HOXB13 joint 
gains and amplifications are common in breast cancer. 
To further validate joint ERBB2/HOXB13 copy num-
ber changes, we performed tri-color fluorescence in situ 

hybridization (FISH) for ERBB2, HOXB13, and CEP17 
in an independent retrospective consecutive cases series 
of 79 HER2 IHC3+, HER2-amplified (ERBB2/CEP17 
genomic ratio ≥ 2) breast cancers diagnosed at MGH 
(Fig. 2D, E). Consistent with the TCGA and METABRIC 
data, HOXB13 was concurrently gained or co-amplified 
in 18 of 79 (23%) of ERBB2-amplified cases (Fig.  2F). 
In the institutional cohort, joint copy gains/amplifica-
tions were more frequent in ER+ (24%) than ER- tumors 
(18%), although this difference was not significant (Fish-
er’s Exact P = 0.5) but mirrored the percentages in the 
TCGA cohort (24% in ER+, 16% ER-, P = 0.02), and trend 
in the METABRIC cohort (11% in ER+, 8% ER-, p = 0.04) 
(Fig.  2G). In summary, these data demonstrate that 
HOXB13 is frequently concurrently gained or amplified 
with the ERBB2 gene locus in breast cancer.

High-level ERBB2/HOXB13 co-amplification is associated 
with relative BRCA1 loss
We next investigated the structure of copy gains and 
amplifications involving the ERBB2 and HOXB13 loci. 
As low-level copy gains typically represent broader, 
sometimes chromosome-arm sized events, and high-
level amplifications tend to be of shorter, focal size, 

Fig. 1 HOXB13 expression is increased in HER2-positive breast cancer. (A) HOXB13 messenger RNA (mRNA) sequencing (RNA-seq) data from the TCGA 
breast cancer dataset in tumors positive or negative for HER2 by immunohistochemistry (IHC). P-values calculate with the Wilcoxon two-sample test. 
Direct comparison of HOXB13 mRNA in ER+ and ER- HER2+ (B) and HER2- (C) breast tumors
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Fig. 2 ERBB2 and HOXB13 copy gains and amplification in breast cancer. (A) Absolute ERBB2 copy number for IHC HER2+ and HER- negative tumors. (B) 
Absolute HOXB13 copy number for IHC HER2+ and HER- negative tumors. (C) Heatmap of ERBB2 copy status (x-axis) vs. HOXB13 copy status (y-axis). Each 
cell contains the number of tumors with a given ERBB2/HOXB13 copy number combination. Color intensity scaled with the number of tumors in each cell. 
(D) Photomicrography of representative examples of tri-color FISH assay demonstrating ERBB2 loci (red), HOXB13 loci (green) and centromere 17 control 
loci (white). Breast cancer showing amplification of ERBB2 (HER2) gene only and polysomy of HOXB13 with an ERBB2 to Cep17 ratio > 2, while HOXB13 to 
Cep17 ratio of less than 2. (E) Breast cancer samples showing both ERBB2 and HOXB13 amplification with ratios of Cep17 > 2 for both genes. Scale bar, right 
low corner, 10 μm. (F) ERBB2/CEP17 copy ratio for all cases from the institutional cohort in (D and E). P-value calculated with the Mann-Whitney U test. (G) 
Percentage of ER+ and ER- tumors with ERBB2/HOXB13 amplification or co-gain by cohort
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we compared the length distributions of genomic seg-
ments for ERBB2 and HOXB13 in cases with co-gains 
and amplifications. Consistent with prior literature, 
we found that low-level gains generally involved long 

genomic segments (median length 44  Mb anchored on 
ERBB2 and 36  Mb anchored on HOXB13), while seg-
ments amplified with high copy number were much 
shorter (median length 0.95  Mb for ERBB2 and 1.4  Mb 

Fig. 3 (See legend on next page.)
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for HOXB13; Fig. 3A). The length distribution of gained 
segments, with a median much larger than the distance 
(9 Mb) between the two genes, suggests that ERBB2 and 
HOXB13 are jointly amplified through gains of much or 
all of the chromosome 17q arm. In contrast, the distri-
bution of amplified segments with sizes much less than 
the 9  Mb genomic distance between the two gene loci 
suggests a non-contiguous, complex pattern for ERBB2/
HOXB13 high-level co-amplification. Supporting this 
hypothesis, a complex alternating pattern of amplifica-
tion of the ERBB2 and HOXB13 with a relative inter-
stitial loss (“gap”) between the two loci was apparent in 
linear genome space in a subset of tumors with ERBB2/
HOXB13 co-amplification (Fig.  3B), sometimes also 
involving additional chromosomes (e.g. Figure  3C, D; 
REFs [40,43]). This complex event bringing the ERBB2 
and HOXB13 loci in close proximity is also seen in a rep-
resentative FISH image, showing juxtaposition (yellow) 
of the ERBB2 (red) and HOXB13 (green) probes (Fig. 3E). 
In TCGA breast tumors, the gap created between the 
ERBB2 and HOXB13 amplifications ranged in size from 
1.4  Mb to 9  Mb and encompassed up to 423 genes, 
including many keratin genes, the transcription factors 
STAT3, STAT5A and STAT5B, and the tumor suppressor 
BRCA1. In contrast, representative tumors with ERBB2 
but no HOXB13 amplification had comparatively simple 
chromosomal structure around the ERBB2 locus and no 
BRCA1 loss (Fig.  3F). To more deeply understand the 
consequences of this complex rearrangement of ERBB2 
and HOXB13, we stratified TCGA tumors by selecting 
those for further analysis if they had: (1) gain or amplifi-
cation of ERBB2 and HOXB13 in the presence of relative 
interstitial loss (defined as -1 or 0 by GISTIC; Methods) 
of BRCA1 (“gap”; 48 tumors) (2) gain/amplification of 
ERBB2 and HOXB13 with no loss of BRCA1 (“co-gained”; 
182 tumors), and (3) gain/amplification of ERBB2 and no 
concurrent gain or amplification of HOXB13 or BRCA1 
(“focal ERBB2 amp”; 87 tumors) and gain or amplification 
of HOXB13 alone (“HOXB13 only”, 67 tumors; Fig.  3G; 
Supplementary Table 1). Absolute TCGA copy num-
ber tracked strongly with these categories and included 
33% of gap cases with one-copy loss of the BRCA1 

gene (Supplementary Fig.  3A). As expected, the major-
ity of ERBB2-only and gap but not co-gain tumors were 
HER2+ by IHC (Supplementary Fig.  3B). 63% of gap 
tumors were ER+ in TCGA (51% METABRIC), compara-
ble to ERBB2 only (58% TCGA, 57% METABRIC), while 
HOXB13-only gains/amplifications were more common 
in ER+ (both HER2+ and HER2-) tumors (79% TCGA, 
89% METABRIC) (Supplementary Fig. 3C).

Consistent with the observed genomic structure, 
mRNA expression of genes located inside the gap, 
including STAT3, STAT5A, STAT5B, and BRCA1, was 
significantly diminished compared to focal HER2-only 
amplified and ERBB2/HOXB13 co-gained, but not 
HOXB13-only amplified tumors (Fig.  3H, I). Impor-
tantly, BRCA1 expression was decreased to an average 
level similar to triple-negative TCGA breast tumors, 
many of which are driven by a BRCA1-loss pheno-
type [28] (Supplementary Fig.  3D). Notably, we did not 
observe evidence for additional BRCA1 somatic muta-
tion or epigenetic silencing events in ERBB2/HOXB13 
co-amplified tumors obtained from Polak et al. [28] or 
bi-allelic deletion of BRCA1 (all losses were relative to 
the ERBB2/HOXB13 amplicon; Supplementary Fig. 3A), 
suggesting that BRCA1 could be a secondary driver in 
ERBB2/HOXB13 amplified cases through potential hap-
loinsufficiency [43]. Multiple genomic rearrangement 
mechanisms have been proposed to underlie ERBB2 
amplification in breast cancer [40,44–46]. Our find-
ings suggest that there are at least two distinct classes 
of high-level ERBB2 amplification events in breast can-
cer, ERBB2/HOXB13 high-level co-amplification with 
relative loss of genes located between them (including 
STAT3/5 and BRCA1), and ERBB2-only amplification. 
Importantly, the gap rearrangement does not appear 
to be a specific consequence of loss of genome integrity 
induced by the frequent mutations observed in the tumor 
suppressor gene TP53 in breast cancer: TP53 loss-of-
function mutations were significantly enriched in tumors 
with focal ERBB2 mutations compared to gap or co-gain 
tumors (Fisher’s Exact P = 0.074 for focal ERBB2 only vs. 
gap and Fisher’s Exact P = 1.52 × 10− 7 for ERBB2 vs. co-
gain; Supplementary Fig. 3E).

(See figure on previous page.)
Fig. 3 Complex ERBB2/HOXB13 rearrangements in breast cancer. (A) Genomic segment length distribution for ERBB2 (left) and HOXB13 (right) for low 
(TCGA copy status 1) and high (TCGA copy status 2) level copy gains. P-values calculated with the Mann-Whitney U test. (B) IGV genome viewer [57] 
screenshot of chromosome 17 depicting copy number alterations in representative sampling of TCGA breast tumors. White: neutral. Red: copy gain. Blue: 
copy loss. (C) Circos [37] plot showing complex genomic rearrangements between chromosomal loci encompassing ERBB2, HOXB13, and BRCA1 (orange 
lines) and relative copy number for TCGA tumor TCGA-A2-A0D1 (ER-/PR-/HER2+). (D) Example of a complex rearrangement including ERBB2, HOXB13 and 
loss of BRCA1. (E) Representative high-power image of FISH assay from a tumor cell demonstrating spatially distinct ERBB2 (red probe) and HOXB13 (green 
probe) loci (enlarged insert image, upper left), and spatially overlapping ERBB2 and HOXB13 loci (yellow) consistent with interstitial deletion (enlarged 
insert image, bottom right). (F) Example of structural variants and copy number events in a focal ERBB2 tumor (no HOXB13 gain or amplification). (G) 
Cartoon illustrating copy number states of co-gain (left), focal ERBB2 (middle) and gap (right) tumors. Cartoon created with Biorender.com. (H) Gene ex-
pression heatmap of ERBB2 (top), HOXB13 (bottom), and genes located between these genes in linear genome space. Values are row-normalized for each 
gene. Genes with average expression of 10 or less are not shown. ER and HER2 status and PAM50 classification were obtained from TCGA and are included 
in Supplementary Table 1. (I) Gene expression values for select genes from (H) by copy number category. Individual points denote tumor samples. Boxes 
indicate median and interquartile range. P-values calculated with the Mann-Whitney U test



Page 9 of 15Mitsiades et al. Breast Cancer Research          (2024) 26:185 

ERBB2/HOXB13 co-amplification is enriched in breast cancer
Because recurrent, focal, ERBB2 amplification is a known 
driver in other tumor types, we tested whether ERBB2/
HOXB13 complex amplification with relative gap was 
present in these tumor types by comparing the fre-
quency of gap tumors to all tumors in each cohort with 
ERBB2 gains or amplifications. Among ERBB2-amplified 
tumors, ERBB2/HOXB13 co-amplification with relative 
BRCA1 loss was observed in uterine carcinosarcoma 
(22% of ERBB2 gained/amplified) and breast cancer (15%; 
Fig.  4A). This observation was confirmed in the MSK-
IMPACT dataset [47] of metastatic cancers, where breast 
cancer had the highest fraction of gap tumors (13%; 
Fig. 4B). Furthermore, analysis of the cancer cell line data 
from The Cancer Cell Line Encyclopedia (CCLE) [27] also 
revealed that the complex ERBB2/HOXB13 amplification 

with relative BRCA1 loss is enriched in breast ductal 
carcinoma in situ (DCIS) and invasive breast carcinoma 
(IBC) cell lines (Fig.  4C). Cell lines with this alteration 
included the commonly studied HER2-positive models 
HCC202 (HER2+/ER-; Her2; DCIS), BT-474 (HER2+/
ER+; LumB; IBC), ZR-75-30 (HER2+/ER+; LumB; IBC), 
HCC1419 (HER2+/ER+/-; LumB/Her2; IBC), HCC2218 
(HER2+/ER-; Her2; DCIS) and EFM-192 (HER2+/ER+; 
LumB; IBC) (Fig. 4D) [48].

Interestingly, high-level amplification of HOXB13 
itself appears frequent in breast cancer in the TCGA 
cohort (Fig.  4E), and this alteration is strongly associ-
ated with ERBB2 amplification: 65% of high-level ampli-
fications occur in a background of ERBB2 amplification 
(P = 8.19 × 10–21).

Fig. 4 Gap tumors are enriched in breast cancer. (A) Fraction of gap tumors (x-axis) among all ERBB2 gained/amplified tumors (y-axis) in each cohort from 
TCGA. Tumor codes correspond to TCGA nomenclature. BRCA: breast invasive carcinoma; UCS: uterine carcinosarcoma. (B) Fraction of gap tumors (x-axis) 
among all ERBB2 gained/amplified tumors (y-axis) in each tumor subgroup from the MSK-IMPACT cohort [47] and (C) for cell lines from the Cancer Cell 
Line Encyclopedia (CCLE). Tumor type names correspond to labeling provided by the source dataset. (D) log2HOXB13/BRCA1 vs. ERBB2/BRCA1 copy num-
ber ratio identifies CCLE cell lines with gap rearrangements. Among all CCLE cell lines with data, breast cancer cell lines are highlighted in red, and gap 
lines are labeled. DCIS: Ductal carcinoma in situ; IBC: invasive breast carcinoma. (E) Number of tumors in the TCGA with HOXB13 high-level amplification 
(defined as GISTIC score of 2), stratified by cohort. Tumor types indicated by TCGA tumor type code. Numbers in parentheses indicate the total number 
of tumors in each cohort
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Taken together, these results suggest a higher-order 
genomic conformation in breast cells that favors forma-
tion of the complex ERBB2/HOXB13 amplicon, and that 
the ERBB2/HOXB13 amplicon with relative BRCA1 loss 
confers a fitness advantage to breast cancer.

Mutational signatures in ERBB2/HOXB13 co-amplified 
tumors
Enzymes of the APOBEC3 family are active in breast 
tumors, where they introduce a specific pattern of muta-
tions that can be identified through signature muta-
tional patterns. HER2+ breast cancers specifically have 
been associated with APOBEC enzyme activity, leaving a 
characteristic mutational signature in these tumors [49]. 
Indeed, ERBB2-amplified tumors (either focal or with 
gap) had significantly higher APOBEC mutational sig-
nature contributions than co-gain tumors with slightly 
higher activity in gap over focal ERBB2-only genomes 
(Fig. 5A). The relative loss of the BRCA1 tumor suppres-
sor in ERBB2/HOXB13 co-amplified tumors prompted us 
to test whether these tumors would show genomic sig-
natures of homologous recombination repair deficiency 
(HRD) [50–52]. Unexpectedly, we found that the relative 
contribution of HRD single-nucleotide mutation is sig-
nificantly lower in “gap” tumors with BRCA1 loss than 
either co-gain or ERBB2-only amplified tumors (Fig. 5B). 
This lower contribution appears to be due at least in part 
to the higher fractions of mutations attributed to other 
mutational signatures (including APOBEC), as the total 
number of HRD-attributed mutations is not significantly 
different between the three groups (Fig.  5C). There was 
also no significant increase in HRD in gap tumors when 
assessed by an aggregated pancancer or breast-specific 
measure (Fig.  5D; Supplementary Fig.  1A, B). Because 
HRD can also introduce systematic copy number (CN) 
changes in cancer cells, especially tandem duplications, 
we investigated differences in copy number signatures 
between gap, co-gained and focal ERBB2 amp tumors 
[50]. However, we did not observe evidence for differ-
ential HRD-associated copy number patterns. Instead, 
we detected differences in the number of CN5 events 
between gap and focal ERBB2 amp tumors (P = 0.0004) 
and in CN5 and CN7 events between gap and co-gain 
tumors (P = 0.0001 and P = 0.0009 respectively (Fig.  5E). 
Both CN5 and CN7 are associated with chromothrip-
sis, circular DNA amplicons and poor prognosis [50]. 
Compared to co-gain tumors, gap and focal ERBB2 amp 
tumors had higher copy number of ERBB2, which may 
contribute to the significant differences in the CN7 sig-
nature between them. Gap tumors had significantly 
more chromothripsis-associated signature CN5 than 
the focal ERBB2 amp tumors, suggesting that different 
mechanisms underlie the structures of these amplicons. 
Interestingly, CN7 is also enriched in tumors from Black 

and Asian donors [50]. We therefore tested whether the 
ERBB2/HOXB13 co-amplified gap structure was similarly 
associated with self-reported race from TCGA. Com-
pared to focal ERBB2 amp tumors or ERBB2/HOXB13 
co-gained tumors, tumors with gap were significantly 
more common in Asian donors (Fig.  5F; P = 0.0008), 
a finding we confirmed in a separate cohort of breast 
tumors from different ancestries [25] (Supplementary 
Fig. 4). This finding is consistent and expands upon prior 
reports that HER2+ tumors are enriched in this popula-
tion [53,54].

It is important to note that the relative dearth of data 
from exome sequencing limits robust detection of HRD 
from genomic scars, copy number patterns and muta-
tional signatures. Therefore, we cannot exclude the pos-
sibility of differential, minor HRD between the “gap” and 
ERBB2-only or co-gain tumors. Yet the lack of strong 
HRD-related point mutation patterns suggests that 
ERBB2/HOXB13 tumors are driven by other oncogenes, 
including amplified ERBB2 and HOXB13, and potentially 
others.

Differential outcome between patients with ERBB2/HER13 
and focal ERBB2 amplified tumors
We next examined whether there are outcome differences 
between ERBB2/HOXB13 co-gained, ERBB2/HOXB13-
gap and focal ERBB2 amplified cases. To increase statisti-
cal power due to small numbers, we combined patients 
from the TCGA and METABRIC cohorts. Among all 
patients, progression-free survival (PFS) was substan-
tially different between patients with ERBB2/HOXB13 
gap tumors, focal ERBB2 only amplifications and low-
level ERBB2/HOXB13 co-gains, with gap tumors associ-
ated with inferior PFS (HR = 3.3; P = 0.068 between gap 
and focal ERBB2-only and HR = 5.2, P = 0.022 between 
gap and co-gain; Fig.  6A). There was no significant dif-
ference in PFS (P = 0.66) in patients with focal ERBB2-
only tumors and those with ERBB2/HOXB13 co-gain 
tumors (Fig.  6A), and there was no difference between 
the three ERBB2/HOXB13 groups in ER+ tumors. How-
ever, in ER- tumors, we found significantly worse PFS 
for patients with gap tumors compared to focal ERBB2-
only tumors (P = 0.0078), with median PFS of 999 days 
for patients with gap tumors compared to 6058 days for 
those with ERBB2-only amplified tumors (Fig.  6B). No 
significant difference in PFS was observed between the 
ER+ or ER- ERBB2/HOXB13 co-gained and gap or focal 
ERBB2 amplified tumors. Gap status remained indepen-
dently significantly associated with an increased risk in 
ER- tumors compared to the other groups when account-
ing for clinical variables known to correlate with outcome 
(age, nodal status, pathologic stage), HOXB13 mRNA 
expression and BRCA1 copy status (Supplementary 
Fig. 5A).
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Fig. 5 Mutational signature analysis of ERBB2/HOXB13 amplified tumors. Fraction of total mutations attributed to the (A) APOBEC or (B) homologous 
recombination repair (HRD) mutational signature. Each dot denotes a tumor sample. Boxplots indicate median and interquartile range. P-values calcu-
lated with the non-parametric Mann-Whitney U test. n.s., not significant. (C) Number of total mutations attributed to the HRD signature in tumors from 
each category. (D) Composite HRD scores calculated from the TCGA BRCA cohort (Methods) for each category. (E) Distribution of copy number events 
attributed to copy number signatures CN5 (left) and CN7 (right). P-values calculated with the Mann-Whitney U test. (F) ERBB2/HOXB13 copy number gains 
by self-reported race from TCGA. Gap tumors are significantly more common in Asian donors
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Because copy number is generally correlated with 
gene expression, we hypothesized that at least in some 
tumors HOXB13 amplification underlies high HOXB13/
IL17RB scores. Indeed, we observed that the HOXB13/
IL17RB ratio was significantly higher in gap compared 
to co-gain tumors (P = 0.00004) or those with no ERBB2/
HOXB13 amplification (P = 0.000045) but not those with 
focal ERBB2 amplification only (Fig. 6C; P = 0.68). Within 
gap tumors, HOXB13/IL17RB expression ratio was sig-
nificantly higher in ER- vs. ER+ tumors (P = 5.84 × 10− 3; 
Fig. 6D), explained by a combination of higher HOXB13 
expression levels and lower IL17RB expression levels in 
ER- gap tumors overall (Fig. 6E). Together, these findings 
suggest a possible connection between the predictive 
value of the HOXB13/IL17RB ratio and ERBB2/HOXB13 
amplification, potentially in conjunction with relative 
loss of genes in the gap between ERBB2 and HOXB13 on 
chromosome 17. Further study of these individual genes 

will be necessary to elucidate the exact factors underlying 
the observed benefit.

Discussion
The expression of HOXB13, the primary determinant 
of the predictive performance of the BCI biomarker, 
has been extensively studied in ER+ HER2- breast can-
cer patients from multi-institutional cohorts as well as 
randomized clinical trial cohorts of both adjuvant and 
extended adjuvant hormonal therapy. When treated with 
anti-hormonal agents, patients whose tumors had high 
HOXB13/IL17RB gene expression ratios experienced 
a significant reduction in the risk of recurrence with an 
absolute benefit ranging from 9.7–16.5%2,3,6. However, 
the clinical relevance of HOXB13 expression in patients 
with ER- and HER2+ tumors is currently not understood. 
Consistent with our previous studies [8,55], herein we 
demonstrate that HOXB13 expression is significantly 
higher in tumors from HER2+ versus HER- breast cancer 

Fig. 6 Association of ERBB2 and HOXB13 copy number with outcome. (A) Progression-free survival of donors from the TCGA BRCA and METABRIC cohorts, 
stratified by tumor copy number category. Censored data are indicated by cross bars. (B) Progression-free survival of donors with IHC ER+ (left) and IHC 
ER- (right) tumors. (C) HOXB13/IL17RB gene expression ratio (log2 + 1) by category. P-values calculated with the Mann-Whitney U test. (D) HOXB13/IL17RB 
gene expression ratio (log2 + 1) for IHC ER+ and IHC ER- tumors. (E) HOXB13 and IL17RB expression in ER+ and ER- gap tumors. P-values for (D) and (E) 
calculated with the Mann-Whitney U test
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patients from the TCGA, and that ER- tumors generally 
express more HOXB13 than ER+ tumors.

Complex genomic events involving ERBB2 and other 
regions on chromosome 17, including chromothripsis 
and formation of double minute chromosomes carrying 
ERBB2 are well known [26,39,43,45,56]. Our analysis of 
the TCGA and METABRIC breast cancer cohorts show 
that HOXB13 is frequently co-amplified with ERBB2 as 
complex high-level rearrangements with relative inter-
stitial BRCA1, STAT3 and STAT5A/B loss. Thus, in addi-
tion to estradiol-induced regulation of HOXB13 gene 
expression [8], genomic amplification provides another 
mechanism of HOXB13 gene expression modulation, 
especially in ER-/HER2+ tumors. We further validated 
low- and high-level co-gain/co-amplification findings 
by FISH analysis of a consecutive clinical case series of 
HER2 + breast cancer cases, with compatible frequency of 
co-amplification/co-gain to those observed in the TCGA 
and METABRIC cohorts. Interestingly, we observed 
that the ERBB2/HOXB13 co-amplification with BRCA1 
deletion is enriched in breast cancer and uterine car-
cinosarcoma, a very aggressive subtype of endometrial 
carcinoma as compared with other tumor types with 
recurrent ERBB2 amplifications. TCGA and METABRIC 
breast cancer patients with ER- ERBB2/HOXB13-gap 
tumors displayed significantly shortened progression-
free survival, suggesting that the unique constellation of 
the complex ERBB2-amplicon with its co-amplified and 
deleted genes confers a specific selective advantage. This 
observation raises the question whether HER2+ breast 
cancer could be further stratified into genetic subtypes 
when evaluating resistance patterns in this cancer type 
and in clinical trials focused on HER2 + tumors. Although 
our results suggest that further investigation is warranted 
into whether ERBB2/HOXB13 gap subtype should be 
treated more aggressively, our current study may be con-
founded by the heterogeneous (non-HER2- and HER2-
directed) therapeutic regimens administered to patients 
with the different genetic HER2 subtypes in the TCGA 
and METABRIC cohorts. Thus, future studies need to 
be conducted in which the different genetic subtypes are 
treated uniformly with contemporary HER2-directed 
therapies.

Although HOXB13 gene expression is the major 
determinant in the prognostic performance of the BCI 
HOXB13/IL17RB biomarker in patients with ER+ HER2- 
breast cancer, our current findings suggest that a puta-
tive prognostic role for HOXB13 gene expression in those 
with with ER- HER2 + tumors is likely more complex. We 
demonstrated patients with ER- ERBB2/HOXB13-gap 
breast cancer had a shortened progression-free survival 
compared to patients with ER- ERBB2-only amplified 
tumors. Although ER- gap tumors had somewhat higher 
HOXB13 gene expression compared to ER- ERBB2-only 

tumors, this difference was not significant (Supplemen-
tary Fig.  5B). This suggests that HOXB13 gene expres-
sion alone is not associated with inferior progression-free 
survival in such patients, and that loss of genes in the 
interstitial gap likely also contribute to the observed phe-
notype. Although ERBB2/HOXB13 gap tumors harbor 
BRCA1 loss (without other concomitant BRCA1 muta-
tions), we were unable to find significant differences in 
HRD between the tumor subgroups, suggesting that 
relative BRCA1 loss does not contribute to these tumors’ 
phenotype but may be useful as a biomarker for this 
aggressive breast cancer subtype.

Our data therefore suggest that in contrast to HRD-
positive, triple-negative breast cancer with functional 
loss of BRCA1, ERBB2/HOXB13 gap tumors may not be 
sensitive to PARP inhibitors and related therapies. Future 
study of the individual genes within the gap between 
ERBB2 and HOXB13 as well as other genes associated 
with the HOXB13 amplicon will be necessary to elucidate 
the relative contribution of these genes to the observed 
differences in clinical outcome between ER- ERBB2/
HOXB13-gap and ER- focal ERBB2 amplified tumors.

In summary, amongst patients with ERBB2 amplified 
tumors we identified a subset of cancers with complex 
co-amplification of ERBB2 and HOXB13 with an intersti-
tial deletion that includes BRCA1. This complex genomic 
alteration is enriched in breast tumors, and ER- breast 
cancer patients whose tumors harbor this genomic com-
plex alteration demonstrated shortened progression-free 
survival.
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BRCA1 gene expression in tumors from different ERBB2/HOXB13 categories. 
Grey points denote values for individual tumors. Boxplots indicate median 
and interquartile range (box limits). (E) Percentage of tumors with protein-
altering TP53 gene mutations, in co-gain, gap and focal ERBB2 tumors from 
the TCGA breast cancer (BRCA) cohort. Pairwise P-values calculated with 
the Fisher’s exact test.
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