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In breast cancer, high levels of homeobox protein Hox-B13 (HOXB13) have been associated with
disease progression of ER-positive breast cancer patients and resistance to tamoxifen treatment. Since
HOXB13 p.G84E is a prostate cancer risk allele, we evaluated the association between HOXB13 germline
mutations and breast cancer risk in a previous study consisting of 3,270 familial non-BRCA1/2 breast
cancer cases and 2,327 controls from the Netherlands. Although both recurrent HOXB13 mutations
p-G84E and p.R217C were not associated with breast cancer risk, the risk estimation for p.R217C was
not very precise. To provide more conclusive evidence regarding the role of HOXB13 in breast cancer
susceptibility, we here evaluated the association between HOXB13 mutations and increased breast
cancer risk within 81 studies of the international Breast Cancer Association Consortium containing
68,521 invasive breast cancer patients and 54,865 controls. Both HOXB13 p.G84E and p.R217C did not
associate with the development of breast cancer in European women, neither in the overall analysis
(OR=1.035, 95% Cl=0.859-1.246, P=0.718 and OR=0.798, 95% Cl =0.482-1.322, P=0.381
respectively), nor in specific high-risk subgroups or breast cancer subtypes. Thus, although involved in
breast cancer progression, HOXB13 is not a material breast cancer susceptibility gene.

Breast cancer is a complex disease and several classes of germline variants have been identified that together
explain about half of the total genetic heritability of breast cancer. These include rare germline mutations in
high and moderate penetrance breast cancer susceptibility genes BRCAI, BRCA2, CDHI, PTEN, STK11, TP53,
PALB2, ATM, CHEK2 and NBN". In addition, genome-wide association studies (GWASs) have identified over 170
common low penetrance alleles each conferring a small increased risk to develop breast cancer?®. Importantly,
the risks these low penetrance alleles confer combine multiplicatively and since these variants are so common in
the population women in the top 1% of risk have a 4.4- and 2.8-fold increased risk to develop ER-positive and
ER-negative breast cancer, respectively”. Still, to identify better those women at risk for developing breast cancer
and establish more precise risk estimates, we need to explain the remainder of the genetic heritability of breast
cancer.

In this respect, the rare HOXBI13 p.G84E germline mutation (i.e. NM_006361.6:c.251 G > A; NP_006352.2:p.
(G84E); rs138213197:C > T) was found to be associated with an increased risk to develop prostate cancer by
linkage analysis and candidate gene sequencing of 200 genes at the 17q21-22 linkage region®. Since then, several
studies have validated this association and meta-analyses have shown the prostate cancer risk to be 3- to 4-fold
increased for male carriers®®. Moreover, the p.G84E mutation also associated with early-onset prostate cancer,
multiple affected relatives and highly aggressive disease®®. Considering the evidence, there is a strong consensus
for including the HOXB13 gene in genetic testing for hereditary prostate cancer®.

In recent years, we have also begun to understand the role of HOXB13 in prostate cancer progression.
HOXBI3 acts as a transcription factor and, together with the androgen receptor (AR) and FOXAI, regulates
expression of the RFX6 gene which encodes a driver of prostate cancer progression. Interestingly, HOXB13 is
preferentially recruited to the risk allele of a prostate cancer risk associated SNP, rs339331, located in an enhancer
element upstream of RFX6, thereby enhancing RFX6 expression and promoting more aggressive disease’.
Moreover, HOXB13 also pioneers binding of the constitutively active splice variant 7 of the androgen receptor
(AR-V7) to open chromatin of castrate-resistant prostate cancer (CRPC) genomes to upregulate target onco-
genes'!. Importantly, AR-V7 plays an important role in the anti- AR therapy resistance'?.

In breast cancer, HOXB13 also plays an important role in disease progression. A high HOXBI13 to ILI7BR
expression ratio was associated with a high risk of recurrence and poor outcome for estrogen receptor
(ER)-positive breast cancer patients'>~'>. Furthermore, high expression of HOXB13 predicted a poor response
to tamoxifen therapy by suppressing ER and activating the mTOR pathway via IL6'5". Interestingly, a signif-
icant fraction of breast cancer risk SNPs have been found to alter the affinity of chromatin for pioneer factor
FOXA1 with which HOXB13 interacts in prostate cancer cells'®!8. To date, several studies have investigated the
association between the germline HOXB13 p.G84E mutation and breast cancer risk, however, these have led to
contradictory results”!*-2!,

In a previous study, we have sequenced the entire coding region of HOXBI3 in 1,250 familial non-BRCA1/2
breast cancer cases and 800 controls. We identified two recurrent HOXB13 mutations in the female Dutch
population, the known prostate cancer risk allele p.G84E, but also p.R217C (i.e. NM_006361.6:¢.649 C > T;
NP_006352.2:p.(R217C); rs139475791:G > A). We found that neither p.G84E nor p.R217C were associated with
an increased breast cancer risk (OR=0.81, 95% CI=0.41-1.59, P=0.54 and OR=3.57, 95% CI=0.76-33.57,
P=0.14, respectively) in 3,270 familial non-BRCA1/2 breast cancer patients and 2,327 controls*’. Considering
the low carrier allele frequency (CAF; 0.09% in controls) and the very wide confidence intervals for the associ-
ation between p.R217C and breast cancer risk, larger studies are needed to provide more conclusive evidence.
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CAF (%) CAF (%)
N Controls | N Cases | Controls Cases OR (95% CI)* P-value*

Overall analysis
Europeans 44,298 (54731 0510 (0471 [103(086-124) [0.74
Subgroup analysis
Age of diagnosis

< 50 years 44,298 (17641 [0510 (0431 [099(072-135) 098
Menopausal status

Premenopausal 44,298 (12134 [o0510 (0503 [120(088-164) 024
Family history

1" degree relative with BC | 41,876 (7582 0533 (0462 [104(072-151) [0:83
Second BC

Contralateral BC 38310 (2144 0506 (0373 [100(048-210) [0.99
Receptor status

ER positive 44,298 35969 | 0.510 0.442 0.98 (0.80-121) | 0.88

ER negative 44,298 9343 | 0510 0.503 121(0.87-1.68) | 0.26

Triple negative 44,298 4017 | 0510 0.448 126 (0.76-2.06) | 0.37

Table 1. Association of HOXB13 p.G84E with breast cancer risk in women of European descent. N, number;
CAEF carrier allele frequency; OR, odds ratio; CI, confidence interval; BC, breast cancer; ER, estrogen receptor.
*Dominant genetic model adjusted for country, age and principal components. Not all BCAC studies had info
on all variables.

Furthermore, we wanted to replicate our findings for the p.G84E mutation. Therefore, we have genotyped 68,521
breast cancer cases and 54,865 controls from 81 studies in the Breast Cancer Association Consortium (BCAC) for
the HOXBI3 p.G84E and p.R217C mutations.

Results

The CAF for the p.G84E mutation varies among different populations. In Asian and African BCAC studies, the
p-G84E mutation was not detected, while the CAF was highest in Northern European countries (i.e. Sweden,
Denmark and the Netherlands in controls) (Supplementary Table S1). Therefore, we restricted our analysis for
the p.G84E mutation to 54,731 cases and 44,298 controls from European countries with a CAF that was larger
than zero. In the overall analysis, the p.G84E mutation was not associated with breast cancer risk in Europeans
(OR=1.033,95% CI=0.857-1.244, P=0.734; Table 1) in agreement with our previous study. We also performed
analyses in which we enriched for high-risk subgroups such as women who were diagnosed before 50 years of age,
premenopausal women and women with a family history of breast cancer or contralateral breast cancer. We also
performed analyses by receptor status to evaluate whether HOXBI3 p.G84E associates with subtype-specific breast
cancer risk. However, we did neither find any association between HOXB13 p.G84E and the risk of breast cancer in
any of these high-risk subgroups, nor did we find an association with subtype-specific breast cancer risk (Table 1).

Although in our previous study we found that the HOXB13 p.R217C mutation was 3.5-fold more prevalent in
cases than controls, the association between p.R217C and breast cancer risk was not statistically significant and
the estimation of the risk was not very precise. Therefore, we evaluated the association of p.R217C with breast
cancer risk in the 81 BCAC studies. Similar to p.G84E, the CAF for p.R217C varied among different populations.
It was absent in both cases and controls of Asian ancestry, but not those of European and African ancestry. The
CAF was highest in Macedonia, the Netherlands and Greece in controls (Supplementary Table S1). We analyzed
54,752 breast cancer patients and 44,422 controls from European countries with a CAF that was larger than zero.
In the overall analysis, p.R217C was not associated with an increased breast cancer risk in European women
(OR=0.798, 95% CI=0.482-1.322, P=0.381; Table 2). Likewise, high-risk subgroup analyses and analyses by
receptor status also did not reveal any association between HOXB13 p.R217C and (subtype-specific) breast cancer
risk (Table 2).

In our previous study we had sequenced the entire coding region of HOXB13 in 1,250 familial non-BRCA1/2
breast cancer patients and 800 controls and identified two other, less frequent, HOXBI13 missense mutations:
p-P190L (i.e. NM_006361.6: ¢.569 C > T; NP_006352.2:p.(P190L)) and p.R268Q (i.e. NM_006361.6:c.803 G > A;
NP_006352.2:p.(R268Q); rs748782183:C > T)*2. These two mutations had not been investigated before due to
their low frequency in the Dutch population. However, the present study enabled us to assess their frequency in
a global context. The p.P190L mutation was most prevalent in the African population and absent in the Asian
population (Supplementary Table S1). In the Europeans, we identified only four breast cancer patients and
four controls carrying this mutation. The low population frequency in Europeans and the low sample size in
Africans precluded any reliable analysis of an association with breast cancer risk. The p.R268Q mutation was
absent in Asian and African BCAC studies. In Europeans, we identified only two breast cancer patients and two
controls carrying this mutation, again precluding any reliable analysis of an association with breast cancer risk
(Supplementary Table S1).
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CAF (%) CAF (%)
N Controls | N Cases | Controls Cases OR (95% CI) * P-value*

Overall analysis
Europeans (44422 (54752 [0077 (0062 [080(048-132) [0.38
Subgroup analysis
Age of diagnosis

< 50 years 44422 (17669 [0.077 (0045 [038(0.14-101) 005
Menopausal status

Premenopausal 44,422 (12195 [0.077 (0057 [059(024-144) 025
Family history

1" degree relative with BC [ 41,909 (7531 [0069 (0013 [021(003-153) [o.12
Second BC

Contralateral BC ‘ 38,346 ‘ 2,137 ‘ 0.076 ‘ 0.047 ‘ 0.43 (0.05-3.43) ‘ 0.43
Receptor status

ER positive 44,422 35930 | 0.077 0.061 0.81(0.46-142) | 0.46

ER negative 44,422 9343 | 0077 0.064 0.82(0.33-2.03) | 0.66

Triple negative 44,422 4045 | 0077 0.025 0.29(0.04-219) | 023

Table 2. Association of HOXB13 p.R217C with breast cancer risk in women of European descent. N, number;
CAEF carrier allele frequency; OR, odds ratio; CI, confidence interval; BC, breast cancer; ER, estrogen receptor.
*Dominant genetic model adjusted for country, age and principal components. Not all BCAC studies had info
on all variables.

Discussion

We genotyped four HOXB13 missense mutations: p.G84E, p.P190L, p.R217C and p.R268Q in 68,521 breast can-
cer cases and 54,865 controls from 81 studies in the BCAC on the OncoArray. All mutations were present in
Europeans, but not in Asians. The p.P190L and p.R217C mutations were also present in the African ancestry
BCAC studies, but not p.G84E and p.R268Q. Both p.P190L and p.R268Q were too rare to be evaluated for their
association with an increased breast cancer risk. There were sufficient carriers of HOXBI13 p.G84E and p.R217C
to allow association analysis in Europeans, however, both mutations did not associate with breast cancer risk. Our
study, by contrast with prostate cancer, shows that HOXBI3 is not a material breast cancer susceptibility gene.

The current study is by far the largest study that has been performed evaluating the association with an
increased breast cancer risk for germline HOXB13 mutation carriers. Previously, Alanee ef al. had found evi-
dence that HOXB13 p.G84E conferred an increased breast cancer risk in 877 familial non-BRCA1/2 mutation
carriers and 1650 controls (OR=5.7, 95% CI=1.0-40.7, P=0.02)"°. However, in a larger study conducted by
Akbari et al., no such association between the p.G84E mutation and an increased breast cancer risk was observed
among 4,037 cases, of which 1,082 were familial, and 2,762 controls (OR=1.2,95% CI=0.34-4.1, P=1.0)*. A
study by Laitinen et al. consisting of 986 breast cancer patients (i.e. 323 familial non-BRCA1/2 carriers and 663
unselected breast cancer patients) and 1,449 controls also did not reveal an association for overall breast can-
cer risk and p.G84E among Finnish women?®'. Results of these three studies have been pooled in a fixed-effects
meta-analysis by Cai et al. and did not find a significant association between HOXB13 p.G84E and an increased
breast cancer risk (OR = 1.42, 95% CI=0.78-2.61, P=0.26)". We also did not observe an increased breast cancer
risk associated with the p.G84E mutation in our previous study of 3,270 familial non-BRCA1/2 breast cancer
cases and 2,327 controls (OR=0.81, 95% CI=0.41-1.59, P=0.54). The results of the current study concur
with these observations in that HOXB13 p.G84E does not appear to act as a breast cancer susceptibility allele,
neither in overall analyses (OR =1.035, 95% CI = 0.859-1.246, P=0.718) nor in analyses enriching for particular
(high-risk) subgroups.

Besides p.G84E, we also identified p.R217C to be a recurrent mutation in the female Dutch population®?. Since
the estimation of the breast cancer risk for this mutation was not very precise in our previous study, we sought
to re-evaluate the association between p.R217C and increased breast cancer risk in the current study. As for
p.G84E, we did not find any association between p.R217C and an increased breast cancer risk, neither in overall
analyses (OR=0.798, 95% CI=0.482-1.322, P=0.381), nor in subgroup analyses. Interestingly, the p.R217C
mutation had been described before among a few prostate cancer cases, but Xu et al. reported that p.R217C did
not co-segregate with prostate cancer in the two families they identified?***. In concordance with this, OncoArray
summary association results from the PRACTICAL consortium show that, indeed, p.R217C is also not a material
prostate cancer susceptibility allele (OR=1.32, 95% CI = 0.57-2.07), while p.G84E is associated with an increased
prostate cancer risk in this data set (OR =4.23, 95% CI =4.03-4.42)%.

Although HOXB13 plays an important role in both breast and prostate cancer progression , germline
mutations in the HOXB13 gene seem to associate with the development of prostate cancer only>~®. This suggests
distinct biological pathways associated with HOXB13 function in breast and prostate tissue. In prostate cancer,
HOXB13 co-localizes with AR and acts as a repressor of AR target genes to modulate AR hormonal responses®®?’.
In breast cancer, ER and HOXB13 have been shown to regulate each other’s expression'”?. Thus, in both tissue
types hormonal responses are closely interlinked with HOXB13 function. More research is needed, however, to
understand better the differential roles of HOXB13 in disease initiation and progression.

10,11,13-17
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To conclude, in our large study consisting of 68,521 invasive breast cancer cases and 54,865 controls from 81
BCAC studies we provide strong evidence that the rare, but recurrent HOXB13 germline mutations p.G84E and
p-R217C are not associated with an increased risk to develop breast cancer. HOXB13 is therefore not a material
breast cancer susceptibility gene.

Materials and Methods

Study population. In this study, BCAC consists of 81 case-control studies of unrelated women with par-
ticipants of European, Asian and African ancestry contributing 68,521 patients with invasive breast cancer and
54,865 controls>®. All studies provided core data on disease status and age at diagnosis while only a subset of the
studies provided data on menopausal status, ER, PR and ERBB2 status, family history and bilateral breast cancer.
All 81 BCAC studies were approved by their relevant governing research ethics committee and all participants
provided written informed consent. The experimental protocol was approved by the Medical Ethical Committee
of the Erasmus Medical Center Rotterdam and the study was carried out in accordance with the Code of Conduct
of the Federation of Medical Scientific Societies in the Netherlands (https://www.federa.org/gedragscodes).

OncoArray genotyping. Genotyping of the 81 BCAC studies was performed previously using the
OncoArray, a custom-designed Illumina Infinium BeadChip. About half of the approximately 533,000 OncoArray
SNPs were selected as a ‘GWAS backbone’ (Illumina HumanCore) with the remainder of SNPs selected by the
disease-based consortia representing the main cancer sites (e.g. breast, ovarian, prostate, lung, colorectal) for
several distinct reasons as detailed in*. Approximately 72,000 SNPs were selected specifically for their relevance
to breast cancer. Details of the genotype calling and quality control for OncoArray are described elsewhere®?.
In brief, samples were excluded when the call rate was below 95% or when these were probable duplicates, close
relatives or samples with extreme heterozygosity. Ancestry was computed using a principal component analysis
(PCA). Variants were excluded using the following criteria: an overall call rate <99% or <95% in any consortium,
minor allele frequency (MAF) < 0.001, poor intensity and clustering metrics, deviation from the expected fre-
quency as observed in the 1000 Genomes Project and deviation from the Hardy-Weinberg equilibrium (HWE;
P <107 in controls or P< 107% in cases). A total of 494,763 SNPs passed the quality control and included the fol-
lowing four HOXB13 missense variants: ¢.251 G > A (p.G84E; rs138213197), ¢.569 C >T (p.P190L), c.649C>T
(p-R217C; 1s139475791) and c.803 G > A (p.R268Q).

Statistical analyses. The association between HOXB13 mutations and invasive breast cancer risk was eval-
uated using dominant genetic models by logistic regression analysis adjusting for country, age and principal com-
ponents in European women. Subgroup analyses for the p.G84E and p.R217C variants were based on enriching
for high-risk subgroups (i.e women diagnosed with breast cancer <50 years, premenopausal women, women
with a family history of breast cancer (i.e. 1% degree relative with breast cancer) and women diagnosed with a con-
tralateral breast cancer) as well as stratification for hormone receptor status (i.e. ER positive, ER negative, triple
negative) to evaluate subtype-specific breast cancer risk. All P-values were two-sided and P < 0.05 was considered
to be statistically significant after correction for multiple testing by the Bonferroni procedure. Logistic regression
analyses were performed using R version 3.3.3.

Data availability

OncoArray summary statistics from the BCAC are available at http://bcac.ccge.medschl.cam.ac.uk/bcacdata/
oncoarray/gwas-icogs-and-oncoarray-summary-results/. Per-sample genotype data, core demographic data
and data on diagnosis and pathology can be requested via the BCAC Data Access Co-ordinating Committee
(DACC) at http://bcac.ccge.medschl.cam.ac.uk/bcacdata/. OncoArray summary statistics from the PRACTICAL
consortium are available at http://practical.icr.ac.uk/blog/?page_id=8088.
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