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A B S T R A C T

Background: (Likely) pathogenic variants (pVs) in hereditary breast and/or ovarian cancer (HBOC) genes increase 
cancer risk, but the clinical implications of multiple pVs remain insufficiently understood.
Methods: Using data from the prospective nationwide German Consortium for HBOC registry, we conducted a 
case-control study of genotype-phenotype associations, matching female carriers to compare cancer risk and 
disease severity between multiple and single heterozygous (SH) pV carriers.
Results: Among 26,983 carriers of single or multiple HBOC-associated pVs, 409 individuals had multiple het
erozygosities, including 400 double heterozygous (DH) carriers. In a subcohort tested for 13 core genes, 98/3407 
(2.9%) individuals had multiple HBOC-associated pVs. Breast cancers (BCs) in DH women with pVs in BRCA1 
and another gene were predominantly triple-negative, even when the second, non-BRCA1 pV was typically 
associated with hormone receptor (HR)-positive BC. By contrast, BRCA1/CHEK2 DH carriers showed more HR- 
positive BCs than BRCA1 SH women. The median age at first BC was similar in female ATM/CHEK2 DH carriers 
and BRCA1 SH carriers (41.5 [IQR 14.0] vs. 41.3 [14.1] years). Matched BRCA1 and BRCA2 SH carriers were less 
likely to present with higher disease severity than BRCA1/BRCA2 DH carriers (BRCA1: OR 0.396 [0.180–0.87]; 
BRCA2: OR 0.224 [0.100–0.50]).
Conclusions: Multiple heterozygosity in HBOC core genes is more frequent than previously assumed. Our data 
indicate that gene-gene constellations can reshape tumour phenotype and clinical severity rather than following 
single-gene expectations. Integrating multiple pVs into risk assessment and counselling may enhance personal
ised surveillance and risk-reducing strategies for DH individuals and their families in the era of widespread 
multigene testing.

1. Introduction

Women with pathogenic or likely pathogenic variants (pVs) in breast 
cancer (BC) and ovarian cancer (OC) susceptibility genes face markedly 
elevated lifetime cancer risks [1–3]. Dependent on the gene involved 
and the carrier’s sex, hereditary BC and/or OC (HBOC) may also in
crease risks of other cancers such as prostate and pancreatic cancer [4]. 
Disease penetrance and age-specific BC and OC incidences vary among 
genes [3], leading to their classification as highly penetrant genes 
(BRCA1, BRCA2, PALB2, TP53), moderately-to-highly penetrant genes 
(CDH1, PTEN, STK11), and moderately penetrant genes (ATM, BARD1, 
BRIP1, CHEK2, RAD51C, RAD51D) [3,5]. While genetic testing typically 
identifies no pV or a single pV, some individuals are found to harbour 
pVs in multiple genes associated with tumour predisposition syndromes 
(TPS), a phenomenon termed multiple heterozygosity or multi-locus 
inherited neoplasia allele syndrome [6].

Data on multiple heterozygous (MH) carriers are limited. Case re
ports, published in 1997, presented BRCA1/BRCA2 double heterozygous 
(DH) individuals carrying Ashkenazi founder variants [7,8], followed by 
a series of reports worldwide [6,9–20]. A meta-analysis of 34 female 
BRCA1/BRCA2 DH carriers of both Ashkenazi and non-Ashkenazi 
ancestry found no evidence of a more severe disease phenotype in DH 
carriers regarding age of BC/OC onset, cumulative risk for BC/OC, or 
probability of multiple primary cancers compared to single heterozy
gous (SH) carriers [11]. Similarly, an Israeli study of 15 female and 
seven male DH carriers within a cohort of 1191 BRCA1 and/or BRCA2 
pV carriers showed no significant BC or OC rate differences between DH 
and SH carriers [12]. To address disease severity, Heidemann et al. 
developed a severity score based on the number of HBOC-associated 
cancers [13]. In a cohort of 8162 BC/OC at-risk families, the authors 
identified eight female DH carriers and pooled their data with published 
data, revealing a doubling of the mean severity score for DH carriers 
compared to their SH family members [13]. In contrast to BRCA1 and 
BRCA2, data on DH carriers with pVs in at least one moderately pene
trant gene (combined with another pV in a moderately or highly pene
trant gene) remain scarce [15,18,21,22].

To address the limited understanding of multiple heterozygosity in 
HBOC, we took advantage of the German Consortium for HBOC (GC- 
HBOC) registry, one of the largest registries worldwide, documenting 
genotype-phenotype data of over 67,000 at-risk families [23]. As an 
interdisciplinary network comprising departments situated at 23 uni
versity hospitals in Germany and affiliated partners, GC-HBOC offers 
individuals genetic testing for pVs in a HBOC gene panel. To describe the 

prevalence and phenotype of MH carriers, we screened for MH carriers 
and compared the phenotype of DH individuals with SH carriers to 
characterize their clinical and genetic spectrum.

2. Methods

2.1. Cohort

Individuals were identified from the GC-HBOC registry, having 
consented to research participation according to ethically approved 
protocols at the respective centres. We included carriers of germline pVs 
in two or more of the following genes: HBOC core genes (ATM, BARD1, 
BRCA1, BRCA2, BRIP1, CDH1, CHEK2, PALB2, PTEN, RAD51C, 
RAD51D, STK11, TP53), genes previously implicated in HBOC but with 
disputed or potentially restricted, variant or population-specific patho
genicity (FANCM, NBN) [24], Lynch syndrome genes (MLH1, MSH2, 
MSH6, PMS2), or genes linked to other autosomal-dominant TPS. As 
control, we extracted SH carriers from the GC-HBOC registry. Unless 
specified otherwise, SH controls were tested for at least the 13 HBOC 
core genes (SH cohort). Further details are provided in the 
Supplementary Methods.

2.2. Disease severity

Female index DH and SH carriers were matched using ‘MatchIT’ 
v.4.5.5 [25] for genes involved, and age at last follow-up or first 
risk-reducing surgery (bilateral mastectomy, bilateral 
salpingo-oophorectomy), whichever occurred first. ‘Matching without 
replacement’ was selected. Index cases were defined as cancer patients 
tested by mutational search. Disease severity was assessed adapting a 
published scoring approach [13]. One point was counted for each 
HBOC-associated cancer (BC, contralateral BC, OC, pancreatic cancer), 
with the sum representing the severity score (range 1–4). For genes 
significantly associated with BC only, scoring was restricted to BC and 
contralateral BC (range 1–2).

2.3. Statistical analyses

Analyses were performed using R (https://www.r-project.org). 
Fisher exact tests and Kruskal-Wallis tests with Dunn post-hoc tests were 
used. For matched cohorts, we utilized Cumulative Link Mixed Model 
(CLMM) using ‘ordinal’ v.2023.12–4.1, with affected gene(s) as pre
dictor and matched set as random effect. Post-hoc analysis used 
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‘emmeans’ v.1.10.6. Binary data were analysed using conditional lo
gistic regression (CLR) with ‘survival’ v3.8.3. Statistics and assumptions 
were assessed using base R functions, ‘ordinal’, and ‘survival’ functions. 
Statistical significance was set at p < 0.05, with Benjamini-Hochberg 
(BH) correction for multiple testing [26].

3. Results

3.1. Prevalence of multiple heterozygosity

In the BRCA2006 registry with 26,983 carriers of HBOC pVs, 409 
individuals from 346 families harboured pVs in two or more TPS genes 
(Table 1, Supplementary Figure 1). This MH cohort was predominately 
female (93%), with 73 different gene combinations identified. On 
average, 1.1 cancer diagnoses were documented per patient. A total of 
400 individuals were DH (98%), with pVs in exactly two TPS-associated 
genes (Fig. 1). This cohort is termed DH cohort.

The SH all cohort included 26,574 individuals (92% women) from 
16,440 families (Table 1), all identified with a single pV. Individuals of 
the SH all cohort had 0.9 cancers per person on average. Age at last 
follow-up and mean age at BC/OC diagnosis were similar between the 
SH all and MH cohorts (Table 1). The limited number of pancreatic and 
prostate cancers documented in the registry prevented comparing the 
age at diagnosis between cohorts.

Given the variation in TPS genes tested over time and with testing 
type (predictive cascade testing often restricted to the index person’s pV 
(s)), we analysed individuals tested for at least the 13 HBOC core genes. 
In this subcohort, 3309 individuals had a single pV in one of the HBOC 
core genes (SH cohort), while 98 individuals carried pVs in two or more 
HBOC core genes, accounting for 2.9%. To address the potential impact 
of age-related somatic pVs in genes like TP53 (e.g. clonal hematopoiesis 
of indeterminate potential), we examined TP53 pV carriers further. No 
MH carrier tested for at least the 13 HBOC genes carried a TP53 pV. 
Considering only SH cohort individuals with a cascade-test-confirmed 
TP53 pV, 3263 SH individuals were identified. Excluding TP53 car
riers without confirmation by cascade testing, 2.9% of individuals car
ried pVs in two or more HBOC core genes.

3.2. Cancer burden

BC was the most common cancer in the DH cohort, diagnosed in 272 
female and 6 male carriers (Fig. 1). Subsequent BC occurred in 69 female 
carriers (including two with three BCs) and one male carrier. Of these, 
52 BCs (51 women, one man) were in the contralateral breast, and 20 
BCs (all women) were in the same breast or of unknown side. To address 
uncertainty about recurrence vs. independent primary cancers, subse
quent BCs in the same breast or of unknown side were excluded from the 
analyses. Sixty-eight DH carriers developed OC. Pancreatic cancer 
(n = 2) and prostate cancer (n = 3) were rarely reported. Therapeutic or 
risk-reducing mastectomy and risk-reducing bilateral salpingo- 
oophorectomy were documented in a minority of individuals (Fig. 1). 
Due to underrepresentation of male carriers and sex differences in 
cancer prevalence, subsequent analyses were restricted to female DH 
carriers.

3.3. BC phenotypes

In both the SH and DH cohorts, the hormone receptor (HR) and HER2 
status of BC were assessed to determine if a second pV influences the BC 
phenotype (Fig. 2, Supplementary Tables 1,2). In the SH cohort, triple- 
negative BC (TNBC) was enriched in BRCA1, BARD1, RAD51C, and 
RAD51D SH carriers, while BC was predominantly HR-positive in 
BRCA2, PALB2, TP53, ATM, and CHEK2 SH carriers, amongst others 
(Fig. 2A), which together defines a preferred BC phenotype dependent 
on the HBOC-gene involved. The DH cohort also showed preferential BC 
receptor phenotypes. For example, BCs were predominantly triple- 

Table 1 
Characteristics of the study cohorts.

MH cohort 
(multiple 
heterozygotes)

SH all cohort 
(all controls)

SH cohort 
(HBOC core 
gene controls†)

Number of families* 346 16,440 3,248
n (patients) 

(female/male/NA)
409 
(380/29)

26,574 
(24,401/ 
2,169/4)

3,309 
(3,247/60/2)

Single heterozygotes NA 26,574 
(24,401/ 
2,169/4)

3,309 (3,247/ 
60/2)

Double heterozygotes 400 (373/27) NA NA
Triple heterozygotes 9 (7/2) NA NA

Number of gene 
combinations and 
single genes affected

73 15 13

cancers per person 
[mean, (range)]

1.1 (0 – 4) 0.9 (0 – 6) 1.2 (0 – 5)

n (no cancer) 79 (19.3%) 9,259 
(34.8%)

247 (7.5%)

n (1 cancer) 238 (58.2%) 12,766 
(48.0%)

2,391 (72.3%)

n (2 cancers) 80 (19.6%) 3,767 
(14.2%)

585 (17.7%)

n (3 cancers) 11 (2.7%) 672 (2.5%) 70 (2.1%)
n (4 cancers) 1 (0.2%) 89 (0.3%) 15 (0.5%)
n (5 cancers) 0 (0.0%) 16 (0.06%) 1 (0.03%)
n (6 cancers) 0 (0.0%) 5 (0.02%) 0 (0.0%)

Type of genetic testing ​ ​ ​
mutational search 341 (83.4%) 16,341 

(61.5%)
3,284 (99.2%)

predictive testing 68 (16.6%) 10,209 
(38.4%)

25 (0.8%)

NA ​ 24 (0.09%) ​
Mean age at last follow- 

up ± SD
50.0 ± 13.6 49.1 ± 13.7 51.0 ± 12.6

Thereof: Double 
heterozygotes 
(DH cohort)

Single 
heterozygotes

Single 
heterozygotes

Age at diagnosis of first 
breast cancer (mean, 
range)

​ ​ ​

total 43.9 (20.0 – 85.5) 44.1 (17.5 – 
92.3)

45.4 (21.5 – 
92.3)

female 43.7 (20.0 – 85.5) 43.8 (17.5 – 
92.3)

45.1 (21.5 – 
92.3)

male 55.6 (43.2 – 60.5) 61.8 (33.1 – 
83.4)

63.1 (44.2 – 
83.4)

Age at diagnosis of 
ovarian/Fallopian 
tube/primary 
peritoneal cancer 
(mean, range)

​ ​ ​

female 55.2 (29.5 – 85.1) 54.5 (5.5 – 
92.5)

56.9 (19.5 – 
84.6)

Age at diagnosis of 
pancreatic cancer 
(mean, range)

​ ​ ​

total 67.8 (67.0 – 68.5) 55.5 (25.7 – 
76.5)

57.5 (51.4 – 
64.5)

female 67.8 (67.0 – 68.5) 54.4 (25.7 – 
76.5)

54.0 (51.4 – 
56.6)

male NA 58.1 (36.5 – 
76.5)

64.5

Age at diagnosis of 
prostate cancer 
(mean, range)

​ ​ ​

male 55.7 (50.5 – 60.9) 65.3 (38.5 – 
85.1)

61.1 (59.5 – 
63.3)

*Families with at least one member harbouring two or more pVs (multiple 
heterozygotes) and one pV in TPS genes (single heterozygotes), respectively. 
yThe SH cohort encompasses individuals who have undergone testing for at least 
the 13 core genes associated with HBOC and have been confirmed to carry a 
single pV associated with HBOC. This cohort is a subset of individuals 
comprising the SH all cohort shown in the middle. SD, standard deviation.
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Fig. 1. Clinical and genetic characteristics of the DH cohort. Features are colour-encoded according to the legend shown on the right. pV, pathogenic variant; 
BC1, first breast cancer; BC2(c), second breast cancer, contralateral; BC2(i/u), second breast cancer in same breast or side unknown; OC, ovarian/Fallopian tube/ 
peritoneal cancer; PaC, pancreatic cancer; PC, prostate cancer; uMX, unilateral mastectomy; bMX, bilateral mastectomy; BSO, bilateral salpingo-oophorectomy.
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negative in individuals carrying pVs in BRCA1/BRCA2, BRCA1/PALB2, 
BRCA1/ATM, BRCA1/RAD51C or BRCA1/BRIP1 (Fig. 2A).

No significant differences in the HER2 status were observed between 
female SH and DH cohorts (BH-adjusted p = 0.521–1.000; Fig. 2B, 
Supplementary Table 2). A BRCA1 pV combined with a pV in most 

HBOC-associated genes favoured a triple-negative BC phenotype due to 
a lower rate of HR-positivity, regardless of whether the pV in the second 
(non-BRCA1) HBOC-related gene is associated with HR-positivity or not, 
when isolated: BCs in BRCA1/BRCA2 DH carriers showed a significantly 
lower rate of HR-positivity compared to BRCA2 SH carriers (BH- 

Fig. 2. HR and HER2 status of BC. (A) Fraction of BCs with a given phenotype in female carriers of HBOC-related pVs (dark columns, HR-positive and HER2- 
positive BC in the upper three plots and triple-negative BC in the lower plot, respectively). Single genes and gene combinations with n < 3 tumours were not 
considered in the analysis (Supplementary Table 1 for the number of BCs included in the analysis). For TNBC (bottom), triple-negative tumours were compared to 
non-TNBC tumours with at least one phenotype feature (ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2) being 
positive. (B) Comparison of the HR and HER2 status of BC using Fisher exact test of selected gene combinations (see Supplementary Table 2 for all combinations 
tested). Obtained p-values were adjusted for multiple testing using the Benjamini-Hochberg method. Significant p-values are in bold. (C) Age at diagnosis of HR- 
negative and HR-positive BC (legend) in female carriers of a single BRCA1 pV, single CHEK2 pV, and double BRCA1/CHEK2 pVs. Individuals may present with 
multiple BC manifestations (number of cancers analysed are given in Supplementary Table 3). P-values were determined using the Kruskal-Wallis test, followed by 
Dunn post-hoc test and Benjamini-Hochberg correction.
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adjusted p = 2.1 ×10−3), as did BRCA1/ATM DH vs. ATM SH (BH- 
adjusted p = 2.1 ×10−3) and BRCA1/PALB2 DH vs. PALB2 SH carriers 
(BH-adjusted p = 0.025).

In contrast, TNBC was less frequently observed in BRCA1/CHEK2 DH 
carriers, with HR-positive cancers in about two thirds of BCs (Fig. 2A). 
HR-positivity was significantly higher in BRCA1/CHEK2 DH carriers 
compared to BRCA1 SH carriers (BH-adjusted p = 8.8 ×10−3; Fig. 2B), 
but did not fully align with that observed in CHEK2 SH carriers (BH- 
adjusted p = 0.018).

Given that HR-positivity might relate to the age at BC diagnosis, we 
examined age differences between HR-negative and HR-positive BCs. 
This analysis included all BCs with available HR status, regardless of 
whether it was the first BC or a subsequent contralateral tumour. No 
statistically significant age differences were observed in any group. In 
BRCA1 SH carriers, the median age (interquartile range [IQR]) at 
diagnosis for HR-negative and HR-positive BC was 44.2 [13.6] and 44.2 
[16.2] years, respectively (BH-adjusted p = 0.863; Fig. 2C, 
Supplementary Table 3). For CHEK2 SH carriers, these values were 46.8 
[15.2] and 48.3 [12.4] years (BH-adjusted p = 0.765). Also, in BRCA1/ 
CHEK2 DH carriers, median ages were similar: 44.4 [8.6] and 44.8 [8.7] 
years for HR-negative and HR-positive BC, respectively (BH-adjusted 
p = 0.863).

Individuals with a BRCA2 pV combined with another HBOC- 
associated pV showed low triple-negativity rates (except BRCA1/ 
BRCA2 and BRCA2/RAD51D DH carriers), aligning with BCs in BRCA2 
SH carriers (Fig. 2A,B). These tumours were predominantly HR-positive 
and HER2-negative. ATM/CHEK2 DH carriers developed no TNBC, 
consistent with ATM or CHEK2 SH carriers (Fig. 2A).

3.4. Age of cancer onset

BC onset ranged from ~20 to > 90 years, with a median age at first 
BC diagnosis in the 40’s for most genes in the SH cohort (Fig. 3A). In the 
SH cohort, TP53 carriers had a median age of first BC diagnosis at 39.6 
years [13.1], followed by BRCA1 SH carriers (41.3 [14.1]; 
Supplementary Table 4). In the DH cohort, BRCA1/PALB2 and BRCA1/ 
BRCA2 DH carriers developed first BC at median ages of 33.5 [15.8] and 
36.9 years [10.1], followed by BRCA1/BRIP1 (37.6 [9.2]), and BRCA2/ 
ATM (40.1 [12.1]) DH carriers, amongst others.

Differences in age of first BC between SH and DH carriers did not 
reach statistical significance (BH-adjusted p > 0.05), except for BRCA1/ 
BRCA2 DH vs. BRCA2 SH carriers (BH-adjusted p = 0.002). However, 
the comparison between BRCA1/BRCA2 DH and BRCA1 SH carriers 
(where BRCA1 is the more penetrant gene) was not significant (BH- 
adjusted p = 0.199).

For certain gene combinations, particularly those involving pVs in 
two moderately penetrant genes, our data suggested a trend toward a 
reduced age of onset. For instance, ATM/CHEK2 DH carriers had a 
median BC onset age of 41.5 years [14.0], compared to ATM SH (46.1 
[13.2]) or CHEK2 SH (47.6 [14.9]; Supplementary Table 4) carriers. The 
age range of BC onset in ATM/CHEK2 DH individuals falls within the 
range observed in BRCA1 SH carriers (41.3 [14.1]; Fig. 3A).

Of 771 patients with OC in SH and DH cohorts, median age at OC 
diagnosis was 56.5 years in SH and 55.8 years in DH carriers. In SH 
carriers, median OC diagnosis age was 53.7 [11.6] for BRCA1, 59.5 
[12.4] for BRCA2, and 56.5 [20.5] years for PALB2 (Fig. 3B, 
Supplementary Table 4). DH carriers with pVs in BRCA1 plus another 
HBOC core gene had median OC diagnosis ages of 50.0 [12.9] for 
BRCA1/CHEK2, 54.0 [7.6] for BRCA1/ATM, and 58.2 [13.0] years for 
BRCA1/BRCA2. Differences in age at OC diagnosis between SH and DH 

Fig. 3. Age at diagnosis of BC and OC in carriers of pVs in HBOC-associated genes. Age distribution of female patients with (A) first BC diagnosis (n ≥ 3), and 
(B) OC diagnosis, if appropriate. The median age of women diagnosed with BC (65 years) and OC (68 years) in Germany is indicated by a dashed line in (A) and (B), 
respectively. Statistical significance of HBOC core gene combinations was assessed using Kruskal-Wallis test, followed by Dunn post-hoc test and Benjamini-Hochberg 
adjustment, if appropriate. Numbers of BCs and OCs included in the analysis together with the median age at cancer diagnosis and IQR are listed in 
Supplementary Table 4.
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carriers did not reach statistical significance (BH-adjusted p > 0.05).

3.5. Severity score

Finally, we investigated disease severity using a scoring system based 
on HBOC-associated cancers (BC, contralateral BC, OC, and pancreatic 
cancer, Fig. 4A,B). Female DH and SH cancer patients tested by muta
tional search were aged-matched to account for differences in follow-up 
and risk-reducing surgery. CLMM analysis (p = 4.65 ×10−4, likelihood 
ratio test) indicated carriers of single BRCA1 or BRCA2 pVs had lower 
odds of being in higher severity scores compared to BRCA1/BRCA2 DH 
carriers (BRCA1: OR 0.396, 95%CI 0.180–0.87, p = 0.021; BRCA2: OR 
0.224, 95%CI 0.100–0.50, p = 2.82 ×10−4; Supplementary Table 5). 
Post-hoc tests confirmed significant differences (BRCA1: p = 0.021; 
BRCA2: p = 8 ×10−4, BH-adjusted). CLR with binarized severity scores 
(1 vs. >1) support these results (BRCA1: OR 0.44, 95%CI 0.200–0.97, 
p = 0.042; BRCA2: OR 0.253, 95%CI 0.113–0.57, p = 8.66 ×10−4).

For gene combinations with restricted associated cancer spectra 
(ATM, CHEK2; Fig. 4B), severity scores were adjusted based on over
lapping cancer spectra, focusing on BC alone (Fig. 4C). CLR showed 
significance for BRCA1/CHEK2 DH vs. CHEK2 SH carriers (OR 0.309, 
95%CI 0.127–0.75, p = 9.69 ×10−3, Supplementary Table 5), but not 
for BRCA1/CHEK2 DH vs. BRCA1 SH carriers (p = 0.145). Other com
binations were not significant.

4. Discussion

Genetic testing for pVs linked to TPS can inform clinical decisions 
regarding therapy, risk-reducing surgeries, and surveillance for index 
patients and at-risk relatives [1,27]. This study characterizes cancers in 
DH individuals diagnosed with HBOC and presents results from a na
tional MH cohort, including gene combinations rarely reported before. 
Collectively, our data suggest that the phenotype can, dependent on the 
gene combination, be modified by the presence of a second pV.

Our findings support that a given pV influences HR and HER2 status 
in BC. This is well established for SH carriers; e.g. BRCA1 SH carriers 
preferentially develop TNBC [28,29], particularly if diagnosed before 
age 50 [30], while BRCA2 SH carriers typically present with HR-positive 
BC [3]. In individuals with a BRCA1 pV and a pV in second 
HBOC-associated gene, BC predominantly appears as triple-negative in 
the majority of gene combinations studied, even when the second pV 
favours HR-positive BC in SH carriers. Thus, we conclude that BRCA1 
pVs dominate the HR phenotype in most HBOC-associated pV combi
nations. However, BRCA1/CHEK2 DH carriers showed increased 
HR-positivity compared to BRCA1 SH individuals. In SH carriers, CHEK2 
pVs is enriched in HR-positive BC [31], which aligns with our control 
cohort. Previous data on BRCA1/CHEK2 DH carriers is limited [15,18, 
21,32]; of eleven reported cases with available BC phenotype, nine were 
HR-positive [15,18,32]. Notably, our study found no significant differ
ences in the age at which BRCA1/CHEK2 DH carriers were diagnosed 

Fig. 4. Severity score for female carriers of pVs in HBOC-associated genes. (A) Stacked bar plot showing the severity score of female BRCA1 SH, BRCA2 SH and 
BRCA1/BRCA2 DH carriers with four relevant cancer types (BC, contralateral BC, OC, pancreatic cancer; diagram on the left). The score is color-coded as indicated in 
the legend. (B) Cancer predisposition profile indicated by red boxes for selected genes associated with HBOC. (C) For gene combinations with a restricted cancer 
predisposition profile, the severity score was adjusted to include only overlapping cancers, specifically breast cancers. P-values are derived from a cumulative link 
mixed model for ordinal data (A) and conditional logistic regression for binary data (C), both considering the matched cohort structure in the respective models 
(Supplementary Table 5).
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with HR-positive vs. HR-negative BC, suggesting age at diagnosis is not 
the main factor contributing to the increased frequency of HR-positivity. 
Our results thus support a phenotypic interaction between the 
BRCA1/CHEK2 pVs, suggesting that this interplay may enhance the 
dominance of the CHEK2 HR phenotype. A recent study analysing ge
nomes of cancers in patients with biallelic germline CHEK2 pVs found 
that these tumours lack homologous recombination deficiency (HRD) 
markers typically associated with BRCA1/2-deficient cancers [22]. 
Thus, further research is needed to determine the HRD phenotype of 
BRCA1/CHEK2 DH BCs.

Current HBOC guidelines do not specify whether recommendations 
for female SH carriers extend to DH carriers. Our data indicate that age 
at BC diagnosis in female DH carriers often mirrors that of carriers with a 
single pV in the more penetrant gene. This observation suggests that for 
most gene combinations, intensified surveillance could begin at the age 
recommended for carriers of a single pV in the more penetrant gene. 
However, carriers of specific gene combinations like ATM/CHEK2 
showed a median BC onset age similar to carriers of a single BRCA1 pV, 
in line with recent data [32]. In Germany, intensified breast surveillance 
typically starts at 25 years for female BRCA1 SH carriers and 30 years for 
female ATM and CHEK2 SH carriers. Our data suggest that earlier sur
veillance for individuals with specific gene combinations may be 
beneficial. However, our analysis did not reach statistical significance, 
likely due to limited case numbers and investigation in larger cohorts is 
necessary to validate these findings and optimize personalized surveil
lance for DH individuals. The higher severity score could be considered 
in clinical recommendations regarding risk-reducing surgery for female 
BRCA1/BRCA2 DH carriers.

For male DH carriers, the limited number of documented cases 
makes it challenging to draw conclusions about their phenotype. Our 
preliminary analysis suggests earlier cancer onset. Larger prospective 
studies are required to address clinical recommendations for DH carriers 
comprehensively.

Epidemiologically, pV carrier rates vary by population, and there is 
evidence that the phenotype of DH carriers might be altered by the 
ethnic background. In the Ashkenazi population [33], ~3% carry 
BRCA1 or BRCA2 pVs, mostly linked to three founder variants [34–36]. 
Among female Ashkenazi cancer patients, ~10% of BC and ~30% of OC 
cases are associated with BRCA1 or BRCA2 pVs [33]. The high preva
lence of SH carriers in the Ashkenazi population is expected to result in 
an increased frequency of DH carriers within this group.

Earlier reports on Ashkenazi families did not support a more severe 
phenotype in DH carriers vs. SH carriers [11,12]. Asian DH individuals 
showed similar BC phenotypes and onset ages to European cohorts 
(26–55 years). Previous studies across various populations of DH in
dividuals reported first BC between 23–70 years and OC between 36–66 
years [11,13,14,37]. Here, our study shows DH carriers in the German 
population can exhibit more severe disease phenotypes than SH carriers. 
Population-specific differences may be influenced by genetic modifiers 
like single nucleotide polymorphisms [38], and non-genetic factors such 
as environment and lifestyle including reproduction, diet, and body 
mass index. Some of these factors may serve as targets for prevention 
[39].

Moreover, our data indicate multiple heterozygosity is more preva
lent than previously thought, affecting ~3% of carriers with HBOC- 
associated pVs. This is a lower bound estimate, considering only the 
13 core HBOC genes.

In conclusion, our findings support disease spectrum modification in 
DH individuals with HBOC across certain gene combinations. Future 
molecular tumour analyses may reveal mechanisms driving phenotype 
modification [40]. As clinical management recommendations depend on 
pV detection [41–43], careful pedigree analysis for TPS in the other 
family lineage is essential, particularly for predictive cascade testing. 
Cascade testing for pV(s) identified in the index patient may leave 
additional pVs undetected, potentially missing opportunities for adapt
ing clinical management. Recent data from panel sequencing in cascade 

testing suggest that unforeseen findings influencing clinical manage
ment can be detected in approximately 2% of tested relatives, including 
those in whom the familial pV was excluded [44]. The findings reported 
herein mark a step towards developing clinical evidence-based guide
lines tailored to the growing group of MH carriers. Identification of 
additional MH individuals and families, along their structured 
follow-up, will inform future recommendations and personalized ap
proaches in genetic testing and clinical care.

Data sharing

Data of this study on germline variants and classification are made 
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