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Abstract: Background/Objectives: BRCA1, BRCA2, ATM, and CHEK? are known cancer predisposi-
tion genes (CPGs), but tumor risk in patients with simultaneous pathogenic variants (PVs) in CPGs
remains largely unknown. In this study, we describe six patients from five families with multiple
cancers who coinherited a combination of PVs in these genes. Methods: PVs were identified using
NGS DNA sequencing and were confirmed by Sanger. Results: Families 1, 2, and 3 presented PVs
in BRCA2 and ATM, family 4 in BRCA2 and BRCA1, and family 5 in BRCA2 and CHEK?2. PVs were
identified using NGS DNA sequencing and were confirmed by Sanger. The first family included
patients with kidney, prostate, and breast cancer, in addition to pancreatic adenocarcinomas. In the
second family, a female had breast cancer, while a male from the third family had prostate, gastric,
and pancreatic cancer. The fourth family included a male with pancreatic cancer, and the fifth family
a female with breast cancer. Conclusions: The early age of diagnosis and the development of multiple
cancers in the reported patients indicate a very high risk of cancer in double-heterozygous patients
associated with PVs in HR-related CPGs. Therefore, in families with patients who differ from other
family members in terms of phenotype, age of diagnosis, or type of cancer, the cascade testing needs
to include the study of other CPGs.

Keywords: digenic inheritance; double heterozygosity; familial cancer; BRCA1; BRCA2; ATM; CHEK2

1. Introduction

Cancer predisposition syndromes (CPS) are now extensively studied, with an increas-
ing proportion of cancer patients undergoing genetic testing [1]. This testing is based on
the type of cancer, the number of cancer occurrences during the patient’s life, the age at
diagnosis, and the family history [2,3]. It is expected that 3 to 5% of cancers are linked to
a causal variant in a cancer predisposition gene (CPG) [4]. As most CPS are transmitted
in an autosomal dominant way, once a pathogenic variant (PV) is identified in a family,
the geneticists propose a family cascade testing to search for the variant, and start with
first-degree relatives [5].
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Within the frame of inherited cancer predisposition, carriers of pathogenic variants
(PVs) in a single gene have been extensively represented in the literature, and an ever-
growing accumulation of data on the single gene-related cancer risk, based on multiple
family histories, is available [6,7]. These data have led to gene-specific screening and follow-
up recommendations for these carriers [3]. However, the coinheritance of heterozygous
PV in two CPGs is a poorly studied event restricted to small case series and single case
reports [8-10]. The exact frequency of double heterozygotes remains unknown, as is the
case for their cancer risk and associated follow-up strategies [11]. Therefore, empirically,
most genetic centers propose to apply the guidelines defined for the most dangerous gene
to the follow-up of patients with two PVs in two different CPGs. However, the BRCAI and
BRCA2 PVs coinheritance, in the population-based Israeli national breast cancer cohort, was
described in 2.2% of all carriers [12], and 17 double heterozygotes for CPGs were detected
in a breast cancer cohort of people of Slavic ancestry which included 5391 patients [13].

Breast cancer gene 1 (BRCA1), breast cancer gene 2 (BRCA2), checkpoint kinase 2
(CHEK2), and ataxia-telangiectasia mutated (ATM) are CPGs, part of the homologous
recombination (HR) pathway for double strand break (DSB) repair. This pathway preferen-
tially uses the sister chromatid for error-free repair, and both the DNA damage response
and the cell cycle checkpoints are crucial for initiating and regulating HR [14]. ATM par-
ticipates in HR initiation and phosphorylation of CHEK2; BRCA1 facilitates DNA end
resection [15], while BRCAZ2 aids in the formation of a DNA D-loop through the invasion
of the nearby duplex DNA [16]. Finally, the BRCA2 protein is post-translationally modified
by ATM [17].

HR is crucial for repairing severe replication lesions at replication forks, and can repair
or bypass DNA lesions remaining due to inactivation of other pathways. Consequently,
mutations in HR genes result in genomic instability, fueling further mutations that lead
to cancer development [14,18]. This deficiency in the HR pathway makes tumor cells
more sensible to poly-(ADP-ribose)-polymerase inhibitors, platinum derivatives, alkylating
agents, mitomycin C, and other antitumor drugs that are used for the treatment of cancer
patients [19-22].

PVsin BRCA1, BRCA2, CHEK2, and ATM have been linked to a wide variety of can-
cers [15]. BRCA1 and BRCA2’s PVs were associated with breast cancer, ovarian/fallopian
cancer, pancreas cancer, prostate cancer, and melanoma, while breast, prostate, thyroid,
kidney, colon and stomach cancers were related to PVs in CHEK2? [23]. Germline heterozy-
gous PVs in ATM increase the risks of breast, pancreatic, gastro-esophageal, colorectal,
ovarian, prostate, thyroid, gastric, and head and neck cancers, as well as melanoma [24].
Given the frequencies of PVs in these genes, it is expected that cancer patients carrying
two PVs should be rarely, but not exceptionally, observed. Moreover, as these genes act on
the homologous recombination pathway, these double heterozygote patients might have a
higher risk of HR dysfunction and thus a more severe cancer risk.

In this study we describe six patients from five families with multiple cancers who
coinherited PVs in BRCA2 and other HR genes—four patients with variants in BRCA2 and
ATM, one patient with BRCA2 and BRCA1, and one patient with BRCA2 and CHEK2 PVs.

2. Materials and Methods
2.1. Ethical Approval

The study was conducted in accordance with the Declaration of Helsinki and ap-
proved by the Comité d’Ethique Hospitalo-facultaire Universitaire de Liege (protocol code
2019/245 and date of approval 28 October 2019).

2.2. Data Collection

Patient sex, age, age at diagnosis for each tumor, and personal and family history
were extracted from the medical records. Data on cancer diagnosis and treatment were
gathered from the institution’s database. All of the patients read and signed an informed-
consent document.
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2.3. Genetic Analysis

Genetic analysis was performed on DNA extracted from blood samples using QI-
Acube (QIAGEN, Hilden, Germany) and STARlet (Seegene Inc., Seoul, South Korea) ex-
traction instruments (See Supplementary Data: DNA extraction methods). DNA purity
and concentration were measured with NanoDrop (Thermo Fisher Scientific, Waltham,
Massachusetts, United States), and DNA underwent NGS panel sequencing (See Sup-
plementary Data: Table S1). The bioinformatic analysis was performed using in-house
demultiplexing pipelines and the in-house Humanomics pipeline (as described in [25]).
Variant classification was performed according to the ACMG “Standards and guidelines
for the interpretation of sequence variants” [26]. The in silico analysis of missense and
splicing variants was performed using the aggregated score of the Franklin by Genoox
tool (https://franklin.genoox.com, accessed on 17 May 2024), which includes the scores
of SIFT, FATHMM, DANN, MetaLR, REVEL, MutationAssessor, PolyPhen-2, Mutation-
Taster, PrimateAl, BayesDel, SpliceAl, dbscSNV, GERP, GenoCanyon, fitCons, MitoTip, and
APOGEE. For the splicing variants, Human Splicing Finder [27] was used. Two databases,
gnomAD (https://gnomad.broadinstitute.org/, accessed on accessed on 17 May 2024)
and ALFA (https://www.ncbinlm.nih.gov/snp/docs/gsr/alfa, accessed on accessed on
17 May 2024), were used to retrieve the Minor Allele Frequency (MAF) data. The identified
PVs were confirmed by Sanger sequencing (See Supplementary Materials: Table S2).

3. Results
3.1. Frequency of Double Heterozygotes

Over the past 28 months, following the introduction of the new Hereditary Breast
and Ovarian Cancer (HBOC) panel at our institution, a total of 2152 panels have been
conducted in cases of cancer patients (1929 13-gene panels and 223 26-gene panels). In
total, 121/1929 13-gene panels (6.27%) and 22/223 (9.8%) 26-gene panels were positive,
containing a pathogenic or likely pathogenic result. Three patients (3/2152 patients, 0.14%)
were double-heterozygous for CPG PVs. Two samples had two PVs in the 13-gene panel
(2.2% of the 91 samples with PVs) and one in the 26-gene panel (5.6% of the 18 samples
with PVs, see Table 1). Heterozygous variants in genes associated with a recessive instance
of CPS, such as the MUTYH gene, were excluded from this analysis.

Table 1. Double heterozygote statistics in the institution.

13-Gene Panel 26-Gene Panel
Likely Pathogenic = Pathogenic  Likely Pathogenic  Pathogenic
(n =30) (n=91) n=4) (n=18)
! vanant o, sample, 30 (100.0) 89 (97.8) 4(100.0) 17 (94.4)
2 Va“a“trf (p/e)r sample, 0(0.0) 2(22) 0(0.0) 1(5.6)

In this study, we report two of the three double-heterozygous patients from whom
we obtained informed consent, and one additional patient whose double-heterozygous
state was diagnosed based on family history. The three additional included patients were
previously observed by the genetics department and/or had a relevant family history.

3.2. Clinical History

Six patients from five families underwent genetic consultation in the context of multi-
ple cancers or early-onset disease, leading to the identification of two heterozygous PVs in
the HR genes of each patient (see Table 2).
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Table 2. Characteristics of the patients included in the study.
Family 1 Family 2 Family 3 Family 4 Family 5
Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6
II:5 II1:2 Iv:2 II:1 Iv:3 II1:2
Sex Male Female Female Male Male Female
Age (years) 67 34 28 65 58 29
Childhood asthma,
Medical gouty arthritis, hy- Essential throm- Type 2 Glucose
histor percholesterolemia, None None bocvtopenia diabetes, intolerance
y and hypertrophic yiop volvulus
heart disease
Breast cancer Metastatic breast ~ Prostate cancer at Ductal breast
Renal cancer at 50, at 29 years . . cancer at
. cancer at 28 years 49, gastric cancer Metastatic
Oncological ~ Prostate cancer at (ER positive, (ER positive, PR at 60, and ancreatic 28 years (ER
. & 51, and metastatic PR positive, po 4 " p positive, PR
history . . o positive, Ki67 metastatic cancer at . .
pancreatic cancer at Ki67 60%, o - negative, Ki67
40%, HER2 ++ pancreatic cancer 57 years S
66 years HER2 ++, SISH —) at 64 vears 50%, HER2 ++,
SISH —) ¥ SISH —)
Renal Surger
cancer—surgery, Neoadjuvant Prostate and ey,
. adjuvant
prostate cancer— chemother- gastric chemothera
Treatment brachytherapy, apy, surgery, Chemotherapy cancer-surgery,  Chemotherapy radiothera Py,
pancreatic cancer— and pancreatic cancer— Py,
. and hormonal
chemotherapy, and  radiotherapy chemotherapy thera
targeted therapy Py
Identified germline heterozygous pathogenic and likely pathogenic variants
BRCA2 ¢.3865_3868del €.3865_3868del c.5057T>A c.4284dup c.8243G>A ¢.537dup
p-(Lys1289Alafs*3)  p.(Lys1289Alafs*3) p.(Leul686*) p-(GIn1429Serfs*9) p.(Gly2748Asp) p(lle180Tyrfs*3)
€.8494C>T c.8494C>T €.6326G>A
ATM p-(Arg2832Cys)  p.(Arg2832Cys) c75162A>G p-(Trp2109*) )
c.1121del
BRCAT ) ) ) p-(Thr374Asnfs*2)
c499G>A
CHEK2 i ) ) ) p-(Gly167Arg)

ER—estrogen receptor; PR—progesterone receptor; SISH—silver in situ hybridization. Reference transcripts:
ATM NM_000051.3, BRCA1 NM_007294.3, BRCA2 NM_000059.3, and CHEK2 NM_007194.3. * refers to a
stop codon.

The first family included a 67-year-old male with a medical history of multiple cancers
whose daughter had been diagnosed with breast cancer (see Figure 1). The male patient
presented kidney and prostate cancer and pancreatic adenocarcinoma at the ages of 50, 51,
and 66, respectively.

The patient’s daughter was diagnosed with breast cancer at 29 years. A tumorectomy
showed grade 3 invasive ductal carcinoma with axillary and mediastinal lymph node
extension (ypT1cN2aMXx). Two years after the diagnosis, she presented a first relapse with
one successfully treated bone metastasis. The subsequent relapses included liver metastasis,
lymph node invasion, and finally brain metastasis in 2021.

In the second family, a 28-year-old female underwent an exploratory laparoscopy due
to persistent non-specific abdominal pain with nausea and vomiting, showing endometri-
otic lesions and multiple hepatic lesions described as angiomas. A month later, after a
week of hyperthermy and a positive COVID-19 test, the thoracoabdominal computed
tomography scan demonstrated a large breast lesion with a highly suspicious right axillary
lymph node, necrotic hepatic and bone lesions, and possibly-COVID-19-related pulmonary
foci. A grade 3 infiltrating ductal carcinoma was diagnosed and treated.
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I1 I:2 I
d. 76y. d. 50y. d.g4y.
1I:1 1I:2 1I:3 1I:4 ” 1I:5 1I:6 11 1I:2 II:3 1I:4
d. 64y. d.71y. BrCA2 +/- d.64y.
ATM +/-
III:1 ’III:Z 11 1I1:2 III:3 III:4
dx.29y. BRCA2 +/-
BRCA2 +/- ATM +/-
ATM +/- i D i
7
v v:2 Iv:3 v:4

dx.50y. dx.28y.

BRCA2 +/- BRCA2 +/- BRCA2 +/-BRCA2 -/-
ATM -/- ATM+/- ATM+/- ATM +/-

(©) 70 O 0 O @ Jraf

I1 1.2 1.3 1.4 1.5 11
N 'y
7
1I:1 1I:2 1I:3 14 15 16 1031 112
BRCA2 +/- BRCA2 +~ d.5py.  d.47y.
ATM +/- ATM +/-
IIT:1 1I1:2 111:3 fIr:1 I1:2

BRCA1 +/-| 447

Vi1 7 Iv3
dx. 58y.

BRCA1 +/-

BRCA1 -/- BRCA1 +/-

BRCA2 +/ BRCA2 +/-
Vi1l o va2 V3
d.29y.
BRCA1 +/-
BRCA2?/?
(e) @
I:1 1:2
@0 O[O [ O
m1  Ir2 I3 4 IL5 16 17 1I:8 11:9
dx. 50 y. dx. 60 y. BRCA2 —/-
CHEK?2 /- Breast cancer Prostate cancer
i D 3 Pancreatic cancer Leukemia
Colorectal cancer Renal cancer
III:1 I1:2 1II:3 I1I:4
dx.40y. dx. 28 y. Uterine cancer Gastric cancer
BRCA2 +/- Ovary cancer Brain tumor

CHEK?2 +/-

Figure 1. Pedigree of the five families reported: (a) family 1, (b) family 2, (c) family 3, (d) family 4,
and (e) family 5. The probands are marked with arrows. ca., cancer; CRC, colorectal cancer; d., death;
dx., diagnosis; y., years; +/ —, heterozygous genotype; —/—, homozygous wild type genotype; ?/?,
unknown genotype.
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A 65-year-old male from the third family was diagnosed with a Gleason 3 pT2bNxMO0
prostate adenocarcinoma at the age of 49, well-differentiated pT1NOMO enteric adenocar-
cinoma one year later, and finally metastatic pancreatic cancer. His older sister was first
diagnosed with breast cancer at 60, and then pancreatic cancer at 70 years old.

The fourth family included a 58-year-old male who presented a 15 kg weight loss,
fatigue, nausea, and transfixing abdominal pain for 2 weeks. In a tomography, an isthmus
pancreatic mass of 4 cm infiltrating peripancreatic fat with hepatic metastasis was discov-
ered (CTxNxM1). In this patient, a familial BRCA1 variant was found 15 years earlier at
the time of a breast cancer diagnosis for his sister at the age of 35 (she developed a second
breast cancer 15 years later, and pancreatic cancer at the age of 67). The male patient was
known to carry this familial BRCA1 variant, inherited from their father. As the BRCA1
familial variant was not sufficient to explain both pancreatic cancers, those in the patient
and his sister, as well as their mother’s breast cancer, we re-initiated a CPG analysis and
this showed that he carried two pathogenic variants: the known familial BRCA1 PV, and a
BRCA2 PV.

The 29-year-old female from the fifth family discovered three mobile, not painful
masses in her right breast while performing self-palpation. The biopsy of one of the
masses revealed a ductal breast adenocarcinoma (cT2NOMO). After a right mastectomy
with sentinel ganglion, an infiltrating tubular adenocarcinoma (pT2mN1mi) was diagnosed.
During genetic evaluation, a BRCA2 and a CHEK2 PV were identified in the patient. Both
PVs were absent in the mother, while the father was not available for testing. The patient
has two sisters, one of whom is underage and has not been tested.

3.3. Genetic Characteristics

In the patients from families 1 to 3, genetic analyses showed BRCA2 and ATM
PVs. The patients from family 4 and 5 carried PVs in BRCA1/BRCA2 and BRCA2/
CHEK2, respectively.

Three of the identified BRCA2 nonsense variants were located in exon 11/27 (¢.3865
_3868del, ¢.5057T>A, c.4284dup), while the fourth was located in exon 7/27 (c.537dup),
leading to the existence of a severely truncated or absent protein due to nonsense-mediated
mRNA decay (NMD) [28]. BRCA2 c.3865_3868del, c.5057T>A, and c¢.537dup variants were
absent from the gnomAD (v2.1.1) and ALFA databases, while BRCA2 c.4284dup had a fre-
quency of 1 out of 244426 alleles in the total population of gnomAD (v2.1.1) and was absent
from the ALFA database (see Table 3). BRCA2 c.8243G>A had a frequency of 2/249060 in the
total population of gnomAD (v2.1.1) and 1/25340 in ALFA. Various functional studies show
a loss of function and/or protein stability linked to the BRCA2 ¢.8243G>A variant [29,30].
All of the BRCA2 variants were previously described as pathogenic [22,31-33].

The missense ATM ¢.8494C>T variant was located in exon 58 out of 63, was present in
7 out 236730 alleles in the total population in gnomAD (v2.1.1), and has been previously
described as pathogenic and associated with an increased cancer risk [34]. The ATM c.7516-
2A>G variant located in intron 50 out of 62 has not been previously reported, and was not
present in the gnomAD (v2.1.1) or ALFA databases. However, the variant was located in
a region of the gene where other variants have been described as pathogenic, affecting a
conserved splice site [35]. ATM c.7516-2A>G in silico evaluation results showed splicing
alteration by wild-type acceptor site breakage. The nonsense ATM ¢.6326G>A variant in
exon 43 out of 63 was predicted to cause loss-of-function by premature protein truncation
or NMD. This variant was not found in the gnomAD (v2.1.1) or ALFA databases and has
been previously reported as pathogenic [36].
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Table 3. Characteristics of the variants identified in the patients.

Gene Variant Type MAF 8 SiliIiZSPurli‘siiCtorS’ Cla‘l:scif?/c[eft;ion
BRCA2 ;?ﬁgﬁiggiﬁiym Deletion iric;:rzA-D ) F: not applicable Pathogenic
BRCA2 ;?gi:{gg;*) Nonsense ir]ioFrzA_D ) F: not applicable Pathogenic
BRCA2 ;’ié?icllzggser £5%9) Duplication ir}l}rXA_D 0.0004% F: not applicable Pathogenic
BRCA2 ;8(2;4135;42 Asp) Missense iric;:ronlD(] 0%800/88% F: deleterious Pathogenic
BRCA2 }C)(SITZ%%PFyr £6%3) Duplication ir]iOFIZA_D 0.0004% F: not applicable Pathogenic

ATM ;)ézigﬁofg;;;Cys) Missense ir}l}rXA_D 0.0030% F: deleterious Pathogenic

ATM c.7516-2A>G Splicing iri%IZA_D ) IliISdFe lgi[f;i;;ip tor broken Likely pathogenic

ATM ;6(’%?1:6)261?)3*) Nonsense ir]ioFrzA_D ) F: not applicable Pathogenic
BRCA1 ;1(,},%11(;;}1 Asnfs*2) Deletion ir}l}rXA_D ) F: not applicable Pathogenic
CHEK2 ;%291}?12[; Arg) Missense irli%rzAODO 0%800/34% F: deleterious Pathogenic

F—Franklin by Genoox, MAF—Minor Allele Frequency, ACMG—American College of Medical Genetics and
Genomics, HSF—Human Splicing Finder. Reference transcripts: ATM NM_000051.3, BRCA1 NM_007294.3,
BRCA2 NM_000059.3, and CHEK2 NM_007194.3.

Nonsense BRCA1 c.1121del variant caused a frameshift with a predicted stop codon
two amino acids after the deletion, which could result in loss of normal protein function
through protein truncation or NMD. This variant was absent in gnomAD (v2.1.1) or ALFA,
but was present in several individuals suffering from breast and/or ovarian cancer [37].
This variant was also known as c.1240delC in the literature.

Missense CHEK? ¢.499G>A variant leads to a substitution of a highly conserved amino
acid. This variant was present in the total population of gnomAD (v2.1.1) in 6 out of 251424
alleles, and 3/100662 alleles in ALFA. Additionally, functional analysis showed a loss of
function of the protein due to structural instability [38] or phosphorylation anomaly [39].
The in silico analysis of the variant predicted a deleterious effect on the protein, and CHEK2
loss-of-function variants are known to be pathogenic [40].

4. Discussion

PVsin BRCA1, BRCA2, CHEK2, and ATM increase the lifetime cancer risk of breast
cancer [41]. In women carrying BRCAI and BRCA2 PVs, the cumulative risk of breast
cancer was 4% before the age of 30 for each gene, and reached 72% for BRCA1 and 69%
for BRCA2 by age 80 [42]. For ATM variants, there was an estimated breast cancer relative
risk of 2.8, and the absolute breast cancer risk reached 27% by 80 years. The CHEK2 breast
cancer risk was variable for different PVs. Common CHEK? truncating variants conferred a
greater than twofold relative risk, while a less common I157T variant was associated with
a 1.4-fold risk [43]. Similarly, in a study that included 65,057 women with breast cancer,
the age of diagnosis of CHEK2 PV’s carriers was 47.7 years [41]. However, there is a lack
of epidemiological data on BC risk in patients carrying PVs in two of these genes. Our
study indicates very precocious and even metastatic BC in women with PVs in BRCA2 and
ATM (patients 2 and 3) or BRCA2 and CHEK? genes (patient 6), while a previous study
evaluating 17 double-heterozygous patients with breast cancers failed to demonstrate a
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younger age at presentation in this group [13]. A similar trend could be expected when
PVs in BRCA1 are associated with PVs in other CPGs.

The risks of other cancers are also elevated in BRCA1-, BRCA2-, and ATM-variant
carriers. BRCA1 and BRCA2 PVs confer increased risks of prostate, pancreatic, and ovarian
cancers [44], while moderate-to-high risks of pancreatic (OR 4.21), prostate (OR 2.58), and
gastric (OR 2.97) cancers were estimated for ATM-variant carriers [24]. In our observations,
two male patients were treated for a prostate cancer diagnosed at an early age, which might
suggest that the BRCA2-linked risk is further increased by the presence of the ATM PV.

The reported pancreatic cancer risks in BRCA1 and BRCA?2 carriers by the age of
70 years were 1.16% and 4.1% in men [44]. As BRCA1, BRCA2, and ATM proteins interact
in the HR pathway, an additive effect on HR deficiency could be expected, giving a further
increased risk of pancreatic cancer, as observed in patients 1, 4, and 5. Indeed, in a recent
case report of a female patient carrying two heterozygous pathogenic variants in BRCA2
and ATM, breast cancer was diagnosed at 34 and pancreatic cancer at 48 years [45]. This
raises the question of whether the previously-described reported young women with breast
cancer (family 1) will need additional monitoring for their pancreatic cancer risk.

Therefore, our observations suggest that patients carrying a PV in BRCA2 plus another
HR gene should be carefully monitored for BC, pancreatic cancer, and prostate cancer.
However, incomplete penetrance and variability of the age of onset of the disease are also
observed in double-heterozygous patients. In the second reported family, the proband’s
father also carried both BRCA2 and ATM PVs (see Figure 1) but did not have any history
of cancer, indicating that both genetic and non-genetic factors can influence cancer risk in
variant carriers [44], while in the third family, the proband’s sister developed cancer at an
older age, supporting the variable expressivity of these mutations. Further studies and
larger cohorts are thus of course needed to better define the cancer risk associated with
having two PVs in HR genes.

PVs in BRCA1 and BRCA?2 have frequencies of 0.21% and 0.31% in the European
population [46], while the frequencies of ATM and CHEK2 PVs reach 1% [47] and 1.4% [48].
These estimations, taken together, and given the scarcity of double-heterozygotes reports,
indicate that the prevalence of digenic coinheritance is likely underestimated. Recently,
even a patient with breast cancer and concurrent PVs in three cancer-related genes (BRCAI,
BRCA2, and CHEK2?) has been reported [49]. Therefore, given the high variability of
phenotypes within families and between different families, when a cascade testing is
performed after the identification of a familial PV, the assessment should not stop at
the single known familial PV, at least in individuals with precocious breast, pancreatic,
or prostate cancers; in those with multiple cancers; and in cases of cancers that are not
frequently associated with the identified PV, as the possibility of co-segregation of another
PV should not be neglected.

The size of the genetic panels used for cancer patients” evaluation has progressively
increased in recent years [50]. Consequently, the findings derived from these expanded
panels are still in the preliminary stages, and it is impossible to directly compare the new
data with previous results from shorter panels. Nonetheless, instances of double mutations
are expected to remain relatively rare. After introducing multi-gene panel testing in 2014,
by 2023, in the Fox Chase Cancer Center Risk Assessment Program Registry, 70 patients
were found to carry at least two PVs in CPGs (excluding biallelic MUTYH PVs) [51]. In a
review of 55,803 patients screened with a 25-gene hereditary cancer panel, 106 individuals
(0.19%) showed PVs or likely pathogenic variants in two or more genes [52], a frequency of
double heterozygotes very similar to that observed in the present study.

With the increase in patient numbers and the utilization of larger cohorts for analysis,
more robust data will be available soon. Furthermore, the criteria for recommending
genetic studies have undergone multiple revisions over time. Only recently has genetic
testing for pancreatic and prostate cancer been included as part of the standard practice [53].
Consequently, the reports of larger cohorts of patients with diverse primary tumors will
increase the likelihood of identifying cases with double mutations.
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The small number of patients, the bias in recruitment, and the inability to evaluate
the segregation in all of the families are the main limitations of our study. Additionally,
we did not address the associated treatment strategies—platinum-based chemotherapy
or PARP inhibitors—and the patients’ responses. With only six patients, we lack the
data for meaningful comparisons or response-rate calculations. A larger study involving
double-heterozygous patients is necessary to address these questions effectively.

Therefore, in young cancer patients from a family with a single known CPG PV, it
could be useful to evaluate other genes to identify the potential transmission of several
PVs and double-heterozygous carriers with a specific high cancer risk. Moreover, our data
suggest that the surveillance of patients carrying two PVs in HR genes should include at
least breast, pancreas, and prostate cancer screening, starting early. From our limited study,
we would recommend starting a screening in those patients, at the latest, from the ages of
25, 40, and 50 for breast, prostate and pancreas cancer, respectively.

5. Conclusions

In conclusion, the early age of diagnosis and the development of multiple cancers in
the reported patients indicate a very high risk of cancer in double-heterozygous patients
associated with PVs in HR-related CPGs. Therefore, when a CPG PV is identified in a
family, the usual cascade testing needs also to consider a study of other CPGs in patients
with specific phenotypes, even distinct from other family members, either based on the age
at diagnosis or the type of cancer.
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