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Abstract

High-throughput sequencing analysis represented both a medical diagnosis and tech-

nological revolution. Gene panel analysis is now routinely performed in the exploration

of hereditary predisposition to cancer, which is becoming increasingly heterogeneous,

both clinically and molecularly. We present 1530 patients with suspicion of hereditary

predisposition to cancer, for which two types of analyses were performed: a) oriented

according to the clinical presentation (n = 417), or b) extended to genes involved in

hereditary predisposition to adult cancer (n = 1113). Extended panel analysis had a

higher detection rate compared to oriented analysis in hereditary predisposition to

breast / ovarian cancer (P < .001) and in digestive cancers (P < .094) (respectively 15%

vs 5% and 19.3%, vs 12.5%). This higher detection is explained by the inclusion of

moderate penetrance genes, as well as the identification of incident mutations and

double mutations. Our study underscores the utility of proposing extended gene panel

analysis to patients with suspicion of hereditary predisposition to adult cancer.
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1 | INTRODUCTION

Hereditary predisposition to cancer is caused by constitutional delete-

rious mutations in a tumor suppressor gene or in an oncogene and is

characterized by an increased risk of specific types of cancer com-

pared to that of the general population. More than 80 genes have

been identified as predisposing to different cancers.1 Many of the

high-penetrance risk genes were identified using the Sanger sequenc-

ing and linkage analysis in the 1990's.2

Next-generation-sequencing (NGS), which appeared in 2004 in

the wake of the Human Genome Project, represented a technological

and medical revolution. The impact of high-throughput sequencing

has been considerable for the molecular exploration of genetic dis-

ease, whether hereditary diseases with Mendelian transmission, or

acquired genetic diseases such as cancer.1

In hereditary predisposition to cancer, whole-exome-sequencing

and whole-genome-sequencing have identified new genes implicated

in colorectal cancer (POLE, POLD1, NTHL1, GREM1, RNF43),3 uveal
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melanoma (BAP1) or pheochromocytoma (MAX).4 NGS has also been

useful in better defining the penetrance of cancer predisposition

genes and the spectrum of associated tumors. Several elements have

led to the establishment of gene panel analysis as the reference tech-

nique for molecular genetic diagnostics, notably the multiplication of

genes identified as being associated with cancer risk, the molecular

heterogeneity observed in different predisposing syndromes, as well

as the superior sensitivity and falling cost of high-throughput

sequencing.1

At least 15 genes are currently known to be involved in heredi-

tary predisposition to breast and / or ovarian cancer (HBOC),2 and at

least 10 genes in colon cancer predisposition.3 Tumor spectra overlap

for different familial syndromes, making extended panel (EP) analysis

medically appropriate. Here we present the results of cancer panel

analysis of 1530 probands with an indication for oncogenetic analysis.

Two types of analyses were proposed: the first was comprehensive

analysis of 38–46 actionable genes involved in the hereditary predis-

position to cancer, regardless of the syndrome of hereditary cancer

suspected in the patient; the objective of this approach was to deter-

mine the interest of carrying out an EP to identify hereditary risk that

would not have been identified by an oriented analysis in population.

Alternatively, analysis of an oriented panel (OP) focused on genes

directly involved in the hereditary predisposition to cancer suspected

in the patient. EP or OP analysis was decided by the medical geneti-

cist; patients not consenting to EP were also then proposed OP

analysis.

2 | MATERIALS AND METHODS

2.1 | Samples

Between 2016 and 2018, 1530 patients consulting in our

Oncogenetics Department underwent panel analysis for hereditary

predisposition to cancer according to national or international recom-

mendations if available, or according to data from the literature. Indi-

cations included HBOC, digestive, endocrine, renal, cutaneous and

syndromic cancers (Figure 1). The syndromic cancer indication

includes syndromes in which the clinical presentation, associated with

particular disorders, is suggestive of a single gene, as well as patients

with multiple cancers. An indication “other” includes patients who

cannot be integrated into other indications. For the rare families with

multiple indications, only the indication best describing the patient

analyzed was considered in this study. Each patient signed informed

F IGURE 1 Indications of analysis, panel performed and detection rates. The detection rate is significantly higher in HBOC indication (P<.001),
and higher in digestive indications. HBOC: Hereditary Breast and Ovarian Cancer, HNPCC: Hereditary Non Polyposis Colorectal Cancer, FAP /
AFAP: Familial adenomatous polyposis / Attenuated Familial Adenomatous Polyposis, GIST: Gastro-Intestinal Stromal Tumor, MEN1: Multiple
endocrine neoplasia type 1, MEN2: Multiple endocrine neoplasia type 2, PHEO – PGL: Pheochromocytoma – Paraganglioma, PA: Pituitary
Adenoma, BHD: Birt-Hogg-Dubé, VHL: Von Hippel Lindau, NF1: Neurobromatosis Type 1, NF2: Neurobromatosis Type 2
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consent for genetic diagnosis of hereditary disease. Two initial samples

were collected for each patient: peripheral blood on EDTA, and a cheek

swab transferred to FTA paper. DNA was extracted from peripheral

blood using QIAamp DNA Blood maxikit (Qiagen). Additional samples

for the confirmation of variants were requested as necessary.

2.2 | Panel sequencing

The 1113 patients were analyzed for a panel of diagnostic genes for

which medical management can be proposed: 1037 for a first version

of 38 genes, and 76 for a second version including 46 genes (Table 1).

The 417 patients underwent analysis of a limited number of genes

directly involved in the familial pathology (oriented panel, Table 2).

The HBOC oriented panel (OP) did not include genes for which the

cancer risk levels are controversial and not clearly associated with a

relative risk >3, such as ATM or CHEK2. OP were designed by our lab-

oratory according to the literature. All patients with a class 4 or 5 vari-

ant were given recommendations for health management.

Whether tested for the full panel, or for an oriented subset of

genes, all samples underwent the same fragmentation, capture, and

sequencing protocol: data for unrequested genes were masked before

bio-informatic processing and interpretation.

Sonic fragmentation of DNA from peripheral blood was per-

formed on a Bioruptor instrument (Diagenode). Kapa HTP library

TABLE 1 Diagnostic genes
Diagnostic genes in panel V1 Additional genes in panel V2

APC (LRG_130tl & t2) PALB2 (LRG_308) AIP (LRG_460)

ATM (LRG_135) PMS2 (LRG_161) CASR (NM_000388.3)

BAP1 (LRG_529) POLD1 (LRG_785 t1) CDC73 (LRG_507)

BMPR1A (LRG_298) POLE (LRG_789) CDK4 (LRG_490)

BRCA1 (LRG_292) PTEN (LRG_311) FH (LRG_504)

BRCA2 (LRG_293) RAD51C (LRG_314) MET (LRG_662)

BRIP1 (LRG_300) RAD51D (LRG_516) MITF (LRG_776)

CDH1 (LRG_301) RET (LRG_518 t1) NF1 (LRG_214t1 & 2)

CDKN2A (LRG_11t1 & t2) SDHA (NM_004168.3)

CHEK2 (NM_007194.3) SDHAF2 (LRG_519)

EPCAM (LRG_215) SDHB (LRG_316)

FLCN (LRG_325) SDHC (LRG_317)

MAX (LRG_530) SDHD (NM_003002.3)

MEN1 (LRG_509 t2) SMAD4 (LRG_318)

MLH1 (LRG_216) STK11 (LRG_319)

MSH2 (LRG_218) TMEM127 (LRG_528)

MSH6 (LRG_219) TP53 (LRG_321 t1)

MUTYH (NM_001048171.1) VHL (LRG_322)

NBN (LRG_158)

NF2 (LRG_S11 t1)

Note: The EP included 38 genes in the first version, and 46 genes in the second version. All genes were

analyzed regardless of the pedigree presentation suggesting hereditary predisposition to cancer.

TABLE 2 Oriented panels

HBOC panel Colorectal panel PGL/PHC panel Renal panel

BRCA1 APC MAX FH

BRCA2 EPCAM RET FLCN

PALB2 MLH1 SDHA MET

MLH1 MSH2 SDHAF2 SDHB

MSH2 MSH6 5DHB VHL

MSH6 MUTYH SDHC MITF

PMS2 PMS2 SDHD

EPCAM POLD1 TMEM127

RAD51C POLE VHL

RAD51D

BRIP1

PTEN

TP53

CDH1

Note: Four OP were defined. The genes below the line were optional, and

were analyzed according to the patient's personal and family history. For

the HBOC panel, analysis of genes in green was performed if ovarian can-

cer was present. Genes in blue were analyzed for specific syndromes

(PTEN hamartoma tumor syndrome, Li-Fraumeni syndrome and diffuse

gastric cancer syndrome). For the colorectal panel, genes involved in poly-

posis and/or HNPCC were analyzed according to the clinical presentation.

MITF was analyzed if renal cancer was associated with melanoma or pan-

creatic cancer.
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preparation and SeqCap EZ Choice probes and reagents (Roche) were

used for library preparation and capture. Quality of fragmentation,

library and capture were controlled using a Bioanalyzer 2100 instru-

ment (Agilent). Sequencing was performed using Miseq v2 kit

(300 cycles) on Miseq Instrument (Illumina). Each run included

21 patients. All steps were performed following providers' guidelines.

Analysis of exons 11 to 15 of PMS2 and exons 1, 13, and 14 of SDHA,

and quantitative analysis of WRN exon 10 was not performed, due to

high identity with paralogs genes.

2.3 | Bio-informatic analysis

De-multiplexing was performed using bcl2fastq2 Conversion Software

(Illumina). Alignment was performed on University of California Santa

Cruz human genome reference build 19 using the Burrows-Wheeler

Aligner. Genome Analysis Toolkit (GATK) and PICARD tools were

used for base quality score recalibration (BaseRecalibrator) and

realignment (RealignerTargetCreator, IndelRealigner), as rec-

ommended by Eurogentest guidelines (Matthijs et al., 2016). Variant

calling was performed using GATK HaplotypeCaller and annotated

using EnsemblVariantEffectPredictor. Copy number variation analysis

was performed using ExomeDef. Variants were filtered for quality

score ≥ 30, depth ≥ 50x, and present in ≥20% of reads.

2.4 | Variant interpretation

Variant interpretation was aided using ALAMUT (Interactive Bio-

Software), which includes splice site analysis tools (SpliceSiteFinder,

MaxEntScan), protein-function prediction tools (SIFT, Polyphen 2.0),

and links to relevant databases (ClinVar, Leiden Open Variation Data-

base [LOVD], other syndrome-specific databases). Variants were clas-

sified according to the American College of Medical Genetics (ACMG)

recommendations,5 aided by the French National Database of variants

(Groupe Génétique et Cancer). Only pathogenic or probably patho-

genic variants (classes 4 and 5) were considered in this study.

2.5 | Complementary analyses

All class 5 (pathogenic) or 4 (likely pathogenic) variants were confirmed

on a second patient sample using techniques appropriate for the variant.

Sanger sequencing was performed using a 3500xl instrument and BigDye

terminator kit 3.1 (Applied Biosystems). Interpretation was performed

using Seqman software (DNASTAR). copy number variation (CNV) were

confirmed using QMPSF (quantitative multiplex PCR of short fragments).

At least one probe within the CNV and if possible at least one probe in

the same gene but outside the CNV, as well as control probes on other

chromosomes were used in each multiplex mix. Interpretation was per-

formed using GeneMapper software (Applied Biosystems). If the

breakpoints of large deletions were identified in the NGS data, allele-

specific PCR and Sanger sequencing were used to confirm the CNV.

Variants likely to affect splicing were confirmed by RT-PCR unless

the classes 4 and 5 character of the variant was already well established

in the literature or national databases. Blood drawn on PaxGene tubes

was used for RNA extraction using PAXgene Blood RNA Kit (Qiagen).

RNA was reverse-transcribed using High Capacity RNA to cDNA kit

(Applied Biosystems) and amplified for the region of interest. PCR prod-

ucts were gel-purified if appropriate before sequencing.

Any exons with insufficient coverage depth (< 50x) in genes perti-

nent for the clinical presentation were analyzed for point mutations

by Sanger sequencing and for CNV by QMPSF as described above.

2.6 | Statistical analyses

For the HBOC and hereditary nonpolyposis colorectal cancer

(HNPCC) cases, differences in the mutation detection rates between

the EP and the OP were tested using Fisher's exact test. These differ-

ences in mutational detection rates between the two panels were also

measured on the common genes in order to look for a potential con-

founding effect. The mutation rates of the ATM and BRCA2 genes

observed in our study were compared to those of the general popula-

tion using the exact binomial test. Statistical analyses were conducted

with R software, version 3.6.1 (R-Project, http://cran.r-project.org/).

All statistical tests were two-sided and with 5% significance level.

3 | RESULTS

The indications for genetic testing were dominated by hereditary

breast and ovarian cancer syndrome (HBOC) (n = 1168, 76.3%) and

predisposition to digestive cancers (n = 229, 15%), followed by endo-

crine tumor predisposition (n = 56, 3.6%), syndromic predisposition to

cancer (n = 37, 2.4%) and renal cancer predisposition (n = 29, 1.9%).

Other indications were rare (Figure 1).

EP analysis was performed in 72.8% of cases overall, ranging from

41 to 75% depending on the indication for referral. OP were more fre-

quently prescribed for rare or syndromic presentations, with as few as

a single gene to be analyzed, except for Li-Fraumeni and Li-Fraumeni-

Like syndrome.

Two hundred one class 4 and 5 variants were identified and con-

firmed in 195 cases (Supplemental File 1). These variants were all

observed in a heterozygous state, except for one homozygous muta-

tion in MUTYH. The detection rate was 13.1% overall, with 15.5% for

EP and 5.75% for OP.

3.1 | Identification of class 4 and 5 variants by
predisposition syndrome

3.1.1 | HBOC cases

One hundred forty-six class 4 and 5 variants were identified in HBOC

patients (Figure 2, Supplemental File 1). Mutations in the major HBOC
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genes were the most common, including BRCA1 (n = 26, 17.8%),

BRCA2 (n = 37, 25.4%), followed by ATM (n = 16, 11%), PALB2 (n = 11,

7.5%) and CHEK2 (n = 10, 6.8%).

For the 1168 patients referred for HBOC, the EP was analyzed

in 876 (75%), and all or part of the HBOC OP was analyzed in

292 (25%). Overall, the detection rate for class 4 and 5 variants in

HBOC cases was 12.5%. The detection rate was 15% for EP analysis

and 5% for OP, with a significant statistical difference (P < .001). The

discovery of mutations in the major HBOC genes was comparable

(8.5% in EP, 5% in OP, P = .074), while the EP more frequently uncov-

ered mutations in other genes involved in hereditary predisposition to

breast cancer (12.4%). The EP identified nine incidental mutations in

BAP1, CDKN2A, MSH6, NF1, PMS2, RET, and TMEM127, and 12 het-

erozygous mutations in MUTYH.

3.2 | Digestive cases

For the 229 patients referred for predisposition to digestive cancers,

the EP was analyzed in 166 cases (72.5%), and an OP in 63 cases

(27.5%). Forty class 4 and 5 variants were found (Figure 3, Supple-

mental File 2).

Overall, the mutation detection rate was 17.5%. The detection

rate was 19.6% with the EP and 11.3% with an OP (P < .094). The dif-

ference is not significant, probably because the number of patients

was not large enough here, unlike HBOC cases. The most common

mutations were found in mismatch repair genes (MMR) (n = 20, 50%),

including MLH1 (n = 9, 22.5%), MSH2 (n = 5, 12.5%), MSH6 (n = 4,

10%) PMS2 (n = 1, 2.5%) and EPCAM (n = 1, 2.5%). Beyond MLH1 and

MSH2, the most frequently mutated genes were MUTYH (n = 5, with 1

homozygous mutation, 12.5%) and BRCA2 (n = 3, 7.5%). Mutations

were also found in other known digestive cancer genes (APC, BMPR1A

and SMAD4). Nine incidental findings were observed in BRCA2,

PALB2, NF1, SDHA, and heterozygous NBN (22.5% of mutations in

cases at risk of digestive cancer).

For HNPCC cases, the detection rate was 17.5% with the EP and

12.7% with an OP, but the difference was not significant (P = .496).

The detection rate of mutations in MMR genes was comparable

(13.5% and 12.5% respectively, P = 1). The difference of the overall

mutation detection rate was thus due to incidental findings in ATM,

BRCA2, PALB2, NBN, SDHA, and mutations in MUTYH (including one

homozygote).

For PAF cases, the detection rate was 25% with the EP and

15.4% with an OP, with two heterozygous mutations in MUTYH

(P = .685). EP analysis identified mutations in APC, BRCA2, BMPR1A,

and SMAD4.

Other class 4 and 5 variants were identified in cases with stomach

cancer (APC), pancreatic cancer (ATM, PALB2) and familial GIST (NF1),

all by EP analysis.

3.3 | Other cases

The proportion of OP analysis for other indications was 51.8%

(n = 29) for neuroendocrine tumors, 58.6% (n = 18) for renal

tumors, and 40% (n = 11) for syndromic indications. All mutations

but one were found using EP. The detection rate was 12% for

endocrine indications, with two mutations in MEN1 and one het-

erozygous mutation in MUTYH found in MEN1 patients. One muta-

tion in ATM was found in a patient with renal carcinoma

(Supplemental File 3).

Among syndromic indications, the detection rates were about

16.2%, with mutations found in TP53, BRCA1, and NBN using EP in Li-

Fraumeni patients, while one mutation was identified in NF1 using OP

analysis. Mutations were also found in CDKN2A in patients with mela-

noma and in RAD51D in a patient with a brain tumor.

F IGURE 2 Genes with a
pathogenic or probably pathogenic
mutation identified in HBOC cases.
Class 4 and 5 variants were identified
using EP (blue) and OP (red)
according to clinical presentation.
ATM and BRIP1 have been associated
significantly to HBOC patients in
comparison to general population.
Incidental findings include high
penetrance genes CDKN2A, BAP1,
NF1, MSH6, PMS2, RET and
TMEM127. The heterozygous variants
in MUTYH are not presented [Colour
figure can be viewed at
wileyonlinelibrary.com]
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3.4 | Incidental pathogenic mutations

The EP analysis identified class 4 and 5 variants in some genes

unrelated to the clinical presentation. Excluding 15 cases with mono-

allelic pathogenic variants in MUTYH, incidental findings were found

in 19 cases using EP, representing 10.9% of all mutations identified.

Incidental findings in high penetrance genes concerned BRCA1,

BRCA2, BAP1, CDKN2A, PALB2, PMS2, NF1, RET, and RAD51D. We

observed bi-allelic mutations in BRCA2 in a case with colorectal poly-

posis. Additional incidental findings concerned genes of indeterminate

or moderate penetrance, including ATM, NBN, SDHA, and TMEM127.

3.5 | Identification of double mutations

EP sequencing identified four patients with pathogenic variants in two

distinct genes (Supplemental File 4). These double mutations including

the following combinations: ATM / NBN, BRCA1 / NBN, BRCA2 /

RAD51D and CHEK2 / MSH6. The first three were associated with a clas-

sic HBOC phenotype. The carrier of CHEK2 and MSH6 mutations pres-

ented with breast cancer at 40 years of age. Her familial branch with the

CHEK2 mutation presented an HBOC phenotype, while the familial

branch with theMSH6mutation presented an HNPCC phenotype.

4 | DISCUSSION

In the present study, 1530 consecutive patients for whom hereditary

predisposition to cancer was suspected were analyzed by capture and

sequencing of relevant gene regions. Regardless of personal and famil-

ial history, similar proportions of patients accepted testing of an EP in

HBOC and digestive indications. Thus, if the choice is offered to them,

most patients with these indications agree to an extensive analysis of

actionable genes, for which medical management can be proposed in

the event of the identification of a pathogenic variant, even if these

variants are incidental. This proportion was stable over the recruit-

ment period, but was somewhat dependent on the prescribing physi-

cian (data not shown), underlining the importance of the presentation

by the physicians of the various choices proposed and their individual

and familial consequences.

Our mutation detection rate, including class 4 and 5 variants, was

15.5% for EP analysis, which is comparable to similar studies of

inherited cancer risk (8 to 15%).1,6-9 Most mutations were identified

in genes known to be associated with the personal and familial clinical

presentation of patients. The BRCA1 and BRCA2 genes thus

accounted for 40% of mutations observed in HBOC cases. For these

patients, mutations were also observed in the ovarian cancer risk

genes BRIP1, RAD51C, and RAD51D, as well as the breast cancer risk

genes PALB2, TP53, PTEN, ATM, CHEK2 and NBN. While PALB2, PTEN,

TP53, RAD51C, and RAD51D were included in targeted HBOC analy-

sis, ATM, BRIP1, CHEK2, and NBN were only analyzed with the

EP. The mutations identified in these latter four genes explain the

higher detection rate using EP (15%) to OP (5%).

ATM emerged as a major contributor to hereditary breast cancer

risk in our study. Frequent in the general population (0.3 to 0.6%),10

mono-allelic mutation carriers have a moderate risk of breast cancer

(odds ratio [OR] 2.8).11,12 Of the 19 heterozygous ATM mutations

observed, 16 occurred in HBOC cases, representing the third most

frequently mutated gene in HBOC, with a statistically higher preva-

lence than the general population10 (1.8% in our study, P < .001). One

ATM mutation was found in a familial pancreatic indication, and an

increased risk of pancreatic cancer has been attributed to ATM.13

F IGURE 3 Genes with a
pathogenic or probably pathogenic
mutation identified in digestive cases.
Class 4 and 5 variants were identified
using EP (blue) and OP (red)
according to clinical presentation.
BRCA2 represents the third most
frequently mutated gene. It is
significantly associated to digestive

indication. Others incidental findings
included ATM, PALB2, NBN, NF1, and
SDHA [Colour figure can be viewed at
wileyonlinelibrary.com]
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NBN and CHEK2 mutations also confer moderate risk of breast

cancer (relative risk [RR] 2 to 3).12,14-16 NBN is less well-studied, and

specific rare mutations are known to cause Nijmegen Breakage Syn-

drome (NBS) when bi-allelic.17 Four heterozygous cases with null

mutations not seen in NBS were observed: two in HBOC cases, one

in a sarcoma patient, and one associated with colorectal cancer. The

contribution of NBN to cancer risk and associated tumor spectrum

needs further study. Mutations in CHEK2 were more frequent, with

10 HBOC cases presenting a mutation. No CHEK2 mutations were

observed in colorectal or thyroid cancer cases, though increased risk

of these cancers has been described for CHEK2.18,19 The majority of

mutations were the northern-European c.1100delC allele, though we

have previously observed a variety of stop, frameshift, and splicing

mutations of this gene in HBOC families.20 The prevalence of muta-

tions in CHEK2 was not statistically higher than the general population

in our study16 (1.1% vs 0.7%, P = .148).

ATM, CHEK2, and NBN were not in our EP because of them pene-

trance. Indeed, a heterozygous mutation in these genes confers a

moderate risk comparable to that induced by some first-degree rela-

tive with breast cancer (RR of 3.3 if one first degree relative with

breast cancer before the age of 50, RR of 2.9 if two first-degree rela-

tives with breast cancer).6,21 Thus, their portion attributable in the

occurrence of breast cancer in families at risk remains unclear.

Specific health management measures may proposed to patients

with a mutation in one of these moderate risk genes, such as an

annual MRI from the age of 40,22 without interrupting the surveillance

offered to first-degree relatives of a patient with breast cancer, based

on family history.

Moreover, ATM is causal for ataxia-telangiectasia, a severe auto-

somal recessive hereditary disease involving progressive cerebellar

degeneration, immunodeficiency, very high cancer risk, and extreme

radiosensitivity.23 The identification of heterozygous mutation car-

riers, which is frequent, could identify families at risk of ataxia-telangi-

ectasia, and represent an opportunity to provide appropriate genetic

counseling.

Concerning ovarian cancer risk, BRIP1 mutations confer a moder-

ate risk of ovarian cancer (RR = 3.41)24 that is comparable to a first-

degree relative risk (RR = 2.56 to 3.83).25 Thus, the management of

ovarian cancer risk for the first-degree relatives of a patient with an

ovarian cancer should be based on family history but not on BRIP1

mutational status. Specific management could be proposed to BRIP1

mutation carriers without a first-degree relative with ovarian cancer.

The prevalence of mutations in BRIP1 was statistically higher than the

general population in HBOC cases in our study24 (0.8% vs

0.1%, P < .001).

Six out of seven mutations in BRIP1 were identified in our study

in patients with breast cancer, with no personal or familial history of

ovarian cancer. Thus, the involvement of BRIP1 in breast cancer risk

needs further investigation.

The significantly higher detection rate for EP analysis of HBOC

cases is also partly explained by incidental findings (6.8% of mutations

of the EP in HBOC) and heterozygous mutation of MUTYH (8.1% of

mutations of the EP in HBOC).

The frequency of mono-allelic mutation carrier in MUTYH in the

general population is high, 1 to 2%, comparable that the frequency in

our study.26 It represents the fourth most frequent mutated gene in

HBOC. Digestive cancer risk is well described for persons with bi-

allelic mutations of this gene, while the significance of a single

mutated allele is less clear.27 The interest of the identification of a

mono-allelic mutation would be to propose to the carriers with a first-

degree related with colon cancer, an adapted screening of this cancer

from 40 years old using colonoscopy every 5 years,28 and to carry out

a genetics investigation at the spouse in order to offer appropriate

family genetic counseling. However, according to the Hardy–

Weinberg model,29 the probability of a mono-allelic carrier of MUTYH

mutation giving birth to a child with a bi-allelic mutation in this gene is

rare, estimated at 0.4%. Moreover, the only bi-allelic mutation in

MUTYH in our study was identified in an HNPCC indication. Thus, the

interest of the inclusion of this gene outside a “colon cancer” indica-

tion remains low.

Using EP, incidental mutations were found in 1% of patients pre-

senting HBOC, representing 7% of mutations identified in this con-

text. Thus, the identification of an incidental finding in HBOC

indication is rare. However, these incidental findings were all

observed in high penetrance genes (BAP1, CDKN2A, MSH6, NF1,

PMS2, RET, TMEM127), which have a significant medical impact, and

for which appropriate medical care must be offered. These mutations

would never have been identified by OP.

As genetic testing for cancer predisposition becomes more wide-

spread, and panel-based testing becomes the norm, the tumor spectra

associated with different predisposition genes has appeared to

broaden. Thus, some mutations have been identified in known ovarian

cancer genes as RAD51C, RAD51D or BRIP12 in breast cancer families.

In addition, a mutation in the TP53 gene was found in a 28-year-old

female patient with isolated breast cancer. Despite analysis of TP53

now being standard for women with breast cancer occurring before

31 years old,30 the frequency of TP53 mutation without personal or

familial history of Li-Fraumeni syndrome tumors is <1%.31

This phenotype - genotype dissociation was also observed in

patients referred for predisposition to cancers of the digestive tract,

where BRCA2 was the most frequently mutated gene after MLH1

and MSH2. Two brothers presenting attenuated familial adenoma-

tous polyposis where shown to have bi-allelic mutations in BRCA2

(one pathogenic, one probably pathogenic). No signs of Fanconi

Anemia (FA) were observed on retrospective analysis of these

patients.32 A pathogenic variant in BRCA2 was also found in an

HNPCC patient who developed colon cancer at 39 years of age, in

association with a variant of unknown significance on the other

allele of BRCA2.

These finding are consistent with reports in the literature of bi-

allelic BRCA2 mutations associated not with FA but with colorectal

cancer,33 and some indications that support BRCA2 as contributing to

familial colorectal cancer type X (FCC-X), a hereditary nonpolyposis

colorectal cancer syndrome.34 On the other hand, a meta-analysis of

18 studies of BRCA-associated cancers did not identify significant risk

of colorectal cancer for BRCA2 mutations.35
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As expected, mutations for digestive indications were most fre-

quently found in the MMR genes. However, incidental findings repre-

sented 25% of mutations found in these cases, including moderate

penetrance genes (ATM, NBN and SDHA) and high penetrance genes

(BRCA2, PALB2, NF1), contributing to a higher detection rate in the

expanded panel (19.3%) in comparison to OP analysis (12.7%). The

identification of mutations in genes involved in rare syndromes

(SMAD4, BMPR1A), or in a digestive gene with an unexpected clinical

presentation (one bi-allelic mutation in MUTYH in a HNPCC patient

without polyposis) also increased the detection rate for the EP. The

mutation rate of BRCA2 in digestive cases was statistically higher than

that observed in the general population36 (1.9% vs 0.2%, P = .004),

suggesting that BRCA2 mutations were associated with digestive

cases in our study.

Nine percent of patients presented with indications other than

HBOC or digestive cancers. EP identified some mutations in unex-

pected genes, including high penetrance (BRCA1, RAD51C) and mod-

erate penetrance genes (ATM). As the numbers of each indication are

small, no conclusion can be proposed. However, it is surprising that

no mutations were found in patients with medullary thyroid carci-

noma (n = 15), for whom a mutation in the RET gene is classically

described in 25% of cases,37 or in patients with paraganglioma - pheo-

chromocytoma (n = 11), for whom a hereditary genetic cause is identi-

fied in 40% of cases.38

The EP identified double mutations in four patients. Rare (0.5% of

individuals analyzed using EP), these identifications report phenotypic

presentation of some double mutations, and offer to propose an

adapted genetic counseling to the two parental branches of the pro-

band concerned by a hereditary risk of cancer, which could not have

been identified by an OP.

5 | CONCLUSION

Our study demonstrates that an EP of 38–46 genes improved the

detection rate of class 4 and 5 variants in patients suspected to have

a genetic predisposition to adult cancer, significantly in HBOC indica-

tion, compared to a panel analysis of 1 to 13 genes oriented according

to personal and family history.

The inclusion of moderate penetrance genes, which is somewhat

controversial, contributed to the significant high discovery rate in HBOC

patients, in particular ATM (P < .001), CHEK2, BRIP1 and NBN which

represented 27.3% of identified mutation. Being associated with a mod-

erate risk of cancer, a specific management can be offered to the mono-

allelic mutation carriers, without however interrupting the care of the

first degree relatives with a RR of cancer ≥3 based on familial history.

More extensive testing increases the likelihood of identifying inci-

dental findings, in particular in digestive indications. In our series,

10.9% of mutations identified (25% in digestive indications) using the

expanded panel (not including heterozygous MUTYH mutations) were

not directly linked to the patient's pathology or associated with atypi-

cal presentation. Because these mutations are most often present in

high penetrance genes, their identification has a strong medical impact

for taking care of patients and their families. Moreover, almost all of

the identification of classes 4 and 5 variants in a gene with moderate

penetrance to modify the management of patients.

Routine analysis of EP such as ours could refine the tumor spec-

trum associated with a gene, such as digestive cancer with BRCA2

mutations, or breast cancer with BRIP1, RAD51C or RAD51D muta-

tions. The impact of double mutations on cancer risk and type may

also become clearer as more cases are described.

Finally, an improvement in the detection rate by extensive panel

analysis, whether through the inclusion of moderately penetrated

genes, rare genes, or the identification of incident mutations, deter-

mines the hereditary cancer to which the patient and their families are

exposed, based on their history and genetics as part of personalized

medicine.
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