
HAL Id: cea-04455746
https://cea.hal.science/cea-04455746

Submitted on 6 Sep 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Secondary actionable findings identified by exome
sequencing: expected impact on the organisation of care

from the study of 700 consecutive tests
Christel Thauvin-Robinet, Julien Thevenon, Sophie Nambot, Julian Delanne,

Paul Kuentz, Ange-Line Bruel, Aline Chassagne, Elodie Cretin, Aurore
Pelissier, Chritine Peyron, et al.

To cite this version:
Christel Thauvin-Robinet, Julien Thevenon, Sophie Nambot, Julian Delanne, Paul Kuentz, et al..
Secondary actionable findings identified by exome sequencing: expected impact on the organisation
of care from the study of 700 consecutive tests. European Journal of Human Genetics, 2019, 27 (8),
pp.1197-1214. �10.1038/s41431-019-0384-7�. �cea-04455746�

https://cea.hal.science/cea-04455746
https://hal.archives-ouvertes.fr


European Journal of Human Genetics (2019) 27:1197–1214
https://doi.org/10.1038/s41431-019-0384-7

ARTICLE

Secondary actionable findings identified by exome sequencing:
expected impact on the organisation of care from the study of 700
consecutive tests

Christel Thauvin-Robinet1,2,3,4 ● Julien Thevenon 1,2,3,4
● Sophie Nambot2,3 ● Julian Delanne3 ● Paul Kuentz 1,2

●

Ange-Line Bruel1,2,4 ● Aline Chassagne1,5 ● Elodie Cretin1,5
● Aurore Pelissier1,6 ● Chritine Peyron1,6

● Elodie Gautier1 ●

Daphné Lehalle2,3 ● Nolwenn Jean-Marçais3 ● Patrick Callier1,2,4 ● Anne-Laure Mosca-Boidron1,2,4
●

Antonio Vitobello1,2,4
● Arthur Sorlin 1,2,3,4

● Frédéric Tran Mau-Them1,2,4
● Christophe Philippe1,2,4 ●

Pierre Vabres 1,2
● Laurent Demougeot7 ● Charlotte Poé2 ● Thibaud Jouan2

● Martin Chevarin 2
●

Mathilde Lefebvre2,3 ● Marc Bardou8
● Emilie Tisserant2 ● Maxime Luu8

● Christine Binquet8 ● Jean-François Deleuze9 ●

Céline Verstuyft10 ● Yannis Duffourd1,2
● Laurence Faivre1,2,3,9

Received: 23 February 2018 / Revised: 8 February 2019 / Accepted: 5 March 2019 / Published online: 24 April 2019
© European Society of Human Genetics 2019

Abstract
With exome/genome sequencing (ES/GS) integrated into the practice of medicine, there is some potential for reporting
incidental/secondary findings (IFs/SFs). The issue of IFs/SFs has been studied extensively over the last 4 years. In order to
evaluate their implications in care organisation, we retrospectively evaluated, in a cohort of 700 consecutive probands, the
frequency and burden of introducing the search for variants in a maximum list of 244 medically actionable genes (genes that
predispose carriers to a preventable or treatable disease in childhood/adulthood and genes for genetic counselling issues). We
also focused on the 59 PharmGKB class IA/IB pharmacogenetic variants. We also compared the results in different gene
lists. We identified variants (likely) affecting protein function in genes for care in 26 cases (3.7%) and heterozygous variants
in genes for genetic counselling in 29 cases (3.8%). Mean time for the 700 patients was about 6.3 min/patient for medically
actionable genes and 1.3 min/patient for genes for genetic counselling, and a mean time of 37 min/patients for the
reinterpreted variants. These results would lead to all 700 pre-test counselling sessions being longer, to 55 post-test genetic
consultations and to 27 secondary specialised medical evaluations. ES also detected 42/59 pharmacogenetic variants or
combinations of variants in the majority of cases. An extremely low metabolizer status in genes relevant for
neurodevelopmental disorders (CYP2C9 and CYP2C19) was found in 57/700 cases. This study provides information
regarding the need to anticipate the implementation of genomic medicine, notably the work overload at various steps of the
process.

Introduction

The National Human Genome Research Institute defines
genomic medicine as “an emerging medical discipline that

involves using genomic information about an individual as
part of their clinical care (e.g., for diagnostic or therapeutic
decision-making) and the health outcomes and policy
implications of that clinical use.” Given its potential to
revolutionise the practice of medicine, with an expected
economic impact within the next decade, genomic medicine
is receiving international attention and significant media
coverage. The field has been boosted in the last decade by
the development of ground-breaking sequencing technolo-
gies commonly referred to as next-generation sequencing
(NGS).

The recent implementation of exome sequencing (ES) for
the diagnosis of rare and heterogeneous Mendelian dis-
orders showed a diagnostic yield of > 25%, making it one of
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the most powerful individual diagnostic test for such con-
ditions with intellectual and/or developmental abnormalities
[1–7]. Smaller studies suggest that genome sequencing (GS)
may increase the diagnostic yield to 60% in individuals with
developmental anomalies and intellectual disability (ID) [8–
11]. Implementing ES and GS in the clinical setting is a
great challenge. With the increasing application of clinical
ES and GS, it is necessary for geneticists and other
healthcare providers to understand the benefits and limita-
tions in order to interpret the clinical relevance of genomic
variants identified in the context of health and disease.
Collaborations with specialists across diverse disciplines
and patients will undoubtedly be key attributes of the future
practice of clinical genetics.

Beyond the identification of variants affecting protein
function for the diagnosis of Mendelian disorders, the
sequencing of individual genomes can detect numerous
variants that may be relevant for clinical care and thus
enable clinical interventions to improve future health out-
comes in patients and their at-risk relatives, from predicting
late-onset genetic disorders accessible to prevention or
treatment, to implications for genetic counselling and dif-
ferential drug responses and toxicities. These data can be
particularly relevant in patients with rare disorders that may
require multiple medications. Such variants were first
referred to as incidental findings (IF) in the North-American
literature [12], but the term secondary findings (SF) is now
recommended in the literature because the term IF was not
appropriate if the variants were being actively searched for
[13–16]. The American College of Medical Genetics and
Genomics (ACMG) initially developed a minimum list of
56 genes considered medically actionable to be reported by
all clinical laboratories performing NGS analyses [12],
recently revised to 59 genes [15], unless patients opt out
(American College of Medical Genetics and Genomics
2014). “Actionable” genes are defined as having deleterious
mutation(s), whose penetrance would result in specific,
defined medical recommendation(s), both supported by
evidence and, when implemented, expected to improve an
outcome(s) in terms of mortality or the avoidance of sig-
nificant morbidity [12–17]. Some clinical laboratories have
returned a smaller or a broader set of IFs/SFs [17–20], and
some publications have proposed methods for evaluating
the clinical actionability of IFs/SFs from genome-scale
sequencing [21, 22]. Moreover, some pharmacogenetic
alleles are recognised to induce toxicity or adverse effects or
reduce the efficacy of drugs, and guidelines are being
developed to modify drug prescription with regard to
pharmacogenetic polymorphisms [23–25]. The position of
the European society of Human Genetics (ESHG) is quite
different from the position of the ACMG, since the ESHG
has preferred to recommend the use of panels (bioinformatic
or not) to the prescription of ES to avoid the question of IFs/

SFs [16]. Indeed, the question of psychological burden of
such information, as well as the limited information on
clinical utility and reduced penetrance should not be
neglected.

Analysing all these variants, if the patients or caregivers
agree, can be a step towards more general implementation
of genomic medicine. However, interpreting such variants
beyond the primary cause of the disease can be challenging
and time-consuming for both clinicians and labs. Indeed, it
requires additional clinical (pre-test counselling informa-
tion, post-test counselling in positive cases, information to
relatives and specialised consultations in some cases) and
lab work. This study aimed to evaluate the frequency of
actionable IFs/SFs from a specific longer list that included a
variety of different types of genes and variants accessible to
treatment or prevention (late-onset diseases, genetic coun-
selling, pharmacogenetics) in a series of 700 exomes, in
order to evaluate the impact on the organisation of care.

Materials and methods

Development of the list of genes and
pharmacogenetic polymorphisms

The “disease” gene list, referred to as the “maximum list”, was
developed to gather actionable genes from various previously
published lists of genes [12, 15, 17–20], with a significant
impact for the patient and/or family in terms of prevention,
treatment or genetic counselling (Fig. 1a). A list of 244 genes
of interest was defined by an expert panel (Table 1) in two
categories: (1) genes that predispose to a disease in childhood
or adulthood accessible to prevention or treatment. It includes
59 genes recommended for return by the American College of
Medical Genetics and Genomics (ACMG) guidelines, 69
additional actionable genes associated with medically action-
able genetic conditions that might remain undiagnosed in
adults as defined by Amendola [18] and 4 additional genes
predisposing to coagulation disorders not included in the
previous lists (F2, F8, F9, VWF); this list comprised 100
genes with an autosomal dominant, 2 with an autosomal semi-
dominant, 24 with an autosomal recessive and 6 with an X-
linked mode of inheritance. (2) Genes responsible for auto-
somal or X-linked recessive disorders, for which information
about the heterozygote or carrier status could be important for
genetic counselling. This list comprises three genes respon-
sible for a recessive disease with a high frequency of hetero-
zygotes in France, thus justifying the genetic screening of
relatives (CFTR, SMN1, CYP21A2). Indeed, when a variant
affecting or probably affecting protein function has been
detected in one member of a couple in one of these genes, an
access to partner screening will be offered and covered by
French health insurance. This list also comprises 110 genes
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implicated in X-linked intellectual deficiency (XLID) [26]. In
the majority of genes, all variants were considered, whereas in
a few genes, only specific known causal variants were con-
sidered (32 CFTR variants of the Elucigene® kit, F2-
rs1799963:G>A (hg19 chr11:g.46761055G>A NG_008953.1:
g.25313G>A—NM_000506.4:c.*97G>A), F5-rs6025:C>T
(hg19 chr1:g.16951949G>A, NG_011806.1:g.41721G>A—
NM_000130.4:c.1601G>A) (FV Leiden variant/only homo-
zygous status) and SMN1 deletion).

The results were also analysed in parallel using the other
most commonly referenced list, including the ACMG list,
“Dorschner’s list” [17], “Amendola’s list” [18], “Dewey’s
list” [19] and the “100,000 genomes’ list” [20], in order to
have a comparison of frequencies in the exact same cohort
of patients.

The list of pharmacogenetic polymorphisms was based
on variant–drug associations listed in the Pharmacoge-
nomics Knowledgebase (PharmGKB). To delineate the
impact of identifying relevant pharmacogenetic IFs/SFs,
we collected 59 variants or combinations of variants from
the PharmGKB 1A/1B categories because of the substantive
evidence for clinical relevance (Table 2).

Bioinformatics analysis from ES analysis

We specifically looked for genomic variants in the deter-
mined gene list among the results from ES performed in
700 consecutive probands, mainly Caucasian, for research
or diagnosis in a context of developmental abnormalities.
We used our usual procedures for ES, bioinformatics

analysis and variant annotation [7]. However, the pipeline
had to be adapted to remove the filter that excluded non-
rare variants (c.f. online-only material). Some variants were
known to be undetectable, such as F2-rs1799963:G>A
(hg19 chr11:g.46761055G>A NG_008953.1:g.25313G>A
—NM_000506.4:c.*97G>A) located in the non-exonic 3′
UTR region or SMN1 deletion because of SMN2 paralog
gene. Most CYP21A1 variants responsible for the classical
form of congenital adrenal hyperplasia were also unde-
tectable because of gene conversion. Only 61% of these
high-priority pharmacogenetic variants were adequately
covered by ES for reporting (PharmGKB 1A/1B cate-
gories), due to undetectable intronic variants and CNVs,
pseudogenes or small CNVs. Besides the number of
patients with at least one pharmacogenetic variant, we
especially focused on alleles or combinations of alleles
leading to an extreme phenotype (poor metaboliser) in
genes of interest in drugs usually prescribed in patients
with neurodevelopmental disorders (CYP2C9 and
CYP2C19).

Information regarding variant calling can be found in the
Supplementary Material. No Sanger confirmation was done.

Criteria for variant annotation and classification

We aimed to classify each variant as a variant affecting
protein function, a variant probably affecting protein func-
tion, a variant of uncertain significance (VUS), a likely
benign variant or a benign variant. We initially looked for
all variants with a known Clinvar status, and considered
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Fig. 1 Scheme of the “disease” gene list developed to gather actionable genes from the different previously published genes list [12, 15, 17–20]
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pathogenic, likely pathogenic and discordant variants.
When the ClinVar classification was discordant, we based
our criteria on the evidence outlined in the recommenda-
tions of the ACMG and Association for Molecular Pathol-
ogy (ACMG/AMP), available in the literature and databases
[27]. The criteria are detailed in the online-only material.
Like Amendola, we tried to evaluate the time spent by the
biologists on the interpretation, literature review and cate-
gorisation step for each variant. Indeed, the first biologist
systematically interpreted every variant. When interpreta-
tion required discussion, a second biologist was implicated
in the interpretation and/or the reference diagnosis labs were
contacted, if necessary. Time for variant interpretation was
systematically recorded.

Only variants affecting or probably affecting protein
function were returned to patients. However, some variants
were not considered for return to patients in the absence of a
combination that led to a significant risk of disease. These
included CYP21A2 variants responsible for a non-classic
mild type of congenital adrenal hyperplasia in 43 individuals
with the predominant well-known CYP21A2-rs6471 variant
(hg19 chr6:32007887G>C, NG_007941.3:g.6806G>C—
NM_000500.7:c.844G>C—p.(V282L)) (30/31 cases), F5-
rs6015:C>T in the absence of a homozygous status or a
combination with other predisposition factors, homozygous
for the PI allele (hg19 chr14:g.94847262A>T, rs17580:
A>T) leading to no clinical consequences, and CFTR var-
iants responsible for a non-classic type of CF, including the
CFTR-rs78655421 variant (hg19 chr7:g.117171029G>A—
NG_016465.4:g.70192G>A— NM_000492.3:c.350G>A—
p.(Arg117His)) because no genetic counselling is recom-
mended for this variant in the French or usual recommen-
dations [28].

For each pharmacogenetics polymorphism or combina-
tion of polymorphisms, we used the well-known annotation
from the PharmGKB 1A/1B categories: 1A for a
variant–drug combination in a Clinical Pharmacogenetics
Implementation Consortium (CPIC) or medical society-
endorsed PGx guideline; 1B for a variant–drug combination
because the preponderance of evidence shows an associa-
tion. PGx information was not available for some genes
(CYP2D6, CYP3A5, VKORC1), because ES does not detect
non-exonic or CNV alleles. Indeed, to be relevant, the PGx
information for one gene needs the determination of dif-
ferent variants, also implicating the detection of multiallelic
variants to determine the phenotype: the ultra-rapid meta-
bolizer, extensive metabolizer, normal or poor metabolizer
phenotype. We determined the total proportion of patients
carrying PGx actionable variants or combinations of var-
iants that could be determined by ES in order to identify the
limits of WES for such predictions (Table 2), and also the
percentage of individuals with a poor metabolizer (PM)
status in the CYP2C9 and CYP2C19 genes, which could

lead to adverse effects or the adjustment of drug dosages
potentially prescribed in patients with neurodevelopmental
disorders (anti-epileptics, antidepressants and psychotropic
medications, Table 2). This included patients with homo-
zygous or compound heterozygous rs1799853:C>T (hg19
chr10:96702047C>T) CYP2C9*2 and/or rs1057910:A>C
(hg19 chr10:g.96741053A>C) CYP2C9*3, and patients
with homozygous or compound heterozygous rs4244285:
G>A (chr10:96541616G>A) CYP2C19*2, rs4986893:G>A
(hg19 chr10:g.96540410G>A) CYP2C19*3 and/or
rs28399504 CYP2C19*4:A>G (hg19 chr10:
g.96522463A>G). CYP2D6 phenotype was not determined
because this classification requires the analysis of multi-
allelic combination and, in fact, some genetic polymorph-
isms (CYP2D6*5,>2N) were actually not detected by ES.

Medical recommendations

To evaluate the impact of introducing the search for IFs/SFs
on the care of patients as a more generalised implementation
of genomic medicine, the repercussions on patient care were
listed (c.f. online-only material) and compared with pre-
viously published lists of actionable genes [12, 15, 18–20].
For pharmacological variants, indications and drug names
associated with the impact of each variant were taken from
the PharmGKB dataset (Table 2).

Results

Bioinformatics results

The 700 consecutive probands comprised 371 males and 329
females, with a large majority of children and Caucasians
presenting with ID or multiple congenital anomalies. No
particular bioinformatics problems were found for the genes
belonging to the category 1 list. However, difficulties were
encountered in detecting heterozygotes of some recessive
disorders, including, for example, CFTR-rs113993960 variant
(hg19 chr7:g.117199646-117199648delCTT—NG_016465.4:
g.98809_98811delCTT—NM_000492.3:c.1521_1523delCTT
—p.(Phe508del)), which required adjustments of the bioin-
formatics because of misalignment. For the F5-rs6025:G>A
variant (hg19 chr1:g.169519049G>A—NG_011806.1:
g.41721G>A—NM_000130.4:c.1601G>A), the wild-type
allele is considered the mutated allele in the reference gen-
ome, which also required adjustments of the bioinformatics
because of abnormal annotation.

Variants interpretation and classification

Within the “maximum list” of genes, the Clinvar database
identified 20 pathogenic or likely pathogenic variants and

Secondary actionable findings identified by exome sequencing: expected impact on the organisation of. . . 1201
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42 discordant variants in addition to 11 truncating variants
with no Clinvar status, in 45 different genes, in 148/700
index cases (Supplementary Table 1). Following the inter-
pretation recommendations of the ACMG/AMP, we
reclassified these 73 variants as 28/73 variants affecting or
probably affecting protein function, 31/73 VUS and 14/73
benign/likely benign variants (Table 3; Fig. 2; Supple-
mentary Table 2). Twenty-eight variants affecting or prob-
ably affecting protein function were present in 55/700 index
cases (7.8%).

For each variant, the process of fine interpretation required
from <5min to 30min, depending on the data available in
public databases and the medical literature. For example, for
the 32 CFTR variants of the Elucigene® kit, as well as the F5-
rs6025: G>A variant (hg19 chr1:g.169519049G>A—
NG_011806.1:g.41721G>A—NM_000130.4:c.1601G>A)
and HFE-rs1800562:G>A (hg19 chr6:g.26093141G>A—
NG_008720.2:g.10633G>A—NM_000410.3:c.845G>A),
with a well-known pathogenic status, interpretation took <5
min and did not require a second biologist. For other variants
with Clinvar pathogenic status and previously published as
causal in similar phenotypes, the time needed for variant
interpretation, Sanger chromatogram verification and addi-
tional specific biological report was usually around 15min in
order to check specific databases and/or literature data to
check the status accuracy. Variants with discordant Clinvar
status and frameshift variants not reported in Clinvar induced
more investigations in the literature taking on average
~30min for the first biologist and an additional discussion of
15 min with the second biologist. Mean time for the 700
patients was about 6.3min per patient for genes that predis-
pose to a disease in childhood or adulthood accessible to
prevention or treatment, and 1.3 min per patient for genes for
genetic counselling, with a mean time of 37min for the
variants that had to be reinterpreted or subjected to Sanger
chromatogram verification and an additional specific biolo-
gical report. Contacting a referent lab when necessary was
planned in the study design, but was not needed in any case.

The distribution of variants that could be returned if
requested by the patients was as follows: In the first cate-
gory of genes able to cause a disease that may be accessible
to treatment or prevention later in life, we identified 26
cases (3.7%) harbouring 21 different variants affecting or
probably affecting protein function (14 cases (2%) and 13
cases (1.9%) with variants in the 56 and 59 ACMG
actionable genes, respectively [12, 15], with a smaller per-
centage in ACMG59, explained by the removal of the
MYLK gene, although four new genes were included in this
gene list. Among these 26 cases, we found 25 cases with an
autosomal dominant heterozygous variant (3.6% cases) and
one case with autosomal recessive biallelic variants (HFE)
(0.1% cases). Among the 700 probands, autosomal domi-
nant diseases included hereditary cardiac disease (11 cases,

1.6% cases), cancer predisposition (6 cases, 0.9% cases),
Von Willebrand disease (6 cases, 0.9% cases), acute inter-
mittent porphyria (1 case, 0.1% cases) and Dopa-responsive
dystonia (1 case, 0.1% cases) (Fig. 2). When referring to the
other gene lists, we found 20 cases in Dorschner’s list
(2.9%), 18 in Amendola’s list (2.6%), 16 cases in Dewey’s
list (2.3%) and 4 cases in the 100,000 genomes project list
(0.6%) [18–20]) (Fig. 1).

For the second category of genes for which heterozygote
status can be of importance in terms of genetic counselling,
we identified variants to be returned in 29 individuals
(4.1%), including 26 individuals with CTFR variants (22/
26 individuals with the predominant CFTR-rs113993960
variant (hg19 chr7:g.117199646-117199648delCTT—
NG_016465.4:g.98809_98811delCTT—NM_000492.3:
c.1521_1523delCTT—p.(Phe508del)) and 4/21 individuals
each with a different CFTR heterozygous variant), one
individual with a CYP21A2 variant that could be respon-
sible for a classic type of congenital adrenal hyperplasia,
one female ARX carrier and one female GPC3 carrier
(Fig. 2).

Among the 700 probands, 695 presented with potential
pharmacogenetic variants or combinations of variants
despite only 39/59 detectable high-priority variants or
combinations of variants (PharmGKB 1A/1B categories).
To determine whether variants or combinations of variants
were of potential therapeutic relevance in this population,
we focused on the pharmacogenetic variants or combina-
tions of variants that might provide insights into their
response to a prescribed medication for neurodevelopmental
disorders (behavioural disturbances, depression or seizures,
Table 2). This led to the identification of five pharmaco-
genetically relevant variants or combinations of variants
implicating the CYP2C9 and CYP2C19 cytochromes (no
prediction possible for the CYP2D6 cytochrome, due to the
multiallelic nature of the at-risk genotype). We only focused
on extreme phenotypes that could lead to a prescription
adjustment. Finally, 12 patients were homozygous for
CYP2C9*2:C>T, 6 for CYP2C9*3:A>C and 17 were
compound heterozygous for CYP2C9*2:C>T and
CYP2C9*3A>C. These genotypes are associated with a
“slow metabolizer” phenotype. Also, 21 patients were
homozygous for CYP2C19*2:G>A, and 1 compound het-
erozygous for CYP2C19*2:G>A and CYP2C19*3:G>A. In
total, 57 patients could be considered as at risk of adverse
effect when they received drugs metabolised mainly by
hepatic cythochromes (CYP2C9 or CYP2C19) (8.1%).

Potential downstream results of secondary variant
reporting

If returned to cases, SFs would extend the time needed for
pre-test counselling (Fig. 2). For genes able to cause a

1206 C. Thauvin-Robinet et al.
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disease that may be accessible to treatment or prevention
later in life, SFs (3.9%) would have led to 26 post-test
genetic consultations, as well as 11 cardiology, 6 haema-
tology, 4 gynaecology, 1 dermatology, 1 gastroenterology,
1 oncology, 1 neurology and 1 metabolism screening,
usually on a yearly basis. Annual imaging and biological
investigations would also likely have been recommended
for these patients. Also, some patients with reported SF, in
particular in those with cardiovascular risk, would have
access to medication and/or medical devices (Table 3).
Additional family evaluations should also be anticipated,
but are difficult to project.

For the second category of genes, the heterozygote status
can be of importance in terms of genetic counselling. Here,
genetic counselling would have been recommended in 29
cases, including CF, a classic type of congenital adrenal
hyperplasia, ARX syndrome and Simpson–Golabi–Behmel
syndrome, and would have led to further consultations for
at-risk relatives and partners. The latter number of addi-
tional consultations is difficult to project and depends on the
family composition.

Discussion

The issue of IFs/SFs has been studied extensively over the
last 4 years. The difficulty in interpreting additional IFs/SFs
has already been evaluated according to the ACMG 59
genes minimum list [15, 18, 29], but the impact on patient
care and the organisation of healthcare has not been clearly
evaluated. Concerns have been raised about the financial,
structural and organisational challenges that may delay the
introduction of genomic medicine [30].

For this purpose, we have chosen to systematically
identify and interpret clinically relevant variants predicted
to cause a genetic disease accessible to prevention and
treatment in the individual’s lifetime, or a heterozygote
status of frequent recessive disorders, accessible to hetero-
zygote status screening in relatives, or carriers of X-linked
recessive disorders for genetic counselling issues. The
question of the list and criteria for the clinical actionability
of genes has been studied by others, and in particular the
Clinical Genome Resource (ClinGen), in an effort to pave
the way for precision medicine. They have developed a
practical, standardised protocol to identify available evi-
dence of actionability for disorders and associated genes
[22]. Regarding the list of actionable genes leading to pre-
disposition to a later-onset disease, we have made the
choice of using the ACMG list, but also to extend to other
lists that have been published in order to evaluate the impact
of the gene list on the results, in a situation where results are
not given back to patients. However, the level of medical
actionability and penetrance have not been made with theTa
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same definition and protocol, which requires attention
before transferring to a diagnosis context. Regarding the list
of genes for genetic counselling, our choice to restrict our
research to three genes in which we searched for hetero-
zygote status is potentially disputable, and one could argue
that every recessive disease gene has some genetic coun-
selling aspect. For example, other studies that looked at all
recessive heterozygote status found a median of two var-
iants affecting or probably affecting protein function per
patient [31]. However, the screening of partners would be
not accessible in the majority of cases in the French
healthcare system. Our choice of genes takes into account
the effective actionability for patients.

The first finding of this study is the information it pro-
vided in terms of feasibility. The detection of heterozygotes
for some recessive disorders was difficult, making some
bioinformatics tool adjustments necessary. SMN1 deletion
and the majority of CYP21A1 variants responsible for the
classical form of congenital hyperplasia could not be
detected. It was also sometimes difficult to draw conclu-
sions in diseases following an autosomal recessive mode of
inheritance, because the bioinformatics analyses did not
allow us to determine whether the variants were in cis or
trans. Twenty variants or combination of variants from

Pharm GKB 1A/1B categories could not be detected
because ES cannot detect intronic and somatic variants, as
well as some CNVs (Table 2).

The second finding is the frequency of variants found in
each category, which is necessary to evaluate the need for
genomic medicine in terms of the future organisation of
healthcare. Interestingly, we determined the frequency of
SFs in the same cohort, depending on the gene list that had
been chosen. An actionable variant was identified in
0.6–3.7% of cases. These included 1.9% cases (13 variants)
in the ACMG 59 genes list. Hereditary cardiac disease was
the most frequent, but was not present in all of the gene
lists, such as the 100,000 genomes project SFs gene list.
The frequency of SFs for autosomal dominant genes with a
predisposition for late-onset diseases was higher than those
published in the data of 112 genes selected by an expert
panel as associated with medically actionable genetic dis-
orders in 4300 European- and 2203 African-ancestry adults
with an undiagnosed disease sequenced by the NHLBI
Exome Sequencing Project (ESP). Among European-
ancestry participants, 2% had a SNV, affecting or prob-
ably affecting protein function, and the percentage was even
lower in participants with African ancestry (1.2%) [18].
Within the same gene list, a variant affecting or probably
affecting protein function was found in 2.7% of patients in
our cohort (Fig. 1). The results for category 2 were mainly
represented by heterozygote status for CFTR variants of the
Elugene kit in 3.7% of the patients.

The impact of the additional economic burden for
deploying the search for SFs/IFs on organisation of care
should not be neglected. Our results suggest that there
would be need for additional costs, including the extent of
the time for pre-test information, post-test information,
specialised clinical encounters and genetic counselling for
at-risk relatives in positive cases. It should be stressed that,
ideally, consultations to inform patients about the implica-
tions of SFs/IFs should be different from medical con-
sultations, and led by a genetic counsellor in order to have
enough information to obtain informed consent. Recom-
mendations to guide the integration of genomics into clin-
ical practice have been discussed, and they take into account
the fact that enlarging the analysis of the exome will result
in IFs/SFs that will change the scope of practice for clinical
geneticists [32]. Amendola’s study estimated that the time
spent by the initial biologist on the literature review and
categorisation step for each HGMD disease-causing variant
was up to 37 min. For double-reviewed variants, 53% of the
classifications were discrepant, thus underlining the need
for a better curated variant interpretation database [18]. The
time our team spent on returning SFs could be estimated at
6.3 min per patient for genes that predispose to a disease in
childhood or adulthood and are accessible to prevention or
treatment, and 1.3 min per patient for genes for genetic

700 cases

73 variants in 148 cases (21.1%)
Clinvar : 20 pathogenic/probably pathogenic and 42 discordant
No clinvar status:  11 trunca�ng

2.685 minutes (45 hours)  / mean 37 minutes per variant for variant reinterpreta�on, 
Sanger chromatogram verifica�on and addi�onal specific biological report

28 pathogenic/probably pathogenic variants in 55 cases (7.8%)

Diseases that can be accessible to 
treatment or preven�on later in life

26 cases (3.7%)
(59 ACMG genes : 13 cases (1.9%))

• DA : 25 cases (3.6%)
- Hereditary cardiac disease (1.6%)
- Cancer predisposi�on (0.9%) 
- Von Willebrand disease (0.9%)
- Acute intermi�ent porphyria (0.1%)
- Dopa-responsive dystonia (0.1%)

• RA : 1 homozygous HFE-p.C282Y (0.1%)

Heterozygote status that can be of 
importance in terms of gene�c counselling

29 cases (4.1%)
• 26 CFTR (22 p.508del) (3.7%)
• 1 CYP21A2 (0.1%)
• 2 carriers for XL-ID (1 ARX, 1 GPC3)

244 ac�onable genes

Interpreta�on recommenda�ons of the ACMG
and Associa�on for Molecular Pathology

Diseases that can be accessible to 
treatment or preven�on later in life

26 post-test gene�c consulta�ons
11 cardiologic evalua�ons

6 haematological evalua�ons
4 gynaecologic evalua�ons
1 dermatologic evalua�on

1 gastroenterological evalua�on
1 oncological evalua�on
1 neurological evalua�on

1 metabolic evalua�on

Heterozygote status that can be of 
importance in terms of gene�c counselling

29 post-test gene�c consulta�ons

700 pre-test consulta�ons for explaining SF issues 

Fig. 2 Scheme of interpretation results of the 73 variants among the
244 genes and variants of interest, from the cohort of 700 cases, and
their repercussions on patient care
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counselling. However, a mean of 37 additional minutes per
variant was required for the few variants that had to be
reinterpreted. This result should be taken with caution since
time spent could be a function of the level of expertise and
interest of the biologist. Also, the fact that the study used
anonymous data, implying that results were not given back
to patients, could have led to an underestimation of the need
for advice by a referent lab for adequate interpretation. The
choice of using the ClinVar classification of variant as a first
filter, and to reevaluate variants with interpretation differ-
ences can be disputable. A considerable effort is made in the
international community to assess the medically significant
differences in variant classification, that should improve this
approach in the future, and improve the care of patients
with, or at risk for, genetic disorders [33–35].

An interesting study used a quantitative framework to
evaluate the economic consequences of returning ACMG-
recommended IFs/SFs to individuals receiving genomic
sequencing [36]. The authors concluded that returning IFs/
SFs is cost-effective for certain patient populations, but not
cost-effective in generally healthy individuals, unless NGS
costs <$500. The assessment of pharmacogenetic variants
or combinations of variants in this series confirmed the limit
of ES for accurate pharmacogenetic counselling. Indeed, as
we detected only 61% of the high-priority SNPs (Pharm
GKB 1A/1B categories), and as multiallelic combinations
are not rare, the interpretation of the risk when prescribing
medication was sometimes difficult. In order to overcome
this issue, the National Institutes of Health (NIH) Undiag-
nosed Diseases Program (UDP) used SNP chip analysis in
addition to ES to evaluate the frequency and the therapeutic
informativeness of pharmacogenetic IFs/SFs annotated in
the Pharmacogenomics Knowledgebase (PharmGKB)
sequence variants or combination of variants within a cohort
of 1101 individuals. Interestingly, medication records of
participants were used to identify individuals with pre-
scribed medications even though they had a genetic variant
that might alter efficacy. Nineteen PharmGKB 1A/1B var-
iants or combinations of variants from the list used at the
time of the work were identified in SNP chip sequence data,
and 21 PharmGKB 1A/1B variants or combinations of
variants were identified in the exome-sequence data using
the TruSeq kit (Illumina). Only nine participants had
pharmacogenetic IFs/SFs associated with altered efficacy of
a prescribed medication, demonstrating that some pharma-
cogenetic IFs could be potentially useful for guiding ther-
apy, and could be worth reporting [37]. However, another
study that interviewed 159 Mayo Clinic clinicians revealed
that half of them were uncomfortable with the inclusion of
pharmacogenomic data in primary care. It highlights the
importance of increasing the awareness of healthcare pro-
viders about such progress [38]. The frequency of the
pharmGKB pharmacogenetic alleles found in this study is

not unexpected, since for example Parsons et al. found a
median of one pharmGKB SNP per clinical exome, though
using a much smaller list of SNPs [31].

In our study, we chose to focus particularly on pharma-
cogenetic variants or combinations of variants relevant for
neurodevelopmental disorders (e.g., behavioural dis-
turbances, depression or seizures) [39, 40], because the
indication for ES in the 700 patients were mainly devel-
opmental disorders with frequent neurodevelopmental
phenotypes. These explorations implicate the analysis of the
CYP2C19, CYP2C9 and CYP2D6 variants or combinations
of variants. Unfortunately, our results were limited by the
non-determination of all CYP2D6 variants. Another Mayo
Clinic study outlined the necessity of using a custom gen-
otyping method to determine all CYP2D6 variants or
combinations of variants [37]. If we do not focus on the
extreme alleles, 415/700 different patients had at least one
listed variant or combination of variants from the
PharmGKB 1A category within the CYP2C19 and CYP2C9
gene, relevant to toxicity or variability of pharmacokinetics
or pharmacodynamics of different medications (Table 2). If
we focus on extreme patients, 56 patients were found to be
poor metabolizers for CYP2C9 and CYP2C19. These results
indicate that patients could have a more appropriate treat-
ment when the drug has to be prescribed and they could
experience fewer adverse drugs-related events. The list of
drugs for neurodevelopmental disorders most likely to be
impacted by the SNPs analysed here can be found in
Table 2 and includes anti-epileptic medications as well as
antidepressants. The issue of prospectively interrogating
pharmacogenetic variants regarding a specific medication
rather than giving a list of pharmacogenetic variants or
combinations of variants in the ES/GS report remains to be
determined, especially since physicians have to learn how to
manage pharmacogenetic findings [37]. Considering the
limit of pharmacogenomic predictions from ES, the use of
GS in the future should overcome this issue. Also, the
dosing recommendations are currently only for adults for
the vast majority of these SNPs, which may curb their utility
in children with neurodevelopmental disorders.

Some limitations of the study could be argued. Our
population of patients was selected and mainly Caucasian,
so it is difficult to know if the results are broadly applicable
to other populations. For example, the average time for
variant classification would likely be much longer when
analysing data from a more heterogeneous patient popula-
tion because most variant databases are issued from limited
populations. The question of the list of actionable genes to
be studied in children could be debated since the general
rules for genetic testing in minors do not authorise genetic
testing at a paediatric age for adult-onset diseases that
cannot be prevented in childhood. Finally, this study did not
concentrate of the impact of these findings on patients, in a
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meaningful way or with adverse effects of the provision of
this information.

In conclusion, this study highlights the need to reorga-
nise healthcare if genomic medicine is implemented for
developmental diseases, particularly the analysis of further
information available in NGS data. However, the extent of
the actionable gene list with regard to medicoeconomic and
ethical issues warrants additional discussion.

URLs
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