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PFMG2025-integrating genomic medicine into the national
healthcare system in France

PFMG2025 contributors®

Summary

Integrating genomic medicine into healthcare systems is a health policy challenge that requires continuously
transferring scientific advances into clinics and ensuring equal access for patients. France was one of the first
countries to integrate genome sequencing into clinical practice at a nationwide level, with the ambition to provide
more accurate diagnostics and personalized treatments. Since 2016, the French government has invested €239M in
the 2025 French Genomic Medicine Initiative (PFMG2025) which has so far focused on patients with rare diseases
(RD), cancer genetic predisposition (CGP) and cancers. PFMG2025 has addressed numerous challenges to set up an
operational organizational framework. As of December the 31st 2023, 12,737 results were returned to prescribers for
RD/CGP patients (median delivery time: 202 days, diagnostic yield: 30.6%) and 3109 for cancer patients (median
delivery time: 45 days). PFMG2025’s future priorities encompass ensuring economic sustainability, strengthening
links with research, empowering patients and practitioners, and fostering collaborations with European partners.

Funding As of December the 31st 2023, €239M have been invested by the French government.

Copyright © 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Introduction

Several genomic characterization programs at a popu-
lation level, funded either exclusively through public
grants or a mix of public and private funding, were set
up from the 2010s with the aim of identifying the ge-
netic determinants of human diseases by sequencing
healthy participants or clinical cohorts.'* Although most
of these programs considered the integration of
personalized medicine into their healthcare system as a
goal, only a minority of them have achieved this so far
(UK, Sweden, Denmark).” The clinical aims are to pro-
vide more accurate and timely diagnostics, strengthen
prevention and improve patient outcome by the devel-
opment of targeted treatments. In 2015, the French
National Alliance for Life Sciences and Health (Aviesan)
was commissioned by the French government to launch
in 2016 the 2025 French Genomic Medicine Initiative
(Plan France Médecine Génomique 2025-PFMG2025).
The ambitions of this initiative were to integrate
genomic medicine into the healthcare system within a
research-care continuum, by ensuring the transfer of
scientific advances to the clinic, and to provide fair

“List of authors: Appendix 2-5.

For the French translation of the abstract see Supplementary materials
section.
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access to innovation for all patients nationwide.®
Whereas several national genomics programs were
initially based on large translational research programs
with secondary transfer to patient care, its original
approach was to directly implement genomic medicine
in clinical practice and to make healthcare data available
for research purposes. PFMG2025 revolved therefore
around four main objectives: (i) implementing genome
sequencing (GS) in clinical practice, (ii) providing
therapeutic benefits for patients through a comprehen-
sive exploration of diseases, (iii) developing the capacity
to handle massive datasets in the routine and research
settings, and (iv) addressing ethical and socio-economic
challenges. France has opted for GS rather than exome
sequencing (ES) because it is a more comprehensive
approach in the clinical as well as in the research
setting, and gradual reduction in costs has made it more
affordable. This initiative encompassed specific in-
frastructures: (i) a reference center for innovation,
assessment, and transfer (CRefIX); (ii) a network of GS
clinical laboratories (FMGlabs) and prescribers capable
of phenotyping, sampling, sequencing, providing clin-
ical interpretation and returning results of thousands of
genomes per year; and (iii) a national facility for secure
data storage and intensive calculation (Collecteur Analy-
seur de Données—CAD). The first years of the initiative
focused on patients with rare diseases/cancer genetic
predisposition (RD/CGP) and cancers (liquid and solid
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tumors), with the project of expanding to more common
diseases, such as complex multifactorial diseases.

In the present article, we outline the proactive plan-
ning and implementation of GS in clinical practice
highlighting the key elements of feasibility and acces-
sibility of such a national initiative for French citizens,
as well as the timelines of their achievement, and we
present the main deliverables and the expected up-
coming challenges.

Establishing the framework for genomic

medicine implementation

To successfully carry out PFMG2025, notably the pro-
vision of nationwide access to genomic medicine in a
research-care continuum, the French government
invested massively in setting up high-performance fa-
cilities, in the development of specific tools and in
drafting guidelines (Fig. 1A, Appendix p6). The project
was coordinated by working groups based on a strong
national framework, structured for many years in the
fields of RD, CGP and oncology (Appendix p7), and
composed of experts in genetic diagnostics, ethics, legal
affairs, policy makers, representatives of national health
and research institutions, and patients’ associations.
Furthermore, four pilot projects were launched within
the framework of the initiative (Appendix p8).

The Ministry of Health (MoH) launched a national
call for projects to create the first two FMGlabs for
clinical GS with possible public-private partnerships,
while the French Health Technology Assessment
Agency (Haute Autorité de Santé—HAS) required that a
genomic analysis be prescribed according to well-
defined clinical criteria selected through successive
calls for proposals open to health professionals. These
clinical ‘pre-indications’ are subjected to a medico-
economic analysis to determine which will eventually
be covered by the French Health Insurance System and
become ‘clinical indications’. To ensure patient access to
genomic medicine, a multidisciplinary genomic
healthcare pathway was first structured with several
stages, in particular the introduction of new e-prescrip-
tion softwares,’” and the setting-up of upstream and
downstream multidisciplinary meetings (MDM) for
RD/CGP or multidisciplinary tumor boards (MTB) for
cancers (Fig. 1A, Appendix pp9-10). Based on initial
feedback, additional specific measures were taken to
facilitate genomic healthcare pathways, from patient
information to clinical reports to the prescribers. In
parallel, information sheets and consent forms were
drafted, and the organization had to comply with French
legal constraints on genetic diagnosis (Appendix p11).
Secondary use of data for research was included in the
consent forms in compliance with General Data Pro-
tection Regulation (GDPR).

For individuals with well-defined clinical criteria of a
‘pre-indication’ validated by upstream MDM/MTB,

PFMG2025 proposed two main settings and associated
strategies, (i) germline analyses in RD and CGP
(RD/CGP) and (ii) tumoral analyses in cancers. For
RD/CGP, shortread GS was proposed, preferably
including the sequencing of the proband with other
family members (trio-based or duo-based with an un-
affected related was favored). For cancers, GS, ES and
RNAseq were proposed from frozen patient tumor tis-
sues in addition to germline GS with the aim of
detecting actionable somatic variants.

Retrospective study of the 18,926 consecutive
prescriptions in RD/CGP and 3367 in cancers as
of 12/31/2023

Data available in FMGlabs’ information systems on
12/31/2023, including prescription date, report date,
diagnosis status, and delivery time, were extracted. The
delivery time corresponded to the timelapse between
reception and validation for sequencing of the ‘com-
plete’ prescription file (i.e., with samples and consent
forms) by the FMGlab to the moment the diagnostic
report was sent to the prescriber. For RD/CGP, infor-
mation regarding how the analyses were conducted in
the proband’s family (number of individuals concomi-
tantly sequenced), results of previous tests (standard
chromosomal analysis, array comparative genomic hy-
bridization, single gene testing, panel, and ES) and the
details of identified variants were collected from 04/01/
2019 to 06/30/2021. For cancers, the tumoral primary
location and histotype, and the details of identified var-
iants were collected from 04/01/2019 to 06/30/2022.

Successful implementation of the national

genomic medicine network
The MoH selected two laureates from 12 proposals for
the creation of FMGlabs for clinical GS. CRefIX and
FMGlabs agreed on common protocols (Appendix pp12-
16). Seventy pre-indications (62 for RD/CGP and 8 for
cancers) were selected, with 17,380 prescriptions a priori
estimated annually for RD/CGP patients (17,230 for RD
and 150 for CGP), and 12,300 for cancers (Appendix
ppl7-19) according to estimates provided by pre-in-
dications’ referents. National guidelines were drawn to
ensure optimal prescriptions and standardize medical
practices. For each pre-indication, a flowchart was
designed, defining the eligibility criteria for GS, together
with required preliminary tests (URL). In addition to
informed consent forms, 16 information sheets for
different levels of understanding were written and
translated into several languages (Appendix p11).
FMGlabs processed prescriptions from two terri-
tories with an equivalent population. In total, 120 the-
matic upstream MDMs and 26 MTBs were created
(Appendix pp9-10). As this organization quickly proved
to be time-consuming in RD, a national network of
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Fig. 1: Major hallmarks of the framework for genomic medicine in France. (A) PFMG2025 organization: Overview of the PFMG2025 initiative
in a research-care continuum (left). The interactions between the 3 main specific infrastructures are illustrated, with diagnostic reports sent
from the two first FMGlabs (AURAGEN and SeqOIA) to patients for diagnosis and/or personalized treatment, data transfer to the national
facility for secure data storage and intensive calculation (Collecteur Analyseur de Données-CAD) for research with the technical support of the
reference center for innovation, assessment, and transfer (CReflX). Several working groups dedicated to ethical, legal and society issues, medico-
economic evaluation, training and education, industries, communication, international affairs were set up. Four pilot research projects were
launched, in research settings. The genomic healthcare pathway from prescription to delivery of the result to the patient (right). The genomic
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24 local non-thematic MDMs, coordinated by clinical
geneticists, was subsequently created. In 2023, local
non-thematic MDMs were widely used to validate 48.3%
of prescriptions. Overall, 71.4% of prescriptions were
validated by local MDMs, either thematic or non-
thematic, and 28.6% of the prescriptions by the 120
thematic non-local MDMs.

To date, 1823 clinicians from all over the country
have gradually created their prescriber account, 1161
(63.7%) have made at least one prescription and 75/
1161 (6.5%) have been responsible for 69.4% and 42.4%
of the prescriptions for RD/CGP and cancers, respec-
tively. In order to increase prescriptions, PFMG2025
created a network of 51 new health professionals
(referred to as genomic pathway managers) to assist and
monitor genomic prescriptions, and to train prescribers
to use electronic prescription tools. GS prescriptions for
RD/CGP were progressively conducted throughout the
territory, while they remained concentrated in a few
regions for cancer patients (Fig. 1B; Appendix p20). For
both FMGlabs, sequencing was performed on site and
bioinformatics analyses were conducted with their local
teams.

For clinical interpretation of variants, FMGlabs called
on experts from any French public hospital or cancer
center, who were involved in PFMG2025 through a
partnership agreement drafted by the MoH to ensure
compliance with French laws on medical biology. To
date, biological interpretation is carried out by 310
clinical biologists (molecular geneticists or biologists)
across the country (Fig. 1B): 21/310 (6.8%) wrote 54.6%
and 40.4% of the reports for RD/CGP and cancers,
respectively. Based on this organization, the number of
prescriptions and genetic testing reports has steadily
increased since 2019 (Fig. 1E).

As of December the 31st 2023, €239M have been
invested by the government.

A causal diagnosis reached in 30.6% of patients

with RD/CGP
As of December the 31st 2023, 22,259 prescriptions
electronically validated in the e-prescription tools after
MDM were filled in all pre-indications (MDM had so
confirmed that the prescriptions met the eligibility
criteria). Among these, FMGlabs received a total of
18,926 (85%) ‘complete’ prescription files for deceased
fetuses, children or adults. This number increased
slowly from 2019 onwards and accelerated after 2021,
rising from 3896 in 2021 to 8136 in 2023 (46.8% of
expected annual complete prescriptions in 2023). In
2020, the increase was partially curbed by the Covid-19
epidemic, which led to a complete lockdown period in
France from 03/17/2020 to 05/11/2020, with the closure
of a number of clinical centers during this period, and of
both FMGlabs from the 17th of March to early June
2020. Malformations and neurodevelopmental (MND)
disorders were by far the most represented subgroup of
pre-indications, composed of pre-indications with some
overlapping clinical characteristics (65.5%; 12,399/
18,926), followed by sensory disorders (8.9%; 1684/
18,926), central nervous system (CNS) disorders (6.5%;
1236/18,926) and bone and joint diseases (4.4%; 831/
18,926). MND disorders were nevertheless underrepre-
sented because patients with intellectual disability were
included in the DEFIDIAG protocol until the last in-
clusion in 2022 (Appendix p8). In 2023, 8136 ‘complete’
prescriptions were received, representing 46.8% of the
17,380 expected annually, with variations from one
subgroup of pre-indications to another, with some
exceeding expectations (131% for chronic kidney disease
and 115.2% for neuromuscular diseases) and others still
well below it (3.4% for fertility disorders and 11.4% for
diabetes).

A total of 12,737 results were returned to prescribers,
resulting in a completeness rate of 67.3% (number of

healthcare pathway has various successive stages: an initial medical consultation to inform the patient, an upstream multidisciplinary meeting
(MDM) for rare diseases and cancer genetic predisposition (RD/CGP) or multidisciplinary tumor board (MTB) for oncology to validate the
medical prescription, a medical consultation to collect the patient’s consent and to perform an electronic prescription, sample preparation and
dispatch to FMGlabs, exome/genome/transcriptome sequencing, bioinformatics analysis, clinico-biological interpretation with the drafting of
the report sent to the prescribers, a medical consultation to report the results to the patient. As an option, a clinico-biological interpretation
support meeting and/or a downstream MDM can be set up to discuss complex cases before drawing-up the diagnostic report and/or the
treatment proposal, respectively. (B) Geographical distribution of prescriptions dated 12/31/2023/100,000 inhabitants for RD/CGP (top left) and
for cancers (top right), as well as geographical distribution of biologists for RD/CGP and cancers dated 12/31/2023 (bottom). (C) Genome
sequencing (GS) results in RD/CGP: histogram showing the number of “complete” RD/CGP prescriptions per semester, with a breakdown of
positive diagnoses (purple), inconclusive results (mauve), negative results (light mauve) and analyses in progress (grey), as well as the diagnostic
yield (purple dotted line) with little change between 31.6% for the prescriptions performed in 2021 (94.6% completeness), 30.8% for the
prescriptions performed in 2022 (76.8% completeness), and 31.3% for the prescriptions performed in 2023 (42.5% completeness). (D) Delivery time
between receiving the prescription at FMGlabs and returning the report to the prescribers (grey box), as well as percentage of analyses in progress
(purple line), by semester, from 01/31/2020 to 12/31/2023: progressive decrease in the median time between the 1st semester of 2020 and the 2nd
semester of 2023 for the 12,737 returned results in RD/CGP (left) and for the 3109 returned results in cancers (right). (E) Prescription and medical
reporting activities from 03/31/2019 to 12/31/2023 for RD/CGP (left), with genomic prescriptions validated in MDM (dark purple), “complete”
prescriptions with samples received by FMGlabs (purple) and medical reports (mauve), and for cancers (right), with genomic prescriptions validated
in MTB (dark purple), “complete” prescriptions with samples received by FMGlabs (purple) and medical reports (mauve).
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results returned to prescribers among the 18,926
‘complete’ prescription files) as of December the 31st
2023 (Fig. 1E; Appendix pp17-18,21-24). The number of
results returned to the prescribers increased notably
between 4200 in 2022 and 6890 in 2023 (+64%). The
completeness rate appeared highly variable according to
the subgroups of pre-indications (from 37.8% in rare
lung diseases, 40.7% in endocrine disorders, to 88% in
hematological diseases, and 95% in diabetes, p < 107%)
and was not correlated to the size of the subgroup of
pre-indications (p = 0.702). The 6189 remaining ‘com-
plete’ prescription files were awaiting a final report on
12/31/2023 (most of them sequenced but awaiting
interpretation), with 79.7% belonging to 3 large sub-
group requests (MND disorders, CNS disorders and
sensory disorders).

Despite the large increase in complete prescriptions,
the median delivery time between receiving the com-
plete file at FMGlabs and returning the report to the
prescribers (202 days with 67.3% of completeness)
notably decreased over time (Fig. 1D), from 348 days in
the 1st semester of 2021 (97.4% of completeness) to
73 days in the 2nd semester of 2023 (26.1% of
completeness). However, this median of 73 days is
provisional and underestimated since the completion
rate is only 26% for this period. As of 12/31/2023 it also
appears to be highly variable according to the subgroups
of pre-indications and was not correlated with their size:
from 163 days in MND disorders (69% of complete-
ness), 182 days in cardiac diseases (79.3% of
completeness) and 209 in neuromuscular diseases
(45.1% of completeness) to 370 days in sensory disor-
ders (59.5% of completeness), 408 in immunological
and autoinflammatory diseases and 427 days in chronic
kidney diseases (59.4% of completeness).

Overall, a causal diagnosis was reached in 3895/
12,737 patients (30.6%) with little change over time, even
in 2023 with a completeness rate of 42.5% (Fig. 1C). This
was largely influenced by the diagnostic yield of MND
disorders (30.8%), which represents 8555/12,737 (62.2%)
of the results returned to prescribers. Indeed, it appeared
highly variable across subgroups of pre-indications. The
largest diagnostic yields were observed in rare skin dis-
orders (46.3%), sensory disorders (40.5%), and CNS
disorders (38.1%) (Fig. 2A). The diagnostic yield of MND
disorders (30.8%) was probably underestimated since
intellectual disability was underrepresented because of
the DEFIDIAG study (Appendix p8).

Overall, a non-conclusive diagnosis with a variant of
uncertain significance (VUS) was reached in 1289/
12,737 (10.1%) patients.

For the first 2734 GS prescriptions, the diagnostic
yield was higher in trio (29.1%) than solo (20.7%),
although this difference was not statistically significant
(p = 0.310) and the percentage of VUS returned to
prescribers (10.3%-19%) was not correlated with the
number of individuals sequenced in the family

www.thelancet.com Vol = m, 2025

(p = 0.015) (Fig. 2B). For the first 2446/2734 GS pre-
scriptions (89.5%) for which an analysis of the diag-
nostic strategy was carried out, GS was proposed at
diverse time points in the clinical diagnostic pathway,
from a first-line test (9.1%) to a novel test following
years of diagnostic odyssey (27.1% with more than three
negative genetic tests). Among the 2224 probands for
which GS was not a first-tier genetic assessment, pa-
tients were previously assessed by standard chromo-
somal analysis (31.3%) array-CGH (69.4%), single gene
sequencing (40%) targeted gene panels (52.3%) and/or
exome sequencing (15.3%) (Fig. 3). A causal diagnosis
was significantly more frequently reached when GS was
used as a first-line diagnostic test (44%) rather than after
one or multiple genetic tests (27.4%) (p < 10~°) (Fig. 2C).
The diagnostic yield of GS appeared to be higher
(29.2%) in patients with normal array-CGH than in
patients with a negative targeted gene panel alone
(23.7%) or with exome sequencing with other genetic
testing (23.29%) (p = 0.143) (Fig. 2D).

Among the 340 patients with negative ES results, GS
identified a causal diagnosis in 78/330 patients (23.6%)
(97.1% of completeness). For 49/78 patients (62.8%),
causative variants were in the coding regions, but ES
failed in identifying the causal variant because of either
insufficient coverage or the gene/variant could not be
interpreted as pathogenic at the time of ES (i.e., unre-
lated to OMIM rare diseases at the time of ES). Inter-
estingly, for 29/78 patients, GS input was critical to
reach a final diagnosis in patients with at least one non-
coding pathogenic variant not captured by classical
exome capture kits (18%) or with a structural variant not
reported by ES (18%), or both together (1%) (Fig. 2E,
Appendix pp27-30). Among the 15/78 patients (19.2%)
with a structural variant not detected by ES, 11/15 had
previously benefited from array comparative genomic
hybridization (array-CGH) with normal results (8/11) or
with VUS results (3/11).

Identification of somatic variants returned for
discussion in MTB in ~90% of the prescriptions
for cancer patients

As of December the 31st 2023, 4351 prescriptions were
electronically validated after MTB in all sub-groups of
pre-indications (MTB had so confirmed that the pre-
scriptions met the eligibility criteria). Among these,
FMGlabs received 3367 (77.4%) ‘complete’ prescription
files in cancers for affected children or adults with a
strong increase between 913 in 2022 and 1456 in 2023
(+59.5%). The number of complete prescriptions varied
from one pre-indication to another. The most common
pre-indications were advanced adult cancers with first-
line treatment failure (37%), rare cancers (24.3%), and
pediatric cancers and leukemia with treatment failure
(18.7%) (Fig. 2F, Appendix pp19). In 2023, 1456 ‘com-
plete’ prescriptions were received, well below the 12,300
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Fig. 2: Diagnostic yield in patients with rare diseases and cancer genetics (RD/CGP) and somatic variants in cancers. (A) Diagnostic yields
(purple) and VUS levels (mauve) presented per subgroup of RD/CGP pre-indications, after exclusion of subgroups with less than 100 patients;
(CNS: central nervous system disorders, MND: malformations and/or neurodevelopmental disorders, IAl: immunological and autoinflammatory
diseases). (B) Retrospective study of the first 2734 consecutive prescriptions for RD/CGP: Diagnostic yields (purple) and VUS levels (mauve)
regarding the number of individuals sequenced in a family (solo, duo, trio and four and more). (C) Retrospective study of the first 2734
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expected annually (11.8%), except for the pre-indication
relapsed or refractory acute leukemia, eligible for a
curative treatment (Appendix p24).

A total of 3109 results were returned to the pre-
scribers, resulting in a completeness rate of 92.3% on
12/31/2023 (Fig. 1E). This number increased signifi-
cantly between 921 in 2022 and 1339 in 2023 (+45.4%).
The completeness rate was constantly very high
(96.3-100%) with few results in progress, except for the
second semester of 2023 (72%) because of the delivery
time. The median delivery time (45 days with 92.3% of
completeness) notably decreased, from 61 days in the
1st semester of 2021 (100% of completeness) to 35 days
in the 2nd semester of 2023 (72% of completeness). It
also appeared highly variable according to the pre-
indications (from 31 days in relapsed or refractory
acute leukemia, eligible for a curative treatment to 80 in
relapsed or refractory Diffuse Large B cell lymphoma
(DLBCL), and 91 in lymphoma with an uncertain diag-
nosis) (p < 107%) (Appendix p24).

For the first 1974 GS prescriptions in cancers, 1940
requests were complete resulting in 1945 GS, 1609 ES
and 1534 RNAseq of frozen tumoral tissues performed
in comparison to 1953 GS of normal tissues. For those
tumors where the primary location was clearly indicated
(80.6%), the most represented tumor topographies were
tumors of the brain or eye (24.5%), digestive tract
(12.4%), bone (10.3%), breast (9.1%), and female genital
organs (7.2%), followed by blood malignancies (6.3%)
and respiratory system and intrathoracic organs (6.3%).
For those tumors where the morphological characteris-
tics were clearly indicated (88.8%), the most represented
were adenocarcinoma (33.1%), glioblastoma (5.5%),
other glioma and sarcoma (17.5%), as well as leukemia
(5.5%) (Appendix pp30-31).

For 1718/1940 patients (88.6%), 18,549 somatic
variants of interest were returned in order to discuss
actionability and treatment proposition in the down-
stream MTB (12,991 SNVs/Indels, 4613 CNVs and 945
gene fusions) (Fig. 2G). SNV/Indels, CNV and gene
fusions of interest were reported to the prescribers in
90.2%, 62.1% and 25.7% of patients, respectively. The
precise description of the landscape of somatic gene
alterations goes beyond the present article.

Briefly, six genes with SNVs/Indels of interest e.g.,
inactivation of tumor suppressor genes (ISG) (TP53,
ATRX, NF1) or activation of a proto-oncogene (TERT,
PIK3CA, KRAS, ..), and 8 genes with CNVs were

detected in more than 5% of tumors analyzed (Appendix
pPp32-33). For CNVs (amplification of oncogenes or de-
letions of TSG), the most common large deletions
involved 5 genes (CDKN2A, CDKN2B, TP53, MTAP,
RBI) and the most common amplified gene was EGFR,
a common proto-oncogene. A large diversity of fusion
oncogenes was observed, primarily in one tumor, the
three most common being: EWSRI1:Flil (n = 13)
observed in Ewing sarcomas, PAX3:FOXO1 (n = 12) in
rhabdomyosarcomas, and ETV6:RUNX1 (n = 8) in
childhood leukemias.

In 1589 samples where tumor mutational burden
(TMB) was calculated, 31.7% patients had a TMB
ranging from 0 to 1 mut/Mb and 4.3% had a TMB>10
mut/MDb, potentially qualifying for a treatment with
immune checkpoint inhibitors. Actionable germline
pathogenic variants of TSG, such as BRCA1/2 or TP53,
were observed in 115/1718 (6.7%) patients.

Discussion

France was one of the first countries to integrate GS
directly into the healthcare system at a nationwide level,
for its 67 million inhabitants.® The implementation of a
long-term national genomic medicine initiative raised
major challenges to concomitantly ensure equal access
to genomic analyses, medical benefits for patients, and
economic sustainability.”

Equal access was promoted by providing GS free of
charge for patients, guarantying nationwide coverage by
dividing the mainland and overseas areas between
FMGlabs, and deploying process standardization.
This included the definition of a common genomic
healthcare pathway and the diagnostic strategy for each
pre-indication.® Laboratory protocols followed recom-
mendations made by CrefIX and international best
practices, together with the drafting of common models
of reports by clinical biologists. This strong but complex
organization led to a slow implementation during the
first three years. It was reinforced in 2020-2022 by the
integration of the pre-indication with the largest RD
patient group, namely ‘Intellectual disability’, the addi-
tion of which was delayed because patients were first
included in the DEFIDIAG pilot project, and because of
the Covid-19 pandemic, which led to several lockdowns
with closures of clinical departments and FMGlabs.
Specific actions were set up to facilitate the genomic
testing pathway, such as the deployment of 24 local non-

consecutive prescriptions for RD/CGP: Diagnostic yields (purple) and VUS levels (mauve) regarding the number of genetic tests requested before
GS analysis (first-line, one, two, three and four and more). (D) Retrospective study of the first 2446/2734 consecutive prescriptions for RD/CGP:
Diagnostic yields (purple) and VUS levels (mauve) after different combinations of genetic tests requested before GS analysis (standard chro-
mosomal analysis and targeted genes, array comparative genomic hybridization (array-CGH) alone, targeted gene panel alone, exome
sequencing with other genetic tests, and all other genetic tests without exome). (E) Retrospective study of the first 2734 consecutive pre-
scriptions for RD/CGP: reasons why GS identified a causal diagnosis in 78 patients with negative ES. (F) Repartition of the 3367 complete
prescriptions by cancers pre-indication from 04/01/2019 to 12/31/2023. (G) Types of the 18,549 somatic variants returned for discussing
actionability and treatment proposition in the MTB identified in 1718 patients.
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Case 1

Marked global developmental delay / profound intellectual disability
Pharmaco-resistant epilepsy with multifocal epileptiform anomalies
Neonatal transient hypercalcemia, intestinal pseudo-obstruction
Normal brain MRI
Prior genetic testing: trio-ES with finding of hemizygous NEXMIF missense
variant of uncertain significance and single pathogenic heterozygous PIGN
missense variant (autosomal recessive condition)

PIGN gene (MIM*606097)
Proband
Mother
Father =
ENST00000640252.2:¢.996T>G,p.(Tle332Met)
Proband s =
et . -4
Mother = '. s o
ES
Father = Sl -

chrl8:g. 62152641_62157701del

Diagnosis : PIGN-related encephalopathy (MIM#614080)

Case 3

Bilateral hearing loss, macroscopic hematuria, and renal insufficiency
Inconclusive renal biopsy
Skin biopsy: absence of collagen IV alpha5 chain
Prior genetic testing: negative Alport panel sequencing
(COL4A43, COL444, COL4A5)
Younger maternal half-brother with similar phenotype

COL4A5 gene (MIM*303630)

Proband

Non-
affected
‘brother

Affected
mother

Affected
half
brother

[ENST00000328300.11:¢.2918-244A>G

H T COL4AS cDNA analysis on cultured fibroblasts
EI
- . el
2 primer a primer
o —> .«
70- —— . —
10 PR
RT-PCR a-b primer a b
& - «—
s oz - CEREE EEKEEEK  ruien
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& S 8 rimer a rimer bl
© pe, <O 100 " ® >
B primer al b
e =
xo0 Insertion of a an out-of:phase pseudo-exon
)
RT-PCR a-bl RT-PCR al-b

Diagnosis : COL4A5-related X-linked Alport syndrome (MIM#301050)

Case 2

Fetal US at 25 WG: polyhydramnios, short femur length,
enlarged kidneys and micropenis.

Fetal MRI: aplasia of the olfactory and lateral ventricular asymmetry
Prior genetic testing : Normal fetal karyotype (46,XY): unremarkable
15q11q13 locus methylation; prenatal chromosomal micro-array with finding
of 121-kb duplication including the exons 4, 5, 6 and 7 of the GPC3 gene
(chrX:132,766,827-132,888,087, hg38) inherited from the mother, classified as
a variant of uncertain significance.

Birth at 38 WG: macrosomia, broad nasal ridge, anteverted nares,
macrostomia, macroglossia, furrowed tongue, small and large hands,
supernumerary nipple, hepatosplenomegaly, micropenis, and mild axial
hypotonia. Chest X-ray: twelfth rib hypoplasia.

GPC3 gene (MIM*300037)
=
—— - | ]
133,577,394 133,802,937 142,652,620 142,836,420
Fen bt
1 I
I — Bds
B | a | 8 | b [ E |

Complex genomic rearrangement interrupting the GPC3 gene

Diagnosis : Simpson-Golabi-Behmel syndrome (MIM#312870)

Case 4

Fetal US at 27 WG: enlarged hyperechoic kidneys with oligoamnios
Severe neonatal respiratory distress, transient renal insufficiency,
and severe hypertension
Abdominal US: polycystic kidney disease, asymptomatic biliary microcysts
Less severe phenotype in younger brother
Prior genetic testing: ciliopathy panel sequencing with finding ofsingle
heterozygous PKHDI missense variant of unknown significance (autosomal
recessive condition)
APKHDI gene (MIM*606702) I

Proband
Mother
Father
ENST00000340994.4:¢.7400T>C,p.(Leu2467Pro).
Proband
Mother
Father
ENST00000340994.4:¢.8643-597A>G
PKHDI minigene analysis
Control Minigene
primer a primer b
E ~
- = @&EKE  ow
—_—— — —
o, T - —— -
X, — i ool primer a primer b
200 ~—
iy -— Minigene
~ @EEEKEK

Insertion of an out-of-phase 95bp
RT-PCR a-b

Diagnosis : PKHDI-related polycystic kidney disease (MIM#263200)

Fig. 3: Four clinical cases of interest in RD diagnosed by GS. GS identified causative variant after a normal gene panel sequencing (Case 3) or
after a heterozygous variant of unknown significance in genes with autosomal recessive condition identified by gene panel sequencing (Case 4)
or exome sequencing (Case 1). GS also characterized a structural variant of unknown significance previously detected by array-CGH leading to its
reclassification in causative variant (Case 2). Case 1: a diagnosis of PIGN-related encephalopathy (MIM#614080) secondary to compound
heterozygous variants (missense and intragenic deletion) in PIGN (MIM*606097); main clinical features and IGV capture of both variants in
proband and unaffected parents. Case 2: a diagnosis of Simpson-Golabi-Behmel syndrome (MIM#312870) secondary to complex genomic
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thematic MDMs in RD and the creation of a new
dedicated function (genomic pathway managers). These
actions notably improved the number of prescriptions
between 2022 and 2023 (+47.3% for RD/CGP
and +55.8% for cancers). Nevertheless, FMGlabs
received GS prescriptions for only 11.8% of the annually
expected cancer patients in 2023. Over a 4-year period,
the tumors of around 3500 patients were analyzed,
while 420,000 new patients are diagnosed with cancer
each year, about half of whom will relapse after surgery
and require medical treatment. It would be useful to
rally clinicians working throughout the French territory,
by removing obstacles linked to the use of frozen sam-
ples (cancer samples are frozen in <20% of patients
nationwide, with strong disparities across territories and
structures). CRefIX and FMGlabs evaluated the best
biological and bioinformatics practices to optimize DNA
and RNA processing from formalin-fixed paraffin-
embedded tumor samples (FFPE) to maximize the
number of eligible cancer patients. From November
2023, the analysis of FFPE biopsies is being progres-
sively deployed in PFMG2025 with regular evaluation.
In the field of RD, the American College of Medical
Genetics and Genomics (ACMG) recommended that GS
should be used as a first- or second-tier test for patients
with congenital and/or intellectual disability, who
represent 1-2% of the population.” Much remains to be
done to scale-up this testing. The first challenge will be
to increase the current number of 818 prescribers in
RD/CGP and/or their prescription rates. Although
clinical geneticists are the main prescribers for RD
(71.4% of the prescriptions validated by local MDMs
composed mainly of clinical geneticists), other types of
clinicians need to be trained to integrate this approach
into their practice.” Indeed, with GS becoming acces-
sible for multiple diseases in France, there is a need to
improve the training of more medical doctors in ge-
netics/genomics, as the management of prescription,
data analysis, and delivery to patients still relies mainly
on a small number of medical doctors with a specific
training and experience in genetics. In addition, pre-
scribing procedures could be further simplified by call-
ing upon the MDMs exclusively for complex situations.
However, it could only be envisioned as the time as the
medico-economic evaluation of the pre-indications, as
these MDMs guarantee rigorous compliance with the

prescribing criteria required for this up-coming evalua-
tion. PFMG2025 was initially supported by substantial
national resources (€239 millions as the end of 2023),
mostly invested by the MoH before considering the
reimbursement by the healthcare system after a national
evaluation conducted by the HAS. After setting up
FMGlabs, the MoH funded a medico-economic research
program in order to provide a proof-of-concept of the
cost-effectiveness of GS in healthcare. This issue must
be addressed by other national genomic medical initia-
tives and constitutes an avenue for international
collaborations.

For RD/CGP, GS prescription in clinical practices
critically enhanced our national diagnostic capacities for
returning clinically significant results to the families.
For the first 2734 GS, PFMG2025 exhibited a positive
diagnostic yield of 28.7%, which is slightly higher than
those observed in the 100,000 Genomes project (25.0%),
likely due to a higher proportion of trios (85.5% vs 44%)
and different preliminary genetic testing." It could be
considered lower than expected with a trio approach,
but most patients experienced a diagnostic odyssey
with multiple preliminary genetic tests. Indeed, the
diagnostic yield was significantly higher as a first-line
diagnostic test (44%) than as at least a second-line ge-
netic test (27.4%). Interestingly, GS identified a causal
diagnosis in 23.6% of patients with a previous negative
ES. GS has the advantage over ES of identifying struc-
tural and non-exonic variations, as recently demon-
strated by the identification of sporadic variants in the
non-coding spliceosomal snRNA gene RNU4-2 as a
frequent cause of syndromic neurodevelopmental dis-
orders.” As expected, the overall diagnostic yield (30.6%
with 67.3% of completeness) also varied according to
pre-indication subgroups (from 46.3% in rare skin dis-
orders to 9.5% in CGP), reflecting not only differences
in the proportions of genetic diagnoses between sub-
groups but also a large heterogeneity in clinical prac-
tices. Of note, 59.3% of the results were negative and
10.1% of them were non-conclusive with VUS. Various
measures are essential to improve diagnostic yields,
such as developing functional assays to classify VUS,
performing data reinterpretation in a clinical setting at
regular time intervals (every 2 years according to ACMG
recommendations),” strengthening efforts to better
represent the genetic diversity of the population living in

rearrangement interrupting the GPC3 gene (MIM*300037); main clinical features and diagram explaining the rearrangement. Case 3: a diagnosis
of X-linked Alport syndrome (MIM#301050) secondary to inherited deep intronic variant in COL4A5 (MIM*303630); main clinical features, IGV
capture of the variant in proband, non-affected brother, affected mother, and affected half-brother, and RT-PCR results on patient cultured
fibroblasts compared with control fibroblasts, revealed the formation of an out-of-phase pseudo-exon, using the splice acceptor site enhanced
by the variant and the strongest of the preexisting donor sites with a total effect on splicing. Arrows indicate the primers used for RT-PCR
located in exons 31 (primer a) and 37 (primer B), as well as in the inserted 33p predicted pseudo-exon (primers al and b1). Case 4: a diag-
nosis of autosomal recessive polycystic kidney disease (MIM#263200) secondary to heterozygous composite variants (missense and deep
intronic variant) in PKHD1 (MIM*606702); main clinical features and IGV capture of both variants in proband and unaffected parents (ES: exome
sequencing, MIM: Mendelian Inheritance in Man, MRI: Magnetic Resonance Imaging; US: ultrasound, WG: weeks of gestation, RT-PCR: Reverse

Transcription Polymerase Chain Reaction).
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France in databases, allowing secondary use of patient
data for research purposes and sharing data both at
national and international levels (Appendix p34)."'° For
CGP, the forthcoming genomic characterization of the
tumors and the polygenic score risk approaches should
optimize the results.

For cancer patients, the identification of tumor
genomic alterations, with oncogenic properties can
serve as biomarkers to identify candidate patients for
innovative therapies.”'"® Similarly, loss of tumor sup-
pressor genes or defects in the mismatch repair gene
pathways are now used to guide treatment decision in
the firstline setting.”” PFMG2025 demonstrates that
GS/ES/RNAseq can be provided for this purpose on a
nationwide basis, with at least one somatic variant of
interest reported to the MTB to discuss actionability and
treatment proposition in 88.6% of patients, albeit the
level of improvement in treatment options is outside the
scope of this article and will be reported in the future.
GS/ES/RNAseq also provided information for patient
diagnosis (e.g., for cancers of unknown primary origin
and for genetic subtyping of cancers). Actionable
germline pathogenic variants of TSG were reported in
6.7% of patients. In the future, it will be important to
select candidate patients for such molecular character-
izations based on the benefits for their healthcare
pathway. It is likely that gene panels will be sufficient in
daily practice for most patients, while for a subset, GS/
ES/RNAseq will allow refinement of cancer classifica-
tion and guide treatment. Moreover, ensuring a fair
access of cancer patients to genomic-driven approved or
experimental therapies is essential in order to optimize
the clinical impact of GS/ES/RNAseq.

PFMG2025 was set up to meet the needs of patients
regardless of their age. Many prescriptions were for chil-
dren as many RD manifest during childhood, meaning
that the main pre-indications (intellectual disability and
developmental abnormalities, malformation syndromes
and dysmorphic syndromes without intellectual disability)
are more abundant in children, and two cancer pre-
indications mostly affect children (pediatric cancers and
leukemia at diagnosis, and pediatric cancers and leukemia
with treatment failure). This required adapting the con-
sent forms to minors. Moreover, the two initial informa-
tion sheets for RD/CGP and cancer patients were released
in three versions for minors (classic, simplified and
illustrated) and two for their parents (simplified and
illustrated), according to their level of understanding.

One of the immediate challenges is to reduce the
delivery time and increase the completeness (only 67.3%
of the around 18,900 RD/CGP patients had received a
diagnostic report on 12/31/2023).%>*' The delivery time
for cancers (35 days in the 2nd semester of 2023 with
72% of completeness) was much shorter than for
RD/CGP but still needs to be improved. The develop-
ment of analytical tools for prioritizing variants, and a
variant-centered database will improve the overall

clinical and biological interpretation capacity, not only
for RD/CGP patients but also for cancer patients.” Such
a knowledge database (FMG-kb) is being implemented
within CAD. FMGlabs may also request the contribution
of any qualified clinical biologists for data interpretation,
leveraging their expertise. Nevertheless, 54.6% and
40.4% of reports for RD/CGP and cancers were made by
only 6.8% of clinical biologists, indicating a need to
refocus activities on GS rather on gene panels with a low
diagnostic yield. The MoH has instructed the HAS to
evaluate the cost-efficacy of all the gene panels used in
France to regulate their use. Furthermore, the number
of clinical biologists could be increased by revising the
accreditation criteria, which are currently legally limited
to medical doctors and pharmacists in France.

Many more challenges remain to be addressed:
managing incidental findings considering the recent
revision of the bioethics laws,” assessing economic
sustainability,” anticipating the development of genome
wide polygenic scores and scaling up to a larger spec-
trum of diseases. Genomic medicine is evolving rapidly
in an international context, with the development of
multi-omics technologies, paving the way for new ap-
plications,”* the drastic reduction of GS costs,” its
large-scale expansion” such as in newborn screening,”
and the development of an increasing number of
innovative personalized therapies. The current
FMGlabs’s capacity will soon prove to be insufficient,
and authorities are encouraged to take measures in the
near future to increase the current capacity for genomic
analysis in France. Concomitantly, a major effort is also
required to improve the genomic-related health literacy
and engagement of citizens.*

Seven years after its launch, PFMG2025 has suc-
cessfully integrated GS into the French healthcare sys-
tem. Our national program has overcome numerous
challenges to establish genomic medicine as a fair and
sustainable service for the population. Our work em-
phasizes the critical need for precise coordination be-
tween healthcare and research institutions, engaging
citizens, health professionals, researchers, policy
makers and specialized industry. Furthermore, the
alignment of multiple national genomic medicine ini-
tiatives across Europe into a collaborative public health
initiative is poised to transform medical practice in the
coming years, with PFMG2025 playing a key role.
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