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ABSTRACT

Over the past 15years, molecular methods for human genome analysis have evolved significantly, becoming integral to routine
genetic diagnostics. Among various genomic alterations, copy-number variations (CNVs) are particularly important as sources of
both benign and pathogenic variants. Accurate assessment of these variants' clinical implications is critical, especially for rare,
non-recurrent CNVs and for susceptibility loci linked to neurodevelopmental disorders (NDDs). To address these challenges,
the French AchroPuce CNV Interpretation Working Group proposes a novel classification termed “PIEV,” referring to CNVs
associated with NDDs characterized by incomplete penetrance and variable expressivity. This category complements the existing
five-tier ACMG classification system, supporting genetic professionals in harmonizing practice through standardized French
national guidelines, thereby enhancing genetic counseling and clinical interpretation precision. Distinguishing clearly patho-
genic variants from those with incomplete penetrance is crucial, and the consistent classification of these CN'Vs independently
of the clinical context is essential. Clinical significance assessments should entail collaboration between biologists and multi-
disciplinary clinical teams, especially in prenatal diagnostics. The working group maintains an annually reviewed curated list
of recurrent neurodevelopmental CN'Vs with reduced penetrance and provides consensus recommendations with a customized
interpretation tool to enhance national consistency in CN'Vs reporting.
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1 | Introduction

Chromosomal microarray analysis (CMA) has demonstrated ef-
ficacy in identifying pathogenic copy-number variations (CNVs)
across numerous diseases. CN'Vs impact phenotypes by disrupt-
ing genes, altering gene dosage, uncovering recessive variants,
or affecting gene expression via position effects [1-8]. Since its
nationwide implementation in France in 2010, CMA has be-
come the first-line diagnostic method for neurodevelopmental
disorders, congenital anomalies, and prenatal ultrasound abnor-
malities. In this context, the AchroPuce Network was created
to coordinate laboratory practices across France, facilitating
knowledge sharing and consistency (https://acpa-achropuce.
com).

Despite significant expertise gained over the past decade,
interpreting CNVs remains challenging, often resulting
in discrepancies between laboratories [9], thus complicat-
ing clinical decision-making. To address these issues, the
American College of Medical Genetics and Genomics (ACMG)
developed and later expanded a tiered classification system
[10], incorporating rigorous semi-quantitative standards in
collaboration with The Clinical Genome Resources (ClinGen)
[11]. However, variability in practices between countries, par-
ticularly concerning CNVs associated with incomplete pen-
etrance and/or variable expressivity, highlights the need for
standardized national guidelines, adapted to specific health-
care, ethical, and legal contexts [12]. The AchroPuce Network
introduces French-specific recommendations with clear inter-
pretation tools and proposes a new classification category for
CNVs associated with NDDs as risk factors with incomplete
penetrance and variable expressivity (PIEV), in addition to
the five internationally recognized CNV classes.

2 | Incomplete-Penetrant and Variable
Expressivity CNVs: PIEV

While most CN'Vs identified in laboratories fit within the ACMG
guidelines' five-tier system (classes 1 to 5), a subset of recurrent
CNVs presents specific challenges. Recurrent CN'Vs occur in de-
fined genomic regions susceptible to deletions and duplications
resulting from non-allelic homologous recombination (NAHR)
between low-copy repeats (LCRs) [13, 14]. Some recurrent CN'Vs
are associated with susceptibility to neurodevelopmental dis-
orders (NDDs), such as intellectual disability, developmental
delay, autism spectrum disorders, epilepsy, and psychiatric or
behavioral disorders. These CNVs often demonstrate reduced
penetrance, are frequently inherited from apparently unaffected
parents, are more likely identified in case cohorts, and display
variable expressivity, resulting in a broad spectrum of clinical
presentations [15, 16].

Recent guidelines acknowledge specific considerations for classi-
fying reduced-penetrance CNVs, although these guidelines pri-
marily address high-penetrance Mendelian variants. Currently,
no standardized quantitative criteria exist to define penetrance
or risk thresholds clearly distinguishing low-penetrance vari-
ants from risk alleles or highly penetrant variants. Thus, clas-
sifications remain qualitative due to limited data and variability
across diseases. Recently reported expert consensus estimates

low-penetrance variants to confer an absolute risk between
10% and 20% at the lower bound and up to 50% at the upper
bound [17].

Management of CNVs with reduced penetrance and variable
expressivity remains contentious and varies among laboratories
and countries, particularly in the prenatal setting [18-22]. For
example, Belgium established a national consensus reporting a
limited list of CNVs based on clinical spectrum, severity of ex-
pected neurodevelopmental and psychiatric disorders, odds ra-
tios or penetrance values, and considering foetal and parental
phenotypes [18]. Similarly, Canadian guidelines recommend re-
porting only CN'Vs with high risk of neurodevelopmental abnor-
malities or congenital malformations, aligning closely with the
Belgian approach [19]. The UK guidelines classify incomplete-
penetrance and variable expressivity CNVs as pathogenic, but
provide curated lists categorizing CNVs as reportable, non-
reportable, or context-specific [20, 21]. In Israel, standardized
consent forms allow patients or parents to opt out of receiving
results for specific CNVs characterized by penetrance below
10% and population frequency exceeding 0.1% [22].

Thus, there is a growing need to introduce a new category
specifically for neurodevelopmental disorders susceptibil-
ity CNVs. In France, for this reason, the AchroPuce CNV
Interpretation Working Group proposes a separate cate-
gory called “PIEV” (Penetrance: Incomplete; Expressivity:
Variable). Classification as PIEV aims for consistency across
diverse clinical contexts, independently of referral reason, pa-
tient demographics (e.g., sex, age), or clinical background. We
also suggest modulating this class with a penetrance criterion
based on literature data.

3 | French Guidelines for CNVs' Classification

The Working Group has developed national consensual guide-
lines that undergo constant evaluation and refinement to facili-
tate and standardize clinical CNV interpretation and customize
an interpretation tool based on a combination of major and
minor criteria of evidence (Table 1).

3.1 | Class 5: Pathogenic CNVs

CNVs are deemed pathogenic when supported by strong clinical
evidence from multiple studies and databases. This applies to
CNVs: (1) associated with a recurrent disorder with a defined
phenotype listed in OMIM or ClinGen Curated Pathogenic (ex-
cluding PIEV); or (2) not listed but either (a) enriched in cases
and reported in >3 unrelated patients with a concordant pheno-
type, (b) fully overlapping a known pathogenic CNV (excluding
PIEV), or (c) encompassing multiple genes including at least one
dosage-sensitive or candidate gene linked to a known syndrome
(excluding PIEV).

3.2 | Class 4: Likely Pathogenic CNVs

Class 4 encompasses CN'Vs that often exhibit strong evidence for
disease causality, but require additional proofs to confirm their
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pathogenicity. To be categorized in this class, the CNV must
present either two major or one major and two minor pieces of
evidence.

3.2.1 | Major Evidences

3.2.1.1 | Medical Literature. In cases of non-specific phe-
notypes, such as intellectual disability (ID) or autism spectrum
disorders (ASD), the CNV is documented in the literature in at
least one patient who exhibits a concordant phenotype. In cases
of specific phenotypes, the CNV is described in the literature in
at least one patient who shares a few common phenotypic crite-
ria with the carrier patient.

3.2.1.2 | Parental Inheritance. The CNV arises de novo,
is inherited from an affected parent with the same phenotype,
or is inherited from a healthy or mildly affected parent carrying
the CNV in a mosaic state.

3.2.1.3 | Gene Content. The gene(s) within the CNV have
been associated with a matching phenotype in the literature,
or there are robust functional data, including cellular studies
and/or animal models, offering relevant insights into its poten-
tial pathogenicity or the CNV corresponds to a region in close
proximity to a candidate gene associated with a disease charac-
terized by a specific phenotype (position effect) or the CNV is a
deletion involving the 5’ region and additional coding sequences
of an established haploinsufficient gene.

3.2.1.4 | Nature. The CNV is a homozygous deletion or a
triplication or amplification (four copies at least or more) not ref-
erenced in curated databases as a common polymorphism [23].

3.2.2 | Minor Evidence

3.2.21 | Epidemiology. The CNV is significantly more
frequent in patients with NDD than in controls, as observed in
the study by Coe et al. [24] or the CNV is absent from control
databases, such as GnomAD v3.1 (https://gnomad.broadinsti
tute.org/news/2020-10-gnomad-v3-1/) and/or DGV-Gold poly-
morphic variant databases (https://dgv.tcag.ca/dgv/app/home).

3.2.2.2 | Gene Content. The CNV partially overlaps (> 50%)
with CNVs identified as pathogenic in OMIM or ClinGen
Curated Pathogenic without a clearly identified candidate gene.

3.2.2.3 | Size. The CNV exceeds 500Kkb in size.

3.3 | Class 3:VUS

A CNV is considered to be of unknown or uncertain signifi-
cance if it does not meet the criteria to belong to any other class.

They represent a category of CNVs that have not been reported
and/or lack sufficient evidence or have conflicting evidence to
be classified as pathogenic/likely pathogenic or benign/likely
benign CNVs. CNVs initially classified as VUS may be reclas-
sified as a new clinical or scientific data become available [25].

This may include: (1) CNV present in the healthy population,
but not at a high enough frequency to be considered a polymor-
phism (<1%); (2) CNV containing a small number of genes, for
which haploinsufficiency or triplosensitivity is not clearly estab-
lished; (3) CNV described in publications and/or databases with
conflicting interpretations about its pathogenicity; (4) CNV cor-
responding to an intragenic deletion or duplication whose effect
on transcription is not clearly established.

It should be noted that the quantitative scoring framework
formulated by ACMG-ClinGen guidelines can be useful for re-
fining the interpretation of a CN'V that does not meet the crite-
ria for other classes according to the AChroPuce classification
[11]. Although a follow-up evaluation by a biologist may be
necessary, online variant annotation tools (CNV Explorer—
https://cnvxplorer.com/, CNV  Hub—https://cnvhub.net/,
Franklin Genoox—https://franklin.genoox.com/, ...) can sig-
nificantly facilitate the process by evaluating the variant ac-
cording to ACMG/AMP guidelines and assessing its clinical
significance.

3.4 | Class 2: Likely Benign CNVs

Likely benign CN'Vs are unlikely to be causative of a genetic dis-
order, yet further evidence is required to confirm their benign
nature. To be classified into Class 2, two major pieces of evi-
dence or one major and two minor pieces of evidence must be
provided.

3.4.1 | Major Evidence

3.41.1 | Epidemiology. The CNV is frequently reported
in the healthy population but does not reach the thresh-
old for consideration as a polymorphism (<1%) or the CNV
is documented at least once in databases such as GnomAD
v3.1 (https://gnomad.broadinstitute.org/news/2020-10-
gnomad-v3-1/) and/or DGV-Gold polymorphic variant data-
bases (https://dgv.tcag.ca/dgv/app/home), with an overlap
of 80%.

3.4.1.2 | Inheritance. The CNV is inherited from a
healthy parent or does not segregate with the phenotype within
the family.

3.4.1.3 | Gene Content. The CNV does not contain genes
or it only contains repeats, pseudogenes, or segmental dupli-
cations. Or, the genes within the CNV lack compelling argu-
ments for their involvement in human pathology, exhibiting
characteristics like unknown function, expression patterns
in tissues not affected by the patient's phenotype, low prob-
ability of loss of function intolerance (pLI), and high LOEUF
(Loss-of-Function observed/Expected Upper bound Fraction)
according to gnomAD v3.1 in case of deletion.

3.4.2 | Minor Evidence

3.4.2.1 | Epidemiology. The CNV is identified with a sim-
ilar or lower frequency in patients with NDD when compared
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to controls [24] or the CNV is found in at least one instance in
the DGV-gold polymorphic variant databases but with an over-
lap between 50% and 80%.

3.4.2.2 | Gene Content. None of the genes within the CNV
is associated with the same phenotype in the literature, or there
is insufficient evidence to support the involvement of one
or more of the genes in the patient's phenotype.

3.4.2.3 | Size. CNV does not exceed 500kb, taking into
account that 90%-95% of benign CNVs are <500kb in size
according to Itsara et al. [26].

3.5 | Class 1: Benign CNVs

There are sufficient evidences in multiple peer-reviewed publica-
tions or in curated databases to consider them as benign CNVs.

This class may include: (1) CNV enriched in the normal popu-
lation (> 1% in the healthy population) or (2) CNV referenced in
curated databases as a common polymorphism [23].

3.6 | Class PIEV: CNVs With Incomplete
Penetrance and Variable Expressivity

The Working Group maintains a curated list of recur-
rent CNVs, each assigned a consensus-based classification
(Table 2). The available evidence concerning these CNVs is
reassessed annually, allowing guidelines to be updated and
refined as necessary.

As of the most recent update on February 2025, the AchroPuce
CNVs Interpretation working group has designated the follow-
ing neurodevelopmental disorders susceptibility CN'Vs as PIEVs
and their gene candidate:

« Distal 1g21.1 deletion and duplication (GJA5, GJAS)

+ 2q13 deletion (BUBI)

+ 3q29 deletion (DLGI, BDHI)

+ 10q11.21q11.2 deletion (CHAT, SLCI8A3)

« 15q13.3 BP4-BP5 deletion (CHRNA7, OTUD7A)

« 15q13.3 deletion CHRNA7-LCR-BP5 (CHRNA?)

« 16p13.11 deletion (NDE1, MYH11)

» 16p12.2 deletion (EEF2K, POLR3E)

« 16pl11.2 distal deletion (SH2BI)

« 16pl11.2 proximal deletion and duplication (TBX6, KCTD13)

+ 17q12 deletion (HNF1B)

+ 22q11.2 proximal duplication (TBX1)

+ 22q11.21 central deletion (SCARF2, SNAP29)

+ 22q11.21 distal type I deletion (MAPKI)

+ 22q11.21 distal type III deletion (SMARCBI)

Within the PIEV category, a distinction is made between low-
penetrance PIEVs and high-penetrance PIEVs, as discussed
below (Table 2).

4 | Reporting Considerations

The AchroPuce Network recommends reporting pathogenic (P)
and likely pathogenic (LP) CN'Vs that are relevant to the reason
for the patient's referral. According to international recommen-
dations, likely benign (LB) and benign (B) CNVs should gen-
erally not be reported [11]. Variants of unknown significance
(VUS) are systematically reported postnatally. Conversely, pre-
natal reporting of VUS is generally not recommended unless
there is strong suspicion of pathogenicity without fully meeting
LP criteria. In such cases, parental segregation may help biolo-
gists in interpreting the CNV and determining whether or not it
should be reported.

Reporting strategies for PIEVs depend on the clinical context.
Postnatally, the AchroPuce Network recommends systematic
PIEV reporting, allowing the biologist, in consultation with cli-
nicians, to assess whether the PIEV contributes to the patient's
phenotype. In prenatal diagnosis, PIEVs are not routinely re-
ported. Reporting decisions must consider the ultrasound find-
ings, the family history, and the specific PIEV involved, with
particular attention to those associated with high penetrance
[27]. Prenatal PIEV reporting decisions typically require con-
sultation with a multidisciplinary team, including biologists,
clinicians, and the local multidisciplinary prenatal diagnosis
committee.

5 | Discussion

Recent guidelines significantly contributed to the standard-
ization of CN'Vs classification and interpretation, particularly
for high-penetrance variants [11]. They also acknowledge the
specific challenges posed by reduced-penetrance CNVs re-
garding reporting and genetic counselling. To reduce inter-
laboratory variability, the AchroPuce Network proposes the
“PIEV” category to complement ACMG's existing five-tier sys-
tem [11]. Indeed, we observed that laboratories used to classify
these CNVs variably as VUS, LP, P, or LB, with interpretations
often adjusted based on clinical context. This inconsistency
in CNVs classification can create confusion and complicate
genetic counselling, particularly when multiple individuals
within the same family carry an identical CNV that is clas-
sified differently depending on clinical presentation. One
frequently proposed solution is to systematically report these
CNVs as pathogenic [11]. However, this approach may mislead
patients and medical professionals into incorrectly assuming
that these variants inevitably result in neurodevelopmen-
tal disorders. Thus, clearly distinguishing pathogenic CNVs
from PIEVs is crucial to avoid misinterpretation potentially
affecting clinical decisions, such as unwarranted pregnancy
terminations or premature cessation of diagnostic investiga-
tions. Indeed, in severe or atypical phenotypes, whole genome
sequencing is recommended to identify a second genetic event
that may independently cause or amplify the effects of the
PIEV (second-hit) [28].
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Establishing robust, clinically meaningful penetrance estimates
for recurrent CNVs is critical yet challenging [27, 29]. Several
factors can lead to inaccurate penetrance estimations, including
the rarity of certain CNVs, the neurodevelopmental phenotype
heterogeneity of affected individuals in patient cohorts, and
the composition of control cohorts. A significant source of bias
arises when affected individuals are inadvertently included in
control cohorts, especially in cases of mosaic CN'Vs, mild clini-
cal presentations, or presymptomatic phases of a late-onset dis-
orders. This issue is also relevant for CN'Vs associated with both
neurodevelopmental and non-neurodevelopmental phenotypes,
such as 17q12 [HNF1B] rearrangements or distal 16p11.2 dele-
tions [SH2B1]|, which are fully penetrant for renal dysfunction
or obesity, respectively, but exhibit partial penetrance for neuro-
developmental features. These CNVs may be classified inconsis-
tently across control and patient cohorts, resulting in potential
over- or underestimation of penetrance.

Yet, defining strict penetrance thresholds for CN'Vs classifica-
tion also remains challenging, due to the limited availability of
robust quantitative data, apart from the recent pooled analysis by
Goh et al. [27]. In line with the recommendations of the ClinGen
Low Penetrance Working Group [17], we chose to provide broad
interpretive ranges rather than rigid cutoffs. In brief, CNVs with
penetrance exceeding 25% according to Goh et al. [27] have gen-
erally been categorized as PIEVs, specifying whether the pen-
etrance appears to be low (typically <50%) or high (typically
>50%). In contrast, CNVs with less than 10% penetrance have
usually been classified as variants of uncertain significance
(VUS) or likely benign variants. For CNVs exhibiting interme-
diate penetrance (10%-25%), in cases where classification var-
ies significantly across studies—VUS, PP, LB, or PIEV—where
a normal or subnormal phenotype remains the most predomi-
nant presentation and when the CNV is frequently identified in
control cohorts (e.g., proximal 1q21.1 deletions [RBM8A], distal
1q21.1 duplications [GJA5, GJAS], 16p13.11 deletions [MYH11],
16p12.2 deletions [EEF2K, POLR3E], distal 16p11.2 duplications
[SH2B1], 17q12 duplications [HNFI1B] or 22q11.2 central dupli-
cations [SCARF2, SNAP29]), a consensus-based classification
was established using available scientific evidence including
peer-reviewed literature, prevalence data, ClinGen curation
efforts [30] and the expertise of Working Group members. Our
conclusions are reported in Table 2. In the absence of sufficient
and robust scientific evidence, it is generally recommended to
classify and report recurrent CN'Vs as VUS until additional data
support a more definitive interpretation.

Beyond adding the “PIEVs class” into the ACMG's five-tier
classification system [11], the AchroPuce Network updates na-
tional consensus guidelines for interpretation and reporting of
CNVs by providing a yearly curated registry of recurrent CN'Vs,
including curated literature data, all available at https://acpa-
achropuce.com/diagnostic-postnatal/.

6 | Conclusion

Determining the pathogenicity of genetic variants is crucial to en-
sure patients receive accurate diagnoses and appropriate medical
care. The complexity caused by the incomplete penetrance and vari-
able expressivity of certain CNVs presents significant challenges.

The French AChroPuce Network proposes introducing the PIEV
class to the existing five-tier classification system established by
the ACMG. This initiative aims to distinguish these CN'Vs from
those that are always leading to a neurodevelopmental phe-
notype. We also emphasize that the clinical impact of a PIEV
should be evaluated subsequently. Systematic PIEV reporting is
recommended postnatally, whereas prenatal reporting remains
cautious, aligning with France's ethical and legislative context,
favoring individualized multidisciplinary evaluations [31-34].

As we move forward, the classification and reporting of genetic
variants must remain dynamic, continually adapting to our ex-
panding knowledge of genetic mechanisms and variant effects
by embracing the complexity of genetic variation and consis-
tently refining our approaches.
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