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Abstract

Objective: Prenatal exome sequencing (pES) is now commonly used in clinical

practice. It can be used to identifiy an additional diagnosis in around 30% of fetuses

with structural defects and normal chromosomal microarray analysis (CMA). How-

ever, interpretation remains challenging due to the limited prenatal data for genetic

disorders.

Method: We conducted an ancillary study including fetuses with pathogenic/likely

pathogenic variants identified by trio-pES from the “AnDDI-Prenatome” study. The
prenatal phenotype of each patient was categorized as typical, uncommon, or un-

reported based on the comparison of the prenatal findings with documented find-

ings in the literature and public phenotype-genotype databases (ClinVar, HGMD,

OMIM, and Decipher).

Results: Prenatal phenotypes were typical for 38/56 fetuses (67.9%). For the others,

genotype-phenotype associations were challenging due to uncommon prenatal

features (absence of recurrent hallmark, rare, or unreported). We report the first
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prenatal features associated with LINS1 and PGM1 variants. In addition, a double

diagnosis was identified in three fetuses.

Conclusion: Standardizing the description of prenatal features, implementing lon-

gitudinal prenatal follow-up, and large-scale collection of prenatal features are

essential steps to improving pES data interpretation.

Key points

What's already known about this topic?

� Prenatal exome sequencing detects an additional diagnosis in approximately 30% of fetuses

with structural defects and normal chromosomal microarray analysis.

� Prenatal phenotyping may be challenging (limited examination of some organs, functional

changes at birth, no intellectual or sensory information).

� Genetic disorders are highly heterogeneous.

What does this study add?

� In 67.9% of cases, the association between the fetal phenotype and a relevant variant was

straightforward. Conversely, it was challenging in 32.1% of cases due to unreported or

uncommon prenatal findings.

� We reported prenatal findings associated with bi-allelic LINS1 and PGM1 variants.

� Collaborative compilation of prenatal findings related to genetic disorders may lead to

better understanding and identification of fetal conditions.

1 | INTRODUCTION

Structural defects, whether isolated or multiple, occur in approxi-

mately 2%–4% of pregnancies and are the leading cause of perinatal

death (20%–25%).1 Most of these defects are associated with genetic

disorders. However, identifying a diagnosis during pregnancy is a

major challenge due to clinical heterogeneity and overlap of genetic

disorders. Standard karyotype and chromosomal microarray analysis

(CMA), which have historically been used for prenatal genetic testing,

have a diagnostic yield of approximately 30%.2 Over the last decade,

exome sequencing (ES) has gradually been implemented in clinical

practice, particularly for investigating unsolved structural defects

during pregnancy. The pooled incremental yield of prenatal ES (pES)

is approximately 30% in fetuses with structural defects and negative

CMA/karyotype. The diagnostic yield varies considerably depending

on the phenotypic subgroup (ranging from 2% in isolated increased

nuchal translucency to 53% in skeletal dysplasia) and the study

design (from 15% in unselected cohorts to 42% in phenotype-
selected cohorts).3 Between June 2019 and November 2021, we

led the first French national multicenter pilot study (AnDDI-pre-
natome) aiming to implement diagnostic pES following the detection

of abnormalities on ultrasound.4 Trio-ES identified a pathogenic/

likely pathogenic variant in 52/150 fetuses (34%) with a median time

to diagnosis of 28 days. The overall diagnostic yield rose to 56/150

fetuses (37%) after additional investigations: 41% (37/89) with first-
line trio-pES versus 31% (19/61) with pES after normal CMA.

The implementation of pES offers new perspectives in fetal

medicine, including the diagnosis of monogenic diseases, precise

and personalized prenatal counselling, customization of perinatal

care, and earlier genetic counselling.5 However, interpreting pES

may be challenging in some cases since genetic disorders have

mostly been described in a postnatal setting with detailed pheno-

typing of affected newborns, infants, or adults. At the same time,

the prenatal phenotype is limited to an indirect examination of the

fetus through prenatal imaging, without any information about

cognitive, sensory, or behavioral deficiencies.5 Despite advances in

prenatal imaging, examination remains limited or impossible for

some parts of the fetus. In addition, the fetal phenotype can change

with gestational age and functional adaptation in the perinatal

period.6 Overall, fetal phenotypes associated with a rare disease

may differ from postnatal phenotypes, leading to the identification

of uncommon or unreported findings.7 These factors limit the

identification of pathogenic/likely pathogenic variants associated

with structural defects during pregnancy and may lead to a nega-

tive result or identification of a variant of unknown significance

(VUS). Confirmation or exclusion of VUS requires additional in-

vestigations. Beyond segregation analysis, functional tests used in

postnatal settings are not routinely applicable during pregnancy for

various reasons (access of tissue, time required, lack of normal

values in unaffected fetuses…).

In this study, we investigated the clinical heterogeneity of fetal

conditions in a cohort of fetuses investigated by trio-pES for struc-

tural defects. We hypothesized that the prenatal phenotype, ob-

tained with thorough prospective phenotyping, may differ from

reported data, particularly in identifying additional findings that have

not yet been reported. The aim of this study was to identify un-

common or unreported prenatal features in fetuses harboring genetic

disorders identified by trio-pES.
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2 | MATERIAL AND METHODS

2.1 | Cohort and study design

We conducted an ancillary study of the “AnDDI-Prenatome” study, a
pilot study of the French Healthcare Network for rare diseases.

AnDDI-Prenatome was a prospective, collaborative multicenter

study conducted between June 2019 and November 2021

(NCT03964441).4 In brief, trio-pES (fetus and both parents) was per-
formed in 150 fetuses with unselected fetal structural abnormalities

(at least two ultrasound abnormalities or one ultrasound abnormality

known to be frequently linked to a genetic disorder). Chromosomal

microarray (CMA) was conducted either before or simultaneously.

Relevant variants in known human disease genes were identified

by a stepwise analysis of raw data. First, we used bioinformatics

prediction tools and suspected inheritance. Secondly, a phenotype-
driven analysis of the raw data was conducted using in silico tar-

geted gene panels. All relevant variants were reviewed by a multi-

disciplinary team (MDT) including clinical geneticists, specialists in

fetal medicine, molecular biologists, and bioinformaticians. The MDT

classified each relevant variant according to the American College of

Medical Genetics and Genomics (ACMG) guidelines. In all cases, a

double diagnosis was systematically considered, particularly when

the relevant variant did not explain all fetal features. According to

the study protocol, only pathogenic/likely pathogenic variants asso-

ciated with a structural defect were reported, so incidental findings

and VUS were not reported. A causal diagnosis was identified in 56/

150 fetuses (37%).

In this ancillary study, we enrolled patients with a causal variant

identified by trio-pES in “AnDDI-Prenatome”. Patients with negative
pES and VUS were not included. This study was approved by an

institutional review board (Comité de Protection des Personnes

(CPP)). Written informed consent was obtained from all subjects and

participating family members.

2.2 | Deep-phenotyping of fetuses with a causal
variant and review of prenatal findings related to
genetic disorders

In “AnDDI-Prenatome”, fetal ultrasounds and MRI have always been

performed by specialists in prenatal imaging within the national

prenatal diagnosis network and certified by the national organization

(Agence de la Biomédecine).

For this study, all fetal imaging reports (ultrasound, CT-scan,
MRI) and additional biological prenatal tests (hematological,

biochemical, hormonal, or cytological if performed) were blindly

reviewed by a specialist in prenatal imaging (N.B.). Prenatal features

were encoded using Human Phenotype Ontology (HPO) terms.

For each genetic condition diagnosed in a fetus included in this

study, we performed a literature review at the time of pES interpre-

tation to identify prenatal findings that had previously been reported.

We reviewed public phenotype-genotype databases, including

ClinVar, HGMD,OMIM, andDecipher. Then, we conducted a reviewof

the literature using a stepwise strategy in PubMed. The database was

queried from inception to the date of the MDT meeting (validation of

pES result during pregnancy). For the first step, search terms included

“gene name or syndrome” combined with the following MeSH terms:

“fetus”, “fetal”, “prenatal diagnosis”, “abnormalities, congenital”. The

second step included only clinical publications selected using “gene

name or syndrome”. Finally, we reviewed cohorts that have reported

exome sequencing in prenatal diagnosis. Only publications in English

reporting cases with molecular data were included. This literature

search was performed by two authors (A.G. and N.B.).

Based on our review, we used the methodology reported by the

Orphanet group, an international consortium of rare diseases ex-

perts, to classify the frequency of each prenatal finding.8,9 In sum-

mary, a prenatal finding was deemed common or frequent when it

occurred in at least 30% of the patient population, and rare if below

30%. Then, we categorized the prenatal phenotype of each patient

harboring a pathogenic/likely pathogenic variant into three groups1:

typical phenotype if the prenatal features had been previously re-

ported and were common/frequent2; uncommon phenotype if the

prenatal findings were rare; and3 unreported phenotype if the pre-

natal features had not been previously described. Cases with a

double diagnosis were assessed separately.

3 | RESULTS

Among the 56 patients in our cohort, 59 pathogenic/likely pathogenic

variants were identified, including 9 CNVs (15.3%) or aneuploidy and

50 SNVs (84.7%). Among them, three patients (5.4%) had a double

diagnosis.

For the 53 fetuses with a single diagnosis, the prenatal pheno-

type was considered typical for 38 fetuses (71.7%), uncommon for 13

fetuses (24.5%), and unreported for 2 fetuses (3.8%). Overall, the

association between prenatal phenotype and genotype was chal-

lenging for 18 out of 56 fetuses with a single or double diag-

nosis (32.1%).

3.1 | Fetuses with typical prenatal phenotype
associated with a pathogenic/likely pathogenic
variant

Most included fetuses had a typical phenotype with previously re-

ported prenatal findings. These 38 fetuses were categorized into four

phenotypic groups based on features detected by prenatal imaging:

multisystem abnormalities (n = 14), brain malformation (n = 11),

features suggestive of RASopathies (n = 7), and bone dysplasia

(n = 6). Prenatal ES identified 32 SNVs and 6 chromosomal abnor-

malities confirmed by CMA performed in parallel: mosaic trisomy 14,

mosaic trisomy 17, trisomy 18, tetrasomy 12p, 16p13.3 micro-

deletion, and a de novo supernumerary marker 15q11.1q11.2. In all

cases, the association between prenatal phenotype and genotype was
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not difficult to identify. Prenatal findings and molecular data are

summarized in Table 1.

3.2 | Fetuses with an uncommon prenatal
phenotype associated with a pathogenic/likely
pathogenic variants

The prenatal phenotype was considered uncommon in 13 fetuses

affected by neurodevelopmental disorders, syndromic or not, with an

evolving phenotype after birth. Although the fetal phenotype was

uncommon, the relevant variant was identified by in silico prediction

tools and suspected inheritance.

The fetal phenotype was uncommon for 2 fetuses without

recurrent hallmarks commonly observed in postnatal settings. We

identified a heterozygous de novo ASXL1 truncating variant

(NM_015338.6:c.1934dup) leading to Bohring-Opitz syndrome (BOS,
MIM#605039) in a male fetus (fetus II.1) with corpus callosum

dysgenesis, cerebellar hypoplasia, and shortened long bones. BOS is

characterized by intellectual disability (ID), severe intrauterine

growth restriction (IUGR), distinctive craniofacial features and trig-

onocephaly/microcephaly.10 Although IUGR and microcephaly were

absent in this fetus, previous reports in postnatal cohorts have

documented brain abnormalities (corpus callosum and cerebellar

abnormalities).11–13 In another male fetus (fetus II.2) with increased

nuchal translucency (NT), short corpus callosum, olfactory lobe

agenesis, and webbed neck, we identified a heterozygous de novo

ANKRD11 missense variant (NM_013275.5:c.3931C>T). While brain

abnormalities are reported in approximately 50% of patients with

KBG syndrome (MIM#148050), corpus callosum and olfactory nerve/

bulb abnormalities affect only 5%. The fetus did not display the

skeletal abnormalities commonly associated with KBG syndrome.

Identification of distinctive craniofacial findings is limited during

pregnancy. Additionally, an early onset with increased NT has been

reported in one case.14 For both fetuses, the prenatal findings had

previously been reported as rare features in postnatal cohorts.

For our other cases, the identified prenatal findings were either

not reported or rarely documented in the literature. This suggests or

supports a broadening of the clinical spectrumof genetic disorders.We

identified an early fetal hydrops in a female fetus (II.3) with a hetero-

zygous de novo GNB2 missense variant (NM_005273.4: c.265A>G).
GNB2 variants are involved in a neurodevelopmental disorder with

hypotonia at birth, facial dysmorphism and developmental delay

(MIM#619503). So far, only one fetus, harboring the same c.265A>G
variant has been reported with facial features, congenital heart defect

(CHD), renal hypoplasia, hyperechoic bowel, single umbilical artery,

asymmetric growth and decreased fetal movements.15 Our observa-

tions suggest an early and severe phenotype related to a de novo

GNB2 missense variant. A de novo PPM1D variant (NM_003620.3:

c.1372C>T) involved in Jansen-de Vries syndrome (JDVS, #617450)
was identified in fetus II.4, who hadmultisystem abnormalities (Pierre-
Robin sequence (PRS), coarctation of aorta, abnormal sacral segmen-

tation, vertebral and rib fusion, delayed skeletal maturation, and

abnormal cerebellar vermis). JDVS is characterized by findings that

cannot be detected prenatally (developmental delay, ID, and behav-

ioral abnormalities). Short stature at birth (<-2 SD) with shortened

long bones has been reported in some cases. Therefore, we reported a

severe phenotype related to a PPM1D variant.

We identified enlarged kidneys in a large-for-gestational-age
fetus (II.5) with a 22q11.2 deletion. 22q11.2 deletion syndrome in-

cludes a wide spectrum of congenital heart defects, palatal abnor-

malities, immune deficiency, characteristic facial features, and

learning difficulties. The most common kidney abnormalities related

to the 22q11.2 deletion spectrum are multicystic dysplasia.16–18

Finally, we identified a 17q25.3 deletion in fetus II.6 with ventricu-

lar septal defect, IUGR and PRS. CHD has been reported in

del17q25.3 deletion, whereas IUGR and PRS have not.19

For cases II.7 to II.13, comparisons with published data were

limited due to the small number of reported fetal cases. Clinical and

biological data are summarized in Table 2.

3.3 | Fetuses with unreported prenatal phenotype
associated with a pathogenic/likely pathogenic
variant

Despite the lack of prenatal description, a pathogenic/likely patho-

genic variant was identified in two fetuses thanks to in silico pre-

diction tools and suspected inheritance. We therefore reported the

early prenatal onset of well-known pediatric disorders, as described

in Table 3.

We identified bi-allelic LINS1 truncating variants

(NM_001040616.3: c.597delA and c.557_558delAA) in a male fetus

(IV.1) with increased nuchal translucency, IUGR and asymmetric ce-

rebral ventricles. Bi-allelic LINS1 variants (truncating or missense)

have previously been involved in an ultra-rare autosomal recessive ID
(MIM#614330), syndromic or not, with autistic features, schizo-

phrenia and anxiety.20,21

Bi-allelic PGM1 truncating variants (NM_002633.3: c.423delA

and c.157_158delinsG) were identified in a male fetus (IV.2) with

increased NT, polyhydramnios, PRS and shortened long bones. Bi-
allelic PGM1 variants (MIM#171900) are associated with a congen-

ital disorder of glycosylation characterized by abnormalities in

glycogen metabolism, glycolysis, and protein glycosylation (PGM1-
CDG, MIM# 614921). Congenital malformations including bifid uvula,

cleft palate, micrognathia and PRS have been reported in postnatal

cohorts following neonatal diagnosis.22 A prenatal onset with airway

compression leading to polyhydramnios was not previously reported.

The age of onset and severity of PGM1-CDG are highly variable and

may be linked to the residual PGM1 enzyme activity.22

3.4 | Fetuses with double diagnosis

Three fetuses received a double diagnosis: two fetuses with two

SNVs and one fetus combining one CNV and one SNV.
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We identified a 17q12 microdeletion associated with a GREB1L

variant (NM_001142966.1:c.2252G>A) in a fetus with poly-

hydramnios, esophageal atresia, renal agenesis and a single umbilical

artery. These prenatal features were previously reported in 17q12

recurrent microdeletion syndrome. Kidney abnormalities could be

related to both variants. Indeed, GREB1L variants are associated with

renal hypoplasia/aplasia (MIM#617805) and the GREB1L variant

identified in our patient was reported as likely pathogenic in the

ClinVar database. It was inherited from the mother and present in

the mother's sister, who was both asymptomatic. In addition, the

couple's previous pregnancy was complicated by IUFD at 15 weeks of

gestation. IUFD and early neonatal death have also been reported in

renal hypoplasia/aplasia related to a GREB1L variant.

We identified a homozygous EFEMP2 missense (NM_016938.4:

c.379T>C) and a homozygous RAG1 nonsense (NM_000448.3:

c.1767C>G) in a male fetus with decreased fetal movements, pre-

frontal edema, retrognathia, small stomach, complex CHD (dilated

tortuous aorta, hypoplastic proximal pulmonary arteries and thick-

ened ventricular walls), and external genital hypoplasia. Both vari-

ants, inherited from consanguineous parents, were previously

reported as likely pathogenic in the ClinVar database. The prenatal

phenotype was partially compatible with previously reported pre-

natal presentations secondary to EFEMP2 biallelic variants. Biallelic

RAG1 truncating variants have been implicated in severe combined

immunodeficiency, which is undetectable during pregnancy.

In the last fetus, who had an isolated cystic hygroma, we iden-

tified a homozygous ASCC1 variant and a homozygous truncating

CSPP1 variant. Cystic hygroma has been reported in the early onset

of spinal muscular atrophy with congenital bone fractures related to

biallelic ASCC1 variants. In addition, biallelic CSPP1 variants are

involved in Joubert syndrome (MIM#615636). However, due to the

early onset, the recurrent hallmarks of JS were undetectable.

4 | DISCUSSION

In this study, we report previously reported, uncommon and pre-

viously unreported prenatal findings identified in a prospective

study that offered pES for fetal structural abnormalities. Our results

suggest that the widespread implementation of pES in routine

diagnosis would be a powerful way to enhance our knowledge

regarding prenatal phenotypes and the natural history of genetic

disorders.

4.1 | Rapid identification of most diagnoses

In most of our patients (67.9%), the prenatal features observed

matched those commonly reported in databases and the literature. In

these instances, interpreting the association of relevant variants

identified by pES with a prenatal phenotype was straightforward. Our

results confirm that implementing pES in routine diagnosis for the

investigation of fetal structural abnormalities should not be hinderedT
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by the potential challenges in establishing the association between

relevant variants and fetal phenotypes.

Uncommon and unreported phenotypes: from challenges in

associating phenotype and genotype to expanding the clinical

spectrum.

In 32.1% of cases, the identified prenatal features were uncom-

mon or previously unreported in relation to known human disease

genes. In these instances, establishing the association of pathogenic

or likely pathogenic variants with an unexpected fetal phenotype

proved to be challenging.

The additional features identified in our patients suggest the

need to broaden the clinical spectrum of genetic disorders with

prenatal onset. Our findings highlight the major clinical heterogeneity

of prenatal genetic disorders. Before phenotype extension, a double

diagnosis was systematically considered seeing as in previous post-

natal cohorts of rare diseases, ES identified a double diagnosis in

around 2%–3% of patients.23 A double diagnosis can explain the

phenotypic heterogeneity of genetic disorders with atypical or severe

phenotypes in some cases. For example, the 22q11.2 deletion was

identified in a large-for-gestational-age fetus with enlarged kidneys

after ruling out a CNV/SNV involved in syndromic overgrowth.

Although our data suggested a phenotypic extension, similar obser-

vations, postnatal genome sequencing, or functional tests are needed

for validation.

For some cases, the absence of clinical features typically

considered as recurrent hallmarks of a genetic disorder suggests that

there are limitations when applying postnatal diagnostic criteria in a

prenatal setting.

In addition, we reported for the first time prenatal features

related to two monogenic disorders with well-documented postnatal
data. We reported an early onset of LINS1-related disorder

(increased nuchal translucency, IUGR and asymmetric cerebral ven-

tricles), originally associated with neurodevelopmental, autistic, and

psychiatric disorders (schizophrenia or anxiety). For the second fetus,

neonatal features of PGM1-CDG have previously been reported. The

severity of congenital malformation, including Pierre-Robin sequence
and airway compression, may be associated with the residual PGM1

enzyme activity.

The examination of the fetus during pregnancy goes beyond the

detection of structural defects. It is crucial for evaluating fetal growth

and overall well-being, with particular attention to fetal movements

and the adnexa. In the field of genome-wide genomic tests, gestational
age is a major challenge in fetal medicine. Prenatal phenotype is

dependent on gestational age, and a fetus' gestational age influences

the detection and accurate description of abnormalities. In early

pregnancy, pES analysis may be challenging with limited or unspecific

phenotypes leading to inconclusive tests (negative or identification of

VUS). In addition, early prenatal imaging may limit the association

between phenotype and genotype, especially in case of multiple

diagnosis, as illustrated by our patient carrying the ASCC1 and CSPP1

variants. Conversely, in late pregnancy, an exhaustive phenotype

combining all fetal findings provided from prenatal follow-up helps

with pES interpretation. However, some parts of the fetus become

technically difficult to examine. Although there is no gestational age

limit for genetic testing during pregnancy, a late prescription may

compromise the possibility of providing a result within the pregnancy

timeframe. In addition, there are delays in providing information to the

parents and the personalization of perinatal management (continua-

tion or termination of pregnancy, tailored therapy…) are delayed.

In inconclusive cases, prenatal follow-up is needed to obtain

additional insight and findings, especially in case of VUS, for which

particular examinations may be offered. Following the initial analysis,

reanalysis of inconclusive cases should be performed using additional

data gleaned from prenatal follow-up. This interactive approach

involving clinico-biological consultations should be conducted within

an MDT specialized in fetal genomic medicine. Prenatal phenotyping

requires a high level of expertise in fetal imaging, for both initial

assessments and follow-up with targeted examinations in case of

VUS. The implementation of pES requires a network of experts at

each step of the process: prenatal imaging, clinical genetics, and

molecular biology.

4.2 | Perspectives

In the absence of prenatal phenotype-genotype correlation data-

bases, identifying relevant variants may require the combination of

several in silico tools. However, they have limitations, particularly for

missense variants for which the damage prediction is discordant, or

recessive disorders with pathogenic/likely pathogenic variants having

allele frequencies >1%. Nevertheless, in a blinded reanalysis study,

our team obtained complete concordance between trio-pES and

postmortem ES for fetuses with multisystem malformations, sug-

gesting the effectiveness of the genotype-first strategy.24 However,
there are no data so far in cases of isolated or minor congenital

defects. In this context, longitudinal follow-up of unconclusive pES is
needed to assess the added value of postnatal/postmortem features

in reanalysis and to identify limitations related to prenatal phenotype

and complete phenotype-genotype correlation databases.

Prenatal features have long been collected retrospectively

following a postnatal diagnosis, thus compromising the accuracy of

prenatal phenotyping. The implementation of pES in clinical practice

offers new perspectives for describing fetal phenotypes and the

natural history of genetic disorders with prenatal onset. Combining

specific gene or condition series with unselected fetal cohorts may be

useful for improving our understanding of fetal conditions. A large-
scale compilation of the prenatal features associated with genetic

disorders could enhance pES analysis. Integrating prenatal pheno-

types into genotype-phenotype databases may increase the diag-

nostic yield of pES, reduce the rate of VUS, and reconsider fetal

autopsy following conclusive pES.

Beyond a standardized and detailed prenatal examination, pre-

natal features must be uniformly described. Human Phenotype

Ontology (HPO), a specific ontology for congenital disorders, is now

widely used to describe postnatal phenotypical abnormalities.25 Un-

fortunately, only a minority of HPO terms can be used in the prenatal

THAUVIN-ROBINET ET AL. - 1195

 10970223, 2024, 10, D
ow

nloaded from
 https://obgyn.onlinelibrary.w

iley.com
/doi/10.1002/pd.6623 by C

ochrane France, W
iley O

nline L
ibrary on [07/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



context. Moreover, some specific prenatal features have not yet been

associated with an HPO term, that is, asymmetric cerebral ventricles

without ventriculomegaly. Recently, the HPO consortium added 95

new terms specific to abnormal prenatal development.26

In conclusion, our study provides novel data on the prenatal

phenotypes of several different genetic disorders. Hopefully, collab-

orative compilation of prenatal data from pES cohorts will lead to a

better understanding of fetal genetic disorders and facilitate their

identification.
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