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Exome sequencing for structurally normal fetuses—yields and
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The yield of chromosomal microarray analysis (CMA) is well established in structurally normal fetuses (0.4–1.4%). We aimed to
determine the incremental yield of exome sequencing (ES) in this population. From February 2017 to April 2022, 1,526 fetuses were
subjected to ES; 482 of them were structurally normal (31.6%). Only pathogenic and likely pathogenic (P/LP) variants, per the
American College of Medical Genetics and Genomics (ACMG) classification, were reported. Additionally, ACMG secondary findings
relevant to childhood were reported. Four fetuses (4/482; 0.8%) had P/LP variants indicating a moderate to severe disease in ATP7B,
NR2E3, SPRED1 and FGFR3, causing Wilson disease, Enhanced S-cone syndrome, Legius and Muenke syndromes, respectively. Two
fetuses had secondary findings, in RET and DSP. Our data suggest that offering only CMA for structurally normal fetuses may
provide false reassurance. Prenatal ES mandates restrictive analysis and careful management combined with pre and post-test
genetic counseling.
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INTRODUCTION
Exome sequencing (ES) is a powerful tool for identifying disease-
causing single nucleotide variants (SNVs) and small insertions and
deletions. Its diagnostic yield among individuals suspected of
being affected by a genetic condition is reported at around
31–48% [1, 2] and even higher in highly inbred populations [3].
In the prenatal setup, the incremental diagnostic yield of ES in
large non-selected cohorts of fetuses suspected of having a
genetic condition is estimated at around 8.5–10%, depending on
the referral indication, but is reported to be as high as 30% in a
few meta-analyses [4–7].
As compared to ES, which was designed for single base-pair

resolution, chromosomal microarray analysis (CMA) were designed
to detect copy number variants (deletions and duplications) at a
resolution of dozens to hundreds of thousands of base pairs.
The yield of CMA in fetuses without a specific indication is around
0.4–1.4% [8–10] (as compared to a yield of 4–10% in fetal
malformations [11–13]), reflecting the fact that genetic disorders
might not be sonographically detected at the various stages of
pregnancy. Thus, the policy of performing prenatal testing using
CMA upon “parental request” has become widely accepted
[8–10, 14]. Nontheless, it is clear that normal CMA analysis does
not preclude an underlying genetic condition stemming from a
SNV, below CMA detection limit.
ES utilities markedly outgrow those offered by CMA; ES can

detect severe diseases caused by SNVs, by small CNVs that are
below CMA resolution [15] and uniparental heterodisomy in

addition to isodisomy in trios [16]. Moreover, it can also replace
CMA in the detection of large CNVs [17]. Therefore, we analyzed
the yield of ES in structurally normal fetuses, by conducting a
retrospective study in this population of fetuses who underwent
ES per parental request (Fig. 1A).

METHODS
Study design
This is a retrospective study of all prenatal ES analyses of structurally
normal fetuses in a tertiary center in Jerusalem, Israel, between the years
2017 and 2022. The term “sonographically normal” is related to the date of
prenatal sampling. A pretest genetic counseling session took place before
the test performance. Only pathogenic and likely pathogenic (P/LP)
variants, classified according to American College of Medical Genetics and
genomics (ACMG) guidelines, in genes causing moderate to severe
diseases were reported. In addition, ACMG secondary findings that are
relevant to health during childhood or found in a proband-only ES were
reported [18]. Parents provided written informed consent for ES analysis
following a thorough genetic counseling session.

Inclusion and exclusion criteria
The study included only fetuses without any medical indication, who
underwent CMA and were referred to ES due to parental wish and had no
pathogenic or likely pathogenic (P/LP) CNV. Fetuses with abnormal
sonographic/first/second trimester testing results, P/LP CMA findings (either
as separate CMA result or by CNV analysis of the ES data), or a known
parental illness were excluded.
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Exome sequencing
Following informed consent, ES was performed on DNA extracted from
amniocytes or chorionic villi and from parental peripheral blood. It was
performed either as a proband-only, duo, trio or quatro design (fetus/es
and parent/s). Capture and sequencing methods as well as details of
downstream analyses are provided as Supplementary Methods.

RESULTS
From February 2017 to April 2022, 9861 fetuses underwent prenatal
diagnosis. Some 60% of them are known to be structurally normal
[14]. 1526 fetuses underwent ES in this time period and 482 of them
were structurally normal. There were 235 single ES (48.8%), 214 sets
of trio (44.4%), 15 sets of duo (3.1%), and18 quads (3.7%). 48 couples
(~10%) opted for ES due to a previously affected child with a
pathogenic de novo variant. Thirteen families (2.7%) requested the
analysis due to advanced paternal age and increased risk for de novo
mutation, and eight couples (1.6%) opted for ES due to consangui-
nity and an increased risk for autosomal recessive disorders. The
remaining group (of 413 families) was enriched for medical care
professionals (as per personal communication).
ES results were classified into two categories, “Positive” and

“Negative”, based on the report of a P/LP variant. Positive results
were further sub-divided into “moderate” and “severe”, based on
the severity of disease, and according to Lazarin et al. [19]
(Fig. 1B). Disclosure policy precluded diseases of mild severity.
ACMG incidental secondary findings were reported in case of
childhood onset.
The overall positive result was 1.24%. In four of 482 cases (0.83%),

a positive result for a moderate to severe disease was reported: two
fetuses carried compound heterozygous variants in ATP7B and
NR2E3, associated with Wilson disease and with retinal disorder,
respectively. Another fetus carried a de novo pathogenic variant in
SPRED1, known to cause Legius syndrome and another harbored a

de novo pathogenic variant in FGFR3 related to Muenke syndrome.
As for ACMG incidental secondary findings, two positive findings
were found (0.4%). One fetus had a paternally-inherited pathogenic
variant in RET (not known to the father until then), a known
susceptibility gene for childhood onset malignancies (Table 1), and
one fetus was found to carry a heterozygous pathogenic variant
in DSP, a known cause of arrhythmogenic right ventricular
cardiomyopathy. Segregation studies were recommended, to
determine if the DSP variant was inherited and to provide
surveillance recommendations for the relevant parent.
Two fetuses with a 16p13.11 microdeletion and a Klinefelter

Syndrome (47, XXY), were excluded from the statistics. No UPD
events were identified. None of the positive fetuses were among the
consanguineous families, yet only eight couples were consangui-
neous. Results were conveyed to the couples in a comprehensive
genetic counseling session. Parents of fetuses harboring pathogenic
variants in the genes ATP7B, NR2E3, SPRED1 and FGFR3 opted for
pregnancy termination. Pregnancies of the fetuses with ACMG
secondary findings, harboring pathogenic variants in RET and DSP,
continued to term.

DISCUSSION
Our retrospective study identified positive ES results in 0.83 of
structurally normal fetuses. Two fetuses inherited biallelic patho-
genic variants in ATP7B and NR2E3, causing recessively-inherited
Wilson disease (OMIM #277900) and enhanced S-cone disease
(OMIM #268100), respectively. All four variants were reported in the
literature as pathogenic. Wilson disease is a disorder of copper
metabolism that can present with hepatic, neurologic, psychiatric
disturbances, or a combination of these, in individuals ranging from
age 3 years to older than 50 years. Early treatment with copper
chelating agents or zinc in asymptomatic individuals may prevent

Fig. 1 Schemes presenting our current knowledge of the yield of CMA and ES in prenatal diagnosis, and study design and findings. A The
yield of CMA and exome sequencing in prenatal diagnosis. The yield of CMA refers to the ratio of positive test after normal karyotype. The yield of
ES refers to the ratio of positive tests after a negative CMA. The relevant references are cited in the manuscript. CMA chromosomal microarray
analysis, ES Exome sequencing. B Schematic presentation of the study design and findings. *A positive result (pathogenic and likely pathogenic
variants, classified according to severity of disease) was classified according to Lazarin et al. [19] Secondary findings were analyzed according to
the ACMG guidelines [18]. According to the ACMG guidelines, were reported in with a moderate to severe disease expected. ACMG American
College of Medical Genetics and Genomics. SF Secondary findings, ES Exome sequencing, P pathogenic, LP likely pathogenic.
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manifestations [20]. Receiving such a diagnosis for a fetus
exemplifies the rationale behind performing fetal ES, i.e., earning
invaluable information about the fetus that can help parents
prevent a severe disease or initiating early pre-symptomatic
treatment. Enhanced S-cone or retinitis pigmentosa are retinal
diseases that may be caused by biallelic pathogenic variants in
NR2E3 [21]. Although gene therapy for retinal diseases is emerging
[22], there is currently no postnatal prevention or cure for this
specific subtype. Notably, an exome-based carrier-screening
program for recessive disorders would have identified parental
shared carrier status in both instances. This highlights the
importance of an expanded carrier-screening test [23] in couples
who wish to minimize chances for an affected child, either by gene
panel or exome-duo. The variant in SPRED1 gene causes Legius
syndrome (AKA Neurofibromatosis Type 1-Like Syndrome, OMIM #
611431). The characteristics of this disease are the presence of
multiple café au lait macules, intertriginous freckling, lipomas,
macrocephaly and variable neurodevelopmental delay. The disease-
causing variant was not inherited. Muenke syndrome is caused by
the variant c.749C>G (p.Pro250Arg) in FGFR3. Its variable expression
may include coronal synostosis of various types, hearing loss,
developmental delay, epilepsy, intracranial anomalies and intellec-
tual disability [24, 25]. The penetrance is incomplete but high
(OMIM # 602849). Enrichment of P/LP de novo variants in
individuals with neurodevelopmental disorders is well established
[26–28]. Advanced paternal age at conception has been associated
with an increased risk of autosomal dominant genetic disorders
[29–31]. Some of these paternal age effect mutations are positively
selected and lead to relative enrichment of mutant sperm over time
[32]. The frequency of autosomal dominant disease due to de novo
variants when the paternal age is 40 years or older at conception is
estimated to be as high as 0.5% [33, 34]. These data, combined with
the two pathogenic de novo variants detected in this study, suggest
that offering ES due to advanced paternal age could be beneficial.
Notably, 10% of the couples in our cohort opted for ES due to a

previously affected child with a pathogenic de novo variant.
Whereas these couples were eligible for testing for the specific
identified variant in every subsequent pregnancy due to the risk of
germline mosaicism, they opted for a comprehensive test. Since
these parents had received genetic counseling focusing on this
mode of inheritance, they may have been particularly aware that
other de novo variants can occur and that CMA testing would not
be able to detect them. Furthermore, some of these couples are
parenting severely ill children and were therefore invested in
minimizing the risk of giving birth to another affected child.
One fetus had a paternally-inherited pathogenic variant in RET

(not known to the father until then), a known susceptibility gene for
childhood onset malignancies (Table 1), and one fetus was found to
carry a paternally-inherited heterozygous pathogenic variant inDSP,
a known cause of arrhythmogenic right ventricular cardiomyopathy
[35]. The latter had a significant family history of fainting and cardiac
death. The RET variant reported in this study was a paternally-
inherited pathogenic variant known to be associated with multiple
endocrine neoplasia type 2 (OMIM #171400, 162300), yet without
any known clinical consequences in the family. Since RET-related
malignancies may appear early in life [36], and it is medically
actionable, disclosure is recommended by the ACMG guidelines
[18]. In such cases, a clear benefit could be obtained for the fetus
and the transmitting parent. DSP encodes a desmosomal protein
important for tissue integrity. Pathogenic variants in DSP cause
arrhythmogenic right ventricular dysplasia/cardiomyopathy (ARVD)
[37]. This is an inherited cardiac disease, clinically characterized by
electrical abnormalities and high frequency of re-entry arrhythmias,
mainly originating from the right ventricle, which may lead to
palpitations, syncope, and even sudden death at a young age.
Results would be life-saving in case the variant is inherited, since
cardiac follow-up should be recommended to carriers.
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Our disclosure policy that included only moderate and severe
diseases might be challenged and must be emphasized during the
pretest genetic counseling session. Diseases of mild severity (i.e.,
familial Mediterranean fever or factor XI deficiency) may have
incomplete penetrance and variable expression without a clear
genotype-phenotype correlation [38]. The benefit of reporting
these diseases in terms of early surveillance and treatment should
be weighed against the risk of initiating undue stress during
pregnancy. In recent years we recognized the necessity of genetic
counseling for every woman/couple opting for prenatal diagnosis,
especially to discuss the robustness of genomic tests in the
prenatal setup and uncertainties which may arise. We believe that
in the genomic era, this should be the policy in every center
performing prenatal diagnosis. Exposing parents to a mild to
moderate fetal disease in the prenatal rather than the postnatal
period is certainly stressful and might direct them to pregnancy
termination or challenge their bonding with the newborn. Issues
of diseases with variable expression or reduced penetrance should
be thoroughly discussed with parents opting for prenatal ES. Not
surprisingly, some parents may decide to forgo this modality in
order to avoid situations of making decisions regarding pregnancy
outcome while facing an equivocal diagnosis.
There is only one report in the literature regarding ES yield in

structurally normal fetuses amounting to 1/160 (0.6%) [39].
The relatively high yield in our cohort might be attributed to
several biases, including a small sample size and a high prevalence
of founder mutations in the local populations. One of the
main drawbacks of ES is equivocal variant classification [40].
Nonetheless, variant classification methodologies have greatly
improved in the past years due to both internal variant databases
that enable calculation of population-specific minor allele
frequency (MAF), as well as publicly available databases such
as GnomAD (https://gnomad.broadinstitute.org/), and ClinVar
(https://www.ncbi.nlm.nih.gov/clinvar/). Hence the accuracy of
variant classification is constantly increasing. On the other hand,
the limited classification due to lack of an observed phenotype in
seemingly healthy fetuses poses a challenge and may lead to an
underestimation of positive cases. ACMG Standards and Guide-
lines recommend 28 criteria for classifying variant pathogenicity.
Three criteria are based on the clinical phenotype of the index
case (PP4, PS2, PP1) [40] and thus are automatically excluded from
the classification of structurally normal fetuses. The limited
phenotypic delineation of the fetus turns molecular diagnoses
with variable expression and incomplete penetrance to burden-
some and stressful, since decisions regarding pregnancy’s out-
come are based upon limited information. These aspects of ES
should be discussed in the pretest counseling thoroughly.
The subject of termination along different stages of pregnancy

is a complicated moral, ethical, religious and legal issue. While in
most Europe states terminations beyond the first trimester are
more complicated legally, in Canada there is no timing limitation
during pregnancy. In Israel, every termination of pregnancy should
be approved by a special committee which use more strict criteria
after the 24th week, when the fetus is considered viable. The
performance of ES for a structurally normal fetus at early second
trimester, may reveal a severe disease early enough to terminate
pregnancy before viability.
In Israel, ES during pregnancy is paid out of pocket without

funding by the ministry of health or the different health
maintenance organizations. This is in sharp contrast to CMA which
is funded by both authorities. In view of the present report, we
propose that this policy should be changed. ES includes all
diagnostic yield of CMA and provide additional findings in a
considerable fraction of the seemingly healthy fetuses. In the near
future ES or whole genome sequencing might gradually become
the first-tier test in prenatal diagnosis, with data regarding SNV,
CNV, aneuploidy and more obtained by this single platform. This
data can also be used for the benefit of the fetus/newborn and his/

her parents when actionable secondary findings are highlighted.
Thus, a treatable genetic disease diagnosed in utero can save
precious time in initiating therapy. Cautious interpretation and an
established disclosure policy are critical, along with extensive pre
and post-test genetic counseling. Although this is the largest cohort,
larger studies are called for in order to establish the incremental
yield of ES beyond CMA and to further discuss the medical and
ethical challenges of prenatal ES in structurally normal fetuses.
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