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Purpose: The aim of this study was to determine the diagnostic
yield of whole-exome sequencing (WES) in fetuses with ultrasound
anomalies that resulted in fetal demise or pregnancy termination.
The results were also utilized to aid in the identification of
candidate genes for fetal development and to expand the clinical
phenotype of known genetic conditions.

Methods: WES was performed on specimens from 84 deceased
fetuses. Data were analyzed and final results were classified into one
of four categories: positive, possible, negative, and candidate gene
only. WES analysis was predominantly performed in fetus–parent
trios or quads (61%, n= 52).

Results: Overall, 20% (n = 17) of cases were positive, 45%
(n= 38) were possible, 9% (n= 7) had only candidate gene variants

and 26% (n = 22) tested negative. The diagnostic yield for
definitive findings for trio analysis was 24% (n = 11) compared
to 14% (n = 4) for singletons. The most frequently reported
ultrasound anomalies were central nervous system (37%, n = 31),
hydrops/edema (36%, n = 30), and cardiovascular anomalies
(31%, n = 26).

Conclusion: Our experience supports the use of WES to identify
the molecular etiology of fetal ultrasound anomalies, to identify
candidate genes involved in fetal development, and to expand our
knowledge of the clinical phenotype of known genetic conditions.
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INTRODUCTION
Congenital malformations are identified in approximately 3%
of live births in the United States, accounting for one-third
of perinatal deaths and contributing to 20% of infant
morbidity.1,2 When including structural fetal anomalies
identified during pregnancy, the overall prevalence of fetal
malformations is likely higher due to a proportion of these
pregnancies that are miscarried, stillborn, or terminated.
Chromosome anomalies, single- or multiple-gene disorders,
and multifactorial conditions have long been recognized as
major contributors to birth defects, although the etiology of
many congenital malformations is unknown.3

The identification of a fetal ultrasound anomaly prompts
additional prenatal evaluations. Fetal specimens obtained
through invasive testing such as chorionic villus sampling or
amniocentesis can be utilized for genetic testing. Array-based
comparative genomic hybridization can detect chromo-
some aneuploidies, unbalanced translocations, and copy
number variants that are cytogenetically cryptic by standard
G- banded chromosome analysis. The diagnostic yield for
array-based comparative genomic hybridization is approxi-
mately 6% higher than conventional karyotyping in fetuses
with structural anomalies identified by ultrasound.4,5 For fetal
ultrasound anomalies suggestive of a specific disorder, single-

gene testing and gene panels with a small number of genes
can be utilized as an initial step in molecular diagnosis.
However, the etiology for many fetal ultrasound anomalies
remains unidentified despite the increased diagnostic rate of
array-based comparative genomic hybridization and the
availability of single-gene tests and gene panels for some of
the most common genetic disorders with known fetal
manifestation. Accurate genetic counseling regarding the
prognosis for the fetus and recurrence risks in future
pregnancies is usually not possible without a definitive
diagnosis.
Whole-exome sequencing (WES) has been utilized in

pediatric and adult clinical practice to identify the underlying
genetic cause of disease when prior testing has failed to
provide a diagnosis. WES is increasingly considered as a first-
tier molecular test with increased diagnostic and clinical
utility over standard investigations.6,7 Additionally, WES has
enabled the discovery of many new genotype–phenotype
associations; for example, pathogenic variants in the TKT
gene are found in individuals with short stature, develop-
mental delay, and congenital heart defects; and pathogenic
variants in the CTBP1 gene have been shown to cause
developmental delay, hypotonia, ataxia, and tooth enamel
defects.8,9 Using WES in pediatric and adult populations, we
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previously demonstrated in a large clinical series an overall
diagnostic yield of 28.8% with a range of 24% for singleton
cases to 31% for trio-based analysis, which is comparable to
other laboratories reporting yields of 22 to 26%.10–13

Fetal specimens submitted for exome sequencing to
investigate ultrasound anomalies comprise a unique pheno-
typic cohort. Previous studies of fetuses with ultrasound
abnormalities reported a wide range in diagnostic yield for
WES, from 10 to 57%, but were hampered by their small
sample size.12–17 As a clinical diagnostic laboratory, we have
analyzed the WES results of 84 specimens collected from a
deceased fetus. These results have improved our under-
standing of the diagnostic yield of WES for fetal ultrasound
anomalies, expanded the clinical phenotype of known genetic
conditions, and assisted in the identification of candidate
genes for fetal anomalies. To our knowledge, this is the largest
series of deceased fetal WES cases reported to date.

MATERIALS AND METHODS
We reviewed 84 fetal WES cases from pregnancies with
ultrasound anomalies that were terminated or resulted in fetal
demise between October 2012 and March 2016. WES was
performed using methods as previously described on genomic
DNA from the deceased fetus and any submitted family
members.10

Fetal DNA was submitted directly in 63% (N = 53) of
cases. In the remaining cases, fetal DNA was obtained from
various submitted sources, including cultured amniocytes
(11%, N = 9), cord blood from a fetal demise or at the time of
termination via induction (9.5%, N= 8), cultured cells from
products of conception (9.5%, N= 8), direct products of
conception (5%, N = 4), and direct amniotic fluid
(2%, N = 2). Parental DNA was obtained from peripheral
blood or oral rinse. Clinicians were encouraged to provide
blood or DNA specimens for both parents and DNA from
previously affected pregnancies when available. Reported
variants were confirmed by dideoxy sequencing. No copy
number variants were identified in this cohort. Maternity and
paternity were confirmed by kinship analysis of the WES data
using KING.18

The fetuses had a range of anomalies identified by prenatal
imaging, post-mortem examination, or autopsy. The pheno-
typic information and differential diagnoses provided by the
referring physicians were converted to Human Phenotype
Ontology, Human Gene Mutation Database, and Online
Mendelian Inheritance in Man database terms and used for
WES analysis as previously described.10 As of 30 September
2015, the American College of Medical Genetics and
Genomics (ACMG) variant classification recommendations
were utilized for all reported variants.19 Although more than
one result may have been reported for a case, the variant with
the highest classification was used to categorize the overall
results. Secondary findings were investigated as recommended
from the ACMG list of 56 designated genes beginning
May 2013 unless the family opted out of receiving this
information.20 The presence of secondary findings was not

considered in the overall classification of the case and a case
in any of the categories below may have had a secondary
finding reported. The overall case was classified into one of
the four categories below:

� Positive result: pathogenic or variant(s) likely pathogenic
in a known disease gene associated with the reported
phenotype.

� Possible diagnosis: variant(s) in a known disease gene
possibly associated with the reported phenotype. This
category includes novel variants, including missense
variants or in-frame insertions/deletions in disease genes,
that overlap the phenotype provided for the proband.
This category also includes recessive conditions that
overlap with the phenotype provided for the proband in
which only a single pathogenic variant is identified.

� Candidate gene: variant(s) predicted to be deleterious in a
novel candidate gene that have not previously been
implicated in human disease or for which the published
data to support human disease association may not yet be
definitive. Supporting data could be based on model
organism data, copy number variant data, tolerance of
the gene to sequence variation, data about tissue or
developmental timing of expression, or knowledge of the
gene function and pathway analysis. Further research is
required to evaluate any of the suggested candidate genes.

� Negative result: no variants in genes associated with the
reported phenotype identified.

RESULTS
We analyzed results from WES in 84 deceased fetuses, with 29
(34%) submitted as fetal singleton only, 4 (5%) as maternal–
fetal duos, 45 (54%) as traditional proband–parent trios, and
six (7%) quads comprised of both parental and sibling
samples. All six of the quads were from families with
previously affected pregnancies. Sibling samples in two cases
came from a prior affected pregnancy, one from an affected
living sibling, and three were from unaffected, living siblings
where DNA from the prior affected pregnancy was not
available for testing. Previously affected pregnancies were
reported in 27 (32%) cases, 24 (89%) with a similar
phenotype, and three (11%) with a discordant phenotype.
Gestational age of the fetus was reported in 49 (58%) cases;
30 (61%) were in the second trimester and 19 (39%) in the
third trimester. The mean gestational age was 24 weeks, with
a range from 14 to 39 weeks. However, it was not always
apparent if the reported gestational age represented the time
of diagnosis, invasive procedure, fetal demise, or termination.
Of the 40 cases that reported specific information regarding
fetal outcome, 38% (15/40) ended in pregnancy termination
and 62% (25/40) resulted in fetal demise/stillbirth. Cases of
fetal demise or stillbirth without ultrasound anomalies were
not included in this series. Fetal sex as determined by WES
data was 55% (N= 46) male and 45% (N= 38) female. Three
cases had discordant genetic sex from phenotypic sex: 46,XX
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with a male phenotype, 46,XY with a female phenotype, and
46,XY with ambiguous genitalia.
Prior karyotype and/or microarray analysis was reported in

68 (80%) fetuses. Of those, 46 (68%) had both karyotype and
microarray analysis, four (6%) had karyotype only, and 18
(26%) had microarray analysis only. All results were normal
except in two cases in which paternally inherited, nondiag-
nostic microdeletions were found. Prior single-gene or panel
testing for a wide range of genetic conditions was reported in
14 (17%) cases, most commonly panels for Noonan
syndrome, fetal akinesia deformation sequence, hydrops,
and congenital nephrotic syndrome. Prior gene testing was
negative for all cases. Clinical information provided for each
case was variable and included consultation notes, ultrasound
reports, fetal magnetic resonance imaging and echocardio-
gram results, postmortem examination, and fetal autopsy.
Of the 84 cases analyzed, 17 cases (20%) yielded a definitive

diagnosis. Of the remaining cases, variant(s) with a possible
relationship to phenotype were identified in 38 cases (45%),
22 cases (26%) were reported as negative, and a candidate
gene was the only finding in seven (9%) cases. For cases
submitted as trios, 24% (11/45) had a positive result versus
14% (4/29) positive in singleton cases. Of the 27 cases with
previously affected pregnancies, three (11%) were positive, 11
(41%) had possible results, two (7%) had candidate gene–only
results, and 11 (41%) were negative. Although our sample size
is small, the positive yield was 11% (3/27) in cases with a prior
affected pregnancy and 25% (14/57) in cases with no reported
prior affected pregnancy. Of the cases with prior microarray
testing, 23% (15/64) had a positive WES result. Of the cases
without identifiable chromosomal aberrations on prior
cytogenetic analysis (karyotype and/or microarray testing),
24% (16/68) had a positive WES result. In the entire cohort,
two cases had ACMG secondary findings in genes associated
with cardiac arrhythmia. A KCNH2 pathogenic variant was
reported in a case where the familial variant had been
previously identified in the fetus through prenatal testing by
an outside laboratory and an inherited DSP pathogenic

variant was reported as a secondary finding in another case.
The variants in KCNH2 and DSP were not related to the
presenting fetal phenotype and were reported in accordance
with ACMG recommendations for secondary findings in
WES.20 Table 1 lists the frequency of each category of
ultrasound anomalies in the entire cohort, with central
nervous system, hydrops/edema, and cardiovascular anoma-
lies the three most frequent findings overall. To illustrate the
diversity of ultrasound findings reported, examples of
anomalies in each category have been listed in Table 1. Of
the entire cohort, 52 cases (62%) presented with multiple
congenital anomalies. The remaining 32 cases (38%) pre-
sented with an isolated ultrasound anomaly. The diagnostic
yield was almost identical in the group with multiple
congenital anomalies as the group with an isolated anomaly:
20% (10/52) and 21% (7/32), respectively. The distribution of
clinical indications for cases with a positive diagnostic finding
was similar to those in the entire cohort (Figure 1).
The 17 cases with positive results are listed in Table 2. In

one of these cases, we initially reported two pathogenic
variants, a de novo PIK3CA variant associated with several
segmental overgrowth conditions and an inherited MYH3
variant predicted to cause arthrogryposis. When applying the
new, more conservative ACMG variant classification criteria,
the MYH3 variant was reclassified as likely benign based on
allele frequency data in presumed healthy control
populations.19 One de novo variant in the PTPN11 gene
was categorized as a “possible” result as the contribution of
this pathogenic variant to the overall fetal phenotype was
unclear and a pathogenic variant had also been reported in
the FLNA gene. When evaluating the inheritance patterns of
the reported variants in the positive cases, we found seven
(41%) cases with dominant inheritance, five of which were de
novo; four (24%) with recessive inheritance; five (29%) with
X-linked inheritance, one of which was de novo; and one (6%)
with two variants in the PIEZO1 gene, which has been
associated with both autosomal dominant and recessive
generalized lymphatic dysplasia. Forty-one percent (7/17) of

Table 1 Frequency of anomalies identified and examples of specific findings
Category of anomaly Frequency of anomaly Examples of specific findings

Central nervous system 37% (N = 31) Structural anomalies, ventriculomegaly/hydrocephalus, neural migration disorders,

hypoplasia

Hydrops/edema 36% (N = 30) Hydrops, edema, cystic hygroma, ascites

Cardiovascular system 31% (N = 26) Complex congenital heart defect, hypoplastic left heart, cardiomegaly, cardiomyopathy

Genitourinary system 27% (N = 23) Renal cysts, renal agenesis, ambiguous genitalia, pyelectasis/hydronephrosis

Skeletal system 24% (N = 20) Syndactyly, polydactyly, bowed long bones, kyphoscoliosis, absent and hypoplastic radius/ulna

Neuromuscular system 21% (N = 18) Talipes equinovarus, contractures/ arthrogryposis multiplex

Head and/or neck 21% (N = 18) Facial clefting, cleft lip/palate, dysmorphism, micrognathia

Respiratory system 11% (N = 9) Diaphragmatic hernia; lung hypoplasia

Growth abnormality 10% (N = 8) Intrauterine growth restriction

Gastrointestinal system 6% (N = 5) Absent stomach, small stomach

Boldfaced ultrasound anomalies were seen as both isolated findings and in cases with multiple congenital anomalies. The remaining ultrasound findings were identified
only in cases with multiple congenital anomalies.
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the positive cases had a reported de novo variant; six reported
as a positive result and one as a possible result. In our cohort,
15% (13/84) had variants in candidate genes as shown in
Table 3; seven cases had only candidate gene variants reported
and six of these cases had a positive or possible result in
addition to the variant(s) in the candidate gene. All reported
variants in our cohort are listed in Supplementary Table 1.

DISCUSSION
In our cohort of 84 fetal WES cases, which is the largest series
reported to date, we observed positive diagnostic findings in
20% of cases. Several smaller series on fetal WES have
reported positive results in 10–57% of cases. Specifically, in
two consecutive studies, Yang and colleagues identified
positive results in 7 of 15 deceased fetuses.12,13 In both
studies, all cases had some prior genetic testing and were
clinically classified into one of four primary phenotypes based
on the presence or absence of neurologic disorders and any
additional organ involvement. Clinical information on the
fetal specimens was limited to more general categories such as
“neurologic disorder and other organ-system disorder” and
“nonneurologic disorder.”12,13 As these cases were part of
larger studies of primarily pediatric and adult patients with
limited phenotypic information for the fetal specimens, it is
difficult to establish if these 15 fetal cases are comparable to
our cohort. Another study reported on 30 trio-based WES
cases in fetuses and neonates with normal karyotype that
presented with diverse ultrasound anomalies similar to our
cohort and three of the 30 (10%) had a definitive result.14

Drury et al. reported on 24 cytogenetically normal fetal WES
cases with ultrasound anomalies similar to our study.15 In
21% (5/24) of these cases, a definitive diagnosis was found,
consistent with our findings of 20%.15 As part of a larger
series of families considering WES in a reproductive
genetic counseling practice, Westerfield et al. reported a
diagnostic rate of 30% (3/10) for pregnancies with ultra-

sound anomalies.16 In another small study, Alamillo et al.
reported on seven fetal specimens from pregnancies with
ultrasound anomalies; three had “positive” results and one
had a “likely positive” result, for a detection rate of 43% (3/7)
to 57% (4/7).17 The importance of analyzing trios to increase
the diagnostic yield of WES has been well demonstrated in
postnatal WES studies, and also applies to WES in a prenatal
setting.10,21 In both our study and the one by Drury et al., 14%
of singleton cases had a positive result and this number
increased when trios were analyzed, to 24% in our study and
30% in the report by Drury et al.15 This gain in sensitivity is
mostly due to the ability to identify de novo variants and
determine phase for variants identified in recessive genes.10

Although little has been previously published on WES for
fetal anomalies, our results of a 20% overall positive molecular
diagnosis and increase in diagnostic yield for trio samples
are consistent with prior studies of fetuses with diverse
ultrasound anomalies (p = 0.4675).
Identifying an accurate fetal phenotype can be difficult.

Detection rates for fetal anomalies in general are variable and
may be dependent on the experience of the center, the type of
imaging utilized, and the gestational age of the fetus.22,23 In
our cohort, there were also inconsistencies in the quality and
quantity of clinical information provided. For example, some
submissions had detailed clinical notes and imaging reports
that gave very specific summaries of clinical findings whereas
other cases may have had generic terms such as “heart defect”
or “brain anomaly” with no further information provided.
Our cohort also represents only a subpopulation of fetuses
presenting with ultrasound anomalies as pregnancies that
underwent prior genetic testing that provided a diagnosis
would not be referred for WES. However, even with these
limitations some general observations regarding the clinical
indications can be made. The most frequent ultrasound
anomalies in both the entire cohort and the positive cases
included central nervous system anomalies, hydrops/edema,
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Table 2 Clinical phenotype and identified variants in positive cases
Main ultrasound findings Primary molecular diagnosis Disorder Other reported variants Disorder

Hydrops PIEZO1 (AD/AR)

p.E679X (Homozygous PATH)a
Generalized lymphatic dysplasia PIEZO1 (AD/AR)

p.A1496V (Homozygous VUS)b
Generalized

lymphatic dysplasia

Bilateral enlarged cystic kidneys BBS4 (AR)

c.1106+2T4A (Homozygous PATH)a
Bardet–Biedl syndrome ANKS6 (AR)

p.D313N (Heterozygous VUS)b

PKD1 (AD)

p.P4162S (Heterozygous VUS)b

Nephronophthisis 16

Polycystic kidney

disease

Hydrops HRAS (AD)

p.G13D (Heterozygous PATH)a
Costello syndrome

Hydrops, diaphragmatic hernia, gracile ribs, contractures RIPK4 (AR)

p.A10S (Heterozygous LPATH)a

p.V303M (Heterozygous VUS)a

Bartsocas–Papas syndrome RSAD1 (unknown)

p.W431X (Homozygous VUS)c

PPAP2C (unknown) p.R214Q (Heterozygous VUS)c
Unknown

Frontal bossing, talipes, syndactyly, abducted thumbs FGFR2 (AD)

c.940-1G4A (Heterozygous PATH)a
FGFR2-related disorder

Syndactyly, polydactyly PTPN11 (AD)

p.N58K (Heterozygous PATH)a
Noonan syndrome WDR35 (AR)

p.G103V (Heterozygous LPATH)b
Cranioectodermal

dysplasia

Brain malformations PIK3CA (AD)

p.E545K (Heterozygous PATH)a
PIK3CA-related overgrowth syndromes MYH3 (AD)

p.A1637V (Heterozygous PATH; reclassified to LBEN)d
Distal arthrogryposis

Hydrops, contractures, echogenic kidney,

placentalmegaly

FOXP3 (XL)

p.R337X (Hemizygous PATH)a
IPEX syndrome COL10A1 (AD)

c.1632delG (Heterozygous PATH)b
Schmid metaphyseal

chondrodysplasia

Hydrops, CNS malformations, cardiomyopathy MRPS22 (AR)

c.768_769del (Heterozygous PATH)a

p.R170H (Heterozygous PATH)a

MRPS22-related mitochondrial

dysfunction

CNS malformations FLNA (XL)

p.V552I (Hemizygous LPATH)a
FLNA-related disorder PTPN11 (AD)

p.D61G (Heterozygous PATH)b
Noonan syndrome

Hydrops, cardiomegaly CYP11A1 (AR)

p.R120X (Homozygous PATH)a
Adrenal insufficiency

Ventriculomegaly, cardiac left-axis deviation, absent radii FANCB (XL)

c.987_990del (Hemizygous PATH)a
Fanconi anemia

Macrocephaly, cleft lip and palate, congenital heart

defect, bifid thumb, CNS malformation, hydrocephalus

AMER1 (XL)

c.705delT (Hemizygous PATH)a
Osteopathia striata with cranial sclerosis

Hydrops, CNS malformation, congenital heart defect RIT1 (AD)

p.F82C (Heterozygous PATH)a
Noonan syndrome

Megalencephaly, neuronal migrational anomaly,

congenital heart defect, heterotopias

PIK3R2 (AD)

p.K564E (Heterozygous LPATH)a
Megalencephaly-polymicrogyria-

polydactyly-hydrocephalus

Hydrocephalus consistent with aqueductal stenosis L1CAM (XL)

c.2087delG (Hemizygous PATH)a
Hydrocephalus

Shortened and bowed long bones, talipes SOX9 (AD)

c.738delG (Heterozygous PATH)a
Campomelic dysplasia

AD, autosomal dominant; AR, autosomal recessive; LBEN, likely benign; LPATH, likely pathogenic; PATH, pathogenic; VUS, variant of uncertain significance; XL, X-linked.
Confirmed de novo variants are shown in bold.
aPositive result.
bPossible result.
cCandidate gene.
dReclassified variant.
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and cardiovascular anomalies (Figure 1). The positive diag-
nostic yield was similar for the fetuses that presented with
multiple congenital anomalies (19%, 10/52) compared to those
that presented with a single ultrasound anomaly (21%, 7/32).
Although our data are limited by a small sample size and
scarcity of detailed information on the ultrasound findings
themselves, our results suggest that WES could be considered a
diagnostic option for a wide spectrum of fetal ultrasound
anomalies when standard testing, such as fetal karyotype and/
or microarray, has failed to provide a diagnosis.
An early definitive diagnosis for a fetus with ultrasound

abnormalities allows for more accurate prognostic predic-
tions, establishing an appropriate delivery strategy, a pre- and
postnatal management plan, as well as better recurrence risk
assessment in the family. In a subset of our cohort, we
identified variants in genes known to manifest prenatally and
the molecular diagnosis was consistent with the ultra-
sound findings. For example, one fetus with macrocephaly,
cleft lip and palate, congenital heart defect, bifid thumb, and
hydrocephalus had an inherited pathogenic variant in the
AMER1 gene, which is associated with X-linked osteopathia
striata with cranial sclerosis. The parent from which the
variant was inherited had reportedly minor dysmorphic
features and there was a previously affected pregnancy.
The clinical features of our case were consistent with
previously reported prenatal cases.24,25 Other examples of
cases with pathogenic variants in genes with known prenatal

manifestations include PTPN11 associated with Noonan
syndrome, L1CAM associated with hydrocephalus, and
SOX9 associated with campomelic dysplasia.
Nevertheless, data from fetal WES can also provide new

insights in the spectrum and frequency of early developmental
abnormalities in novel disorders or for well-established
genetic conditions without known prenatal involvement. For
example, one case in our series was a fetus that presented with
hydrops in the third trimester resulting in fetal demise. The
pregnancy history was significant for a prior pregnancy with
the same presentation and outcome. WES on the fetus
identified compound heterozygous variants of uncertain
significance in FZD6, a gene associated with autosomal
recessive nonsyndromic congenital nail disorder 10 and an
increased risk of neural tube defects.26,27 While at the time of
analysis an association between FDZ6 variants and hydrops
was unknown, Shamseldin et al. recently reported a homo-
zygous FDZ6 variant associated with fetal hydrops in a study
to identify embryonic lethal genes.28 Another case in our
series was diagnosed with megalencephaly-polymicrogyria-
polydactyly-hydrocephalus syndrome after a de novo likely
pathogenic variant in the PIK3R2 gene was identified on fetal
WES. The fetus had presented prenatally with a complex
heart defect and dilated ventricle and the pregnancy resulted
in a stillbirth at 20 weeks. PIK3R2 is associated with several
conditions of segmental overgrowth conditions, with limited
information on its prenatal presentation.

Table 3 Variants reported in genes classified as candidate genes
Main ultrasound findings Gene Variant Additional reported variants

Congenital nephrosis CRB2a p.E643A

p.N800K

DHCR7b

Ventriculomegaly, renal cysts, heart defect CRB2a p.N800K

p.W759X

None

Joint contractures, hydrops CDK5 p.N256S NEBb, RYR1b, SYNE1b

Lung hypoplasia, polycystic kidneys, hypertrophy of heart DNAH17

HSPB11

p.Q1652P

c.182_183insG

DNAH5b

IUGR, scalloping of cranial bones, heart defect, club foot, pyelectasis DNAH7 c.11385_11386insA None

Hydrops DUOXA1 p.E396X None

Hydrops FEN1 p.C235Y None

External female genitalia, chromosomes 46XY, micromelia,

oligohydramnios, placentomegaly MTHFD1LSP9

p.R586X

p.G7R

None

Hydrops MYBBP1A c.3196-2A4G

p.Q383P

PMM2b

Diaphragmatic hernia NUP188

PCSK5

p.R202H

p.C942Y

None

Hydrops, polyhydramnios, unilateral club foot, diaphragmatic hernia,

absent stomach

PPAP2C

RSAD1

RSAD1

p.R214Q

p.W431X

p.W431X

RIPK4c

Cleft lip and palate, absent nose, brain anomalies SIX4 p.G490R SATB2b, ZIC1b

Hydrocephalus, diaphragmatic hernia WNT3 p.R326Q None

Confirmed de novo variants shown in bold.
aGene now published and no longer a candidate gene; known cause of recessive nephritic syndrome.
bPossible result.
cPositive result.
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Fetal WES is also a useful tool in identifying novel
candidate genes that have not previously been implicated in
human disease. For example, we identified in our series two
cases presenting with renal cysts who were compound
heterozygous for two missense variants in the CRB2 gene.
At the time of initial analysis and reporting, this gene was
considered a candidate gene and consequently the specific
variants were considered variants of uncertain clinical
significance. Subsequently, both of these cases were published
as part of a series of five fetuses and a male infant who
died at 7 months of age from three families with pathogenic
variants in CRB2 causing an newly described disorder:
autosomal recessive nephrotic syndrome associated with
ventriculomegaly.29–31 By analyzing the entire fetal exome,
WES allows for a broader search of disease-causing genes
compared to focused multigene panel tests, including those
that would not typically be considered due to limited known
information during fetal development. These cases help to
expand our knowledge of the prenatal presentation of known
genetic conditions and identify candidate genes that are
involved in fetal development.
The overall clinical utility of WES for fetal ultrasound

anomalies is still being elucidated. Understanding the benefits
and limitations of this new technology is imperative to ensure
appropriate clinical management.32,33 The American College
of Obstetrics and Gynecology recommends microarray as the
primary genetic test for pregnancies presenting with fetal
ultrasound anomalies.34 However, WES for fetal ultrasound
anomalies will continue to evolve as our knowledge increases
and technology improves. The prenatal presentation of most
single-gene genetic conditions is currently unknown and will
advance with the continuing expansion of the phenotype of
genetic disease.35 In addition, the variant filtering process
continues to improve, as does the standardization of variant
classification across laboratories and the resources for public
sharing of data, such as ClinVar.19,36,37 All of these factors
play a role in the importance of re-evaluating cases over time,
as the accumulation of knowledge will contribute toward
improving the diagnostic yield of WES in the perinatal setting
and expanding our knowledge of the prenatal presentation of
known genetic conditions, as well as aid in identifying
candidate genes.
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Supplementary material is linked to the online version of the
paper at http://www.nature.com/gim
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