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SYNOPSIS

Prenatal whole exome sequencing (WES) has the potential to increase the ability to provide more
diagnostic capabilities in fetuses with sonographic abnormalities which will then improve the
ability to counsel families. It is also often the first step in improving the path towards informed
diagnosis and treatment, which is especially important in the era of advancing /n utero fetal
therapy. In this review, we will discuss the current literature regarding prenatal WES, clinical
indications for WES, challenges with interpretation/counseling (variants of unknown significance),
research priorities, ethical issues, and potential future advances.
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Background

Ultrasound detected fetal sonographic abnormalities are identified in 2-3% of pregnancies.!
Genetic diagnosis with amniocentesis or chorionic villus sampling with chromosomal
microarray (CMA) and karyotype are routinely offered in these cases. Of cases that undergo
diagnostic testing, a karyotype abnormality is found in 8-10% of cases, whereas a micro-
deletion/duplication is identified in another 6% leaving the majority of families without a
specific genetic diagnosis.? These families must therefore be counseled based on ultrasound
findings alone. Management decisions thus need to be made on the basis of limited
information and counseling is challenging because of the broad differential diagnosis and
large range of prognoses and expectations. Whole exome sequencing (WES), rather than
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targeted disease specific gene panels, is now being studied and used to improve prenatal
diagnosis in cases where structural abnormalities are identified sonographically. Initial
studies show that prenatal WES can elucidate the responsible pathogenic variants in an
additional 208 —-80% of cases when standard genetic testing (karyotype and CMA) is
normal. The diagnostic yield of prenatal WES is known to be highly dependent on the
indication for WES.

WES, unlike whole genome sequencing (WGS), is currently clinically available and focuses
on the exons or protein coding regions of the genome only (Figure 1). Exons account for
1.5%? of the DNA in the genome, comprising approximately 22,000 genes. Most identified
genes implicated in Mendelian disease involve the exons. Thus, WES is more cost-effective
than WGS. In addition, WES is preferred because the ability to interpret intronic regions of
the genome is currently extremely limited. Prenatal WES has the ability to increase
diagnostic rates in cases where fetal anomalies are present and enhance our understanding
regarding pathogenic variants that are developmentally lethal.” WES also has the potential to
expand known disease phenotypes to the prenatal period. Multiple challenges of prenatal
WES include the following: 1) interpreting the vast amount of data in a timely manner; 2)
identifying pathogenic variants in diseases with reduced penetrance and variable
expressivity; and 3) providing adequate pre- and post- test counseling particularly in regards
to the stress/uncertainly associated with discovering variants of unknown significance
(VUS).8

Prenatal WES has the potential to increase the ability to provide a more precise diagnosis
which will then improve our ability to counsel families. It is also often the first step in
improving the path towards informed diagnosis and treatment, which is especially important
in the era of advancing /n utero fetal therapy. In this review, we will discuss the current
literature regarding prenatal WES, clinical indications for WES, challenges with
interpretation/counseling (VUS), research priorities, ethical issues, and potential future
advances.

Prenatal

As of July 2017, the prenatal data for exome sequencing currently includes 16 case series
with 5 or more fetuses (7 articles and 9 conference abstracts) and several additional case
reports.? The overall diagnostic rate ranges from 6.210 to 57.1% (Table 1)1 in published
articles and up to 80% when abstracts were included.?® The diagnostic rate is dependent on
the indication for WES and varies based on multiple factors including the following: single
vs multiple organ system affected, specific organ system affected, and proband vs trio
sequencing. The lowest reported rate of 6.2% was obtained by performing WES on all
fetuses with any anomaly visualized on ultrasound, while the highest rates were in small
studies with carefully chosen cases.1112.13 WES was successful in determining the diagnosis
in 3.6-6.2% of isolated anomalies and 14.3-16% of fetuses with ultrasound findings
affecting multiple organ systems.10 Certain organ systems appear to have a higher yield of
reported pathogenic variants. For example, in a cohort of 84 deceased fetuses, a pathogenic
variant was identified by WES more frequently in fetuses with a isolated neurologic
abnormalities compared to those with isolated cardiovascular findings (37 vs 31%).14 The
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yield is also increased when WES is performed on a trio (maternal, paternal, proband).1®
The use of trios allows for prioritization of review of variants that have an increased
likelihood of being pathogenic using a standard analytic framework that takes into account
potential de novo variants (present in fetus but absent from the parents) or recessively
inherited variants (homozygous or compound heterozygous in the fetus and heterozygous in
parents).

The outcomes of a prenatal diagnosis can be extreme, and require significant counseling
with regard to reproductive decision-making®. When the pregnancy is continued the
diagnosis can assist with palliative care decisions including comfort care or a diagnosis can
inform the pediatricians about management or possible treatments that may be offered
postnatally. A diagnosis with WES may also reduce hospital costs by decreasing the number
of tests performed postnatally, thereby avoiding the “diagnostic odyssey’ and potentially
decreasing the length of the hospital stay.1”-18 When performed clinically in the prenatal or
neonatal period, a positive result can have implications for other family members and/or for
future pregnancies. In a subsequent pregnancy, preimplantation genetic diagnosis (PGD)
could be performed or the patient could have diagnostic testing by chorionic villus sampling
(CVS) or amniocentesis. Understanding the genetic etiology can also provide closure for the
family and help with the grieving process in the case of fetal or neonatal loss.19

Many Mendelian disorders may not have a known prenatal phenotype and the molecular
diagnosis may not be suspected because the phenotype may be atypical from what is
described postnatally. Use of prenatal WES has the ability to expand phenotypes to the
prenatal period and increase our understanding of genes that may be critical to human
development.

Patient preferences and understanding of prenatal genetic diagnosis are extremely variable
and likely affect the psychosocial impact of the relayed results. Preference to undergo testing
and desire to make decisions based on the results vary by ethnicity,2%:21.22 socioeconomic
status, cultural and religious beliefs, acceptability of termination of pregnancy, and
experiences with disability.23 24:25 \fora et al., found in a pilot study on prenatal WES that
women with a lower family income scored significantly lower on the genetics literacy
assessment compared with women with a higher family income. They also found that
women with a lower family income (<$50,000 vs >89,999) had increased expectations that
WES would provide a reason for the fetal abnormalities, (Likert scale: 5.2 out of 10) despite
appropriate pretest counseling by a genetic counselor about an approximate 30% diagnostic
yield. Further research on this critical topic of patient expectations and understanding is
needed to ensure that patients’ needs are being met as new technologies inevitably become
implemented into clinical practice.28

Therapy

The use of fetal intervention to treat genetic disease has been in use for over 50 decades.
One of the earliest uses of /n uterotherapy is the use of intrauterine transfusions for fetal Rh
isoimmunization?’. In the era of advanced fetal therapy, including: /n utero
myelomenigocele repair, fetal cardiac intervention28, fetal endotracheal occlusion for
congenital diaphragmatic hernia, and potentially /n utero amnioinfusion for bilateral renal
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agenesis??; additional knowledge of the underlying genetic etiology of the defect is
invaluable.30 For example, an /n utero CDH repair may be less effective in fetuses with
syndromic CDH than isolated CDH. It has been proposed3! that /n utero fetal intracerebral
shunts could effectively treat severe fetal ventriculomegaly.32-33 In males, isolated severe
fetal ventriculomegaly is secondary to an LLCAM mutation in 2-15% of cases.3* These
infants are known to have more severe neurodevelopmental outcomes than other cases of
apparently isolated severe ventriculomegaly.3® It may therefore be reasonable to exclude
fetuses with LLCAM mutations or perform subgroup analyses on these infants when trials
evaluating the utility of fetal intervention for this condition are performed. This example can
be extrapolated to other inherited etiologies of fetal anomalies. It has yet to be determined
whether or not certain underlying genetic conditions may benefit more or less from fetal
intervention. Prenatal WES should be studied in cases where fetal intervention is possible or
planned so that further information about best surgical candidates can be obtained.

Until recently, there were few recognizable fetal phenotypes for which evaluation of single
gene mutations were routinely performed. Prenatal molecular diagnosis of specific skeletal
dysplasias can often be made with targeted panel testing.36 However, due to the broad
phenotypic spectrum of skeletal and other conditions and the limited information obtained
with prenatal ultrasound, WES may be more efficient and cost effective. New fetal therapies
are currently emerging, and demonstrating improved outcomes in specific skeletal
dysplasias.3” Particularly promising is teriparatide for treatment of Osteogenesis Imperfecta
(O1).38 The only current in utero therapy for Ol is in utero mesenchymal stem cell
transplantation via the fetal umbilical vein.3? A transient decrease in fractures has been
demonstrated in case series.*0 The BOOSTBA4 study is a feasibility study that is underway to
study the use of stem cell transplantation in 15 cases of Ol with in utero diagnosis.*! As
additional postnatal therapy for genetic syndromes evolves, their application to fetal life will
need to be explored. Thus, application of prenatal WES to such cases may help identify
which pregnancies would benefit most from in utero therapies.

Clinical Indications

WES is recommended in pediatric and adult medicine for clinical indications such as
multiple birth defects or neurodevelopmental delay when other tests have been
uninformative. Postnatal data shows an overall diagnostic yield of 25-30%, depending on
the affected organ system.12:42 The American College of Medical Genetics and Genomics
(ACMG) recommends WES when a genetic disorder is suggested by phenotype and family
history and either targeted genetic testing is not available or available testing performed is
not diagnostic.*3 It is both current practice, and cost effective to perform a microarray prior
to whole exome sequencing. Experts also suggest performing targeted testing prior to WES
when a specific syndrome is suspected. If the presenting disorder is highly genetically
heterogenous, WES is potentially more cost effective than sequencing individual genes.*4

ACMG and the Society of Maternal Fetal Medicine (SMFM) recommend that all patients
considering WES receive counseling from a provider with genetics expertise. However,
given that WES is in its infancy and studies are ongoing to determine its clinical utility,
ACMG and SMFM do not recommend WES for routine use for prenatal diagnosis.*®
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In select cases where other approaches to diagnosis have been uninformative, it may be
appropriate to offer WES. Examples of such cases include recurrent or multiple congenital
anomalies, heterotaxy, and undiagnosed skeletal dysplasias. Prenatal WES also has a role in
cases where a fetus has structural abnormalities with reported consanguinity or
homozygosity indicative of relatedness on microarray.

ACMG reportable variants

The current ACMG reporting recommendations include not only reporting the clinically
relevant findings that could be contributing to the primary phenotype for which the testing
was requested, but also offering reports of “secondary findings” for medical conditions that
are potentially medically actionable. Secondary findings include pathogenic variants in
genes responsible for conditions that are unrelated to the indication for which testing was
initially performed. The initial ACMG recommendation included mandatory reporting of
specified variants in 56 genes.*6 ACMG recently modified the recommendations to optional
reporting, removing 4 genes and adding an additional gene, resulting in reporting
recommendations for 59 genes.*” ACMG recommends reporting only known pathogenic or
disease causing variants within the genes and not benign variants. Literature suggests WES
will identify a secondary finding in 1% of cases.*® The majority of reportable incidental
variants occur in genes responsible for a predisposition to cancer or a cardiac event. The
clinical treatment modalities for these variants have variable efficacy and are currently far
from curative.

Prior to these ACMGs guidelines, societies did not recommend testing children for adult
onset diseases until they reached sufficient maturity to provide informed consent.4° The
incidental variant guidelines created a paradigm shift, recommending parents opt out of
receiving information about secondary findings identified on WES of their child or fetus.

Interpretation/Counseling

Pre- and post-test counseling is recommended for all prenatal genetic screening and
diagnostic testing. Ideally, both the mother and father are present for the counseling session.
A trained professional with genetics expertise should obtain complete clinical information
along with a three-generation pedigree. Specifically when taking a pedigree in a prenatal
genetics clinic, the fetus and any siblings, miscarriages or fetal losses should be included in
one of these three generations. Testing should be ordered only by specialists who are
comfortable with the interpretation and explanation of results. Information should include
options for reproductive decision making, pregnancy and perinatal management. %0

There are risks, benefits and limitations to every form of prenatal screening or diagnosis.
There are 5 specific items that should be mentioned during pre-test counseling for prenatal
WES. The results of the testing could provide the following information:

1. A primary finding could be identified or suggested to explain the fetal
phenotype. This includes variants in genes that could explain the medical
conditions for which the testing is being performed.
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2. A negative result for which a diagnosis is not available for the phenotype in
question.
3. A variant of unknown significance (VOUS), which may or may not be related to

the condition for which the testing is obtained.

4. A secondary or incidental finding could be identified. This refers to a pathogenic
variant in a gene that causes a genetic condition, unrelated to the indication for
testing.

5. Genetic relationships could be identified including the identification of false

paternity or consanguinity.

The patient undergoing prenatal WES needs appropriate informed consent to make decisions
about opting in or out of receiving information on VOUS and secondary/incidental findings.
In addition to the 5 statements above, patients should also be informed that the knowledge of
variants is continuously evolving so that an unreported variant or a variant that is coded as
unknown in significance at the time WES is initially performed, may be found to be
pathogenic in the future. Primary or secondary gene mutations identified in the fetus could
also have impacts on the patient’s health, other family members’ health, and future
pregnancies.

Variants of unknown significance (VOUS) are particularly problematic in the prenatal
setting.>! Providers who offer and counsel about prenatal microarray have experience with
counseling patients regarding uncertain results. Laboratories performing WES often provide
limited reports to decrease the number of VOUS reported to the clinician. Herein lies the
ethical balance of reporting and counseling. Current databases such as ClinVar®2 and Human
Genetics Mutation Database®3, and Exome Aggregation Consortium®* include limited fetal
phenotypic data, making fetal phenotypes especially challenging to interpret.

The interpretation of WES is simple when a previously reported pathogenic mutation with a
well-documented phenotype is identified. The most critical data to arrive at the correct
diagnosis involves phenotypic data from ultrasound, fetal MRI (if performed), and fetal
autopsy. However, detailed phenotypic information is not often available prenatally. Thus, a
definitive diagnosis cannot be made in many cases. Instead multiple variants are identified
and must be filtered using pipelines specific to trios along with whatever phenotypic data is
available to determine possible pathogenicity. Laboratories and clinics should have clear
guidelines and policies related to reporting of findings and all reported variants should be
confirmed with Sanger sequencing as false positive results can occur with WES given that
sequencing of many fragments occurs simultaneously. Databases with phenotypic and
molecular data (ClinGen/ClinVar) currently do not have a prenatal component. However,
given that WES is starting to be used prenatally in select cases, it is critical that a shared
prenatal database become available to further understand genotype/phenotype correlations
prenatally and to enable clinicians and researchers to determine if the variants found in their
patients were seen in other patients with the same phenotype.
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Limitations

While WES is performed to evaluate single nucleotide variants in expressed areas of the
genome, it has many limitations. Some of the limitations can be overcome by increasing the
depth of sequencing, whereas others are inherent defects of the current technology. WES
does not detect differences in copy number variation, for which microarray technology is
required. It is not designed to detect aneuploidy (i.e. trisomy 21), polyploidy (i.e. triploidy,
tetraploidy), nor does it detect translocations, trinucleotide repeats (repeat expansions,
tandem repeat size), or low level mosaicism. There are several regions in the genome with
poor depth/coverage, particularly GC rich areas,®® that are not adequately sequenced with
WES. Sanger sequencing is recommended to verify all reported results.

In addition to the overall challenges of WES, the long turnaround time is especially
problematic in the prenatal setting. Limited anatomy can be visualized on sonogram prior to
the anatomical survey performed at 18-22 weeks gestation. In addition, primary testing with
microarray or panel testing is generally performed prior to sending WES. When performed
rapidly, results can be obtained within 2-3 weeks. It is anticipated that the turnaround will
become faster and more cost-effective over time. 6

Research implications

Ethics

Several NIH funded centers are currently performing whole exome sequencing for the
purpose of identification of novel genes. Initiation of WES was quickly followed by a rise in
the discovery of the known function of genes.>’ The majority of novel genes are identified
postnatally, however genes responsible for lethal fetal conditions or recurrent miscarriages
rely on prenatal WES and WGS to provide insight into the function of genes that may be
critical to human development

It is critical that researchers performing prenatal WES be committed to sharing data. A
common database for prenatal phenotypes with molecular findings by WES is essential to
optimizing clinical care. Data sharing is recommended for clinical laboratories as well as
researchers. The NIH requires grant submitters to supply information on their current plans,
including patient consent, to participate in genome wide data sharing. Centers are often
willing to perform WES on patients with specific fetal defects, for example the DHREAMS
study®® based out of Columbia will perform WES on CDH patients seen at other centers.

Multiple ethical issues associated with prenatal WES have been brought to attention.>® Of
primary concern to the patient is adequate interpretation and disclosure of appropriate
variants. This is particularly important in the prenatal period where the decision to continue
a pregnancy could be determined by the reported variant. In addition, patient counseling
requires appropriate consent and disclosure of secondary and incidental variants, re-contact
for reclassification of variants, discussion of informing affected family members, loss of
privacy associated with data-sharing, as well as potential discrimination if a genetic
diagnosis is made.
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Genetic professionals have an ethical obligation to follow appropriate protocols for patient
consent80 and interpretation of variants. It is particularly important to discuss the options of
opting in or out of receiving information on secondary/incidental findings and VOUS.61 In
the case of trio analysis, it is essential to consent the mother separately from the father to
discuss that non-paternity may be disclosed from prenatal WES. She would then have an
option to opt out of testing. The patient should consider all testing options available
including panel testing when appropriate. In the future, and potentially even now, WES
could be more cost effective than panel testing, however WES can result in a significant
amount of unintended information.

An ethical dilemma inherent in genetic testing is ensuring that genetic information remains
confidential.52 This is confounded by the importance of data sharing in the understanding
and classification of variants. Efforts have been made to limit potential discrimination
secondary to results. The Genetic Information Non-discrimination Act (GINA) of 2008
prevents utilization of genetic information for health insurance. It does not, however, apply
to life, disability, long-term-care, or certain federal employee health care programs.

Challenges of interpretation and reporting remain barriers to widespread use of prenatal
WES. Molecular geneticists and molecular variant analysts are responsible for maximizing
reporting of positives while minimizing the reporting of potentially benign variants.
Regardless of this balance, until comprehensive WES data is deposited in publicly available
databases, false negatives and false positives will be reported.

Costs

The majority of the cost of performing WES is due to costs of variant analysis. A well-
trained molecular variant analyst or molecular geneticist is essential to providing accurate
results. Most clinical and research laboratories have committees made of multidisciplinary
teams to review the findings from prenatal WES. These may include molecular geneticists,
cytogeneticists, clinical geneticists, genetic counselors, bioethicists, and bioinformaticians.
In addition to accurately interpreting and reporting primary findings which explain the fetal
phenotype, it is essential to interpret and report secondary findings presuming consent was
obtained from the patients to receive such findings. A system for re-analysis and re-
evaluation of variants over time is also necessary because genes whose functions were
previously unknown are being discovered and categorized at a rapid rate. Sanger sequencing
is also recommended for confirmation of variants for the patient and for the family members
who receive results about medically actionable findings that were unrelated to the fetal
phenotype such as any of the ACMG specified variants in 59 genes.*> Costs will presumably
decrease as technology advances and interpretation algorithms improve.

Although a diagnosis is thought to be cost effective, it often does incur medical costs
including additional recommended medical screening, evaluation, and or therapy related to
the diagnosis for either the patient and/or family members. There is also an emotional cost
associated with having a test performed whether it is resulted as positive, negative, or
VOUS.83
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Future advances

WES and WGS are rapidly evolving with advances in research and technology. The ability
to perform WGS has quickly followed WES and is currently being studied on a research
basis. The limitations of interpretation of WES seem minor compared to interpretation
challenges of WGS data.54 There will likely be a pivotal point in the future where cost and
knowledge will make WGS more cost-effective and widely performed.

In addition, advances in prenatal screening, including cell free DNA (cfDNA), have reduced
the utilization of chorionic villus sampling and amniocentesis. CFDNA technology allows
for detection of cell free placental DNA in maternal blood and is a clinically recommended
screening method for women who are at high risk for having a pregnancy affected with a
common aneuploidy.8° Capabilities of performing WES on cell free DNA currently exist.
66,67 As technology improves and cost decreases it is likely that WES using cell free DNA
will be clinically available. Some of the limitations of this technology will persist, including
the fact that the cells in the maternal system are derived from trophoblasts and not a pure
representation of fetal DNA. When screening tests using cell free DNA show an increased
risk for a specific diagnosis, a diagnostic test will continue to be necessary to rule out
placental mosaicism or other etiologies of a false positive screen.

Single cell technology has been proposed as a more accurate technology than the current cell
free platforms88.69 Rather than relying on maternal/fetal ratios, single cell technology allows
for a single fetal cell to be specifically evaluated. If utilized, several cell wills need to be
evaluated to evaluate for sequencing errors or mosaicism. This technology potentially has
more promise for cell free whole exome sequencing than the current non-invasive cell free
technologies secondary to the lack of maternal contamination.

In summary, further research is needed to determine best practices for clinical
implementation of WES specifically related to interpretation, turn-around time, and optimal
ways to counsel patients given that it is only a matter of time before WES becomes available
using noninvasive technologies.
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KEY POINTS

. Prenatal whole exome sequencing is emerging as a valuable tool for fetal
diagnosis in the setting of sonographic abnormalities.

. Diagnostic rates are variable across studies with improved rates when trio
(proband, mother father) whole exome sequencing is performed.

. Prenatal genetic counseling is crucial for appropriate parental consent for
whole exome sequencing.

. There are many ethical considerations including risks of discrimination that
must be considered when whole exome sequencing is performed.
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Diagnestic Capahility of Genetic Tests

Prenatal Diagnosis
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Figure 1.
New genomic technologies such as whole genome and whole exome sequencing have the

ability to interrogate the fetal genome more comprehensively than currently available tests.
From Hardisty EE, Vora NL. Advances in genetic prenatal diagnosis and screening. Curr
Opin Pediatr 2014;26(6):634-8; with permission.
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