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ABSTRACT
Clinical diagnostic laboratories are producing next-generation sequencing-based test results that are becoming
increasingly incorporated into patient care. Whole genome and exome sequencing on fetal material derived from
amniocytes, chorionic villi, or products of conception is starting to be offered clinically in specialized centers, but it
has not yet become routine practice. The technical, interpretation, and ethical challenges are greatest in the area of
prenatal medicine because the fetus has a limited health history, and the physical examination is only indirectly
available via prenatal sonography. Here, we provide an overview of these challenges and highlight the clinical utility,
reporting, and counseling issues associated with prenatal DNA sequencing. Future considerations are also discussed.
© 2017 John Wiley & Sons, Ltd.
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INTRODUCTION
Over the past 10 years, next-generation sequencing (NGS) for
genomic analysis has moved from the research setting to
clinical diagnostic laboratories. Over this time, significant
advances have occurred, with solutions found for many of
the early technical challenges.1–3 The initially high costs of
NGS continue to decrease, allowing incorporation of this
powerful technology into many areas of postnatal clinical
care, including oncology,4 cardiology,5 and for determining
the basis of intellectual disabilities.6 While there are
potentially significant benefits to NGS, there are still areas of
uncertainty in the interpretation of results. The technical
and ethical challenges are greatest in the area of prenatal
medicine because the fetus has a limited health history, and
the physical examination is available only indirectly through
prenatal sonography. Here, we provide a brief overview of
laboratory, counseling, and clinical considerations in the
context of prenatal sequencing, while focusing on the
potential successes and challenges that may be associated
with its clinical implementation (Figure 1). Fetal DNA can be
accessed directly from amniotic fluid or placental biopsies,

or indirectly via cell-free feto-placental DNA that circulates
in maternal blood. The relative simplicity of obtaining blood
samples has led to the dramatic growth of maternal plasma
DNA sequencing to screen for fetal aneuploidies.7 Its
transformation of antenatal care has already led to questions
about the next frontier, for example, whether noninvasive
whole genome sequencing (WGS) of the fetus is feasible or
even desirable.

In contrast to the direct analysis of intact fetal cells,
noninvasive prenatal screening relies on circulating cell-free
DNA that is derived from apoptotic cells in the placenta and
serves as a surrogate source of fetal DNA.8 This ‘fetal’ DNA is
most commonly used to screen for trisomies 13, 18, and 21
via a counting algorithm that compares the number of mapped
fragments from the chromosome of clinical interest (e.g., 18) to
a reference value.9,10 Although proof of concept noninvasive
fetal WGS has been performed using maternal plasma cell-free
DNA,11,12 separating the information in the fetal genome from
the mother’s genome requires sophisticated bioinformatics
analyses that are well beyond the current capabilities of most
molecular diagnostic laboratories.13 The remainder of this
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review will therefore focus on purer sources of fetal DNA
obtained through diagnostic procedures [chorionic villus
sampling (CVS) and amniocentesis] and consider the
challenges even when working with these direct sources of
fetal DNA.

TECHNICAL CONSIDERATIONS

Sample type and sample processing
At present, depending on gestational age and the purpose of
testing (screening vs diagnostic), several sample types can
serve as sources of fetal DNA. For screening, maternal plasma
is used. For diagnosis, invasive procedures such as chorionic
villus sampling (CVS) or amniocentesis are performed to
obtain pure fetal material at 11 or 15–20 gestational weeks,
respectively. In the event of fetal loss, products of conception
can also be used.

Several factors, including DNA yield, per cent of maternal
cell contamination (MCC), and turnaround time, should be
carefully considered before making a decision on the most
appropriate source of DNA for sequencing.14,15 Although more
DNA can be obtained from cultured cells, the turnaround time
is significantly increased because of the time needed to
establish adequate culture growth. With the continuous
improvement of downstream whole genome library
preparation protocols, less DNA – such as that obtained from
the cells found in amniotic fluid or uncultured villi – can
be used.

Maternal cell and DNA contamination
One consideration in the choice of sample type is the amount
of anticipated MCC, which affects the purity of the sample. It
is estimated that 0.3–0.7% of amniotic fluid specimens will
have MCC.16,17 MCC likely stems from the presence of
maternal skin cells that are carried along as the needle used
to remove amniotic fluid passes across the mother’s abdomen.
Discarding the initial few milliliters of fluid is recommended to
decrease the presence of maternal cells. Culturing reduces
contamination by selectively enhancing the growth of fetal
cells.8 MCC of variable degree (up to >80% in extreme cases)
occurs in 1–2.5% of CVS specimens because of the presence
of maternal tissue in the sample.18 Culturing villi increases
the time to receive results and does not necessarily enrich the
percentage of fetal cells.19 Careful dissection of maternal tissue
at the time of sample receipt has a significant impact on fetal
cell purity. In all cases, MCC should be evaluated by comparing
polymorphic genetic markers, most commonly short tandem
repeats (STRs), between the maternal DNA (obtained from
maternal blood or saliva) and the fetal DNA used for
sequencing. Other laboratory quality control measures, such
as culture backup and identity testing to rule out sample mix-
up, should still be instituted.

Library preparation
With good quality DNA, whole genome libraries can be
prepared for NGS in a manner similar to any postnatal DNA
sample. Several commercial library preparation kits are
currently available that, despite some differences, share two

Figure 1 Technical, interpretation, and clinical considerations associated with prenatal sequencing. See text for detailed explanation. CVS,
chorionic villus sampling; AF, amniotic fluid; POC, products of conception; MCC, maternal cell contamination; CPM, confined placental
mosaicism; SNVs, single nucleotide variants; indels, small insertions and/or deletions. [Colour figure can be viewed at wileyonlinelibrary.com]
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common steps: genomic DNA fragmentation – predominantly
performed by ultra-sonication or enzymatic processing5 –

followed by adaptor ligations. The end result is a pool of short
genomic fragments – 200–600 bp, depending on the kit and
downstream sequencing chemistry – with platform-specific
adaptors containing sequencing primer binding sites and
potentially molecular ‘barcodes’ to allow sample pooling or
multiplexing. An important consideration at this step is the
amount of input DNA required for the different library
construction kits. Some protocols require >1–2 μg of DNA,
which can be obtained from cultured prenatal specimens but
might not be easily obtained directly from amniocytes or
placental tissue prior to culture. Fortunately, some kits permit
robust whole genome library construction from as low as 50 ng
of input DNA. Alternatively, whole genome amplification can
be used to enrich for genomic DNA if needed, without
significantly altering the accuracy of sequencing results.20–22

Sequencing and primary bioinformatics analysis
The adaptor-ligated library can be processed into millions or
billions of clonally amplified fragments that are then physically
separated and sequenced in parallel using a platform such as
the HiSeq (Illumina, San Diego, CA, USA).23,24 Illumina
sequencing is performed by synthesis, whereby reversible
fluorescently-labeled dideoxynuclotide terminators are added
at each cycle to generate millions of four-color fluorescent
signals (one for each base: A, T, C, and G) across all sequenced
reads; such signals are imaged en masse at each cycle, and the
compilation of all images across all cycles is then processed to
generate base calls along each read.23 As each raw signal
(image) is converted into a base call, a quality score is assigned.
The file combining the sequence and quality data is referred to
as the FASTQ (also called FAST-AII) file. A binary version of a
sequence alignment map is called a BAM file. This file contains
sequence alignment data that are generated as reads are
aligned back to the reference genome. Changes relative to this
reference or variants are then compiled in a text file, the
variant call format file, that also contains various variant
annotations. Quality metrics, including mapping quality, depth
of coverage, strand bias, and quality by depth, are available to
be used in filtering calls that may be inaccurate. Several
bioinformatics pipelines are currently available; each has its
own advantages and limitations.4,5,23

Variant calling
Careful validation is needed to establish the limit of detection
of variants and to eliminate potential false positive calls that
can be abundant at low allele fractions. In the postnatal
setting, most germline bioinformatics pipelines deploy cutoffs
that assume either heterozygous (20–60%) or homozygous
(>80%) variant calls. Deviations from those ranges are more
common in prenatal settings in which confined placental
mosaicism (CPM), the presence of a twin, and/or MCC can
be major potential contributors, especially in CVS specimens.
Furthermore, with the increased postnatal clinical application
of highly sensitive deep sequencing methods, hereditary
disorders with genetic mosaicism are continuously being
characterized.25–27 With increased resolution, if allelic fraction

cutoffs are not applied too rigorously, more cases of fetal
mosaicism will be identified.

In addition, although deviation from the expected ratios of
base calls for biallelic variant calls might be indicative of
MCC, the presence of a twin conception cannot be excluded,
especially if one twin has died. In order to differentiate these
possibilities, further studies should be carried out using
standard assays for MCC, such as those using STR markers.
However, discrepancies, due to differences in the sensitivities
of NGS and STR fragment analysis, are not to be overlooked.
For example, NGS might detect very low level MCC, below
the limit of detection of STR assays, if high coverage
sequencing is achieved.

In addition to MCC, CPM, and twin pregnancies, DNA
analysis can also detect sperm or egg donors and/or surrogate
mothers if trio (fetal and parental) sequencing is performed,
thus underscoring the importance of good family history data
and appropriate consent for the test. All such scenarios may
be identified during sequence analysis, specifically, during
primary variant calling in which significant deviations in read
fractions from the typical biallelic configuration (~50% for
heterozygous or ~100% for homozygous variants) might lead
to false variant calls. In summary, the bioinformatics allele
fraction filters should take into consideration the above
scenarios and the presence of mosaicism, including CPM,
which is observed in 1–2% of CVS specimens.28

Variant filtration
Once called, annotated variants will go through several
bioinformatics filters. One specific filter uses sequencing data
from the general population – such as the Exome Aggregation
database or ExAC29

– to remove high allele frequency variants
that are too common to associate with Mendelian disorders
based on known disease prevalence, age of onset, penetrance,
and mode of inheritance. This is a critical step in the process,
especially for whole exome and WGS in which hundreds of
thousands of variants are generated. As an initial step, it is
assumed that a pathogenic variant is more likely to be absent
or very rare in a general population that is not selectively
enriched for the phenotype of interest.

A second strategy that is used postnatally is to select genes,
and subsequently variants within these genes, that correlate
with the patient’s phenotype. It is important to keep in mind,
however, that known phenotypes of control (and disease)
cohorts have been typically restricted to postnatal clinical
manifestations. Such an approach may not be feasible in the
prenatal setting, in which complete data on the fetal
phenotype may not be available. An alternative strategy is to
use genetic filters on the basis of assumptions about the mode
of inheritance. For example, de novo variants might be
prioritized to identify dominantly acting mutations if parents
are unaffected, or biallelic variants might be prioritized to
identify recessive conditions (providing that parental samples
are available to conduct ‘trio’ analysis). A ‘trio’ consists of a
set of samples that includes both biological parents and the
fetus or child. However, such filters should take into
consideration the possibility that maternal variants might be
present in the ‘fetal genome’ as a result of MCC. Still, applying
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these filters can be extremely powerful in certain scenarios,
such as in populations in which the consanguinity rate is high
and causative homozygous variants are likely.

Finally, filtration based on the variant type or presence in the
literature or in disease databases can significantly narrow
down the list of potentially causative variants. For example,
loss-of-function variants are often presumed to have severe
effects, although this is only true for heterozygous variants
when a decreased dose is disease-causing (haploinsufficient
genes). ‘Healthy’ individuals have been shown to be
heterozygous, and even homozygous, for this type of variant
in certain genes29–31 and seemingly loss-of-function variants
may not always lead to a null gene effect. In addition, it may
be important not to restrict filtration so that it only reports
‘postnatal’ variants, because novel variants – in known or novel
genes – that lead to severe or even lethal prenatal phenotypes
may have occurred, especially in samples from fetuses that
have died in utero. An interesting set of genes to target for
variant filtration in prenatal populations is ones that are
completely devoid of loss-of-function variants in the general
population. Variation in such genes may be incompatible with
life, and therefore there will be limited information about such
genes in current disease databases.

Other technical limitations
Several considerations inherent to the NGS technology should
be highlighted. Although NGS can accurately detect single
nucleotide variants and small insertions and deletions (indels)
of up to 25–50 bp, NGS is still not reliable in detecting exon-
level copy number variants, structural rearrangements, or
repeat expansions. Such variant types contribute significantly
to numerous conditions that can be diagnosed prenatally,32

and ancillary assays might therefore be needed to attain the
best chance of diagnosing a fetus. WGS has been shown to be
more sensitive than whole exome sequencing for the detection
of copy number variants and structural rearrangements when
appropriate bioinformatics are utilized.33,34 This is attributed
to the fact that WGS does not include a target enrichment step;
thus, it generates more uniform coverage across sequenced
coding regions. In addition, most copy number and structural
events have intergenic breakpoints generating noncoding split
reads that can be detected by WGS.

Another limitation of current NGS testing is the inability to
detect variants in regions of high homology, as is found in
genes that have almost identical sequences or pseudogenes.
Such regions challenge the unique alignment of short reads,
which can lead to false positive and false negative calls.
Furthermore, repetitive sequence regions, such as those
involved in triplet repeat expansion disorders, can be
challenging to detect.

CLINICAL CONSIDERATIONS

Genotype and phenotype information
Interpreting variants obtained through whole exome and
genome sequencing relies heavily on detailed phenotypic
information supplied to the clinical laboratory at the time of
testing. For postnatal sequencing, the clinical indication is

used to prioritize variants in genes known to underlie most
if not all of the patient’s features. As described previously,
well-defined fetal phenotypes are often not available.
Ultrasound scanning replaces the ‘physical exam’, and the
‘patient history’ is inaccessible unless there is a family history
of a previously affected fetus or child. Furthermore, a
compendium of ‘normal’ fetal phenotypic variation does not
yet currently exist. The combination of large databases for
both controls (such as ExAC)29 and affected individuals (such
as ClinVar)35 has significantly improved variant interpretation
in postnatal settings. However, the ClinVar database has
limited variation that has been deposited to date that is
associated with fetal abnormalities.

The age of disease onset and penetrance add another layer
of complexity. A pathogenic variant leading to a disease of
postnatal onset can be identified in a typically developing
‘presymptomatic’ fetus. Likewise, a clinically significant variant
with reduced penetrance can also be carried by an apparently
normal fetus, or by an abnormal fetus whose phenotype
cannot be explained by this variant.

Finally, despite sequencing the whole genome,
interpretation is usually limited to coding sequence variants
plus or minus 2–20 bp of the exon/intron boundaries (splice
sites). Aside from a few well-established regulatory and/or
deep intronic variants, interpretation of noncoding variation
is extremely challenging. Nonetheless, the sequencing of
intergenic regions is helpful for detecting structural variation.
And as more clinically phenotyped individual and fetal
genomes are sequenced, our understanding of novel
noncoding variants will significantly improve over time.

Reporting
Because of the lack of evidence to support classification of a
large proportion of variants identified by NGS-based large-
scale sequencing, such variants will be of uncertain
significance (VUS). In light of this, and in the absence of expert
guidelines for prenatal genome sequencing, it remains a major
challenge to define the criteria for reporting variants
prenatally. While most molecular reports note pathogenic
variants relevant to the fetal indication, the question of
whether VUS should be returned to the parents is less clear.
Although a VUS identified in an indication-relevant gene might
have a high a priori probability of being clinically significant,
the residual uncertainty can create anxiety for a pregnant
couple. This adds to its complexity and the potential for
termination of a fetus who would otherwise have developed
into a healthy child.

Even more complex problems arise around the reporting of
variants unrelated to the fetal indication. The American
College of Medical Genetics and Genomics has recommended
that all clinical laboratories performing postnatal exome or
genome sequencing seek and report pathogenic variants in
59 secondary genes unrelated to the patient’s indication but
that have medical implications for the patient.36,37 While the
American College of Medical Genetics and Genomics
statement included children in their recommendations, they
explicitly excluded fetuses. Thus, currently, there are no
guidelines for the reporting of incidental or secondary findings
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when prenatal sequencing is performed. If secondary findings
are reported, no consensus has been reached as to whether
these should be restricted to conditions affecting pregnancy
management or delivery, or whether they should include
pediatric or even adult-onset disorders. If the latter conditions
are to be disclosed prenatally, then the potential impact of
reactive pregnancy terminations without appropriate clinical
understanding will need to be carefully considered. The
possibility that all of these uncertainties may be discovered
during prenatal testing should be discussed during pretest
counseling with individuals undergoing prenatal diagnosis.

One additional challenge is that fetal testing results are
normally included in the mother’s medical record, which
may make it more difficult to link genetic variant data with
postnatal phenotypes in the child. New systems are needed
to transfer these data to the infant’s medical record after birth.
Furthermore, for trio analysis, a laboratory mechanism has to
be in place to facilitate the use of parental sequencing data in
the infant’s data reanalysis and/or in future pregnancies for
the same couple.

Counseling
Prenatal counseling is complicated by several issues, including
the fact that in many parts of the world, an expectant couple
may freely terminate any pregnancy for any reason. This means
that genetic inferences about the health of the fetus that are
communicated to the parents can be used as part of a decision
to terminate a pregnancy. This raises the stakes around the
disclosure of uncertain information and emphasizes the
importance of pretest counseling session(s) and informed
consent, including up-front discussions about the return of
any incidental or secondary findings.38 If such findings will be
returned, then implications for other family members should
be discussed, especially if late onset conditions are included.39

Furthermore, couples should be aware that information
regarding family relationships (alternate paternity or incest)
can be unveiled through fetal testing. Finally, an estimate of
the diagnostic yield for this type of testing should be disclosed.
Recent studies using exome sequencing, performed on fetuses
with sonographic abnormalities, resulted in a diagnosis in
about 10–20% of cases.40,41

Turnaround time
In the prenatal setting, rapid generation of results is critical for
effective clinical management, allowing timely decisions to be
made regarding termination of the pregnancy or around the
logistics of delivery and need for subspecialist consultation.
Four factors can affect how quickly a result might be returned.
First, if only variants in a defined set of genes related to the
indication are evaluated, then interpretation can be slightly
expedited. Second, obtaining parental samples for trio analysis
can reduce interpretation time if a de novo variant is identified
or the parental samples are used to clarify the phase of
heterozygous variants in a single gene. Third, the Sanger
confirmation step for reportable variants could be skipped if
certain quality metrics for a high confidence true positive
variant – as determined during up-front test validations – are
satisfied and the possibility of sample mix-up has been

adequately controlled. Finally, if the whole genome library
preparation protocol is sensitive to small DNA amounts, then
direct tissue can be used as a starting material, alleviating the
need for lengthy culture times.

CLINICAL BENEFITS OF PRENATAL WHOLE GENOME
SEQUENCING
There are a number of potential benefits of offering genomic
sequencing prenatally. The availability of genomic sequencing
results during pregnancy offers an opportunity for early
prenatal intervention and potentially higher likelihood of
effective treatment. A recent example is the identification of
loss-of-function mutations in MAGED2 via whole exome
sequencing as the underlying basis for an X-linked form of
extreme polyhydramnios that results in preterm delivery and
either perinatal demise or neonatal transient salt wasting and
polyuria.42 MAGED2 is expressed in the ascending loop of
Henle and in renal tubules. It is also critical for the
maintenance of a normal gestation. An interesting aspect of
this condition is that it resolves spontaneously in affected male
infants. Prior to the discovery of the genetic etiology, neonates
affected with salt wasting and polyuria received long-term
treatment with mineral supplements and non-steroidal anti-
inflammatory drugs. Now that a genotype–phenotype
correlation has been established in males with MAGED2
mutations, this treatment is probably unnecessary because
the condition spontaneously resolves.

DNA sequencing information may also provide an early
warning for perinatal complications for which delivery sites
with special facilities or specialists are required to care for the
newborn. Prenatal knowledge of an expected metabolic
genetic condition in the neonate may allow immediate
implementation of an appropriate diet to avoid metabolic
decompensation, which may otherwise begin in the first few
days or weeks of life before newborn screening results are
available.43 For autosomal recessive conditions in which two
pathogenic variants cannot always be identified (e.g., hearing
loss that is due to Pendred syndrome), identification of even
carrier status in the fetus could lead to more comprehensive
clinical follow-up in the neonatal period, potential early
diagnosis and improved clinical care.

Other potential benefits include a definitive diagnosis, even
for a fetus or infant that dies in the perinatal period.34,44–46

The identification of a new autosomal recessive disorder in a
family will allow accurate recurrence risk counseling and an
exploration of various options in future pregnancies, including
pre-implantation genetic diagnosis.

While the aforementioned examples illustrate hypothesized
impacts on perinatal care, it is too early to determine the
extent to which prenatal genomic sequencing results actually
alter perinatal care and result in benefits or harm to families.
Reports of clinical diagnostic experience in large laboratories
are only beginning to appear. Amid discussion and debate
about the appropriateness and medical utility of offering
genomic sequencing prenatally, it will be important to gather
data around these issues before commercial entities begin
marketing prenatal sequencing to parents and healthcare
practitioners.47
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FUTURE CONSIDERATIONS AND RECOMMENDATIONS
As the genetic basis of fetal conditions is explored and the
accuracy of predicting postnatal conditions through prenatal
sequencing improves, NGS technology will increasingly be
applied during prenatal care. If available in early pregnancy,
variants can be queried throughout fetal development and
perhaps combined with other factors, such as existing or
emerging maternal conditions, to guide personalized fetal
and pregnancy management. The possibility that a metabolic
condition discovered prenatally may lead to rapid and effective
treatment in the neonatal intensive care unit (NICU) can be life
altering for affected neonates.48 Accumulation of fetal
sequencing data will eventually lead to the proliferation of
longitudinal fetal genotype–phenotype databases, ultimately
leading to more effective diagnoses and overall improved
prenatal care. In addition, such resources will enhance
research opportunities, including novel gene discovery and
development of new personalized prenatal treatments.

Nonetheless, expert guidelines are needed to carefully
maximize the benefits of fetal genomic medicine. A
consensus regarding the appropriateness of different types
of prenatal genetic tests and reporting criteria has yet to be
established, and the accompanying medical and consent
issues should be carefully assessed. In particular, issues of
penetrance and the uncertainties surrounding genomic
results have to be clarified to minimize uninformed clinical
decisions. Healthcare providers will need to be educated
about this type of genetic testing, its advantages, limitations,
and implications for other family members.

One approach that might alleviate the anxiety of prenatally
disclosing secondary pathogenic findings of postnatal onset is
to offer a tiered reporting strategy (Figure 2). While sequencing
can still be performed prenatally, a preliminary report could be
issued with a focus on the fetal indication and/or any
conditions relevant to pregnancy management and plans for
delivery. Parents could opt for a secondary report that could
be released soon after birth to disclose findings relevant to
postnatal care. If carefully instituted, this approach would
allow families more choices for the receipt of prenatal
sequencing results. In addition, if desired, this approach can
offer a very fast genomic newborn screening report, bypassing
the need for obtaining a newborn’s sample for sequencing and
subsequent analysis.

While the challenges are significant, the incorporation of
NGS into the prenatal clinical diagnostic laboratory is
progressing, and the associated technical issues are slowly
resolving. As summarized in this paper, the potential
advantages are numerous; arguably, personalized medicine
starts in the mother’s womb, thus creating possibilities for
therapeutic intervention long before a baby is born.49

WHAT’S ALREADY KNOWN ABOUT THIS TOPIC?

• Clinical exome and genome sequencing on fetal material (amniotic
fluid, chorionic villus sampling, and products of conception) is
starting to be offered in specialized centers.

• There are no technical or interpretation standards/guidelines for the
clinical practice of prenatal sequencing.

WHAT DOES THIS STUDY ADD?

• This study highlights a comprehensive overview of prenatal clinical
exome and genome sequencing workflow.

• This study pinpoints challenges and potential solutions at each step
of the prenatal sequencing workflow including technical,
bioinformatics, interpretation, counseling, and clinical challenges.
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