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Next Generation Sequencing(NGS) in prenatal diagnosis

» The standard clinical practice often involves examinations
for specific phenotypes, imaging, genomic tests such as
karyotyping or microarrays, and single gene or panel tests.

» Although microarray analysis has increased diagnostic
ability above karyotyping, most anomalous fetuses with a
normal karyotype also have a normal microarray analysis
and, thus, remain without a definitive diagnosis.

» This can lead to failures in identifying potential treatments,
and unknown recurrence and prognosis risks



Next Generation Sequencing(NGS) in prenatal diagnosis

» With advances in genomic technology, theoretically, we
could increase the diagnostic yield of testing through the
use of Next Generation Sequencing(NGS).These techniques
allow examination of the genome down to one base pair,
facilitating the diagnosis of monogenic disorders.

» Reported diagnostic rates from commercial and academic
laboratories have found that WES assays have a ~20- 40%
positive diagnostic rate, with higher rates being reported
from trio analysis (i.e. proband and parents) compared to
singleton analysis



Next Generation Sequencing(NGS)

NGS may be performed to analyse fetal tissue/cells obtained by
invasive prenatal testing or in certain specific cases, as a non-
invasive prenatal diagnostic (NIPD) test.

Common techniques include:

1. Clinical or targeted exome sequencing - specific exonic
regions of interest are sequenced and a panel of genes are
tested which are known to be associated with specific
phenotypes

2. Whole Exome Sequencing(WES), that DNA regions containing
the protein-coding exons, which make up 1% to 2% of the
genome, but contain >85% of all disease-causing mutations,
are first selectively captured before sequencing.

3. Whole Genome Sequencing (WGS), where the genome (coding
and non-coding regions) is sequenced without prior selection.



WES or WGS

* Because the introns are typically of little clinical relevance
and the cost of whole-genome sequencing is high and the
interpretation of the results very complex, there has been a
focus instead on whole-exome sequencing, which examines
the coding regions (exons) of the genome. The exons
generally have greater clinical relevance and applicability

to patient care.



Whole Exome Sequencing

« Whole-exome sequencing has been used successfully in
adults and children to diagnose mendelian inherited
disorders and to identify causes of intellectual disability.

 Whole-exome sequencing also is a broad molecular
diagnostic approach to identify the etiology for fetal
abnormalities.



Whole Exome Sequencing

« Whole-exome sequencing potentially may be used to provide
families with a definitive diagnosis, accurate estimates of
recurrence risk, and even the options of preimplantation
genetic testing or early prenatal diagnosis in a future
pregnancy.

* The routine use of whole-genome or whole-exome sequencing
for prenatal diagnosis is not recommended outside of the
context of clinical trials until sufficient peer-reviewed data and
validation studies are published.

 In general, at this time, whole-exome sequencing should be
ordered only after consultation with a clinical genetics
physician.



Situations where WES may be considered prenatally

include:

¢ Fetal multiple anomalies or a single major anomaly suggestive of
a genetic disorder, but karyotype and microarray is negative.

** No microarray result is available, but the fetus exhibits
anomalies strongly suggestive of a single gene disorder .

¢ Previous undiagnosed fetus (or child) from either parent, with
single or multiple anomalies suspicious for a genetic syndrome
that has now recurred in the current pregnancy.



Situations where WES may be considered prenatally

include:

¢ History of recurrent stillbirths with negative karyotype
and/or microarray, where the fetus is exhibiting a similar
pattern of anomalies.

» If samples are unavailable from previously affected
offspring or the current pregnancy, consider offering
parents sequencing to determine if they may be carriers for
an autosomal recessive disorder.



Diagnostic yield of exome sequencing for prenatal

diagnosis of fetal structural anomalies

* Reports from 66 studies, representing 4350 fetuses showe
that prenatal WES provides a diagnosis in an additional
31%  of  structurally abnormal fetuses when
CMA /karyotype is non-diagnostic.

* With refinement of testing criteria including trio analysis, a
focus on multiple anomalies and use of structured variant
curation, the likelihood of a positive finding increases.



IMPLEMENTATION

» The ACMG recommends that WES be considered when specific
genetic tests for a phenotype fail to determine a diagnosis in a
fetus with multiple anomalies suggestive of a genetic disorder.

» The American College of Obstetrics and Gynecology(ACOG)
does not recommend the routine use of WES but recommends
considering whole-exome sequencing when specific genetic
tests available for a phenotype, including targeted sequencing
tests, have failed to determine a diagnosis in a fetus with
multiple congenital anomalies suggestive of a genetic disorder



Points to be consider before WES

Diagnostic sequencing for fetal indications is best done as a
trio analysis, where fetal and both parental samples are
sequenced and analyzed together.

Pre-test education and counseling should be individualized
and offered to both parents if at all possible.

As diagnostic sequencing can reveal genetic information
about the fetus that can impact one or both parents and the
family unit, ideally, both biological parents should provide
consent for fetal sequencing.

If trio sequencing is undertaken, each parent should provide
separate informed consent for the sequencing of his or her
own sample.



Points to be consider before WES

* Pre-test counseling and informed consent must address
the following for each genome analyzed (i.e. the fetus and
each biological parent):

i. The types of results to be conveyed (variants that are
pathogenic, likely pathogenic, of uncertain significance, likely
benign, and benign).

ii. Realistic expectations about the chance that a clinically
significant result will be obtained.

iil. The timeframe (range) when a result can be expected.

iv. The possibility that no result is obtained (e.g. related to
sample quality), or that a result may not be available before
the birth of the fetus in ongoing pregnancies.

v. Inclusion or exclusion of incidental findings (e.g. an
unexpected childhood disorder) in the results disclosure.



Points to be consider before WES

vi. Inclusion or exclusion of secondary findings (e.g. cancer-
susceptibility genes) in the results disclosure.

vii. The handling of discoveries related to adult-onset conditions
on fetal samples.

viii. The possibility of uncovering non-paternity or close parentage

iXx. Result disclosure and post-test counseling will be based on
knowledge that is current at the time of result interpretation and
disclosure. Potential changes over time are likely to occur in our

knowledge of disease genes, pathogenicity of sequence variants
and fetal phenotypes. This should include information on available

strategies for sample and/or data storage, and re-analysis.



Recommendations for quality standards, variant interpretation,

and the return of results

¢ As with all diagnostic testing, this should only be performed in
accredited diagnostic laboratories with relevant experience in
prenatal genomic diagnostic testing and interpretation.

*» Before testing is initiated, clinical information must be
submitted by the referring clinician in a standardized format,
preferentially using human phenotype ontology terms. In
addition, clinicians should provide imaging data to support the
fetal phenotypic findings.

¢ Initial variant annotation and classification are best performed
by the diagnostic laboratory. This is best done using a
multidisciplinary team-based approach that includes clinical
scientists, clinical geneticists with prenatal expertise in order
to take into account all relevant clinical information.



Recommendations for quality standards, variant interpretation,

and the return of results

¢ Considering the complexity of sequencing data, dialog
between laboratories and referring clinicians, with support of
relevant clinical experts for final interpretation or possible
revision of interpretation is highly recommended.

** some laboratories may report variants of uncertain
significance in strong candidate disease genes for the fetal
phenotype. This should be addressed in pre-test counseling,
and in these situations, expert genetic post-test counseling is
highly recommended.



Accredited laboratories for genetic diagnosis

The international standard ISO 15189 "Quality management in
the medical laboratory"” is a document of great importance for the
development of quality systems and accreditation for
medical/clinical laboratories.

In order to provide information on European Ilaboratories
performing tests for genetic diseases, Orphanet have set up a
database of accredited laboratories.
http://www.orpha.net/consor/cgi-

bin/Clinicall.abs Search.php?lng=EN&search=ClinicalL.abs Search

Laboratory

Clinical whole exome sequencing should be performed in
CLIA/CAP/ISO17025 laboratories to achieve the high standards
of clinical-grade sequencing, thereby providing precise diagnosis


http://www.orpha.net/consor/cgi-bin/ClinicalLabs_Search.php?lng=EN&search=ClinicalLabs_Search_Laboratory
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PROCEDURES FOR PREPARING, AND SENDING

SAMPLES FOR NGS
Amniotic fluid 10-20 ml
Chorionic villus Aprox. 2mms3
DNA dissolved in water, Low TE buffer (<0.1mM EDTA) or 200-1000ng
10 mM TRIS
Peripheral blood in EDTA from parents. 1-2 tubes (5-10 ml)

samples should be sent WITHIN 24 HOURS AFTER SAMPLE COLLECTION
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CRITERIA FOR SAMPLE REJECTION

The most common causes of sample rejection are the
following ones:

v' Unidentified Patient (Name/Identification No.)

v' Inappropriate sample for the required study.

v' Unspecified day and time of sample extraction.

v" Unspecified sample origin.

v' Unreadable or incorrectly filled out request.

v’ Samples of fresh tissue received are attached or frozen.
v Samples not sent according to required terms.

v" Broken tubes / containers.

v' Obvious external contamination.

v" Clotted peripheral blood.

v Insufficient volume. If the quantity sent is insufficient for the
total number of samples



Platform Name

Ion Torrent-

PacBio RS 11

The most frequently used NGS platforms

INlumina HiSeq OxFord Nanopore

run/per GB
Reads per run
Average Read

300 millions

280 millions

0.03 millions

2500 Proton 11 Minion

Cost (USD) ** 690 k 224 k 695 k ] K **
Reagent cost Pe

SRR S 4126/45.84 1000/20.41 100/1111.11 900/1000

0.1 millions

2x150b 175 b 14,000 b 9,000 b
length P P P P
Run time 10 h 5h 2h 6 h
Major errors substitution indel indel deletion
Error rate (%) 0.1 | | 4
Amplification bridgePCR emPCR none, SMS none, SMS
Advantsge low 'cost per GB: low cost long rcafis: m? long rcafis: n(?
high output amplification bias amplification bias
homopolymer low throughput; .
Disadvantage high cost PR . T high error rate
erTors high cost

* Sources: http://www.molecularecologist.com/next-gen-fieldguide-2014/ and websites of the companies;
** Sources: http://www.molecularecologist.com/next-gen-table-3a-2014/;

*** Accessing fee. Sources: https://www.nanoporetech.com/products-services/minion-mKi.

Clinical whole exome sequencing should be performed in CLIA/CAP/1SO017025
laboratories to achieve the high standards of clinical-grade sequencing, thereby

providing precise diagnosis.
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Hlumina sequencing platforms

* More than 90% of the world’s sequencing data is generated
using [llumina instruments.

* Each sequencing platform delivers exceptional data quality
and performance, with flexible throughput and simple,
streamlined workflows—for every kind of researcher, for
every scale of study.



For In Vitro Diagnostic Use

2
MiSeqDx"" MextSeq 550D
Output Range » 5Gh 2 90 Gb
Run Time 24 hours < 35 hours
Reads Per Run > 15 million > 300 million
Max Read Length 2150 bp 2 =150 bp
Samples Per Run 8-96 samples/run depending on assay B-86 samples/run depending on assay
Relative Price Per Sample Mid Cost Mid Cost

Instrument Price Low Cost Mid Cost



Rule out of Maternal Cell Contamination(MCC)

e MCC can result from direct samples of amniocytes with
blood admixture, CVS samples not successfully cleaned of
maternal decidua (a more frequent problem with products
of conception), and cell cultures undergoing extensive
subculturing resulting in expansion of maternal cells.

* According to ACMG guidelines all fetal samples must be
tested for the possibility of maternal cell contamination
(MCC).

e Standard variant-calling software that is used to analyze
next-generation sequencing data relies on the expectation
that each allele is represented by half of the reads. MCC
disrupts this assumption, leading to errors in variant
calling.



Workflow for next-generation sequencing (NGS)
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A comprehensive workflow that can be applied for
WES/WGS data analysis is composed of the following

steps:

a. Quality control

e Evaluation of the quality of FASTQ data

e Trimming of the low-quality reads and removal of adaptors
b.Sequence alignment

c. Post-alignment processing

e Marking PCR duplicates

e Base quality score recalibration (BQSR)

d.Variant discovery

e. Downstream analyses

e Filtration of genomic variations

e Annotation via a variant annotation tool

e Interpretation/prioritization of genomic variations



OC is the most important step of NGS analysis.

» Since the adapter sequences are synthetic and are not seen in
any genomic sequence, adapter contamination often leads to
NGS alignment errors and an increased number of unaligned
reads.

» In addition to adapter removal, trimming can be performed to
discard any low-quality reads.



Sequence alignment

¢ In order to find the exact locations of reads, each must be
aligned to a reference genome. Efficiency and accuracy are
crucial in this step

¢ For humans, the most current and widely used reference
sequences are GRCh37 (hg19) and GRCh38 (hg38)

s After aligning, a Sequence Alignment Map (SAM) file is
produced. This file contains the reads aligned to the reference.
The binary version of a SAM file is termed a Binary Alignment
Map (BAM) file.



Post-alignment processing

One of the key steps in any reads-to-variants workflow is post-
alignment data processing to produce analysis-ready BAM files.
This step includes data clean-up operations to correct for
technical biases: marking duplicates and recalibration of base
quality scores.

Short variant discovery

Variant calling is the process of identifying differences between
the sequencing reads, resulting from NGS experiments and a
reference genome. Following the variant calling step, raw SNV
and indels in the Variant Call Format (VCF) are obtained.



Variant annotation

Variant annotation is yet another critical step in the WES/WGS
analysis workflow. The aim of all functional annotation tools is to
annotate information of the variant effects/consequences,
including:

1- listing which gene(s)/transcript(s) are affected

2- determination of the consequence on protein sequence

3- correlation of the variant with known genomic annotations

(e.g.,coding sequence, intronic sequence, noncoding RNA,

regulatory regions, etc.)

4- matching known variants found in variant databases (e.g.,

dbSNP ,1000 Genomes Project ,ExAc ,gnomAD ,COSMIC ,ClinVar,
etc.)



Variant prioritization

While one may perform interpretation of genomic variations
completely manually after annotation and filtering of variants,
there are several tools to aid in interpretation and prioritization

of these variants, including

1-Ingenuity Variant Analysis 6-
2-BaseSpace Variant Interpreter 7- PhenoVar
3- VariantStudio 8- eXtasy

4- 9-

5- InterVar
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Clinical interpretation of genomic variations

¢ The most critical data to arrive at the correct diagnosis

involves phenotypic data from ultrasound, fetal MRI (if
performed), and fetalautopsy

¢ In addition to variant-dependent annotation such as allele
frequency (e.g., in 1000 Genomes ,ExAc ,gnomAD ), the
predicted effect on protein and evolutionary conservation,
disease-dependent inquiries such as mode of inheritance, co-
segregation of variant with disease within families, prior
association of the variant/gene with disease, investigation of
clinical actionability, and pathway-based analysis are
required for the interpretation of genomic variants.



Clinical interpretation of genomic variations

**Databases such as ClinVar, HGV databases ,0MIM ,COSMIC ,and
CIVIiC are excellent resources that can aid interpretations of
clinical significance of germline and somatic variants for reported
conditions.

*sthe American College of Medical Genetics and Genomics
(ACMG), the EuroGentest, and the European Society of Human
Genetics guidelines provide standards and guidelines for the
interpretation of genomic variations and include evidence-based
recommendations on aspects including the use of literature and
database and the use of in silico predictors, criteria for variant
interpretation, and reporting.



Approach to selection of prenatal exome sequencing

candidates and variant interpretation
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U Diagnosis, informed decision-making and genetic
counselling results interpretation in the genomic era
requires a multidisciplinary team approach comprising
clinical scientists, clinical geneticists, genetic counsellors
and specifically for prenatal diagnosis, fetal medicine
specialists expert in prenatal dysmorphology.



PROMISES

» When fetal anomalies are detected, accurate prenatal
diagnosis is valuable to provide information for
reproductive decision making, including pregnancy and
perinatal management options.

» Prenatal genetic diagnosis from a single comprehensive test
can prevent the diagnostic odyssey that frequently occurs
postnatally, potentially reducing the costs of serial testing,
including molecular, imaging and other pathological
investigations, some of which may be invasive, such as
biopsies.



PROMISES

» A prenatal diagnosis may therefore reduce extended
neonatal hospital stays whilst awaiting a diagnosis.

» Diagnosing a lethal genetic condition before birth allows
parents time to make choices about the pregnancy
management, including termination within local legal limits.

» ldentification of a genetic diagnosis also allows counselling
about recurrence risks and can facilitate preparation for
prenatal testing or preimplantation genetic diagnosis in
subsequent pregnancies.



PROMISES

** Treatment

= Prenatal diagnosis can reduce morbidity and mortality by
guiding delivery plans and early treatment for fetuses with
some genetic abnormalities. For example, pyruvate
dehydrogenase deficiency, an inborn error of metabolism,
can present during pregnancy with fetal brain abnormalities
such as ventriculomegaly and brain dysgenesis.

* In this situation, diagnosis following prenatal WES could
guide immediate postnatal treatment with management of
acidosis and early introduction of a ketogenic diet with
thiamine supplementation, resulting in an improved long-
term outcome.



PROMISES

*»* Treatment

= Prenatal WES would offer additional and accurate prognostic
information for selecting those patients for whom the risk-
benefit balance is the most favourable for these invasive fetal
procedures.



PROMISES

** Expanding prenatal phenotypes and improving understanding
of human fetal development

» Prenatal WES studies have been successful in identifying
previously unrecognised prenatal phenotypes associated with
known Mendelian disease genes, and in identifying novel
candidate genes for human developmental disorders.

» Prenatal WES and WGS studies also have the potential to
improve understanding of lethal genetic disorders presenting
with fetal abnormalities, where the full phenotype is often
unknown.



Challenges

¢ Secondary findings
v' Although genome-wide tests may have an improved ability to
detect clinically significant findings compared with specific gene

tests, they also increase the chance of detecting secondary
findings and variants of uncertain significance.

v’ Secondary findings are genetic variants, unrelated to the primary
presentation, which may be reported if they are deemed
medically actionable.

v' For postnatal WES, the ACMG recommends that clinical
laboratories actively seek out and report known and likely
pathogenic variants in 59 genes, which largely predispose to
cancer and cardiac disease and will be found in about 1% of the
population.



Challenges

¢ Pre-test counselling

v' Pre-test counselling for prenatal WES and WGS presents a
challenge given the complexity of information to convey
and the range of findings that may be revealed.



Challenges

¢ Interpretation of variants

» Variants of uncertain significance are those for which
pathogenicity is unclear and when reported to patients,

they can cause significant anxiety and make decision-
making challenging.

» There is currently no fetal variant database equivalent to
postnatal databases like ClinVar or the Human Gene
Mutation Database, and there is no organised process for
prenatal providers to determine the pathogenicity of
genomic variants.



Challenges

*+ Fetal phenotyping
» Despite progress in prenatal ultrasound and magnetic
resonance imaging, difficulties in fetal phenotyping make

prenatal genotype-phenotype correlation more challenging
than postnatal.

» The skill level of practitioners performing ultrasound can
vary greatly and may cause both over- and under- diagnosing
of fetal structural abnormalities.

» Subtle dysmorphic features of many monogenic disorders
cannot be determined using fetal ultrasound



Challenges

“* PRACTICAL PROBLEMS IN WES

» WES is challenged by the incomplete coverage of relevant
genes, which may compromise the interpretation of exome
sequences.

» Some regions of the genome are practically difficult to
capture, for example, because of repetitive sequences and
high GC content.

» Genes within families of highly homologous genes or those
that have a pseudogene are also difficult to sequence.

» WES is not currently able to reliably detect all types of
genetic variation such as copy number changes, low level
mosaicism, aneuploidy, structural chromosome
rearrangements or trinucleotide repeat expansions and
cannot detect variants in non-coding regions



Costs

« The cost effectiveness of prenatal WES has not been
formally evaluated.

* Additional costs generated from WES studies must also be
considered such as:

1. the costs of variant interpretation

2. Identification of secondary findings requires initiation of
confirmatory tests, targeted treatments and follow-up
screening.

3. the cost for more in-depth genetic counselling by trained
genetic counsellors, clinical geneticists and maternal fetal
medicine and other relevant specialists with genetic
expertise



1)

1)

Societal and ethical issues

Ethical issues surrounding prenatal WES have been
reviewed extensively. The identification of genetic findings
before birth denies the child of their autonomy to decide
whether they wish to know this information.

Based on genetic information, parents may choose to
terminate pregnancies for reasons that some find
inappropriate or objectionable or may treat and raise
children differently once they are born. This may present
a significant psychological burden to both parents and
children.



Non-invasive WES/WGS

 Noninvasive diagnosis is important in any medical field, as a
fundamental principle n medicine is primum non nocere, i.e.
first do no harm.

 Accurate genome-wide noninvasive genotyping has been
shown to depend on the fetal fraction and the sequencing
depth; these can both become limitations even with NGS-based
approaches.

* The last decade has witnessed rapid advancements in genome-
wide NIPD of monogenic diseases and experience with other
NIPD applications suggests that such approach will likely
become more commonly used in the coming years, for
translational research, and as a clinical tool for diagnosis



Conclusion

 Many studies concluded that more research was needed in
this area, along with the development of prenatal WES
guidelines that highlight the need for implementation
under the guidance of experienced, multidisciplinary
teams.

[ Overall, from the evidence identified, the use of WES in the
prenatal context is clearly an emerging field that requires
further evaluation. Research is needed to determine for
which clinical indications ES would be most beneficial, and
to highlight in which context ES would lead to a low
diagnostic yield.



