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Abstract

Introduction—The last two decades have witnessed revolutionary changes in clinical
diagnostics, fueled by the Human Genome Project and advances in high throughput, Next
Generation Sequencing (NGS). We review the current state of sequencing-based pediatric
diagnostics, associated challenges, and future prospects.

Areas Covered—\We present an overview of genetic disease in children, review the technical
aspects of Next Generation Sequencing and the strategies to make molecular diagnoses for
children with genetic disease. We discuss the challenges of genomic sequencing including
incomplete current knowledge of variants, lack of data about certain genomic regions, mosaicism,
and the presence of regions with high homology.

Expert Commentary—NGS has been a transformative technology and the gap between the
research and clinical communities has never been so narrow. Therapeutic interventions are
emerging based on genomic findings and the applications of NGS are progressing to prenatal
genetics, epigenomics and transcriptomics.
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1. Introduction

1.1 Pediatric Genetic Disease

As our understanding of the human genome has grown in the Post Human Genome Project
era (since 2001), so has our understanding of the contribution of genetics to human disease.
Genetic disorders are due to changes in an individual’s DNA either as a result of the
inheritance of a genetic variant from a parent, or the result of a new genomic alteration.
Genetic disease can affect any organ system, and problems can be developmental or emerge
later in childhood or adulthood, or can cause cancer occurring in any organ system. They can
be caused by chromosome-level abnormalities (e.g. extra, missing, deleted, duplicated,
translocated, inverted, chromosomes) or sequence-based changes (e.g. nucleotide deletions,
duplications, substitutions), and follow several different patterns of inheritance. Some
genetic disorders have simple patterns of inheritance following the laws originally described
by Gregor Mendel and are termed Mendelian disorders, or they exhibit one of the several
non-Mendelian forms of inheritance (e.g. mitochondrial or imprinting disorders) but in other
cases it is not a single gene responsible for the patients phenotype but rather several genes
(polygenic inheritance) or a genetic susceptibility coupled with an environmental factor
(multifactorial). A number of studies have been conducted to estimate the impact of genetics
in pediatric illness [1-5] and the percentage of patients whose disease etiology is genetic has
been found to depend on the clinical setting (regional hospital or tertiary center with an
active intensive care unit), ranging from a low of 5% of pediatric illness (in a General
hospital, [3]) to 70% of children admitted to an acute neonatal intensive care unit [2]. While
genetic and developmental disorders are individually rare, collectively they are the leading
cause of infant mortality and childhood disability.

Genetic disorders may present at birth (or in the prenatal period) in an infant or fetus with
congenital anomalies, in the neonatal period with disease affecting any organ system, or
during childhood with recognition of an emerging phenotype such as developmental delays,
seizures or growth disorders. These disorders often have a profound impact on the affected
children, their families, health care systems and society with an estimated 50-80% of
resources used to manage disease in pediatric in-patient hospitals allocated to patients with a
recognized genetic condition [4; 6-8]. The ability to provide optimal clinical management is
dependent on identification of the underlying genetic cause of disease and the strategy for
selection of a genomic diagnostic test is highly dependent on the patient’s presenting clinical
phenotype and the differential diagnosis. [9].

1.2 Historical perspective of sequencing based diagnostics

Genetic diagnostics began in 1959 when Down Syndrome was shown to be caused by an
abnormal number of chromosomes. The role of genetic changes in cancer was identified
soon after with the finding of the Philadelphia chromosome in chronic myelogeneous
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leukemia [10]. DNA-based diagnostics began almost 2 decades later, following the
discoveries of tools for DNA analysis such as restriction enzymes [11], hybridization-based
analysis [12] and the Southern blot [13]. The first DNA sequence-based diagnosis was
reported in 1978, with the prenatal diagnosis of sickle cell disease, using restriction enzyme
digestion and Southern blotting [14]. In 1977, the now classic technique of DNA sequencing
using chain terminating nucleotides was published by Fred Sanger and colleagues [15].
Early barriers to effective sequencing for medical diagnostics included the difficulties
inherent in obtaining the gene of interest (which often required cloning), and the relatively
few human disease genes known in the mid 1980’s. This changed dramatically with the
introduction of the polymerase chain reaction (PCR) in 1986 [17] and soon after that in
1991, the Human Genome Project was launched, resulting in an explosion of tools for
human gene identification. Today, there are over 4600 known human disease genes
(OMIM.org statistics), most of which were identified since 1991, resulting from a number of
strategies derived from the Human Genome Project, including positional cloning, linkage
analysis, and genome-wide association studies.

Genomic diagnostics today is based on a combination of tests that look for DNA
abnormalities that cause human disease. Cytogenetics based testing (chromosome analysis,
fluorescence in situ hybridization (FISH) and chromosomal microarray analysis (CMA)),
searches for abnormalities of the amount of DNA, be it whole chromosome or smaller
deletions or duplications, as well as structural variation such as translocations or inversions.
High-resolution copy number analysis using chromosomal microarray platforms is now
standard of care in the diagnostic work-up of children with congenital anomalies and
neurologic findings, but does not find all mutation types as it is unable to identify sequence
variants and sub exon-level copy number alterations. Full gene Sanger sequencing has been
the gold standard for sequencing but it is expensive, labor intensive and time consuming.
The recent application of next generation sequencing (NGS) based technology to diagnostics
has revolutionized our ability to achieve diagnoses in children with a broad array of clinical
presentations, many of whom would have previously represented unsolvable cases. With
reasonable sequencing costs, and improved informatics approaches to analysis, exome and
genome sequencing has become a reality in the clinic and will likely progress towards a
nearly routine tool for the care of pediatric illness.

2. Next Generation Sequencing

In 2005, several papers were published that presented alternative strategies to Sanger
sequencing, allowing much faster sequencing of the entire human genome; these
technologies have collectively been termed Next Generation Sequencing (NGS). NGS was
quickly recognized as being able to overcome the limitations of Sanger sequencing and has
demonstrated rapid uptake since its introduction [19; 20]. The power of next generation
sequencing (NGS) lies in its unprecedented cost—effective scalability, ultimately leading to
democratization of large scale sequencing, (including whole genome sequencing) to
individual investigators and diagnosticians beyond well-resourced institutions. NGS is
sometimes referred to as Massively Parallel Sequencing, and involves physical separation
and immobilization of millions or billions of DNA molecules, and simultaneous generation
of sequence reads for each one of those molecules. As such, NGS is quantitative in nature:
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while each read represents one DNA fragment, read or allele fraction can be used to infer
zygosity and/or level of mosaicism in samples known to have mixed population of cells such
as tumor samples [21; 22]. The number of reads at any given nucleotide refers to “coverage”
at that position and heterozygous and homozygous germline variants are theoretically
represented by 50% and 100% of the aligned reads, respectively (Figure 1). Using NGS
technology, a human whole genome sequence can be generated within a week, for a cost of a
few thousand dollars on a relatively small machine that can be operated by one trained
technologist. This is in contrast to Sanger sequencing whereby a similar task involved
multiple machines, and several hundred million dollars over several years.

For detailed technical information about NGS and its applications, we refer the readers to
excellent recently published reviews [21-27]. Here, we provide a brief overview of the
technology before we discuss its clinical implementation, successes and challenges.

At its core, NGS includes four major steps: library preparation, sequencing, data processing,
and interpretation. In the first step, a pool of fragmented input DNA or RNA (most
commonly 200-400bp) is generated and ligated to oligonucleotide adaptors specific to each
sequencing platform. Adaptors are needed for subsequent binding to the sequencer flow cell
or beads, and also contain sequencing primer binding sites and can include molecular
“barcodes” to allow sample pooling or multiplexing [26]. To limit sequencing to specific
regions of interest in the genome (as would be the case for targeted gene panels and exome
sequencing), target enrichment can be performed using several approaches such as multiplex
PCR, molecular inversion probes, or solid- or liquid-phase hybridization capture [29]. For
large targeted sequencing content, such as the exome, liquid-phase hybridization capture has
been predominantly used for clinical applications [30]. PCR-based enrichment has also been
used clinically especially when the desired gene content is limited, such as single large
genes [31], small gene panels or targeted genotyping across many genes such as in cancer
hotspot panels [32]. Once an adaptor-ligated library is prepared, it can now be “clonally”
amplified, using adaptor specific primers, before proceeding to sequencing.

In the second step, millions or billions of clonally amplified fragments are physically
separated and sequenced in parallel using one of several available chemistries including
most commonly sequencing by synthesis (I1lumina), sequencing by ligation (SOLiD),
pyrosequencing (Roche 454) or semiconductor sequencing (ion Torrent) [31; 33]. These
technologies vary by run time, data output, read lengths, and error rates.

The third step involves converting raw signal data (images, light intensity, or PH values) into
actual base calls with acceptable quality followed by read alignment to a reference genome
and subsequent variant calling and annotation. Several pipelines are currently available each
with their own advantages and limitations. Given the amount of data and type of analysis
(exome or genome versus targeted panels, inherited versus somatic, etc.), this step requires
high computing power and sophisticated bioinformatics support [26].

In the last step, annotated variants go through a filtration strategy including, most
commonly, variant allele frequency cutoffs (see below) to remove variants unlikely to
associate with the patient’s phenotype based on known disease prevalence, age of onset,
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penetrance, and mode of inheritance. This is a critical step in the process especially for
whole exome and whole genome sequencing where hundreds of thousands of variants are
generated. Other filters might be used to include variants of certain type (loss of function, for
example) or those that have been previously reported in the literature or in disease databases.
If parental samples are included, so-called trio analysis, filtration can be used to identify
variants that fit a suspected inheritance model (de novo dominant, or compound
heterozygous or homozygous recessive). The choice of filtration strategy might vary for each
case and, therefore, requires skilled individuals with expertise in genetics and the technical
aspects of NGS testing. An example of the number of variants obtained following
sequencing and then after each filtration step is demonstrated in Figure 2.

Despite the widespread application of NGS in several research areas including genomics,
transcriptomics, metagenomics and epigenomics (26,27), clinically it has mostly been used
for the diagnosis of inherited or acquired (e.g. cancer) genetic disease. Several
considerations regarding the distinction between research and clinical NGS testing are
beyond the scope of this review though it is important to mention that given its complexity
and the significant impact it might have on patient’s management and care, a clinical NGS
test has to be first adequately optimized and then carefully validated end-to-end, wet bench
to bioinformatics pipeline, to determine key performance specifications such as
reproducibility, accuracy, sensitivity and specificity [34]. In addition, as discussed below,
clinically significant regions with low coverage — determined during test optimization and
validation — are usually filled in using Sanger sequencing to ensure the highest possible
clinical sensitivity.

3. Testing Strategies

Traditional Sanger-based diagnostic testing is based on analysis of a single gene at a time,
starting with the gene most commonly associated with the patient’s presenting features and
progressing to other possible genes if the first gene test was negative. This approach is often
expensive, with long turnaround times and lack of scalability. The massively parallel nature
of NGS has enabled the simultaneous analysis of many — or even all genes, eliminating the
sequential candidate gene approach to testing and dramatically improving diagnostic yield
and reducing the time to diagnosis for many patients. Currently, sequencing based diagnostic
tests can be performed by 1) traditional Sanger-based sequencing of single genes; 2)
Analysis of small groups of genes (up to 50 gene panels) that can be captured and analyzed
simultaneously by NGS based on the clinical diagnosis (Noonan syndrome, microcephaly,
ataxia, cancer predisposition genes, solid tumor causing genes etc.); 3) exome slice panels (>
50 genes where the entire exome is captured but a specific subset of genes are analyzed 4)
exome sequencing, where the entire collection of exons is captured and analyzed and 5)
whole genome sequencing, where the entire genome is sequenced (not just the coding
regions), and structural variation may also be analyzed. Targeted panels (large or small) are
most useful when there is strong clinical suspicion of the diagnosis, with a well-known list
of candidate genes. If disease heterogeneity is high, larger exome slice panels may be
quicker and more cost effective (hearing loss, epilepsy, mitochondrial disease)..
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Optimal testing strategies are primarily dictated by the complexity of a patient’s clinical
presentation and anticipated diagnostic yield of targeted diagnostic tests for that condition.
For clinically recognizable disorders with limited locus heterogeneity or where other
laboratory tests strongly suggest a single genetic etiology, such as familial adenomatous
polyposis or medium-chain acyl-CoA dehydrogenase deficiency, Sanger-based single gene
sequencing remains the method of choice. However, it is currently more cost effective to
sequence large single genes by NGS, a trend that will extend into smaller genes as NGS
costs continue to decline and we anticipate a continued shift towards NGS for most single
gene testing. For disorders that have a relatively static, defined set of genes with a high
diagnostic yield, such as Noonan syndrome for which an 8-gene panel has a diagnostic yield
of approximately 80% [35], targeted gene panels are ideal. These panels are designed to
yield full, deep coverage of the coding region of all targeted genes, offering very high
sensitivity for sequence variants and improved detection of somatic mosaicism. Panels of
genes are also being used to great effectiveness to sequence liquid or solid tumors to look for
genetic changes associated with specific treatments or outcomes [36]. The clinical sensitivity
of this approach is limited by the gene content in the panel and requires periodic updates as
new gene-disease associations emerge, but still offers an advantage of cost and reduced
turnaround time compared to methods detailed below.

The second diagnostic approach is the analysis of a restricted set of genes following exome
sequencing, most appropriate for disorders with high locus heterogeneity and rapidly
evolving genetic associations. These “virtual® or “/n silico’ panels offer the advantage of
rapid content updates and reflex analysis of whole exome data for negative cases. While this
strategy is attractive for the clinical laboratory workflow — a single laboratory assay that
requires a single wet bench validation for several clinical tests —there are caveats to this
approach. Most notably, sequencing coverage of the captured exome is not as high as for
targeted panel based tests, and incomplete coverage of many clinically relevant genes within
the exome panel can potentially result in a high burden of Sanger based fill in of sequencing

gaps.

Clinical exome sequencing (CES) has become the standard sequencing based test for
children with novel clinical presentations, suspected diagnoses for which there is no
clinically available diagnostic test, those who have exhausted all other appropriate clinical
genetic testing, or a clinical presentation with poorly understood genetic etiologies.
However, some clinically defined disease groups with extreme locus heterogeneity, such as
mitochondrial disorders or nonsyndromic intellectual disability, may also be best suited for
CES instead of a gene panel approach. It is important to be aware that CES is likely to
uncover findings unrelated to patient’s indication — so-called incidental findings including
variants in medically actionable genes — autosomal recessive carrier status, and
pharmacogenetic variants. Furthermore, given the expanded set of genes to be analyzed with
this type of testing the number of variants of uncertain clinical significance (VUS) is
expected to be much higher relative to targeted testing. In 250 clinical exomes, an
indication-focused report included 0-2 deleterious variants and 4-9 VUSs, while an
expanded report included an additional 1-3 deleterious variants and 17-41 VUSs in genes
unrelated to patient’s phenotype. Furthermore, 17-25 truncating variants were identified in
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genes with no known disease association (39). In 2000 clinical exomes, the rate of medically
actionable incidental findings was 3—-4.6% (40).

While sequencing of the full genome (whole genome sequencing or GS) is clinically
available, it is still more costly than CES, tools for simultaneous analysis of copy humber
variation from WGS are not yet mature and CGS has not yet become a primary diagnostic
test. As the cost differential between CES and CGS diminishes and studies quantify the
differential diagnostic yield of these approaches, a shift towards CGS in the future is
anticipated.

4. Diagnostic Utility

Molecular diagnosis of rare inherited disorders can be challenging due to genetic
heterogeneity, atypical presentations (variable expressivity and reduced penetrance), poorly
delineated clinical features, and the presence of ultra-rare disorders in the differential
diagnosis. Accordingly, around half of the individuals with a genetic disorder never receive
an accurate diagnosis, while for those who do it is often significantly delayed [37]. The
ability to simultaneously test all known genes associated with a particular disorder through
gene panels results in significantly higher rates of molecular diagnoses than the traditional
Sanger based approach [38]. Clinical diagnostic laboratories have reported a diagnostic yield
of 25-40% for clinical exome sequencing in patients that have generally explored traditional
avenues of diagnostic testing [39-43].

Diagnostic utility varies with the clinical indication for testing with some phenotypes
exhibiting higher diagnostic yields (retinal disorders, specific neurological findings and
multiple congenital anomalies, while autism spectrum disorder and disorders of the immune
system may have lower yield [41; 43](Table 1).. There are numerous anecdotal reports of
CES and CGS results that revealed a diagnosis and subsequent therapeutic intervention [44],
however, larger-scale reports of the impact of CES on the care of patients with rare diseases
are only beginning to emerge. Across a series of 105 families with positive CES results,
Sawyer reported 6 that had dramatically altered medical management as the result of a
positive finding [45]. A study of CGS in 35 acutely ill neonates reported 65% of molecular
diagnoses were useful for acute clinical management with clinical outcome improving in
11% of these individuals [46]. In a study of 41 probands with intellectual disability and
metabolic disorders, diagnoses were made in 68% by exome sequencing, with the possibility
of medical intervention based on the underlying medical defect [47]. Other striking
examples of how NGS diagnoses have impacted management include a report of a 15
month-old boy with intractable inflammatory bowel disease who was found to have a
potentially causative missense variant in a gene not previously associated with this
condition, the X-linked inhibitor of apoptosis (X/AP) gene by ES. This finding led to
successful allogenic hematopoietic progenitor cell transplant, a recommended treatment for
XIAP deficiency, and he recovered from the gastrointestinal disease [44]. A19 month old
with a progressive neurodegenerative condition identified biallelic loss of function variants
in SLC52A2, a cellular riboflavin transporter associated with Brown-Vialetto-Van Laere
syndrome 2 (http://molecularcasestudies.cshlp.org/content/1/1/a000257.full). High dose
riboflavin has previously been shown to normalize biochemical abnormalities and to
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stabilize or improve clinical outcomes in affected individuals [48]. Indeed, riboflavin
treatment resulted in both short-term response and continued improvements of all disease
manifestations of this usually fatal condition after 8 month follow up (http://
molecularcasestudies.cshlp.org/content/1/1/a000265.full. pdf).

Clinical utility of genomic testing is very high in cancer diagnostics, where identification of
key molecular players in well-defined signaling pathways provides personalized prognostic
and therapeutic avenues to cancer patients. The prime examples are a group of kinase
inhibitors used in the treatment of lung, skin, gastrointestinal tumors, and leukemias [49—
52]. Lung cancer patients with activating mutations in the epidermal growth factor (EGFR)
show significant and durable responses to the tyrosine kinase inhibitor erlotinib [51].
Furthermore, continuous molecular monitoring in those patients enables identification of
new tumor-specific drug resistance mutations and, therefore, altered management [52].
Imatinib (also known as Gleevec) have also shown significant impact on patients with
chronic myeloid leukemia (CML) due to its ability to inhibit the Bcr-Abl tyrosine kinase, a
fusion protein formed as result of the reciprocal translocation between chromosomes 9 and
22 —also known as the Philadelphia chromosome [10]. Identification of somatic and/or
germline causative mutations in the RBI gene can have significant impact on treatment,
management, surveillance and recurrence risk of retinoblastoma, the most common ocular
malignancy in childhood [53]. In addition, the identification of activating mutations in the
ALK tyrosine kinase in children with neuroblastoma provided an avenue for potential
targeted therapy in those patients [54]. More recently, using either exome sequencing [55] or
targeted cancer panels [56], two pilot studies identified actionable mutations in 27-31% of
children with several cancer diagnoses (n=100-150). Whole genome sequencing has also
started to delineate the genetic landscapes across several pediatric cancer subtypes, and to
identify rare structural alterations undetectable by targeted panels or whole exome
sequencing [57] More interestingly, epigenetic analyses alongside whole genome
sequencing of retinoblastoma showed that upregulation of the proto-oncogene SYK'is
required for tumor survivor, while its inhibition leads to retinoblastoma tumor cell death [58]
Additional studies have started to uncover the complex interplay between genomic
alterations and the cancer epigenomic landscape, opening new avenues for targeted therapy
[59]. Integration of genomic, transcriptomic, and epigenomic data will certainly
revolutionize the field of precision medicine, and unravel novel biological pathways with
new insights into targeted therapy.

Widespread adoption of clinical CES has also revealed previously unappreciated
phenomena, such as multiple molecular diagnoses in 3-4.6% of individuals with positive
exome results [42; 43]. These individuals represent very complex clinical pictures that likely
would never have been solved in the absence of CES/CGS evaluation. As cost benefit
analyses emerge, it has been suggested that CES may be optimally employed as a first tier
diagnostic test, where a recent study described a diagnostic rate of 57.5% across 80 clinical
cases in a cohort of infants with a suspected genetic diagnosis [60].; an application that
would likely reduce diagnosis time and facilitate optimal medical management for numerous
individuals. Due to the success of universal newborn screening, necessity for a rapid
diagnosis, and nonspecific early presentation of many life threatening neonatal disorders, it
has been proposed that genomic testing in acutely ill neonates is a high yield application
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[61]. Indeed, methods to return results within 1-3 days have been developed [62] with a
diagnostic yield of 47% [46].

Reflective of the rapidly evolving field of clinical genomics, CES has identified potential
novel disease causing genes in 7.5-24% of cases, with one cohort reporting subsequent
validation of a candidate gene in 8.3% of cases [39; 43; 60]. In this way, clinical genomic
testing has utility as both a clinical diagnostic test and tool for genomic research.

The emerging application of NGS to fetal genomic sequencing promises to have a
significant impact on newborn screening and early detection of pediatric-onset disorders.
The ability to study placental cell-free nucleic acids circulating in maternal blood has
revolutionized prenatal diagnosis by substituting a maternal blood draw for the invasive
amniocentesis or chorionic villous sampling procedulres. Maternal serum can be screened
for trisomies 13, 18, and 21 in the fetus. Although NGS is used, the data analysis is quite
different than for standard sequencing, as the goal is analysis of chromosomal copy number,
rather than sequence variation. Sequenced fragments are aligned back to the relevant
chromosomes (e.g. 21), counted and then compared to the counts of fragments aligning to a
reference chromosome. This is then used to infer chromosomal copy number states [63; 64].
Finally, fetal whole genome sequencing has been performed in research settings, though
aided with highly sophisticated bioinformatics algorithms that are still not mature enough to
be applied clinically [65; 66].

5. Technical challenges

The introduction of NGS to clinical genomics has been met with great successes;
significantly improving the diagnostic yields in several clinical scenarios, most notably in
pediatric constitutional and somatic disorders (Table 1), and is also steadily progressing to
prenatal diagnostic applications [67; 68]. Despite all the success, NGS has limitations
including both technical and interpretive challenges.

5.1 Variant Type

Although it can accurately detect single nucleotide variants (SNVs) and small insertions and
deletions (indels) of up to 25 — 50bp depending on read length and the alignment and variant
calling pipeline, NGS is still not as reliable in detecting small, exon-level copy number
variants (CNVs). Such variants can significantly contribute to the overall test’s clinical
sensitivity especially for genes associated with a loss of function disease mechanism. For
instance, CNVs were shown to account for ~20% of all positive cases diagnosed using a
targeted hearing loss gene panel [69]. Although coverage data from NGS have been used to
infer copy number variation, such an approach has not yet reached the necessary
performance metrics for a clinical-grade assay[70]. Copy number calling using whole
genome sequencing is much more reliable due to homogeneous coverage (see below) and
the likelihood of detecting CNV breakpoints in intergenic regions. However, WGS cost
remains a major obstacle. Until more reliable and cost-effective NGS-based CNV tools
become available, a secondary method will be needed to complement NGS panels with
robust copy number detection especially for several diseases such as hearing loss and
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Charcot-Marie-Tooth Type 1 (CMT1) where, for example, PMP22 duplication represent 70—
80% of such cases [71].

In addition to copy number variants, “traditional” targeted NGS strategies are blind to novel
structural variants such as inversions, as those seen in hemophilia A for example [72], and
balanced translocations such as BCR-ABL seen in chronic myeloid leukemia. Only in the
rare scenario where the breakpoint of a structural event happens to be within a read or within
an insert (where the insert size is larger than the read length) can such events be detected
through identification of “split reads” or mapping of paired end reads to unexpected loci,
respectively. Nonetheless, clever library preparations alongside bioinformatics solutions
have been shown to reliably detect such aberrations, including, most recently, robust
detection of gene fusions — without prior knowledge of fusion partners followed by
sequencing [26; 68; 73; 74]. This is an area that is rapidly evolving and it is expected that
several robust approaches will be at hand soon. Aside from the cost limitation, WGS might
be a better strategy since the breakpoints of such events are likely to be intronic.

Finally, coding and non-coding repeat expansions, known to cause a large number of
neurodegenerative and intellectual disorders, such as fragile X and dementias, cannot be
reliably detected using NGS and, therefore, other PCR-based assays are currently needed to
capture this type of variation [75]. With the ongoing sequencing and bioinformatics
improvements — such as increased read length — however, this and other variant types
described above are expected to be routinely detected using this technology.

5.2 Regulatory and extra-nuclear DNA

Unlike whole genome sequencing, most gene panels and the exome test target coding
regions and ~20bp surrounding exon/intron boundaries. As such, deep intronic and
noncoding regulatory regions — potentially affecting gene expression — will not be captured
by this approach unless baits targeting those regions were included at the enrichment step.
Currently, interpreting variants in such regions is difficult and, therefore, only variants with
well-established clinical validity and/or utility in those regions should be considered for
capture. In addition to noncoding regions, the mitochondrial genome (~16Kb) is normally
not present in the exome capture unless it is separately isolated — most commonly by long
range PCR (LR-PCR) — and then “spiked” into the exome. Although it can be sequenced
through WGS, a separate pipeline specific for mitochondrial sequence alignment and variant
calling should be employed.

5.3 Regions of homology

Highly homologous regions including pseudogenes pose a major challenge for short read
NGS. This is mainly due to the inability to obtain unique alignments; homologous reads
erroneously align to more than one region leading to false positive and/or false negative
calls. Using long reads can be useful only if the read is longer than the homology or repeat
region. Similarly, using paired end sequencing might be helpful since unique alignment of
one read can help direct unique alignment of the second read. Nonetheless, a significant
number of homologous regions are large enough (> 0.5 Kb) such that sequence read lengths
currently obtained by NGS cannot reliably detect them. Molecular laboratories are thus
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required to develop ancillary assays using a different technology to reliably detect variants in
regions of homology. There are several examples of such complementary assays in the
literature including PMS2[76], a known cause of Lynch syndrome, and STRC[77]
associated with hearing loss. Both have pseudogenes with sequence identity > 98%, but
contribute significantly to the test detection rate which, in the case of STRC, can be
increased by ~10%; recently appreciated after designing a test that can resolve variants in
STRC from its pseudogene [77].

Although LR-PCR was used in the cases of PMS2and STRC, this approach is not scalable
to the roughly over 100 pseudogenes with high homology to genes in the “medical” exome —
the portion of the exome currently associated with clinical disorders. Innovative high
throughput approaches are needed to tackle all homologous regions, the “PseudoGenome”,
and to enhance diagnostic yield using NGS technology. Meanwhile, laboratories should
investigate if genes on their targeted panels have any homology issues and/or if repeat
expansions are a common cause of disease such as in neurodegenerative disorders.

Coverage gaps—Target enrichment usually includes a PCR step, often leading to unequal
amplification across targeted regions, especially in “GC-rich” areas or in other complex,
hard to amplify genomic structures. This is known to explain the coverage fluctuations or
“gaps” seen in targeted gene panels and, more significantly, in the exome due to its larger
gene content and overall lower coverage [34; 78]. Again, to attain the highest clinical
sensitivity for panel based testing, such “gaps” should be filled in using a different
technology. This is currently done by Sanger sequencing, which is somewhat effective for
limited gene panels, but certainly not scalable to the exome. Whole genome sequencing, on
the other hand, does not include a target enrichment step and thus generates a more uniform
coverage across sequenced regions including the exome, a property that makes WGS more
reliable for NGS-based CNV calling (see above).

5.4 Low-level mosaicism

Detecting variants present at very low levels — lower than what would be expected for
heterozygous (50%) or homozygous (100%) variants — is essential for the detection of
mosaic mutations causing disease including somatic variants in mixed populations of tumor
and normal cells, and low level heteroplasmic mitochondrial variants. In both scenarios,
relaxed allelic fraction ratios should be employed by the variant calling pipeline though
careful validation is needed to establish the limit of detection, and to eliminate potential
false positives that can be abundant at low allele fractions. For germline variants, most
bioinformatics pipelines use cutoffs that assume either heterozygous (20-60%) or
homozygous (>80%) variant calls. Interestingly, several new studies have challenged this
assumption and presented examples where inherited disorders can be caused by tissue-
specific, low level mosaic variants [79-81] that can be easily missed if DNA from blood was
sequenced and/or if the variant was present at an allele fraction below the preset variant
caller cutoff.

In summary, given all of the above limitations, it is likely that the reported exome detection
rate (25-30%) is an underestimate of what would be expected if the NGS technology
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improves to reliably detect exon-level CNVs, structural variants, repeat expansions, and
variants present at low level mosaicism or found with homology regions.

6. Interpretation challenges

By virtue of enabling simultaneous analysis of a large number of genes in one assay, next
generation sequencing generates a large amount of data, necessitating the establishment of
bioinformatics infrastructure in molecular genetics laboratories in order to extract
meaningful information from such data. Even following bioinformatics filtration, there
remain a large number of variants each requiring manual curation by a genomic analyst to
determine their clinical significance in the context of the patient’s clinical findings. This is a
time-consuming process in which information about each variant is gathered from
commercial and publically available databases and the scientific literature, and synthesized
to determine its clinical significance, ranging from benign to pathogenic [82]. Relevant
variant evidence typically includes its allele frequency in the general population,
evolutionary conservation, presence or absence in affected individuals and functional effect
on the encoded protein. In the absence of functional or segregation data to support
classification for each variant, a significant proportion are classified as variants of uncertain
clinical significance (VUS). As such, variant interpretation is recognized to be the major
bottleneck facing the widespread adoption of genomic sequencing, and is further
exacerbated by the fact that most clinically significant variants are private, i.e. unique to
each family [83].

As more data has accumulated since the implementation of NGS, it has become clear that
key elements are needed in the genetics community to facilitate variant interpretation and to
maximize the benefit of genomic sequencing. We emphasize that our discussion is centered
on coding and splice site (10-20bp of the exon/intron boundaries) variants associated with
monogenic, highly penetrant Mendelian disorders where rare variants conferring significant
effects are expected. We will not address common variants with modest effects associated
with complex genetic disorders, which — for the major part — remain immature, at least, from
a molecular diagnostic perspective. We do not discuss the interpretation of regulatory and/or
deep intronic variants that are extremely challenging to assess mainly due to our limited
knowledge about their functional impact. Strictly speaking, we only focus on sequence
variants identified in the 1-2% coding regions of the genome (so-called exome) claimed to
house ~87% of the variants leading to genetic disorders.

6.1 Population databases

7o assess the impact of variants in affected individuals, normal variation in the general
population has to be catalogued to the best extent possible. The primary assumption is that a
pathogenic variant is more likely to be absent or very rare — depending on several factors
such as disease prevalence, mode of inheritance, penetrance and age of onset — in controls,
defined as a group of individuals not selectively enriched for the phenotype at hand. On the
other hand variants that are common in the general population are expected to be benign,
and can thus be excluded from further analysis. Not long ago, clinical and research
laboratories used in-house “control” datasets compromising a few hundred individuals
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sequenced for the genes of interest. Such control sets fail to capture all possible human
variation within and across different ethnicities, and cannot be reliably used to estimate the
true allele frequencies of the variants. However, two large scale, publicly accessible
sequencing datasets have greatly improved our knowledge of allele frequencies. These are
the 1000 Genomes project and the Exome Sequencing Project, which started accumulating
data since 2010 [84; 85], although there are still limitations of overall numbers and/or ethnic
representation. More recently, the ambitious Exome Aggregation Consortium (ExXAC) data
was made publicly accessible (http://exac.broadinstitute.org/). In this study, uniformly called
exome sequencing data from ~60,000 individuals was obtained, with the individuals
representing a wide spectrum of ethnic backgrounds.

Such large “population” variation datasets are now an integral component of the
bioinformatics filtration strategy. Bioinformatics filters are set to exclude common, benign
variants, ones with allele frequencies in the general population exceeding what would be
expected given disease prevalence, mode of inheritance, penetrance, age of onset, besides
other disease specific information. For example, hypertrophic cardiomyopathy (HCM) is a
genetically heterogeneous, autosomal dominant disorder with an estimated prevalence of
1/500, but with reduced penetrance. Assuming one variant is the cause of all HCM cases, its
allele frequency should not exceed 0.1% (1/1000 chromosomes) if the disease is 100%
penetrant. However, assuming 50% penetrance, this allele frequency can be 0.2% and a safe
filter of 0.3% can be employed to account for other variables such as disease age of onset. In
addition to variant filtration, these control datasets have also been utilized to support clinical
variant interpretation in many interesting ways including the quantification of genic and
intragenic tolerance to variation, and better understanding the impact of loss of functions
variants [86; 87] [88].

However, cautionary notes should be made with regard to variant interpretation. The
presence or absence of a variant from the general population should be carefully interpreted.
Although high allele frequency variants can be assumed to be benign in the context of
Mendelian disorders, rare variants cannot be considered pathogenic. This is especially
important in light of the finding that >50% of the variants identified in the EXAC cohort
(>3.5 million variants) were seen only once [88], implying that saturation of variant
detection is not yet reached with this sample size, and that sequencing more individuals is
likely to reveal additional variation.

Finally, despite its comprehensiveness, the EXAC database still does not include sequence
variation from certain groups such as the Ashkenazi Jewish and Middle Eastern populations,
in which genetic disorders represent a significant public health concern. Thus, it is more
challenging to interpret variants from patients in either group. Nonetheless, there is no doubt
that sequencing datasets from these groups and others will soon be available.

6.2 Clinical variant databases

A significant proportion of variants survive the filtration step; most lack functional and/or
segregation data to support their classification, and are thus classified as VUSs. Notably,
despite the fact that most clinically significant variants and VVUSs are extremely rare or even
unique to most probands [83], information about these variants remain inaccessible, mostly
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residing in local databases within each diagnostic or research laboratory. Data sharing is
essential. As more clinical laboratories move from targeted disease panels to whole exome
sequencing, every laboratory will be faced with the challenge of interpreting variants in
genes and diseases where they do not possess an expertise or internal proprietary knowledge
base.

Recognizing the importance of variant sharing, the National Institute of Health (NIH) has
recently funded the Clinical Genome Resource (ClinGen) Program with the goal of
establishing and maintaining a publically accessible clinical grade genomic knowledge base
— ClinVar — to promote variant data sharing between clinical laboratories, researchers, and
clinicians. To date, contributing laboratories have submitted over 100,000 variants with
information about each variant’s classification and the supporting evidence [83]. Despite its
usefulness, ClinVar is still a work in progress. Significant discrepancies exist between
submitters regarding variant classification; this is to be expected in the absence of universal
guidelines, at least, until very recently [89].

6.3 Guidelines

To establish variant pathogenicity for a given disease, first the affected gene has to be
associated with disease (gene-disease correlation), then the variant must affect protein
function in a way that fits what is known about the disease mechanism for that gene (gain or
loss of function, for example). Finally, the patient’s phenotype should, for the most part, fit
the expectation at least for severe, early onset Mendelian disorders. Uncertainty at the
variant, gene, and less so at the phenotype levels can lead to a VUS call. In the absence of
the appropriate standards, wrong assertions about variant and gene causality have been made
in the literature and current databases [90; 91]. This is a serious hindrance to effective data
sharing. In fact, the second major goal of the ClinGen program is the establishment and
dissemination of standards and guidelines for variant interpretation and gene-disease
association. While several initiatives and recent guidelines have started to address the
challenge, it will be a while before full harmonization is achieved amongst laboratories [92].

6.4 Clinical and research networks

Most genetic disorders are extremely rare, making it hard for researchers and clinicians to
identify additional unrelated cases to establish causality of novel genes. It is equally
challenging to perform functional studies on every identified novel variant or gene. A
potentially useful solution is the establishment of internet networks allowing diagnostics
laboratories, researchers, and clinicians to deposit phenotypic and/or gene information so
that matches can be identified and shared amongst contributors. In fact, several such
networks have recently been launched, and have already led to successful establishment of a
plethora of gene-disease relationships [93-95].

We emphasize that current efforts, at least within the clinical genetics community, are mostly
geared towards rare Mendelian disorders. Complex or multifactorial disorders such as most
types of diabetes, obesity and blood pressure, where rare and common variants in multiple
genes combined with environmental and lifestyle factors contribute to disease and its
progression, are still not appropriate for clinical molecular diagnostics. Different statistical
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and variant filtration approaches, interpretation guidelines, and infrastructure — including
rich longitudinal phenotype-genotype databases — are needed before sequencing-based
approaches can be clinically applied to complex traits or diseases.

7. Ethical Challenges

Genomic diagnostics is fraught with ethical concerns for several reasons including 1) the
potential for provision of predictive information regarding an individual’s future health
status, 2) the fact that providing genetic information to one individual has implications for
family members, 3) the fact that genetic diagnoses are often not absolute, but provide
information regarding risks, which can be complex and difficult to interpret without expert
assistance, 4) the possibility that a genome-wide test will reveal information about health
conditions other than the reason for study, and these “incidental” or “secondary” findings
can have grave implications regarding future health, 5) the possibility that there will be
information obtained regarding family relationships (non-paternity or incest) which may be
difficult for the family psychologically and 6) the potential for misuse of genetic information
by insurance companies, employers or others (in spite of legislation designed to prevent this)
[96]. Recognition of all of these issues has led to the practice of obtaining informed consent
for genetic studies to insure that individuals undergoing testing understand all of these risks,
however, since children usually cannot provide informed consent themselves, there are
special considerations in the pediatric setting. For all of these reasons, it is imperative that
clinicians delivering genetic information are superbly well educated, have access to
professionals who can provide assistance with complex ethical decisions, and are willing to
provide the necessary education and obtain informed consent from the families of their
patients.

8. Expert commentary

The widespread adoption of genome-wide testing via next generation sequencing
technologies is changing the practice of medicine [97]. The use of NGS in the clinical
laboratory has facilitated a rapid proliferation of diagnostic tests for nearly every inherited
and acquired genetic disorder imaginable. Even smaller diagnostic laboratories can now
offer a multitude of NGS-based single gene and gene panel tests, with some offering clinical
exome or genome sequencing. Clinical exome sequencing has changed the role of the
clinical molecular genetics laboratory from primarily confirmation of suspected diagnoses to
making new and unexpected diagnoses in some of the most challenging clinical cases.
Genomic diagnostic tests such as clinical exome or genome sequencing are now simpler to
order (as they don’t require specific diagnostic hypotheses), but may be more difficult to
interpret, as variants of uncertain significance and incidental findings pose unique
challenges. While therapeutic interventions resulting from new diagnoses in the inherited
disorders are relatively few (although growing rapidly), the therapeutic implications in
oncology are substantial and will also continue to grow as more genetically determined
treatments are evaluated. These transformative technologies have made clinical diagnostic
laboratories major players in the explosion in new gene discoveries and a vital member of
the personalized medicine team. The importance of sequencing based diagnostics in the
diagnosis, management and treatment of pediatric disease will increase as these technologies
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and their clinical applications mature and continue to accurately detect additional types of
variants such as structural rearrangements and copy number changes [98].

9. Five year-view

Continually declining sequencing costs will undoubtedly drive further proliferation of
sequencing based diagnostic tests and move the field towards the adoption of a single
integrated genomic test — whole genome sequencing which will have the capabiiity to
diagnose single nucleotide changes, as well as structural variation. Indeed, the $1000
genome may have already been achieved [99], most recently with the claim that this price
includes interpretation and genetic counseling [100]. In time WGS will query all types of
genetic variation. Increased read lengths, sequencing depth and enhanced bioinformatics
approaches will enable WGS to sensitively detect exon and sub-exon level copy number
variations, structural rearrangements and analyze repetitive elements in the human genome,
such as those responsible for the repeat expansion disorders. ldeally, these data will be
housed in electronic medical records (EMR) and can be periodically queried for new clinical
indications, pharmacogenomic consultation and to inform lifestyle, healthcare and family
planning decisions throughout an individual’s lifetime. However, one of the primary
limitations of sequencing based diagnostics is our limited understanding of the human
genome and consequent difficulty in interpreting the significance of variations therein. A
first step towards addressing this limitation is the integration of genomic data with the EMR
in searchable databases where genetic variations can be linked to detailed phenotypes and
clinical histories, which has been initiated at several institutions including Geisinger Medical
Center [22]. The immediate availability of familial clinical and genetic data will enable
thorough investigation of variants in real time, improving the clinical interpretation and
prognostic value of genomic testing results. Data sets like these combined with
environmental and lifestyle information will also prove critical for the investigation of
disorders with complex genetics and significantly reduced penetrance, enabling the
assemblage of large case-control studies on the fly. Furthermore, these efforts will facilitate
the identification of genotype specific therapeutics and truly move us towards the practice of
personalized medicine.

Sequencing based diagnostics will also begin to explore additional levels of variation, such
as the epigenome and transcriptome. Concurrent RNA sequencing will directly facilitate the
interpretation of variants that may impact splicing or gene regulation, which likely play a
larger than appreciated role in human disease [101], or that are exclusively expressed as a
result of allelic bias [102]. Alternatively, this information may present a molecular signature
(e.g. rearranged or overexpressed transcript) that is diagnostic or suggestive of a treatment
modality in Mendelian disorders. Querying genome-wide DNA methylation and histone
modifications — through bisulfite treatment and chromatin immunoprecipitation (ChIP),
respectively, followed by NGS — will shed light on epigenetic changes affecting gene
regulation and leading to or modifying human disease [25].

Moreover, as genome-editing tools continue to mature, their potential application in large
scale, high throughput functional genomics — the study of the functional impact of genetic
variants — will have a significant impact on clinical variant interpretation.
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Whole exome and genome based newborn screening (NBS) has been discussed recently,
with pilot studies suggesting this approach may have specific advantages over traditional
NBS with potentially faster return of results and clarification of indeterminate results [103—
106]. With sufficiently fast and cheap methods of sequencing and automated means of
variant and genome interpretation, these approaches may become routine in time. However,
significant advances need to be made in each component of genomic testing to make this a
reality. As the entire fetal genome can be sequenced from maternal cell free DNA [65], one
could imagine a prenatal fetal genome screen to identify those at high risk for complications
soon after birth. Where appropriate, such an approach could facilitate therapeutic
interventions in utero, such as is currently practiced for a very limited subset of disorders
like congenital adrenal hyperplasia. Alternatively, a prenatally identified risk could allow for
the timely treatment of infants with disorders that may manifest before traditional NBS
results are available or in those where false negatives are known to occur.
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Key Issues

Next-Generation Sequencing (NGS) enables simultaneous analysis of a
large number of genes in one diagnostic test. NGS based tests have
been increasingly utilized to replace the time-consuming and expensive
single gene reflexive tests that are based on Sanger sequencing.

NGS testing strategies include targeted gene panels, clinical exome
sequencing, “in silico” or “virtual” panels, and genome sequencing.

Clinical exome sequencing offers high — up to 50% — diagnostic yields
for several pediatric disorders, with a growing humber of cases where
an exome finding led to a successful treatment or management.

Technical challenges inherent to the NGS technology include coverage
gaps and the inability to query certain variant types such as repeat
expansions, copy number and structural variants, in addition to
sequence variants in regions of high homology (pseudogenes).

Variant interpretation is the major challenge facing large-scale genomic
sequencing. This is mainly due to lack of functional and segregation
data to interpret identified variants thus leading to a large number of
variants and genes of uncertain clinical significance. Data sharing
alongside interpretation standardization are essential.

Several ethical issues, such as the identification of incidental or
secondary findings, have to be thoroughly considered in the context of
clinical exome and genome sequencing.

Due to its consistent coverage and inclusion of intronic regions,
genome sequencing promises to query most types of variations if the
appropriate bioinformatics tools are employed.

NGS applications are expanding to other clinical settings (besides the
pediatric clinic) such as newborn screening and prenatal genetics. It is
also being employed in studies of the transcriptome and the epigenome.
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Figure 1. Sequencing technologies and associated testing strategies
A) Schematic demonstrating how a specific genomic region is amplified from a mixture of

DNA molecules and translated into a “Sanger trace”. For heterozygous variants (marked by
a dashed box), 50% of the DNA molecules will have the reference allele (“T” in this
example) while the other 50% carry the variant allele “C”. Overall, this heterozygous variant
will appear as two overlapping peaks of relatively equal size and height on the Sanger trace.
A homozygous allele (100% reference or variant allele) will be represented by one peak.

B) NGS is dligital in nature and each DNA molecule is represented by one read or fragment.
The number of reads at any nucleotide is referred to as the coverage at that position. The
same “T” to “C” heterozygous variant (as with the Sanger example above) is represented by
12 reads (12x coverage) where 6 of them carry either a “T” or a “C”. This also appears on
the top coverage bar graph. A homozygous allele will be covered by reads with the same
nucleotide at that position.

C) Single gene testing is primarily done by Sanger sequencing where each exon in the gene
of interest is amplified by PCR and then separately sequenced and analyzed. For large genes,
NGS might offer a faster and cost-effective alternative to Sanger sequencing.

D) NGS allows more content to be simultaneously sequenced in one assay. On the right. The
whole genome is represented by a single DNA strand whereby each colored thick bar
represents a gene in the genome. The blue connectors represent intronic or noncoding
regions. 7op feft. For targeted gene panels, only a few genes (only two in this example) are
captured, sequenced and analyzed. Bottom /eft. in clinical exome sequencing, all gene-
coding regions are captured and sequenced. Note, however, that certain captures have
overrepresentation of probes towards clinically associated genes, so called the “medical
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exome”. Middle left. for an “exome slice” or “virtual panel”, the exome is sequenced but the
interpretation is focused on a select of genes. This approach allows for faster reflexive
interpretation of other content if the exome slice result was negative.
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A
Figure 2.

Number of variants at each step in the clinical exome bioinformatics filtration pipeline and
interpretation process. As shown, ~200,000 variants are called by the bioinformatics pipeline
following alignment of the captured sequence to a reference genome. Initial filtration is to
select rare variants affecting exons + 6bp. Variants that are high frequency in the general
population (and therefore likely to be polymorphisms) are removed by filtering using
population databases, primarily EXAC. Variants that are known to be disease causing are
identified by filtering against databases with known mutations such as the Human Gene
Mutation Database (HGMD). After this, on average, ~600 variants are retained, of which
~300 are in known disease genes. Subsequently, the remaining variants are manually
correlated with the patient phenotype to identify genes that may be associated with the
patient’s clinical features. An average of 13 variants remain, of which ~2 variants are likely
to be clinically significant and therefore reportable (These are either pathogenic, likely
pathogenic variants or variants of uncertain clinical significance). Incidental findings in the
56 ACMG gene list are reported in ~5% of cases. Data was derived from 182 clinical exome
sequencing tests performed at the Division of Genomic Diagnostics, Children’s Hospital of
Philadelphia (approximate averages are represented).
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Table 1

Pediatric Exome Sequencing Diagnostic Yield Based on Indication
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Indication Diagnostic Yield
Inherited cancer®3 10%
Somatic cancer>? a7%~
Neurologic disorder 27.2%
Specific neurologic disorder° 36.1%
Neurologic and organ-system disorder4? 24.6%
Hearing disorder4! 55.0%
Vision disorder4! 47%
Skeletal muscle disorder*! 40%
Skeletal disorder*! 39%
Multiple congenital anomalies®! 36%
Cardiovascular system*! 28%

*
Half of the reported mutations had potential clinical utility

See references 40, 41, and 53 for more details
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