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For rare pediatric diseases,
genome sequencing can
Increase diagnostic yield

By Nabihah Sachedina, MBBS, MPP, MBA

experience: the discovery that something is wrong with

their young baby. Perhaps there is some obvious illness,
or the infant is not developing as expected. Whatever the
cause, the event sets off a cascade of medical visits, tests,
and evaluations that may span years in the aptly named
diagnostic odyssey.

When it comes to rare pediatric diseases, shortening the
time to diagnosis must be a key goal for clinical teams, espe-
cially those in laboratory medicine. For many diseases and
disorders, early intervention with therapies or modifications

I t is one of the most traumatic things new parents can
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to diet or lifestyle can make a significant difference in future
quality of life. Those interventions are enabled by a clear
clinical diagnosis delivered as quickly as possible.

While incremental progress has been possible in recent
decades through technical advances such as microarrays
and syndromic panel testing, the real shift in improving
diagnostic yield has come from the application of modern
DNA sequencing platforms. Beginning with whole exome
sequencing and moving to the more comprehensive whole
genome sequencing approach, the ability to scan broadly
for potentially pathogenic variants has led to faster, more
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definitive results for pediatric diseases. This is particularly
true for rare diseases, which are often tied to a single highly
pathogenic variant — in some cases a variant that has not
been previously reported. These variants would be virtually
impossible to detect with conventional technologies, but with
exome or genome coverage they become much easier to spot.

At this point, there have been enough reported studies
deploying a variety of sequencing tools for rare disease di-
agnosis that it is now possible to review the advantages and
disadvantages of different approaches. For clinical laboratory
teams, it can be instructive to consider the diagnostic outcomes
of exome versus genome sequencing, proband versus trio
sequencing, short-read versus long-read sequencing, the
value of epigenetics, and more.

Pediatric rare diseases

What qualifies as a rare disease differs across countries,
leading to significant variation in overall numbers reported. A
landmark paper written in 2019 by scientists from Orphanet
in Europe puts the number of clinically defined rare diseases
at more than 6,000, while the American nonprofit National
Organization for Rare Disorders cites the tally as greater than
10,000.** Some better-known examples include sickle cell
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disease, cystic fibrosis, Prader-Willi syndrome, hemophilia,
and Duchenne muscular dystrophy. While rare diseases have
low individual prevalence, taken collectively, they affect 300
million people globally.?

The total disease count may vary by region, but key char-
acteristics of rare disease do not. Around 80% percent of rare
diseases have a genetic cause and 70% begin in childhood.?
Newborn screening can detect some of these conditions, but
it is used inconsistently across geographic regions and typi-
cally for a small number of diseases and disorders. For more
comprehensive investigations, extensive genetic analysis is
indispensable.

But genome sequencing has only been available at a
cost-effective price point in the last several years. Typically,
serial conventional tests are used to evaluate one hypothesis
after another, subjecting babies and children to a number of
potentially invasive and costly procedures — and placing a
significant burden on their families.

The diagnostic odyssey that ensues is unique to each family,
but almost universally complex. One study found that 38
percent of families had to consult at least six physicians to
receive a diagnosis.* Another, focused on adults with rare
diseases, found that nearly a third of respondents had waited
more than five years for an accurate diagnosis, while half had
been diagnosed incorrectly along the way.>The specific disease
can be a significant contributor to the odyssey: for example,
patients with cystic fibrosis are often diagnosed more quickly
(25 percent of patients achieved a correct diagnosis in about
15 months) while patients with Ehlers-Danlos syndrome can
wait for decades (25 percent of patients waited 28 years for
an accurate diagnosis).®

Devastatingly, 30% of children with a rare disease die
before their fifth birthday, in part due to delayed diagnosis
and limited treatment options.?

Sequencing approaches

Clearly, a different model is needed, and comprehensive
genomic sequencing may answer that call. As the costs of
next-generation DNA sequencing technologies fell and instru-
ments became more widely available, researchers began to
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assess whole exome sequencing for identifying the genetic
cause of rare diseases in children. In the past decade, whole
exome sequencing has been used successfully to increase
the diagnostic yield for pediatric rare diseases compared to
conventional testing. A meta-analysis of 37 studies found that
the molecular diagnostic rate for whole exome sequencing
ranged from 24 percent to 68 percent, while diagnostic utility
of the commonly used chromosomal microarray ranged from
0 percent to 17 percent.”

As sequencing costs continued to fall, many researchers
started to explore the impact of sequencing the genome rather
than the exome. While results vary by study, the meta-analysis
of studies performed between 2013 and 2017 deemed exome
and genome analysis to
be roughly equivalent in
achieving a molecular di-
agnosis.” In a further effort
to increase diagnostic yield,
researchers began identify-
ing instances where trio
sequencing — that is, se-
quencing whole genomes of
the child and both parents
— could resolve additional
cases and improve the de-
tection of de novo variants.

Virtually all of the studies
included in this meta-analysis
involved short-read sequenc-
ing, the most common type of
next-generation sequencing
technology. These platforms produce sequencing reads of a few
hundred bases, requiring sophisticated assembly and align-
ment procedures to stitch reads together into a representation
of the full genome.

More recently, researchers have been exploring the use of
long-read sequencing to uncover answers in pediatric rare
disease. Sequencers that are able to produce long reads —
often hundreds of kilobases in length — require far less as-
sembly and are therefore less prone to errors in alignment
and orientation. Because of this, long-read whole genome
sequencing is able to visualize previously ‘dark’ regions of
the genome and in some cases can visualize disease-causing
variants even without the additional step of trio sequencing.
With extremely long reads, genetic regions can be phased into
maternal and paternal haplotypes based solely on the child’s
sequencing data. This has the potential to be particularly
advantageous in cases when it is not possible to analyze both
parents’ DNA.

Variants to target
Because rare diseases may be caused by many different types
of variants — and de novo mutations in particular can arise
in various forms — the ideal technical approach would allow
for the detection of all types of genetic variation.
Short-read sequencers, unfortunately, are not up to this
ambitious task. While excellent at detecting single-nucleotide
variants and small insertions or deletions, the short reads gen-
erated by these platforms are not long enough to span larger
variants. Structural variants such as copy number alterations,
repeat expansions, inversions, and translocations, among
many others, cannot be consistently and reliably identified
with short-read data because these reads can collapse during
assembly, misrepresenting the original DNA sequence.
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Long-read sequencers
again demonstrate
more complete results
because longer reads
can span full isoforms.

To view a broader range of variants, many researchers have
turned to long-read sequencing platforms.These technologies
may produce reads kilobases to even megabases in length,
long enough to span even large genomic variants in a single
read to eliminate the ambiguities associated with assembly. For
example, scientists have recently used a long-read sequencing
technology to target the SMN1 and SMN2 genes associated
with spinal muscular atrophy, creating a single-platform
workflow that generates amplicons as long as 11 kilobases
and calls single-nucleotide variants, insertions, deletions,
and copy number variants with at least 98 percent accuracy.?®

For a truly comprehensive approach to uncovering
answers about rare disease, clinical laboratory teams
may want to consider se-
quencing technologies that
go beyond DNA variants.
Transcriptome (RNA-based)
studies can provide valuable
insights into gene activity,
or expression. Long-read
sequencers again demon-
strate more complete results
because longer reads can
span full isoforms. Short
reads, on the other hand,
must be assembled together
to infer isoforms, and this
process is particularly
error-prone for representing
splice variants.

Methylation is another
area that has been informative for rare diseases, especially
for imprinting disorders such as Angelman syndrome. To
track methylation patterns, most sequencing technologies
require a bisulfite conversion step. This adds a layer of
complexity, time, and cost on top of the exome or genome
sequencing process. Some sequencing platforms can now
directly detect methylation profiles as they sequence
DNA, enabling valuable insights without additional cost
or processing.

Rare disease studies

The use of long-read whole genome sequencing to resolve
pediatric rare disease cases is expanding. Studies have already
started to demonstrate the potential for this approach.

For example, researchers in France evaluated the per-
formance of short-read and long-read whole genome
sequencing for rare disease cases in which whole exome
sequencing had not produced definitive results. In a small
pilot study including five probands, they were able to
make molecular diagnoses for three cases based on data
not found in the coding regions of the genome.’ In one
case, the use of long-read sequencing allowed the team
to identify a balanced inversion known to be a rare cause
of Sotos syndrome.

Tracking cryptic variants was also the goal for a study
from researchers in Spain and France looking to diagnose
the genetic disorder congenital aniridia. From a prior cohort
of 110 patients, two cases remained unsolved after short-read
sequencing efforts. The team deployed long-read nanopore
sequencing to characterize the PAX6 locus related to the dis-
order and found balanced chromosomal rearrangements,
including a de novo inversion and a translocation.” The specific
breakpoint was mapped to a highly repetitive region in the
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centromere of chromosome 6. According to the team,“Our
study underscores the limitations of traditional short-read
sequencing in uncovering pathogenic [structural variants]
affecting low-complexity regions of the genome and the
value of [long-read sequencing] in providing insight into
hidden sources of variation in rare genetic diseases.” In a
recent preprint study, researchers detected a broad range of
pathogenic changes and identified diagnoses with long-read
sequencing for 13% of cases that short-read sequencing had
failed to solve."

Studies have also tackled the all-important component of
time. A team in California deployed nanopore sequencing for
an ultra rapid genome sequencing workflow that reported
results as quickly as 7 hours and 18 minutes after the lab
received a blood sample.” The study included 12 critically ill
patients; five received an initial genetic diagnosis through
this process. One patient was a three-month-old baby ex-
periencing seizures and other symptoms. Previous tests,
including interictal electroencephalography and magnetic
resonance imaging, did not provide information leading to
a clear diagnosis. Genome sequencing and variant analysis
performed in about eight and a half hours identified a het-
erozygous variant in CSNK2B considered likely pathogenic.
This enabled a definitive diagnosis of Poirier-Bienvenu
neurodevelopmental syndrome, a CSNK2B-related disorder.
“This result halted further planned diagnostic testing, facili-
tated disease-specific counseling and prognostication, and
aided in management of epilepsy by providing insight about
reported seizure types and treatment response to common
antiseizure medications,” the team noted. Interestingly, an
epilepsy gene panel ordered before the patient was enrolled
in the study returned results two weeks later but offered no
clear diagnostic information.

Researchers are starting to explore methylation patterns
associated with rare diseases. In Japan, researchers used
a sequencing technology that directly detects methylation
while it sequences DNA as the basis for an assay to iden-
tify individuals with Prader-Willi syndrome or Angelman
syndrome.” Their focus on the key region of chromosome
15 associated with these imprinting disorders allowed them
to spot aberrant methylation and to diagnose four patients
with Prader-Willi syndrome and three others with Angel-
man syndrome. Because they also had DNA sequence data
for the same region, the researchers were able to analyze
copy number, homozygosity, and structural variation to
characterize pathogenic mechanisms responsible for the
two conditions.

Another team used a similar approach to explore methyla-
tion associated with developmental and epileptic encepha-
lopathies.They targeted rare, differentially methylated regions
of the genome in 10 individuals and used long-read sequenc-
ing to identify associated genetic variants, such as repeat
expansions with high GC content, copy number variants,
and a balanced translocation.” Some pathogenic sequence
variants linked to the methylated regions had been missed
in previous exome analyses, with overall increases in the
diagnostic yield.

Looking ahead

The true benefits of full genome characterization, transcrip-
tomics, and epigenetics are likely to be significant. As more
data is generated and matched with clinical phenotypes, itis
expected that the diagnostic yield of sequencing approaches
will substantially increase.

To date, many of the published studies are small-scale or
clinical research efforts. However, the ability to truly identify the
genomic basis of disease is likely to result in growing implemen-
tation of long-read whole genome sequencing to support rare
disease diagnosis in babies and children.
Clinical laboratories can prepare for this
by evaluating the needs of their patient
populations and determining how those
needs can be answered by the various
sequencing technologies available today.
Ultimately, the most comprehensive ap-
proach possible is likely to provide the
most answers for families facing the
effects of an undiagnosed rare disease. &
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