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Abstract

Purpose: Clinical whole genome sequencing is becoming more common for determining the molecular
diagnosis of rare disease. However, standard clinical practice often focuses on small variants such as
single nucleotide variants and small insertions/deletions. This leaves a wide range of larger “structural
variants” that are not commonly analyzed in patients.
Methods: We developed a pipeline for processing structural variants for patients who received whole
genome sequencing through the Undiagnosed Diseases Network (UDN). This pipeline called structural
variants, stored them in an internal database, and filtered the variants based on internal frequencies and
external annotations. The remaining variants were manually inspected and then interesting findings were
reported as research variants to clinical sites in the UDN.
Results: Of 477 analyzed UDN cases, 286 cases (≈ 60%) received at least one structural variant as a
research finding. The variants in 16 cases (≈ 4%) are considered “Certain” or “Highly likely” molecularly
diagnosed and another 4 cases are currently in review. Of those 20 cases, at least 13 were identified origi-
nally through our pipeline with one finding leading to identification of a new disease. As part of this paper,
we have also released the collection of variant calls identified in our cohort along with heterozygous and
homozygous call counts. This data is available at https://github.com/HudsonAlpha/UDN_SV_export.
Conclusion: Structural variants are key genetic features that should be analyzed during routine clinical
genomic analysis. For our UDN patients, structural variants helped solve ≈ 4% of the total number of
cases (≈ 13% of all genome sequencing solves), a success rate we expect to improve with better tools and
greater understanding of the human genome.
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Introduction

An individual rare disease affects fewer than 1 in 2000 people in the general population, but rare diseases
are collectively common with an estimated 10% of the population having one or more rare diseases [1].
Many rare diseases are known to have underlying genetic causes and others, especially those affecting young
children, are expected to have a genetic cause. In order to identify these genetic causes, genomic sequencing
is becoming a common practice for the initial identification of candidate molecular causes [2, 3, 4].

The Undiagnosed Diseases Network (UDN) is a multi-site collaborative effort that uses genomic sequenc-
ing as one of the core resources for identifying molecular diagnoses of rare diseases [2]. Most patients who
are accepted to the UDN are candidates for exome or genome sequencing, meaning they are believed to have
a disorder caused or influenced by their genome. These patients are very diverse from a phenotype per-
spective, and the majority of them have been experiencing those phenotypes since birth or early childhood.
Additionally, most patients have been through a wide range of prior genetic testing such as karyotyping,
targeted gene testing, gene panels, and/or prior exome or genome sequencing that did not yield a molecular
diagnosis.

To search for a molecular diagnosis, most accepted UDN participants are sequenced using exome sequenc-
ing or genome sequencing. The sequencing data is run through standard clinical pipelines at the sequencing
cores that generally consist of alignment, variant calling, variant annotation, variant filtering, variant anal-
ysis, and reporting [5]. These standard clinical pipelines are targeted toward small variants such as single
nucleotide variants and small (≤50bp) insertions or deletions. Unfortunately, variants that are too large for
the variant callers (usually >50bp) are missed in this process.

Some variants, such as large deletions or duplications (>100kbp), are sometimes detected prior to ge-
nomic sequencing using targeted approaches or arrays. However, this still leaves a relatively large gap of
unaccounted for variants ranging from 50bp to 100kbp. For this paper, we will consider “structural variants”
to be deletions, duplications, insertions, translocations, and inversions that are larger than 50bp in size [6].
In recent years, advances in detecting structural variants from sequencing data has lead to an abundance
of tools that are publicly available (e.g. [7, 8, 9, 10, 11, 12]) that can detect these structural variants and
output them in a standard file format for downstream analyses.

Structural variant callers have already been used to help identify molecular diagnoses in patients with rare
diseases. One group reported clinically significant copy-number variation in 15% of 79 trial rare, undiagnosed
disease cases [13]. Another group searched for complex structural variation (defined as variation with three
or more breakpoints/junctions), reporting three pathogenic complex structural variants out of 1324 patients
with rare, undiagnosed disease [14]. Both groups relied on clinical orthogonal methods such as microarrays
or Sanger sequencing to confirm the variants.

In this work, we developed a pipeline for analyzing structural variant calls in rare disease cases and then
applied the pipeline to patients who received genome sequencing through the UDN. Our pipeline relies on
the standard clinical pipeline for performing the sequencing and alignment steps. We then ran a structural
variant caller with high sensitivity (Manta [10]) and filtered the resulting structural variant calls to a small
set of rare calls that were then manually inspected for clinical relevance. Out of 477 UDN cases, we report
that 20 cases (4.19%) were classified as “Certain” molecular diagnosis, “Highly likely” molecular diagnosis,
or are in review as a result of this structural variant analysis. Finally, we generated a VCF file containing
all observed structural variants in our cohort along with the number of times each variant was found.

Material and Methods

Genome Sequencing

For the Undiagnosed Diseases Network (UDN), we extracted DNA from whole blood samples and sequenced
it using standard operating protocols that are validated for use as a Laboratory-Developed Test (LDT) in a
CAP/CLIA lab [2]. A few samples were extracted from fibroblast samples instead of or in addition to blood
samples when the clinical site deemed it appropriate. Approximately 480 million paired-end reads of 150bp
in length were generated for each sample. When available and at the discretion of the clinical sites, family
members were also sequenced in order to inform downstream analyses. After sequencing, all base calling
and read filtering were performed with current Illumina software at the time of sequencing. We followed
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the GATK best practices [15] to align to the human reference genome (GRCh37) with BWA-mem [16]. The
aligned sequences were then processed via GATK for base quality score recalibration, indel realignment, and
duplicate removal [15].

Structural Variant Calling

The main output of the previous step is one output BAM file per sample that contains all read mappings
generated from alignment to the reference genome. We then ran a structural variant caller on that BAM
file. While any structural variant caller could be used in this pipeline, we intentionally selected a caller with
high sensitivity (i.e. a high rate of finding true structural variants). While precision is important as well, we
instead relied on downstream filtering to remove common false positives from the call set.

For testing the structural variant callers, we downloaded the Genome in a Bottle high-confidence deletion
dataset to use as our truth set against sample NA12878 [17]. At the time of initial pipeline development,
Manta v1.0.1 [10] was found to have the highest sensitivity (91%) amongst the structural variant software
we internally tested. Of note, we found Manta had a relatively low precision (52%), indicating that there
are a relatively high number of false positives in its output. In practice, we found these false positives tend
to be repeated across unrelated samples and are easy to remove due to their relatively high call rate. For a
comprehensive evaluation of current structural variant callers, we recommend the analyses from Parliament2
[12].

Structural Variant Filtering

For a single sample, we found that Manta generally generates 10-14 thousand variant calls: 2-3 thousand
break-end/translocation calls, 5-7 thousand deletions, <1 thousand duplications, 2-3 thousand insertions,
and <1 thousand inversions. While there are several orders of magnitude fewer structural variant calls than
small variant calls, manual inspection of each one is still impractical. To address this problem, we stored all
variants in a database and developed a standard filter intended to identify candidate variants for any rare
disease patient coming through the pipeline.

We designed this filter to mirror a clinical filter used for small variants, focusing on these expectations
for a causal variant for a rare disease: 1) low allele frequency in the population, 2) impacting/overlapping
an annotated gene, and 3) high quality variant call.

First, we expected deleterious variants to be rare in the general population. For a given proband, we
filtered out variants with an allele frequency greater than 0.5% in our internal database at the time of analysis
(note: initially the database contained approximately 500 samples, so the database frequencies changed over
time as more samples arrived). In addition to filtering out true common variants, this first filter had the
added benefit of filtering out common false positives such as those generated by upstream technical artifacts
or the structural variant caller itself. Note that for the purpose of calculating internal allele frequency, we
treated structural variants with imprecise breakpoints as identical if their breakpoint confidence intervals
overlapped at all.

Second, we filtered out variants that do not overlap annotated genes from RefSeq [18]. The main reason
for this filter is interpretation of the variant. Variants that do not directly impact a gene are currently
difficult to clinically interpret, so they were removed from consideration during filtering.

Finally, we filtered out variant calls with low supporting evidence as described by the split read (SR)
and paired read (PR) tags from Manta. For all variants, we required there to be at least eight total reads
spanning the locus and for at least 15% of split reads to support the variant. The only exception to this
requirement was for imprecise structural variant calls, for which Manta did not report any split reads. For
larger events (breakends, deletions longer than 200bp, and duplications longer than 200 bp), we additionally
required paired read support using the same total depth count (8) and variant support percentage (15%)
criteria. After the above filtering, there were typically 20-50 variant calls remaining for a sample that were
ready for variant analysis.
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Number of Returned
Variants (X)

Number of Cases with
X Returned Variants

1 180 (37.74%)
2 79 (16.56%)
3 17 (3.56%)
4 7 (1.47%)
5 3 (0.63%)

Table 1: Case Return Summary. This table shows the summary of how many structural variants were
returned per case. Of note, ≈ 60% of cases had at least one structural variant returned as a research variant.

Variant Analysis

For deletion, duplication, and inversion calls that were smaller than 1Mbp, we used a tool called samplot
[19] to generate visualizations of the structural variant call for the proband and any available relatives in a
case. These visualizations allowed analysts to see coverage changes and discordant read pairs for the proband
and relatives at the site of the structural variant call of interest. If the coverage and discordant read pairs
support the variant call, it passed manual inspection. In our experience, samplot tended to fail for variants
larger than 1Mbp, so in-house visualizations were used for these larger structural variant calls.

For duplication and deletion calls smaller than 5Mbp, we generated basic coverage plots from the BAM
files and checked for changes in coverage corresponding to the structural variant in question. Deletions
and duplications larger than 5Mbp were trivially inspected using whole chromosome coverage plots. In our
experience, the largest calls (>1Mbp) were almost always false positives. Those that were true positives
were usually already noted by the clinical site through a prior test. Any variant calls that failed manual
inspection were treated as false positives and removed from further consideration.

Variants that passed manual inspection were then analyzed for phenotypic relevance to the patient,
similar to how a small variant would be considered in the standard clinical pipeline. This primarily consisted
of reviewing genes impacted by the structural variant and then cross-checking those genes for known diseases
in publicly available databases such as OMIM [20] or the Human Phenotype Ontology [21]. If a variant was
deemed to impact a gene with a matching disease phenotype, it was sent back to the UDN clinical site as a
research variant. Additionally, variants that were sufficiently “large” (>100kbp for deletions or >300kbp for
duplications/inversions) were also returned provided that they passed the filtering and manual inspection
process described above.

Results

Case Level Summary

At the time of writing, we have run Manta on 1641 UDN individuals (probands and relatives) who received
genome sequencing, and we have analyzed structural variants for 477 UDN cases. Of those cases, 286
(59.96%) had at least one structural variant that was ultimately returned to the corresponding clinical site
as a research variant. Table 1 shows a summary of how many variants were returned per case.

We also categorized the reason a structural variant was returned into one or more of six categories:
“phenotype” means the variant impacts a gene that has phenotypic relevance to the patient, “size” means
the event was “large” (>100kbp for deletions or >300kbp for duplications/inversions), “de novo” means
both parents were also sequenced and the variant was not called or detected via manual inspection in either,
“homozygous” means the variant was called on both copies of the chromosome, “compound heterozygous”
means the variant was found to be in trans with another variant (structural or small) impacting the same
gene, and “hemizygous” means the patient only has one copy of the chromosome and that copy has the
variant (i.e. variants on chromosome X for a male). Table 2 shows a breakdown of the returned structural
variants by type and reason for return.

The most returned variant type was deletions (n=275) followed by duplications (n=110). There are
several likely explanations for why deletions were reported more than any other category. First, in our
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Reason for return DEL
(n=275)

DUP
(n=110)

INV
(n=15)

INS
(n=24)

BND
(n=3)

Phenotype 93 35 14 24 3
Size 182 79 3 – –

De novo 21 1 – – –
Homozygous 14 – – – –

Compound heterozygous 6 1 – – –
Hemizygous 7 6 – – –

Table 2: Returned Structural Variants Summary. This table shows the summary of structural variants that
were returned to clinical sites in the UDN. On the top row is the type of variant that was returned and the
total number of times that type was returned for deletions (DEL), duplications (DUP), inversions (INV),
insertions (INS), and break-end pairs (BND). On the left column is the reason that a particular variant was
returned. Note that an individual variant may have more than one reason for being returned.

samples, deletions are the structural variant type that tends to get called the most in Manta, so there is likely
some ascertainment bias from the variant caller. Second, a large portion of deletions were returned simply
because they were “large”, rare events with no other indication of deleteriousness. Lastly, interpretation of
deletions (especially those that disrupt coding regions) is usually based on haploinsufficiency, and may be
more clinically relevant than the interpretations from other structural variant types. This likely led to an
increase in the number of deletions returned simply because interpretation was comparatively uncomplicated.

Size and phenotype were the two most common reasons for return and were proportionally similar for
deletions and duplications (i.e. cases with “phenotype” reason ≈ half of cases with “size” reason). However,
this same pattern didn’t hold for the other reasons for return. Of note, while 21 returned deletion events
were determined to be de novo, only one returned duplication event was found to be de novo. Additionally,
reasons for return that reflect an autosomal recessive disorder (“Homozygous” or “Compound heterozygous”)
were found 20 times in deletions but only once in duplications.

Molecular Diagnoses

Across all 477 analyzed cases, 20 cases (4.19%) received structural variant calls that we believe explain all
or part of their patient’s phenotypes. Of those 20 cases, the structural variants in 16 cases are classified as
“Certain” or “Highly likely” molecular diagnoses by the UDN, meaning they were confirmed by the clinical
site and are currently considered to explain most or all of the patient’s phenotypes. Another four cases have
a high overlap with the patient’s phenotypes, but are currently in review by the corresponding clinical sites.
The variant(s), impacted genes, patient phenotypes, case type, clinical status, and confirmation method for
all 20 cases are described in Table 3. At the time of this writing, the 16 diagnosed cases represent 13.44% of
all diagnosed cases that received genome sequencing through the UDN.

Across all 20 cases, seven of the cases were reported as de novo, heterozygous variants in the proband. Six
cases were reported as compound heterozygous, five of which are heterozygous with a reported small variant
from the standard clinical pipeline and the sixth caused by two different inherited deletions impacting the
same gene (case FAM177A1 in Table 3). Two cases have homozygous, inherited variants. One of these cases
with homozygous structural variants(case ITPA in Table 3) was caused by normal inheritance of the same
structural variant from both parents. The other case (case SLC12A2 in Table 3) was uniquely inherited from
a single parent but was homozygous due to uniparental isodisomy in the patient. Additionally, the SLC12A2
case was unique in that it led to the identification of a new disease described as Kilquist Syndrome [22].

To our knowledge, only the two large “Multi-gene” deletion variants were known by the clinical sites
prior to running our pipeline. Additionally, five of the 20 cases would have likely received a partial diagnosis
through the discovery of the small variant that was found in a compound heterozygous state. This leaves
at least 13 cases that received a molecular diagnosis as a result of this structural variant pipeline. Of note,
three of these cases (cases SDHD, SCN1A, and MECP2 in Table 3) previously received negative results on
one or more targeted tests on the impacted gene that was identified through our pipeline.

5

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 15, 2019. ; https://doi.org/10.1101/627661doi: bioRxiv preprint 

https://doi.org/10.1101/627661
http://creativecommons.org/licenses/by/4.0/


Aggregate Variant Data

When we first developed our structural variant pipeline, one of the major resources we were lacking was a
database of variant calls including allele counts and/or frequencies. In order to reduce this burden for other
researchers, we have made available the structural variant call set that is stored in our database along with
the number of times each variant was called across our 1641 UDN samples in a Variant Call Format (VCF)
file. We stored variants in the format reported by Manta, including fields reflecting “imprecise” variants,
confidence intervals for endpoint boundaries, and the variant length. For each variant, we reported the
number of times that variant was called heterozygous and homozygous in our sample set. Note that due
to imprecise variant calls and/or polymorphic sites, there are some variant calls that likely represent the
same variant but were called differently in two or more samples. While our filtering process collapsed this
imprecision into a single variant for the purpose of determining rarity, we intentionally left the calls separate
to preserve the variant calls as Manta originally presented them. The end result is a VCF file containing
419657 deletions, 171401 duplications, 146873 inversions, 275885 insertions, and 654108 break-ends. This
file is available at https://github.com/HudsonAlpha/UDN_SV_export.

Discussion

In this work, we described a structural variant calling and filtering pipeline for rare diseases that was applied
to patients in the Undiagnosed Diseases Network (UDN). In the 477 UDN cases analyzed, we found that
16 cases had variants that are considered molecular diagnoses (≈ 4% of all cases, ≈ 13% of all diagnoses)
and another four cases are currently in review. Of these 20 cases, 13 were diagnosed as a direct result of
our structural variant pipeline with one case representing a newly discovered disease. Additionally, three of
these cases had previously received negative results on targeted gene tests for the gene that was impacted by
the structural variant. Finally, approximately 60% of all cases had one or more structural variants that were
returned as research variants that may warrant further investigation. Despite this relative success, we believe
there is much room for improvement when it comes to identifying clinically relevant structural variants.

For our pipeline, we specifically selected a single structural variant caller with high sensitivity. While
Manta was the best caller when this pipeline was originally conceived, methods that report better sensitivity
and precision have since been created. For example, multi-caller systems such as Parliament2 [12] claim
to increase accuracy by taking into account the output from multiple structural variant callers (including
Manta). We expect that replacing Manta in our pipeline with a more accurate structural variant caller (or
multi-caller system) will both increase the number of cases where relevant structural variants are identified
and reduce the need to perform manual inspection of variants due to false positives. Additionally, each
structural variant we identified needed to be CLIA confirmed through an orthogonal test before being
returned to the patient. As the desire for clinical structural variants increases, we believe the need for CLIA
certification of structural variant pipelines built on genome sequencing will become more important from
both a time and cost perspective.

Another issue is that many of the annotations that are taken for granted in small variants are not
readily available for structural variants. For example, when the pipeline was conceived, the main publicly
available structural variant resources were dbVar [23] and DGV [24]. We found that the variants from
either database rarely matched those that made it through our filtering process (anecdotally, <5% of filtered
variants matched an entry in either database). Additionally, we had to rely on our own internal allele
frequencies to determine the rarity of a variant call as there was no publicly available database of variant
call frequencies. Fortunately, there are at least two large-scale resources for determining allele frequencies
that are recently publicly available [25, 26], and we have made our raw structural variant call set available
as a resource as well. Additionally, resources like ClinGen’s [27] dosage sensitivity map are now available to
help in the interpretation of deletions and duplications. We expect that incorporating these new resources
will improve our ability to identify clinically relevant structural variants, further improving the percentage of
rare disease cases that can be molecularly diagnosed through sequencing and analysis of structural variants.
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Long Tables

Gene(s) Variant(s) Phenotypes Sequenced Clinical Status Confirmation
ASXL3 Heterozygous (De novo)

18g.31316158 31321355del
Global developmental delay, failure to thrive, GE
reflux, poor visual tracking, dysmorphic features,
hypotonia

Trio Certain
OMIM:615485

Sanger

SDHD Heterozygous (Inherited)
11g.111964415 111966592del

Paragangliomas Three affected
cousins

Certain
OMIM:168000

Dup/del testing

ARID1B Heterozygous (De novo)
6g.157500226 157506043del

Failure to thrive, eczema, hypotonia, global devel-
opmental delay, facial dysmorphisms, syndactyly

Trio Certain
OMIM:135900

Microarray

SLC12A2 Homozygous (Inherited)
5g.127441496 127471419del

Congenital GI malrotation, poor growth, congen-
ital sensory neural deafness, hypotonia, 2-3 toe
syndactyly, hypodontia, dolichocephaly, craniofa-
cial dysmorphology, coxa valga, pectus carinatum,
and global developmental delay

Quad Certain [22] PCR, Western
blot

SCN1A Heterozygous (De novo)
2g.166892784 166894611del

Seizures, synophrys, numerous nevi, global devel-
opmental delay

Quint Certain
OMIM:604403

Del/dup testing

HDAC8 Heterozygous (De novo)
Xg.71790521 71833766del

Right sided choanal atresia, cleft palate, bilateral
sensorineural hearing loss, right sided microph-
thalmia with ptosis and mild bilateral optic nerve
hypoplasia, Klippel-Feil anomaly, atrial septal de-
fect, pulmonary valve stenosis

Trio Certain
OMIM:300882

Exon array

MECP2 Heterozygous (De novo)
Xg.153296004 153296578del

Seizure disorder, Charcot-Marie Tooth Type la, hy-
potonia, laryngomalacia, obstructive sleep apnea,
and developmental delay

Trio Certain
OMIM:312750

Del/dup testing

TBCK Compound Heterozygous
4g.107066118 107101467del
4g.107170140C>T

Global developmental delay, hyper oral behav-
ior, non verbal, nystagmus, macrocephaly, plagio-
cephaly, small stature, seizures, hypotonia, periven-
tricular leukoencephalopathy, dysmorphic features,
thinning hair, hoarse voice, and torticollis

Trio Certain
OMIM:616900

Sanger

STXBP1 Heterozygous (De novo)
9g.130420732 130422401del

Global developmental delay, absent speech, sever
ataxia, tremor, and clinodactyly

Singleton Certain
OMIM:612164

Sanger

TBCK Compound Heterozygous
4g.107091825 107099220del
4g.107133906C>T

Global developmental delay, hypotonia, facial
weakness, poor visual tracking, laryngomalacia,
plagiocephaly

Singleton Certain
OMIM:616900

Exon qPCR

MRE11 Compound Heterozygous
11g.94188415 94191421del
11g.94180442G>A

Oculomotor apraxia, lower limb spasticity,
dysarthria, progressive cerebellar ataxia, dyspha-
gia, myoclonus

Trio Certain
OMIM:604391

Microarray

ARMC9 Compound Heterozygous
2g.232068390 232075951del
2g.232100039T>A

Joubert syndrome (clinical diagnosis) Trio Certain
OMIM:617622

Exon array

Multi-gene Heterozygous (De novo)
16g.30551492 31537873del

Global developmental delay, seizures, bicuspid aor-
tic valve, left proximal pulmonary artery stenosis
and dilatation of aorta

Trio Highly likely Microarray
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Gene(s) Variant(s) Phenotypes Sequenced Clinical Status Confirmation
SPATA5 Compound Heterozygous

4g.123847735 123851679dup
4:g.123855729 123855731delCAA

Developmental delay, hearing loss, cortical visual
impairment, infantile spasms, GI motility issues,
failure to thrive, microcephaly, autonomic nervous
system dysfunction, bilateral hip dysplasia, and im-
mune deficiency with recurrent infections

Trio Highly likely
OMIM:616577

MLPA

ITPA Homozygous (Inherited)
20g.3195287 3197161del

Developmental delay/arrest, epilepsy, blindness,
craniosynostosis, Dandy walker malformation, hy-
potonia, acquired microcephaly

Quad Highly likely
OMIM:616647

Duplex PCR,
RT-PCR

KMT2C Heterozygous (Inherited)
7g.151838641 151973850del

Developmental delay, macrocephaly, mild dysmor-
phic features, torticollis, and plagiocephaly

Trio Highly likely
OMIM:617768

CMA

FAM177A1 Compound Heterozygous
14g.35513595 35521682del
14g.35546986 35556772del

Global developmental delay, macrocephaly, diffuse
hypotonia, autism spectrum disorder

Quint In review - model
organism study
in progress

–

Multi-gene Heterozygous
1g.107782768 111200505del

Intellectual disability, dystonia, abnormal eye
movements, epileptic seizures, and dysautonomia

Singleton In review CMA

PMPCB Heterozygous
7g.102933854 102938818del

Mitochondrial disorder, developmental delay, im-
munodeficiency, seizure disorder, hypotonia

Proband, one
parent, and two
siblings

In review -
benchwork in
progress

–

EEF2 Heterozygous
19g.3976057 3977497

Global developmental delay, ataxia, macrocephaly,
autism, and cerebral palsy

Singleton In review RT-PCR

Table 3: UDN Cases with Structural Variants. These are UDN cases with structural variants found using our pipeline that are either considered clinical
solves or are still under review. For each case, we report the impacted genes, the zygosity of the variants, their genomic coordinates (GRCh37), major
phenotypes, the sequenced family structure, clinical status, and CLIA confirmation status when available. When possible, we also note whether the
variants are de novo, inherited, or compound heterozygous with another variant (all compound heterozygous variants were also inherited in our cases).
For clinical status, we used official UDN statuses of “Certain” or “Highly likely”. Cases labeled as “In review” were considered clinically relevant by our
team but have not been fully reviewed by the corresponding clinical site yet. As of this writing, twelve cases are certain solves, four cases are highly
likely solves, and four cases are in various stages of review by the ordering clinical site.
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