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Abstract

Investigating rare genetic diseases to gain insight into human biology
By Trenell J. Mosley

Discerning how genetic variation contributes to phenotypes is a critical part of understanding
biology. Historically, scientists have contributed to our comprehension of variation by observing
exceptional phenotypes. In humans, this can translate to the investigation of rare genetic diseases
(RGDs), which offer unique insights into human biology. There are over 7,000 defined rare
genetic diseases that affect more than 350 million people worldwide. By studying RGDs
diseases, we have gained insights into essential biological mechanisms that underlie both rare
and common diseases and have led to the development and improvement of interventions for
them. The advent of next-generation sequencing (NGS) technologies has increased our ability to
detect and interpret the genetic variation that underlies rare genetic diseases and has accelerated
essential discoveries. Thus, our continued study of RGDs will only increase our understanding of
RGDs and human biology. Through my dissertation work, | sought to improve our understanding
of human biology by investigating two classes of rare genetic diseases and their underlying
variation: a rare monogenic disorder caused by a single nucleotide variant (SNV) and rare,
genomic disorders caused by repeat-mediated copy-number variants (CNVSs). First, we
ascertained two siblings of Middle Eastern descent presenting with a rare syndrome consisting of
short stature and insulin resistance. Then, using whole-genome sequencing (WGS), genetic
analysis, and functional testing, I identified the underlying genetic cause as an intronic splicing
variant in POC1A, thereby giving insights into the allelic spectrum of POC1A-related primordial
dwarfism disorders and insulin resistance. For my genomic disorders project, | used a systematic
and comprehensive literature search, single nucleotide polymorphism (SNP) genotyping, and
WGS, to determine the parent of origin data for multiple pathogenic CNV loci. | demonstrated a
significant association between sex-specific patterns in meiotic recombination and parental
origin at these loci, which has implications for assessing risks for forming pathogenic CNVs.
Taken together, my dissertation work advances our knowledge of the genetic causes underlying
rare genetic diseases, has future implications for prospective interventions and counseling for
individuals with rare genetic disorders, and gives insight into essential biological processes in
human beings.
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CHAPTER I. Introduction

Trenell J. Mosley, Jennifer G. Mulle, Michael E. Zwick



History of Genetic Diseases and Variation

Genetic variation in populations of sexually reproducing organisms is essential for the
science of genetics. Understanding how this genetic variation influences phenotype underlies
research programs focused on answering critical questions in biology and evolution. Combining
genetic variation with the principles of genetics enables us to dissect biological mechanisms and
reveal processes underlying the physiology and development of organisms. Dr. William Gahl,
former Clinical Director of the National Human Genome Research Institute and Director of the
Undiagnosed Diseases Program, summarized this thought perfectly: “Evolution requires imperfect
fidelity of replication, that is mutations, and these mistakes ultimately reveal the exquisite
functionality of Nature” [1]. Scientists have historically investigated genetic variation through the
observation and characterization of exceptional phenotypes in animals and plants. The number of
breakthroughs is genuinely breathtaking. From Calvin Bridges’ use of the X-linked white locus to
demonstrate the chromosome theory of heredity in 1916 [2], to Victor McKusick’s application of
genetics to study human diseases [3], from Barbara McClintock’s discovery of jumping genes in
maize [4], to the discovery of LDL receptor from studies of familial hypercholesterolemia [5], and
Steve Warren cloning and identifying a new mutational mechanism underlying Fragile X [6,7], the
genetic research methodology works.

From a medical standpoint, geneticists aim to identify the full spectrum of DNA variation
that influences phenotypes creating a comprehensive genotype-phenotype map of all observable
genetic variation. This endeavor requires understanding the underlying characteristics of genetic
variation that contribute to a disease or trait — the genetic architecture [8]. Genetic variation
contributing to traits is understood through a framework that includes a spectrum of population

allele frequencies (AF) and effect sizes. Common variants (AF >5% in the population) often have



small effect sizes and are typically associated with common complex traits like height or
cardiovascular disease [8,9]. On the other hand, rare Mendelian or monogenic disorders are caused
by alleles that have a large effect on phenotype and are rare in the general population.
Investigations at each end of this spectrum (rare and large effects vs common and small effects)
offer different implications and insights into disease structure and are investigated with different

methodologies [8].

Common Genetic Diseases and the Utility of Genome-wide Association Studies

Since 2005, geneticists have employed genome-wide association methods (GWAS), which
exploit linkage disequilibrium and correlative structure of the human genome, in order to
investigate common variation and disease susceptibility [10]. These study designs benefit from the
“commonness” of common traits, and thus, are able to ascertain that large number of participants
(typically in the thousands) needed to yield results. Insights into disorders like acute macular
degeneration and inflammatory bowel disease are examples of the early rewards of the
establishment of GWAS as a means to uncover genetic factors contributing to diseases [11,12]. In
the ~16 years since the first GWAS study, we have seen major insights into additional disorders
like type 2 diabetes, bipolar disorder, coronary artery disease, and schizophrenia [13,14]. Because
variants in a GWAS are usually of modest effect size and are associated with a trait and not
demonstrated to be causal, insights have been limited. The reliance on linkage-disequilibrium also
creates frustration in the accurate identification of the specific variants responsible due to the
correlation between adjacent variants [10]. Even if the specific variants are identified, it is difficult
to interpret their potential effects on function as most variants map to non-coding regions of the

genome, inferences are limited to their potential effects on transcriptional regulation of genes.



Thus, while the study of common variation in common diseases offer a direct route to
understanding diseases that affect large numbers of people and biology, the complexity of the
genetic etiology has limited applications to clinical translation. The GWAS study design, in
attempting to ascertain large numbers of cases and controls, also will generally ignore the potential

impact of environmental exposures on the phenotype of interest.

Investigating Rare Genetic Diseases

Early investigations in the 80s and 90s of human diseases focused on rare genetic diseases
(affect <200,000 people) as the tractable pathway to unraveling human biology due to technology
limitations. Researchers mapped rare genetic variants via linkage studies involving numerous
unrelated pedigree structures or multiplex familial studies [10]. Since the completion of the draft
human genome reference in 2001 [15,16], and the advent of sequencing technologies, the timeline
to discovering mutations in genes responsible for genetic disorders has vastly accelerated. The
Online Mendelian Inheritance in Man currently catalogs over 6,800 genetic phenotypes with a

known molecular basis, 5,801 of which are monogenic disorders and traits (OMIM:

https://www.omim.org/statistics/geneMap). An estimated 50-60 new genetic diseases are added
per year [17]. The large effect size of rare variation enables geneticists to interpret and functionally
validate the pathogenicity of putative variants on a relatively shortened timeline than common
variants, thereby offering relatively faster clinical and/or pharmaceutical implications [8]. While
additional development of variant and functional database resources, such as gnomAD, ENCODE,
and DECIPHER have aided prioritizing and interpreting rare variants, challenges remain [18-20].
Ascertaining multiple patients and families with the same rare disorder can be challenging to find

and cost-prohibitive to recruit. Moreover, interpreting and validating some classes of variation,


https://www.omim.org/statistics/geneMap

particularly non-coding and incompletely penetrant variants, pose additional challenges. So why
does the field continue to investigate rare genetic diseases if they seem so intractable?

Even though rare genetic diseases (RGDs) are operationally defined in the U.S. as diseases
affecting less than 200,000 individuals, in aggregate, they affect between 25-30 million U.S.
citizens. Furthermore, it is estimated that approximately 7,000 RGDs affect more than 350 million
people worldwide—qgreater than the population of the world’s third most populated country
[19,21,22]. Thus, despite their rarity on an individual level, they collectively represent a significant

burden on the health and economy of patients and a rich source of biological insight.

Insight into biological mechanisms. In the 1970s, Goldstein and Brown studied a rare
homozygous form of familial hypercholesterolemia (FH) (MIM: 143890) (frequency 1 in
1,000,000) and made Nobel-worthy discoveries in cholesterol metabolism. Patients with FH
exhibit 6- to 10-fold increases in serum levels of low-density lipoprotein (LDL), a primary
cholesterol carrier, and have heart attacks early in childhood. Investigations of the cells cultured
from FH patients resulted in discovering the LDL receptor in 1974, which transports LDL particles
into a cell [5]. Subsequent studies further revealed fundamental and previously unknown biology
about cholesterol metabolism and general concepts of receptor-mediated endocytosis, receptor
recycling, and feedback regulation of receptors [23-26]. This final principle was the basis for the
development of now widely used statins in lowering cholesterol [26,27].

More recently, investigations of Niemann-Pick Disease Type C (MIM: 257220) syndrome
revealed aspects of the biology of the Ebola virus cellular entry mechanisms. Niemann-Pick
Disease Type C is a rare (frequency 1 in 120,000) lipid storage disorder characterized by

accumulation of LDL-derived cholesterol in the lysosomes [28,29]. In 1997, through studies of



individuals with Niemann-Pick Disease Type C, Carstea and others discovered mutations in the
endo/lysosomal cholesterol transporter protein, NPC1, was responsible for this rare [29]. However,
it was not until almost 14 years later that cells from patients with Niemann-Pick Disease Type C
and mutation carriers would be demonstrated to be resistant against Ebola virus infection, and the
mechanism of entry would be elucidated. The Ebola virus can infect nearly every cell type it
encounters through the universality of its glycoprotein-coated spike protein [30]. Once in the cell,
it requires trafficking in and out of the lysosome via NPC1 to replicate itself. Niemann-Pick
Disease Type C cells lack a proper functioning NPCL1 protein, and in these cells, the Ebola virus
is unable to exit the lysosome and copy itself [31,32]. Understanding this biology led to the
development of therapeutic bispecific-antibodies that show promise in treating the Ebola virus and

other related viruses [33].

Insights into common diseases. Along with novel insights into biology, RGDs and variation can
aid in the understanding of common diseases, as rare disease pathology can overlap with those
investigated in common diseases [34,35]. The transforming growth factor-p (TGFp) signaling
pathway is highly involved in the maintenance of tissue homeostasis [36], and overexpression of
TGFs is associated with diseases including cancer, fibrosis, and inflammation [37]. The signaling
pathway’s role in disease progression has made it a standard target for drug development [37].
Studies of Marfan syndrome (MFS) (MIM: 154700), caused by mutations in the fibrillin 1 gene
FBNL1, offer a new avenue into regulating vascular symptoms in TGFp-related diseases such as
fibrosis [37,38]. Patients with MFS exhibit increased levels of TGFp signaling. Disrupted FBN1

fails to sequester TGFp, resulting in increased levels of unbound TGFP and excessive activation



of the pathway [38]. These insights demonstrated the importance of microfibrils in regulating
TGFp levels.

An estimated 38 million people worldwide are infected with Human immunodeficiency
virus, which has killed approximately 32.7 million since the start of the epidemic in the 80s [39].
HIV-1 related viruses require co-receptors to infect target cells, and the CCR5 chemokine receptor
is the major co-receptor for macrophage-tropic HIV-1 strains. The CCR5 receptor has turned out
to be crucially important in understanding how HIV enters cells and has been the target for drug
development efforts [40]. Individuals that remained unaffected after multiple exposure HIV-1
were discovered to contain a rare genetic variant, a 32-base pair deletion in the CCR5 gene [41,42].
The deletion results in a non-functional co-receptor, which does not allow for HIV-1 viruses to
fuse to the membrane and infect cells. Thus, individuals homozygous for the CCR5 A32 allele are
highly resistant to HIV infection [40,43,44]. Since the discovery of these individuals, accelerated
development of CCR5 inhibitors has been pursued as highly effective antiretroviral therapeutics

[40].

Clinical Implications. The increased understanding of the etiology of rare diseases ultimately
benefits those affected by them. Individuals with RGDs face a variety of physical, mental health,
social, and economic burdens [19]. Currently, the diagnostic rate for Mendelian disorders is less
than 50% [45]. Clinicians are often unfamiliar with the symptoms or presentations of rare diseases.
As such, patients frequently suffer from a delay in diagnosis. In a survey of eight RGDs, including
Fragile X syndrome and cystic fibrosis, 25% of patients experience between 5-30 years between
the emergence of their first symptoms and final diagnosis. Even when a diagnosis was made, it

was incorrect in 40% of the cases [46]. This diagnostic odyssey imparts financial, health, and



psychological burdens on patients and their families. Studies have found that on average the cost
of care for individuals with RGDs is $305,428, with hospital charges costing between $17,000 and
$77,000 more than charges for non-genetic-related discharges [47,48]. Patients and their families
experience stressors such as having to attend multiple appointments, missing work, loss of income,
hopelessness, and uncertainty about the future, which can all predispose to anxiety and depression
in 86% and 75% of patients, respectively [49,50]. Continued investigation of RGDs offers to
continue hope for patients, especially with the usage of genome sequencing. Discovery and
collaborative models such as the NIH Undiagnosed Disease Network (UDN) and Centers for
Mendelian Genomics have already demonstrated an ease in financial burden. Cost of care in the
UDN evaluation framework averages $18,903— representing an approximate 94% decrease in
cost compared to outside the UDN [48]. As of 2017, the Centers for Mendelian Genomics
uncovered 327 novel genes linked to RGDs and maintains a continued rate of 263 novel
discoveries per year [18,35]. As of 2019, the UDN has provided diagnosis to 231 of 791 evaluated
individuals (diagnostic rate = 29%) and revealed 17 new disease-gene associations [51]. As the
underpinnings of mendelian disorders are discovered, this gives insight into other rare disease

pathologies, potentially decreasing the time to diagnosis and treatment for patients [52].

Contributions of Variation to Rare Genetic Diseases

The first step to unraveling the etiology behind RGDs, is understanding the variation that
underlies them. Too add complexity to this there is also variation in the types of variants that causes
these diseases. The scale of rare disease genetic variation ranges from single nucleotide variants
to large-scale structural variants and each class of variation can cause disease through different

mechanisms.



Single Nucleotide Variants. Single nucleotide variants (SNVs) are the most common and well
understood type of genetic variation in the human genome. Historically SNV's were investigated
using single gene approaches, however with the advent of sequencing, interrogations of entire
genomes have greatly contributed to our understanding of this variation class and its contribution
to disease. SNVs occur as substitutions, insertions, or deletions and outnumber other classes of
variation 7 to 1 [53]. There is an approximate 0.1% difference between any two humans amounting
to ~3 million single nucleotide differences [53,54]. The estimated rate of mutation for SNVs is
approximately 10 per base pair per generation [55]. SNVs are linked to a large amount of both
common and RGDs; it is estimated they account for 85% of disease associations [56]. SNVs can
cause RGDs through multiple effects. Rare coding SNVs particularly can be pathogenic through a
large impact on protein function, structure, or even post-translational modifications [57].
Additionally, SNVs within non-coding regions of the genome, such as splice sites or promoter
sequences, can lead to disease by affecting regulation of gene expression [57]. Much of our
understanding of human mutation rates and evolution has come from investigation of SNVs and
single nucleotide polymorphisms (SNPs; SNV > 1% AF in population) and their links to disease
as well as their distribution within the genome and across populations [53,54,58]. Our persistent
quest to understand SNVs has revealed the potential the contribution of other types of variation to

disease and genome evolutions.

DNA Repeat Variants. Repetitive DNA is broadly defined as DNA sequences present in multiple
copies in the genome [59] and comprises approximately 50% of the human genome [15].

Repetitive variation can be divided into two classes both of which contribute to disease: Tandem
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repeats that lie in a head-to-tail arrangement and interspersed repeats that are scattered throughout
the genome [59]. This class of genetic variation can contribute to genetic disease through several
mechanisms. Tandem repeats particularly are highly mutable and can expand or contract via
replication slippage [60]. Expansion of short tandem repeats (STRs) are known to cause rare repeat
expansion diseases like Fragile X syndrome (FXS) (MIM: 300624). FXS is caused by expansion
of the CCG repeat in the FMR1 gene. In unaffected individuals this triplet repeat is present in <50
copies and FMR1 is expressed normally [61]. However, in individuals with more than 200 repeats,
FMRL1 expression is silenced and no FRM1 protein is produced, resulting in FXS [61]. FXS ad
other repeat expansion diseases exhibit a phenomenon known as anticipation. As tandem repeats
expand, the longer a repeat tract becomes, the more prone to slippage the tract is. Tandem repeats
can expand across generations within a single pedigree, and as the repeat tract lengthens across
generations, the associated disease can worsen or age of onset can shorten [59].

In comparison interspersed repeats are remnants of transposable elements (TEs) that have
“jumped” around the genome throughout time [62]. Most are inactive; however, active TES can
cause disease by insertion into a gene and inactivate via frameshift or inactivating, such as in X-
linked Dystonia-Parkinsonism (XDP) (MIM: 314250). SVA retrotransposition into the intron of
the gene TAF1 leads to abnormal splicing, intron retention, and overall reduction in TAF1
expression [24]. In addition to insertional inactivation, TEs, specifically ancient and fixed
interspersed repeats, can contribute to chromosomal instability and act as substrates for
recombination processes that produce structural variants [62]. Recombination between Alu repeats
located in HPRT produces duplication of exons 2 and 3 and leads to Lesch Nyhann syndrome

(MIM: 300322), a rare neurological and behavior disorder [63].
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Structural Variants. The extent of structural variants (SVs) and their contributions to disease was
not appreciated until 2004, when Sebat and colleagues demonstrated the widespread existence of
copy number polymorphisms in human populations [64]. Since then, continued scrutiny has
demonstrated that SVs contribute more variation to the human genome than SNV's by sheer amount
of DNA material involved [65], and occur 1,000 to 10,000-fold more frequently than SNVs, with
a mutation rate ranging between 10-° and 10 [66]. Given the size and frequency of SVs it is no
wonder they are estimated to be responsible for 25% of all protein-truncating events in the genome
[67]. SVs are broadly classified as unbalanced and balanced. Unbalanced SVs are those that result
in the net gain or loss of DNA material, and are often referred to as copy-number variants (CNVs).
Balanced SVs, such as inversions and translocations, maintain the same amount of DNA material
[67]. SVs most obviously contribute to disease through the alteration of dosage-sensitive genes.
We see this with classical CNV disorders, also known as genomic disorders, like Charcot-Marie
Tooth disease type 1A (CMT1A) (MIM: 118220) and Hereditary Neuropathy with liability to
Pressure Palsies (HNPP) (MIM: 162500) caused by the respective duplication or deletion of
PMP22. If genes span both breakpoints of an SV, have the same orientation, and have a maintained
reading frame, rearrangement can produce gene fusion products, which has been well
demonstrated in the red-green opsin genes in X-linked color blindness [53,68,69]. Structural
rearrangements can subject genes to position effects, by removing or altering regulatory sequences,
as seen with SOX9 rearrangements and campomelic dysplasia [70,71]. Atypical presentations of
genomic disorders, such as 22q11.2 deletion syndrome (MIM: 611867) have been attributed to
contribution of recessive SNVs that were unmasked by deletions and inherited in trans [72].

Particularly complex rearrangements can produce regions of uniparental disomy (UPD) or absence
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of heterozygosity (AOH), which can be pathogenic if the region is imprinted or contains a recessive
variant [68].

The multiple downstream mechanisms by which SVs cause disease, highlights the large
interest in biological processes underlying formation of SVs. Studies so far have demonstrated that
SVs can be formed through both replicative and recombination processes, and are largely
influenced by genomic architecture [73]. Investigations of SV mechanisms have contributed to our
understanding of the dynamics of genomic architecture, which has allowed the subsequent

discovery of novel SVs and related disorders [74-76].

Utility of Next-Generation Sequencing in Rare Genetic Diseases

Uncovering disease-gene relationships require the ability to sensitively and
comprehensively detect genetic variants of all types. Before next-generation sequencing (NGS)
technologies were invented, rare disease genes were mapped using linkage analyses, which
required the ascertainment of large multiplex pedigrees or large samples of small pedigrees [10].
Findings then needed to be followed up with segregation analyses and laborious functional studies.
While this workflow is still required in the field, advances in genome-wide analysis tools have
made the study of RGDs more tractable [34]. Next-generation sequencing with efficient mapping,
genotype calling, and variant annotation can lead to the rapid discovery of novel disease-causing
variants underlying RGDs. The unbiased nature of NGS bypasses the requirement for extensive
knowledge of the disease pathology or previous genetic analysis to pinpoint certain regions in the
genome (i.e., linkage analysis), allowing for Mendelian gene discovery that is agnostic to
biological hypotheses [77] . Clinical and research settings are increasingly using whole-exome

sequencing (WES) and whole-genome sequencing (WGS), but each comes with its pros and cons
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[77]. WES captures only the coding regions of the genome—the exons, and thus leverages the
ability to interrogate all ~20,000 human protein-coding genes. In contrast, WGS examines the
coding and non-coding regions of the genome and, therefore, can capture splicing or regulatory
variants. Additionally, WGS has greater capacity to detect SVs such as deletions, insertions and
duplications, but limited capacity to detect copy-number neutral SVs, like inversions [21,78]. The
capture and amplification process of WES opens the approach to batch effects and biases, and
while WGS ameliorates this, the sheer number of mostly intergenic or unannotated variants
produced by WGS to interpret (~4 million SNVs/genome) creates a daunting task for clinicians
and researchers. While the cost of WES ($500/exome) is lower compared to WGS
(%$1,000/genome), WGS offers increased sample capacity and reduced labor time [21,78,79].
Nonetheless, the benefits and applicability of NGS technologies are reflected by the 250% increase
in gene entries in the Online Mendelian Inheritance in Man (OMIM) database since 2007 [34].
Applying WGS and WES, optionally combined with other omics platforms, and rigorous
functional validation, offer an optimal, rapid, and accurate path from disease identification to
molecular cause [80]. The dramatic decline in cost of sequencing combined with ubiquitous cloud
computing and publicly available genomics resources suggests the impact of this workflow will
continue to increase in the future.

As scientists continue to identify and investigate RGDs, our understanding of RGDs and
biology will only increase. The following work constitutes an effort to apply genetic principles to
two cases of rare diseases in order to understand their underlying causes. In Chapter Two, we
leverage consanguinity within a family, WGS analysis, and molecular studies to identify and

functionally validate a causal single nucleotide variant for a rare, monogenic primordial dwarfism
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disorder. In Chapter Three, we investigate rare repeat-mediated CNV disorders and link patterns

of meiotic recombination to distributions and biases in parent of origin for pathogenic CNVs.
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Introduction

Primordial dwarfism (PD) is a group of clinically and genetically heterogeneous
disorders characterized by severe intrauterine growth retardation (IUGR) and post-natal growth
delay and abnormalities [1,2]. Several subtypes of PD exist broadly categorized by the presence
or absence of microcephaly and additional phenotypic elements [1]. Seckel syndrome,
Microcephalic Osteodysplastic Primordial Dwarfism (MOPD) types I, I1, and I11, and Meier-
Gorlin syndrome are classified as microcephalic PD disorders. In contrast, Silver-Russell
syndrome (SRS), 3M syndrome, and Short stature, Hyperextensibility of joints or hernia, Ocular
depression, Rieger anomaly, delayed Teething (SHORT) syndrome are classified as
normocephalic PD disorders [2-5]. Historically, PD subtypes have been further differentiated via
specific physical presentations, made complex by the variation within a single subtype, and even
more difficult by overlapping features between subtypes. Fortunately, the advent and decrease in
the cost of next-generation sequencing technologies have facilitated the rapid discovery of genes
causal for PD, and increased the possibility of an accurate molecular and clinical diagnosis.

Following the initial discovery of ATR, in 2003, mutations in BRCA2, CENPJ, CEP152,
XRCC4, ATRIP, POC1A, and PCNT were shown to be associated with PD [3,5-11]. Most causal
genes are essential for fundamental cellular processes, such as DNA-damage response, mitosis,
and DNA replication initiation [1]. One interpretation of these data attributes the
pathophysiology of PD to an overall imbalance of cell proliferation and apoptosis [12]. In
addition to increased rates of accurate PD diagnosis, NGS studies and discoveries highlight the
genetic overlap and pleiotropy within PD and PD genes. Recent studies have uncovered allele-
specific pleiotropy in POC1A-related PD. Mutations in POC1A are causal for both Short stature,

Onychodysplsia, Facial dysmorphisms and HyperTrichosis (SOFT) syndrome and a related but
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distinct variant POC1A-related (vPOC1A) syndrome [11,13]. While patients with vPOC1A
syndrome present with a milder overlap of SOFT syndrome, they exclusively present with
dyslipidemia with insulin resistance, and acanthosis nigricans as additional symptoms [11,13-
15]. To-date, three mutations in three patients have been reported for vPOC1A syndrome and
nine for SOFT syndrome. All nine SOFT syndrome mutations are isolated to exons 2-6, and
perturb the encoded WD40 domain encoded protein [4,11,16-22]. In contrast, vPOC1A
syndrome mutations solely affect proper translation of exon 10, leading to defects in the C-
terminal spacer sequence and Pocl domain in the encoded protein [13-15].

Here we report on two siblings born to consanguineous parents (2" cousins), presenting
with vVPOC1A syndrome (Figure 2-1). Whole-genome sequencing analysis revealed they carry a
novel variant in POC1A intron 9 found to affect splicing of POC1A transcripts. This mutation
contributes to the allelic spectrum of PD-related POC1A variants and further delineates the

allele-specific boundary between VPOC1A syndrome and SOFT syndrome.

Materials and Methods

DNA Library Prep

HudsonAlpha Discovery (Huntsville, AL) prepared Illumina sequencing libraries for
samples V-8 and V-9 using their standard protocols. Briefly, a Qubit (ThermoFisher Scientific,
Waltham, MA) fluorometric assay was used to measure each DNA sample’s concentration. DNA
integrity was verified via agarose gel electrophoresis. After quality control, all samples with
passing metrics were processed to create a sequencing library. DNA samples were normalized to
1,000 ng of DNA in 50 ul of water. Following normalization, samples were acoustically sheared

via Covaris LE-220 instrument to a final fragment size of ~350-400 bp. The sheared DNA was
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then transformed into a standard Illumina paired-end sequencing library via standard methods.
The sheared DNA was end-repaired and A-tailed using New England Biolabs End-Repair and A-
Tailing kits, respectively, using the manufacturer’s recommended conditions. Following each
step, the library was purified via Agencourt AMPure XP beads and eluted in water. Standard
Illumina paired-end adaptors were ligated to the A-tailed DNA via New England BioLabs Rapid
Ligation kit. Following ligation, the reactions were purified using AMPure XP beads. The
purified ligated DNA was amplified via PCR using KAPA Biosystems HIFI PCR kit using 6
cycles of PCR. The primers were standard Illumina primers with a custom 7-base sample
barcode in the 17 position to allow sample identification/de-multiplexing following sequencing.
The final library was quality controlled using size verification via PerkinEImer LabChip GX and
real-time PCR using the KAPA SYBR FAST gPCR Master Mix, primers and standards
according to the manufacturer’s directions. Libraries were normalized to 2.5 nM stocks for use in

clustering and sequencing.

Whole-Genome Sequencing

DNA samples for individuals V-8 and V-9 were sequenced at the Hudson—Alpha Institute
of Biotechnology (Birmingham, AL) using their published protocols. Sequencing was performed
to approximately 30X coverage per genome on the Illumina HiSeq X platform. Following
sequencing, all base-calling was performed using standard Illumina software to generate the final

FASTQ files for each sample.

Sequencing Quality Control
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Read length, per base sequencing quality, per base pair sequence content, and per
sequence GC content and distribution for each FASTQ file generated from WGS were assessed
using FastQC [23]. A read length of 150 bp is expected for all 1llumina HiSeq X paired-end
reads. For both samples all reads were 150 bp in length. All read positions had an average quality
score > 20 and there was no bias of nucleotide content by read position. For both samples the
average %GC content of all reads were normally distributed with an average %GC content equal

to 38%.

Sequence Alignment: PEMapper

FASTQ files were aligned on a per sample basis with PEMapper [24] using default
parameters and a Smith-Waterman alignment threshold of 95%, as recommended for 150-bp
paired-end reads. Alignment was performed relative to the human Hg38 reference as reported by
the University of California at Santa Cruz (UCSC) Genome Browser on July 1, 2015. The output
from PEMapper, pileup and indel files, were used as input for variant calling with PECaller
[24]. Alignment performance was checked before moving to variant calling. All samples had >
65% of sequence reads uniquely mapped and an average depth of coverage > 20X.
Variant Calling: PECaller

Variant calling was performed in a single batch using PECaller [24], which assumes
multiple samples sequenced with the same technology will be available. Optimal PECaller
performance is achieved when at least 50 genomes are called in batch; 59 control genomes, were
included with the genomes from individuals V-8 and V-9 (61 genomes total). Variants were
called with the default theta value of 0.001 and a 95% posterior probability for a genotype to be

considered called variant. Calls were produced for repeat-masked (unique) subset of the human



29

Hg38 reference as reported by the University of California at Santa Cruz (UCSC) Genome
Browser on July 1, 2015. The initial .snp file output from PECaller was used in a subsequent step
to merge SNP variant calls with INDEL variant calls, producing a final “merged” .snp file. This
raw file was used for site and sample quality control. A sum total of n=7,049,674 variants were

called for all 61 samples.

Whole-genome Sequence Quality Control

Quality control (QC) was performed on per-site and per-sample basis. The following metrics
were used to flag and/or exclude samples and variant sites from QC and analysis, and were
calculated using a custom QC pipeline consisting of multiple in-house-developed scripts, PLINK

1.9 [25], R [26], and Bystro [27]:

1. Per-site QC: Missing call rate and unlocalized contigs: Variants with a missing call rate
greater than or equal to 10% were removed from subsequent QC and variant analysis (n =
264,086). Variants located on unlocalized or random contigs were also removed from
subsequent QC and variant analysis, resulting in a final sum total n = 6,740,383 variants.

2. Sample Mixture Check: Possible sample mixture was checked by calculating the ratios of
minor allele homozygous calls to heterozygous calls. While this number varies between
call batches, and thus cannot be compared across different calling experiments, non-
mixed samples within the same calling batch should exhibit the similar ratios. A sample’s
homozygous:heterozygous call ratio that falls three standard deviations outside the batch

mean, provides evidence for sample mixture. The ratios were calculated by generating a
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.PED file including only autosomes from PLINKV1.9 using the --autosome and --recode
flags. No samples were removed on the basis of possible sample mixture.

Per-sample QC: Transition:Transversion Ratio: Transition:transversion (Ti:Tv) ratios
were calculated for each genome in the variant calling batch using a Bystro. The Ti:Tv
ratio for an individual genome is expected to be approximately 2.00, with a ratio of 2.04
representing a quality genome. The 59 control genomes used in batch calling were
previously validated for quality calling performance, therefore a mean Ti:Tv ratio less
than 2.00 suggested a failed variant-calling experiment. The mean Ti:Tv ratio for the
entire batch indicated a successful variant-calling experiment (Ti:TVpatch = 2.05 + 0.004).
Individuals V-8 and V-9 had Ti:Tv ratio >2.00 (Ti:Tv = 2.04; Ti:Tv = 2.04, respectively),
and no other samples were removed from analysis on the basis of Ti:Tv ratio.
Per-sample QC: Silent:Replacement Ratio: The silent:replacement (sil:rep) ratios were
calculated for each genome using a custom python script. The expected sil:rep ratio for a
single genome is expected for fall between 1.05 and 1.15, with 1.15 indicating a quality
genome. A mean sil:rep less than 1.05 suggested a failed variant-calling experiment. The
mean sil:rep ratio for the entire batch indicated a successful variant-calling experiment
(sil:repoatch = 1.142 + 0.011). Individuals V-8 and V-9 had sil:rep ratio 1.05 < sil:rep <
1.15 (sil:rep = 1.13; sil:rep = 1.12, respectively), and no other samples were removed
from analysis on the basis of sil:rep ratio.

Per-sample QC: Missing call rate: The missing call rates for samples were calculated
using PLINKv1.9 [25]. Briefly, the “merged” .snp file was converted to BCF format with
a custom script (snp_to_vcf2), multiallelic variants were split into single variants using

BCFtools 1.3 [28], and loaded into PLINK. The following flags were used during
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loading: --bcf, and --keep-allele-order. Per sample missing call rates were calculated
using the —missing flag in PLINK, and the batch mean missing call rate and standard
deviation was calculated; a mean missing call rate greater than or equal to 3% indicated a
failed variant-calling experiment. The mean batch missing rate was 1.00 + 0.1%,
indicating a successful variant-calling experiment. Individuals V-8 and V-9 had missing
call rate of 1.1% and 1.2%, respectively, and no other samples in the current analysis
were removed on the basis of low call rate.

Sex Check: PLINK was used to calculate the F coefficient estimates for the X
chromosome and impute sex assignment for each sample in the batch. Before sex was
inferred, the --split-x flag with the hg38 modifier was used to identify and remove
pseudoautosomal regions of the X chromosome. The default parameters for the --check-
sex flag were used to infer sex. All samples with an F coefficient less than or equal to 0.2
was assigned as female, and a sample with an F coefficient greater than or equal to 0.9
was assigned as male. All samples were assigned a sex that coincided with our
expectation based on pedigree information.

Relationship Inference: Expected relationships between related samples of the batch were
verified with PLINK. Variants were pruned to remove SNPs likely to be linkage
disequilibrium using the --indep-pairwise flag and 50, 5, and 0.2 for the variant count
window size, variant count step size and r?, respectively. The --genome flag was used to
infer relationships (coefficient of relatedness; r) on this set of pruned SNPs. Among the
control genomes there was a known parent-offspring relationship, which was used as a

positive control, while the remaining control genomes were known to be unrelated. All
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samples’ inferred relationships matched our expectations based on information provided

by the families.

Variant Annotation
After QC the finalized dataset was submitted to Bystro, an online variant annotator and

filterer [27]. The data was submitted according to Bystro instructions.

Regions of Homozygosity (RoH) Analysis

Regions of homozygosity (RoHs) were found using PLINK’s --homzyg flag. The group
modifier was used to identify RoHs shared by both case samples where both individuals were
also homozygous for the same allele. The default parameters for --homozyg were used, and a set
of LD-pruned variants were used to identify RoHs. Once allelically shared regions were
identified the consensus coordinates for all regions were submitted as a search query to Bystro
[27]. As these inferred regions could potentially include heterozygous calls, variants in these
regions were then refined by filtering for variants for which both case samples were
homozygous. The resulting variants were then sorted by Genome Aggregation Database
(gnomAD) total population minor allele frequency and CADD score. All variants with and MAF

< 0.001 and a CADD score > 15 were considered candidate causal variants (Table S2-1).

Genome-wide Homozygous Variant Analysis
Variants homozygous in both case samples were isolated using Bystro’s natural language
search function. The search query, homs: (SL106253 SL106254) was used to find all variants for

which both cases were homozygous. The resulting variants were sorted in by MAF and CADD
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score. All variants with and MAF < 0.001 and a CADD score > 15 were considered candidate

causal variants (Table S2-1).

In silico Splice Analysis
The potential splicing effects of NM_015426.5:¢.981+5G>C were examined in silico
with four independent splice prediction algorithms: NNSplice

(http://www.fruitfly.org/seq tools/splice.html), SD-Score (https://www.med.nagoya-

u.ac.jp/neurogenetics/SD_Score/sd_score.html), and Human Splice Finder 3.1 and MaxEntScan

(https://www.genomnis.com/access-hsf).

Plasmids and Site-Directed Mutagenesis

Exons 8-11 of human POC1A plus fused partial intronic regions of exons 8-10 were
synthesized as a 2.2 kb minigene sequence. The minigene sequence was ligated into the pEGFP-
C1 mammalian expression vector between the BsrGl and EcoRI sites at the C-terminus of the
eGFP open reading frame (pEGFP-C1-wtPOC1A). The mutant minigene construct (pEGFP-C1-
mutPOC1A) containing the NM_015426.5:¢.981+5G>C variant was generated with site-directed
mutagenesis (SDM). A PCR product was synthesized using pEGFP-C1-wtPOC1A as a template
and primers: 12.pEGFP-C1.seq.S 5’-TGAGCAAAGACCCCAACGAGAAGC-3’ and
MZ28.g2102c.A -
AGTCACAGAGCTCAGGACATGCCTGCCAAGCCAGTTACCAGATTC-3’. Primer
MZ28.g2102c.A contains a mismatched basepair (lowercase) in order to substitute g.2102 G>C.
The mutated PCR product was ligated into pEGFP-C1-wtPOC1A between the BsrGl and Sacl

sites. Similarly, a sequence containing a FLAG-tag fused to the C-terminal of the full coding
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sequence for DUSP7 (NM_001947) was synthesized (2.3 kb sequence). The sequence was
ligated into the pcDNA5/TO mammalian expression vector between. Constructs containing the
DUSP7 Y401C variant and the C331S, cat. dead variant was separately generated via SDM with
primers: SDMY401C.F 5’>-CTAGCGAACAGCTGTGCTTCTCTACCCCTAC-3’ &
SDMY401C.R 5’- GTAGGGGTAGAGAAGCACAGCTGTTCGCTAG-3’ and SDMC331SC.F
5’- CGTGCTGGTCCACTCTCTGGCCGGC-3” & SDMC331SC.R 5°-

GCCGGCCAGAGAGTGGACCAGCACG -3’, respectively.

HEK?293 Cell Transfection

HEK?293 cells were transfected with plasmid DNA (WT, Mutant, and empty plasmid,
separately). Cells transfected with no DNA were also included as a negative control.
Transfection was performed with TransfeX™ Transfection reagent (ATCC, Cat. No. ACS-4005)
according to the standard protocol. Briefly, the day prior to transfection, 1x 108- 1.5 x 108 cells
were seeded in T25 flasks with 6 mL of growth medium (DMEM +10% FBS) and incubated
overnight at 37°C with 5% COz. The next day, old growth media was replaced with 6 mL of
fresh growth media and DNA transfection complexes were prepared with 3 ug of each plasmid
DNA and 6.0 uL of TransfeX™ reagent. Complexes were then incubated at room temperature
for 15 minutes, and then distributed to cells via pipetting and rocking. Transfected cells were
incubated for 48 hours at 37°C with 5% CO.. For DUSP7 experiments, HEK293 cells were
transfected with an overexpression vector encoding either FLAG-tagged wildtype DUSP7 (WT),
catalytically dead DUSP7 (C331S), or Y401C variant DUSP7. Transfection was performed with
Lipofectamine LTX™ with Plus Reagent (ThermoFisher, Cat. No. 15338030) according to the

standard protocol. Briefly, the day prior to transfection, 5.0 x 10° cells were seeded in 100-mm
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culture dishes with 30 mL of growth medium (DMEM +10% FBS) and incubated overnight at
37°C. The next day, old growth media was replaced with 30 mL of fresh growth media and DNA
transfection complexes were prepared with 45 ug of each plasmid DNA and 90 uL of
Lipofectamine LTX™ reagent. Complexes were then incubated at room temperature for 30
minutes and then distributed to cells via pipetting and rocking. Transfected cells were incubated

for 24 hours at 37°C with 5% COa.

RT-PCR

Total RNA was extracted from transfected cells with the Qiagen RNeasy® Mini Kit
(Qiagen, Cat. No. 74104) according to the standard protocol. Briefly, 1x 107 transfected cells
were harvested and lysed via centrifugation with 600 uL of Buffer RLT. 600 uL of 70% ethanol
was added to lysates. Total RNA was then applied to RNeasy silica membrane columns and
cleaned in a series of 3 spin washes. RNA was eluted with 35 uL of RNase-free water. cDNA
synthesis was performed according to the SuperScript® 111 First-Strand Synthesis System
(Invitrogen, Cat. No. 18080-051) standard protocol. Six reactions were included in the protocol
with RNA from the following sources: (1) Total RNA extracted from cells transfected with
pEGFP-C1-wtPOC1A plasmid, (2)Total RNA extracted from cells transfected with pEGFP-C1-
mutPOC1A vector, (3) Total RNA extracted from cells transfected with empty pEGFP-C1
plasmid, (4)Total RNA extracted from cells transfected with no DNA, and (5) HeLa RNA
included with SuperScript® Il kit. cDNA was synthesized from total RNA in 20-uL reactions
using Oligo(dT)20 primers. Approximately 5 ug of RNA was mixed with 1 uL of 50 uM
Oligo(dT)20 primers, 1 uL of 20mM dNTP mix and X uL of DEPC-treated water up to 10 uL.

RNA mixtures were incubated at 65°C for 5 minutes, then placed on ice for > 1 minute. 12 uL of
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10X RT Buffer, 24 uL of 25 mM MgCI2, 12 uL of 0.1M DTT, and 6 uL of RNaseOUT were
mixed to create 6X cDNA synthesis mixture. 9 uL of the cDNA synthesis mix and 1 uL of
SuperScript® 111 reverse transcriptase (RT) was added to the 10-uL RNA mix. For the negative
control 1 uL of DEPC-treated water was added instead of RT. cDNA synthesis reactions were
incubated at 50°C for 50 minutes, terminated at 85°C for 5 minutes, and then chilled on ice.
Reactions were collected by brief centrifugation. 1 uL of RNase H was added to each reaction
and reactions were incubated at 37°C for 20 minutes to digest template RNA. PCR amplification
of target cDNA was performed with the KAPA HiFi HotStart ReadyMix PCR Kit (Roche, Cat.
No. KK2601) and the following gene-specific primers: pEGFP-C1-POC1A-specific primers,
eGFP primer 5’-TCTATATCATGGCCGACAAGC-3’ (forward) and Ex11 primer 5°-
TGCTGGTTCTCCAGACACTG-3’ (reverse); pPEGFP-C1-specific primers, CMV promoter
primer 5’-AGGCGTGTACGGTGGGAGGTCTA-3’ (forward) and polyA signal primer 5°-
GTTCAGGGGGAGGTGTGGGAGGTT-3’ (reverse); and human B-actin-specific primers, 5’-
GCTCGTCGTCGACAACGGCTC-3’ (forward) and 5°-
CAAACATGATCTGGGTCATCATCTTCTC-3’ (reverse). A summary of PCR templates and
associated primers is described in Table S2. For each reaction, 10 uL of PCR-grade water, 12.5
uL of 2X KAPA HiFi mix, 0.75 uL each of 10uM reverse and forward primer and 1 uL of cDNA
were mixed to create a 25-uL. PCR reaction mix. PCR was performed with the standard cycling
protocol and a 71°C annealing temperature. PCR products were separated on 2% agarose gels at

80v for 4 hours. Splicing isoforms were identified by size.

PCR Purification and Sanger Sequencing

Purified PCR product sequences were verified by Sanger sequencing. PCR reactions were
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purified using the Qiagen QIAquick® PCR Purification Kit (Qiagen, Cat. No. 28104) according
to the standard protocol. Briefly, reactions in 5 volumes of binding buffer were applied to
QIAquick spin column by centrifugation. Bound DNA was washed with an ethanol buffer and

then eluted in 30 uL of water. Forward and reverse Sanger reactions confirmed PCR sequences.

Recombinant DUSP7 Immunoprecipitation

Recombinant DUSP7 protein was pull downed from transfected HEK293 cells using anti-
FLAG resin, according to the FLAG® Immunoprecipitation Kit (Sigma-Aldrich; Cat. No.
FLAGIPTL). Briefly, cells were washed with PBS buffer and lysed with custom lysis buffer (50
mM HEPES, pH 7.4; 10% Glycerol; 2 mM EGTA; 2mM MgCI2; 1% Nonidet P-40; 1 mM
PMSF; 1:100 protease inhibitor cocktail ( Sigma-Aldrich, Cat No. P8340-1ML) on ice for 10
minutes. Cells were then collected and sonicated at 3W for 2 rounds of 20-30 seconds each, and
clear lysates were stored at -80°C or used immediately. Before immunoprecipitation Anti-FLAG
M2 affinity resin washed two with 1X Wash Buffer, packed and then washed an additional three
times via centrifugation (7,000 x g for 30s each). Cell lysates were applied to the washed resin
and rocked overnight at 4°C. Lysate-resin solutions were then washed three times with 1X Wash
Buffer via centrifugation. Recombinant DUSP7 was eluted with 3X FLAG Elution Buffer (150
ng/uL 3X FLAG peptide, 1X Wash Buffer) via rocking overnight at 4°C followed by

centrifugation (7,000 x g for 30s).

DUSP7 End-point In Vitro Phosphatase Assay
5 ug of purified recombinant DUSP7 protein were incubated in activation buffer (50 mM

HEPES, 5 mM MgClz, 0.5 mM DTT, 150 mM KCI) for 30 minutes at 30°C. 1 uL of 100 ng/uL
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of active recombinant human ERK2 (prERK2; R&D Systems, Cat. No. 1230-KS) was then
added to the solution and incubated for 2 hours at 37°C. Final end-point phosphatase solutions
were separated via SDS-PAGE, and final results were analyzed via western blot using anti-
phosphoErk1/2 (Cell Signaling Technology; Cat. No. 9101) and anti-Erk1/2 (Cell Signaling

Technology; Cat. No. 9102).

Results
Family presenting with short stature and insulin resistance

The younger male sibling (individual VV-9) was referred to a clinic at age 12 and
presented with short stature (Z = -5.1), spinal stenosis, hip dysplasia, insulin resistance, and
acanthosis nigricans. He was diagnosed with intrauterine growth restriction (IUGR) between 36
and 37 weeks and weighed 2 pounds 14 ounces at birth. He displayed strabismus, chronic otitis
media, and conductive hearing loss. CT revealed an enlarged internal canal. MRI revealed
possible gliosis of the subcortical white matter. Other clinical features included brachydactyly,
mild dysmorphic features, mild microcephaly, and a history of episodes of hypothermia. At 15
years of age, the female sibling (individual V-8) presented with similar clinical features: short
stature (Z = -5.4), scoliosis, hyperthyroidism, insulin resistance, and acanthosis nigricans. She
was also diagnosed with IUGR and weighed 2 pounds 14 ounces at birth. She received surgery
for strabismus and scoliosis. She had a history of recurrent otitis media and hearing loss. Upon
examination, her clinical features included brachydactyly, mild dysmorphic features, and mild

microcephaly (Figure 2-2).

POCL1A is a strong causal candidate
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To identify candidate causal variants for the phenotypes, we performed whole-genome
sequencing followed by variant analysis. We conducted two orthogonal variant analyses under
the hypothesis that the disorder is a novel autosomal recessive disorder caused by an identical-
by-descent (IBD) mutation shared by both probands. We first identified homozygous regions
likely to be inherited IBD from a common ancestor. Chromosomes 3, 6, and 12 contained
candidate homozygous regions where both siblings were homozygous for the same allele (Figure
2-3A). Within these regions, we filtered for variants with a minor allele frequency less than
0.001 and a CADD score greater than 15. Next, we conducted a separate genome-wide search for
rare, deleterious (MAF < 0.001; CADD > 15 variants homozygous in both siblings. Both
analyses converged on nine variants, all located within a homozygous haplotype shared by the
two affected probands on chromosome 3 (Table 2-1). Three variants were selected as strong
causal candidates: ¢.981+5C>G in POC1A (NM_015426.4:¢.981+5C>G), ¢.1202A>G in DUSP7
(NM_001947.3:¢.1202A>G), and ¢.2513G>A in USP19 (NM_001199160.1:c.2513G>A).

Mutations in POC1A have previously been implicated in short stature, onychodysplasia,
facial dysmorphism, and hypotrichosis (SOFT) syndrome and a related variant POC1A
(vPOC1A) syndrome (VPOC1A). The ¢.981+5C>G variant is located in the ninth intron of
POCI1A, close to the 3” end of exon 9 (Figure 2-3C). Sanger sequencing confirmed the variant
co-segregates with the disorder as expected for an autosomal recessive disorder: Both probands
are homozygous for the variant, both parents are heterozygous, and all unaffected siblings are
either heterozygous or homozygous for the reference allele (Figure 2-3B). In silico analysis
revealed that the variant is predicted by four independent splice prediction algorithms to weaken

a canonical mammalian splice donor motif located in exon 9 and intron 9 [29-32]. The combined
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evidence suggested that ¢.981+5C>G in POC1A is a strong candidate causal variant for the

disorder.

POC1A variant causes exon skipping of exon 9

We interrogated the potential effect of ¢.981+5C>G on splicing using a mutant POC1A
minigene construct. The construct contained exons 8-11 of POC1A with intervening portions of
introns 8-10 fused to eGFP (Figure S2-1). To determine the variant’s effect on splicing, we
transfected the construct into HEK293 cells. PCR amplification of cDNA using primers spanning
eGFP and exon 11 demonstrated that ¢.981+5C>G induces skipping of exon 9 in the minigene
paradigm when compared to a wildtype construct (Figure 2-4A-B). Notably, the mutation
appears to allow some retention of exon 9. Sanger sequencing of the PCR products confirmed
this result (Figure 2-4C). Transcripts that skip exon 9 would lack 33 amino acids, which are
predicted to encode a portion of the seventh WD40 repeat motif and the C-terminal linker
sequence between the final WD40 motif and the Poc1 coiled-coil domain in the POC1A protein

(Figure 2-3C).

DUSP7 ¢.1202A>G variant does not contribute to the probands’ phenotypes

There are increasing reports of individuals with a disorder caused by rare mutations in
more than one known cause of a Mendelian disease [33,34]. While our functional experiments
provide strong evidence for the action of the c.981+5C>G variant, we sought to test the
hypothesis that other variants might contribute to the clinical presentation in the probands. The
DUSP7 ¢.1202A>G variant was an attractive candidate for contributing to the observed

probands’ phenotypes. DUSP7 encodes the dual-specificity phosphatase 7 protein, which
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interacts with the mitogen-activated protein kinase (MAPK) pathway [35,36]. Specifically,
DUSP7’s canonical substrate is active ERK2, an essential kinase in the MAPK and a secondary
branch of the insulin signaling pathway [37,38]. The DUSP7 protein has also been shown to
interact with the growth hormone receptor in vitro [39]. The variant substitutes a tyrosine for a
cysteine residue in the protein’s C-terminus structure (p.Y401C). We tested the hypothesis that
the DUSP7 mutation abolishes activity towards ERK2 using an endpoint in vitro phosphatase
assay followed by western blot analysis. This assay indicated that the DUSP7 p.Y401C variant
does not affect its activity towards active ERK2. We concluded that this variant does not

contribute to the disorder through an ERK2 mechanism (Figure S2-2).

Discussion

We used whole-genome sequencing to identify candidate causal variants for two siblings
with consanguineous parents who presented with vPOC1A syndrome. Our study revealed nine
rare and putative deleterious homozygous variants on a shared haplotype on chromosome 3. One
was a variant in intron 9 of the gene POC1A, which encodes Protein of Centriole 1A. Mutations
in exon 10 of POC1A cause variant POC1A-related (vPOC1A) syndrome which includes short
stature and insulin resistance as clinical presentations. We did not observe any point mutations in
exon 10. Instead, our variant falls in the +5 position of the 5* consensus sequence, the second
most common site of disease-causing splice point mutations [40], and was predicted to cause
skipping of exon 9. In line with expectations [41], we showed the mutation predominantly results
in a messenger RNA (mRNA) that skips exon 9, with a minor expression of an mMRNA that
retains exon 9. To the best of our knowledge our variant (NM_015426.4:¢.981+5C>G) is the first

pathogenic intronic mutation causal for vPOC1A syndrome reported in the literature.
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In addition to vVPOC1A syndrome, mutations in POC1A are also known to be causal for
SOFT syndrome. While both syndromes are classified as a type of primordial dwarfism
syndromes and have significant overlap in associated features, patients with vPOC1A syndrome
distinctively present with dyslipidemia, insulin resistance, and acanthosis nigricans [13-15]. In
contrast, SOFT syndrome patients have more severe facial dysmorphia and hypoplastic nails
[11,21,22]. Mutations observed in patients distinguish these two syndromes. Mutations causing
SOFT syndrome have been reported in exons 2-6 and cause defects in the WD40 domain in the
POCL1A protein, which is critical for localization at the centrioles [42]. Mutations causing
vPOC1A syndrome have only been observed in exon 10, and it is hypothesized that vPOC1A
syndrome is the result of the skewing of ratios between 10- and 10+ mRNA [13,14]. Two
reported mutations (c.1048delC and ¢.1047_1048dupC) truncate the POC1A protein at exon 10,
which encodes the C-terminal Pocl coiled-coil domain [13,14] and may be involved in protein-
protein interactions [43]. More recently, a mutation in exon 9 (c.884delT) is reported to delete a
single nucleotide in exon 9, causing the creation of a premature termination codon (PTC)
downstream in exon 10. Interestingly, c.884delT also disrupted the AG 3’ acceptor splice site of
exon 9 and is predicted to cause abnormal splicing. RT-PCR experiments have shown that the
mutation does indeed affect proper splicing, increasing the relative amount of mRNA isoforms
that skip exon 10 [15].

Our study vyields a surprising result. Our patients present with vPOC1A syndrome yet are
homozygous for a mutation that is predicted to remove a portion of the WD40 domain, a
molecular lesion exclusively associated with SOFT syndrome. Variant ¢.981+5C>G results in
the deletion of the last 14 protein residues of the seventh WD40 repeat. Within the WD40

domain structure, the last and first blade motif interlock to form a stable propeller structure [44];
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therefore, it is possible that deletion of the last 14 residues could destabilize the structure. The
WD40 domain is vital for protein localization to the centrosome [42]. Additionally, mice with a
Pocla mutation that causes skipping of the in-frame exon 8 and leads to the deletion of 23 amino
acids of the final seventh WD40 repeat exhibit a skeletal dysplasia like that seen in SOFT
syndrome patients [45,46]. Skipping of exon 9 would affect all three validated transcripts of
POCI1A, therefore potentially disrupting the WD40 domain structure of all three protein
isoforms. However, the trace amounts of full-length transcript produced by variant ¢.981+5C>G
could partially compensate for the transcripts missing exon 9, therefore allowing some
production of functional POC1A protein.

In addition to the three validated transcripts, POC1A is predicted to produce seven
additional transcripts via alternative splicing, two of which are expected to skip exon 9.
Recently, Majore et al., have reported POC1A mRNA species that skip exon 9 in healthy
controls [15]. We were unable to assess mMRNA species in the patients presented here. However,
the existence of an endogenous mMRNA species that skips exon 9 could explain the disconnect
between the siblings’ presentation and the nature of variant c.981+5C>G. Species that skip exon
9 may be expressed in a tissue-specific manner and could partially compensate for the lack of
full-length protein isoforms. Thus, the vPOC1A syndrome presented here could result from an
alteration in relative mRNA ratios rather than the absence of exon 9 in all isoforms. It is not an
uncommon occurrence for changes in transcript ratios to result in diseases. In Frontotemporal
dementia with Parkinsonism, chromosome 17 type (FTDP-17), mutations in exon 10 of MAPT
adjust ratios of tau protein 3R and 4R isoforms via altered regulation of splicing [47,48].
According to the GTEXx database, the full-length POC1A transcript is the most abundant in all

tissues examined [49]. The splicing effects of ¢.981+5C>G would decrease this prevalence and
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could be the mechanism underlying vPOC1A syndrome in our patients. Additional RNA and
protein studies investigating the full range of POC1A mRNA and protein isoforms are needed to
determine whether the causal mechanism for vPOC1a syndrome in the current patients is solely
the result of the deletion of exon 9 or is caused by altering the mRNA ratios.

Primordial dwarfism (PD) is considered the result of a net imbalance between cell
proliferation and cell death [1]. Like other genes causal for PD, POC1A encodes a centriolar
protein which is critical for cellular functions, including centrosome organization, centriole
integrity, and ciliogenesis [3,50,51]. Proper functioning of the centrosome and centrioles is
critical for successful mitosis and cell cycle progression [52]. Defects in the centrosomes can
lead to the accumulation of DNA damage, cells with aneuploidy, and an overall decrease in cell
cycle efficiency. As cell defects increase, overall cell death increases and outweigh proliferation
leading to a decrease in organism cell number and ultimately a reduction in organism size [2,12].
In line with this, previously reported patients with vPOC1A syndrome showed an increased
presence of anaphase bridges during cytokinesis due to abnormal mitotic spindles and increased
DNA damage, leading to cell cycle arrest and apoptosis [13].

Proteins that localize to centrosomes and cilia tightly link the lifecycles of these vital
cellular structures [53-55]. Knockdown of Pocl, a Tetrahymena ortholog of POC1A, results in
instability of the basal body that supports both the development of the cilia and centrosomes
[42], and Pocla-null mouse embryonic fibroblasts show defects in primary cilia [46]. Thus,
mutations in structural proteins within the centrioles could also indicate defects in cilia structure
or function. Cilia plays a role in many cell-signaling pathways, including those necessary for
growth and development and metabolic insulin regulation [55,56]. Wnt signaling is essential for

planar cell polarity in which defects could also contribute to the growth deficiency seen in
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vPOC1A syndrome patients, particularly in the chondrocytes. During growth, planar cell polarity
signals are required for proper division and integration of new chondrocytes in the proliferative
zone [57]. Mice with mutations in Pocla are shown to have defects in long bone growth due to
disorganized growth plate morphology that becomes more disorganized with age. Specifically,
mouse chondrocytes within the proliferative zone exhibit abnormal shape, improper division
direction, and fail to integrate into the existing columns of proliferating chondrocytes. Primary
cilia also play a role in insulin signaling, as evidenced by several ciliopathies with insulin
resistance, obesity, or type-Il diabetes as symptoms [58-60]. While previous vVPOC1A patients
have not shown obvious defects in cilia, a growing body of evidence points to a link between
centrosome biology and primary cilia as the mechanism underlying the growth and metabolic
phenotypes seen in multiple PD disorders that feature insulin resistance [58-62].

Recent WES and WGS studies in consanguineous families support the possibility of
multiple molecular diagnoses for individuals seemingly presenting with one disorder [63,64]. We
identified two additional candidate variants based on their predicted and known functions and
protein interactions. The NM_001947.3:¢.1202A>G variant in DUSP7 is predicted to substitute a
tyrosine residue for cytosine (p.Y401C) within the C-terminal of the DUSP7 protein. DUSP7 is a
regulator of ERK1/2, which is a component of the mitogen-activated protein kinase (MAPK)
pathway, an essential regulator of growth [37,65,66]. Using an in vitro phosphatase assay, we
determined that the DUSP7 variant is likely not causal through its role in dephosphorylating
ERK1/2. We have not ruled out the contribution of the USP19 variant,
NM_001199160.1:¢.2513G>A, to the phenotype. Usp19-null mice show increased insulin
sensitivity in muscle and liver tissues [67], suggesting some interaction with metabolic insulin

signaling.
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We demonstrated the splicing effects of NM_015426.4:¢.981+5C>G using an in vitro
minigene splice assay, allowing investigation of single nucleotide changes in the absence of
patient cells [68,69]. However, this method has limitations. Minigene assays do not completely
replicate the genomic context of genes. In our construct, we truncated the long introns of
POC1A, which may remove or affect cis-regulatory elements located more than 300 bp away
from the exon-intron boundaries [70]. Also, cell- or tissue-specific conditions may influence the
regulation of alternative splicing, splicing efficiency, and dynamics of the spliceosome, which is
also not captured by an in vitro system [41,68]. Nevertheless, minigene splicing assays are a
cost-effective and widely used approach to evaluate splicing effects of genetic variants of
unknown significance and provide essential information for the interpretation of putatively

causal variants [68-74].

Conclusions

In conclusion, we identify a novel splicing mutation in POC1A associated with vPOC1A
syndrome. In an in vitro system, the mutation removes exon 9 from all relevant POC1A
transcripts. It is predicted to impact the structure of the WD40 domain in POC1A, potentially
making this the first case of partial disruption of the WD40 domain in vPOC1A syndrome. We
further demonstrate that the study of rare and heterogenous genetic disorders like PD, can
increase the accurate classification of patients via molecular and clinical findings. Overall, this
evidence adds to the mutational spectrum of vPOC1A syndrome and POC1A-related PD and

better defines the allelic series contributing to vVPOC1A syndrome and SOFT syndrome.
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Tables
Table 2-1. Nine candidate causal variants. Variant analyses converged on nine candidate
variants located in a shared haplotype on the p arm of chromosome 3 (chr3:34476778-52317729,

hg38). Allele frequency reported from gnomADv2 database [75].

Genomic Variant l\(l?’:l er?\ga Variant Site Type C(::r?gr?;e CADD Fré?qllljilrfcyb
chr3:9.37545413:A>G ITGA9 Intronic N/A 17.3 0
chr3:9.41195771:C>T CTNNB1 Intergenic N/A 17.7 3.9x10*
chr3:9.41320084:T>C ULK4 Intronic N/A 15 0
chr3:9.47891083:A>G MAP4 Intronic N/A 16.2 1.3x10*
chr3:9.49112616:C>T USP19 Exonic p.Arg737His 28.8 7.4x10*
chr3:9.49654750:G>A BSN Exonic p.Vall732Met 16.7 3.6 x10*
chr3:9.49968570:C>T  RBMS6 Exonic(ﬁt;omd > p.Ala3s2val 19 5.5 x 10
chr3:9.52020873:T>C DUSP7 Exonic p.Tyr401Cys 18.8 0
chr3:9.52122374:C>G  POC1A Splice site N/A 16.3 0

aFor intergenic variants the nearest gene is reported
Overall allele frequency as reported by gnomad v2
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Figures

Figure 2-1. Family Pedigree. Pedigree of family. Affected individuals indicated in solid black.

WGS analysis was performed on individuals V-8 and V-9
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Figure 2-2. Clinical X-rays of affected individuals. Hand and spinal x-rays of V-8 at ages 11 (A) and 12 (B-E) and V-9 (F-H) at age

14.
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Figure 2-3. Candidate ROHs, sanger validation, and POC1A. (A) Three regions of
homozygosity shared between individuals V-8 and V-9 on chromosomes 3, 6, and 12. Candidate
variants on chromosome 3 (box) are shown as red and yellow stars, with strong candidates in
POC1A, DUSP7, and USP19. (B) Familial segregation of POC1A, DUSP7, and USP19 variants
was validated using PCR and Sanger sequencing. Sanger traces for POC1A are shown. Both
siblings (V-8 & V-9) are homozygous for the alternate allele (G, yellow highlight). The father
and mother (IV-11& 1V-12), are heterozygous for the alternate allele and reference C allele. (C)
Ilustration of POC1A experimentally validated mRNA transcripts and POC1A protein isoform 1
(longest protein) with corresponding NCBI RefSeq accession numbers are to the left (NCBI
RefSeq). Exons are color-coded and a representation of intron 9 is indicated with a blue dotted-
line. Location of reported pathogenic POC1A variants are shown and separated as causal for
causal SOFT Syndrome or vPOC1A syndrome. Our reported mutation,

NM_015426.4:¢.981+5C>G, is shown in red.
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Figure 2-4. Minigene splice assay results. (A) Expected product sizes of mutant wand wild type RT-PCR products based on predicted
splice effects. From top to bottom: Wild type splicing, skip exon 9, skip exon 10, retain intron 9. (B) PCR products were resolved by
gel electrophoresis. Lane 5 shows a band of 550 bp, in line with the expected product size for an isoform that skips exon 9. A band of
650 bp is also present, but fainter relative to the skip 9 fragment. (C) Alignment of wild type and mutant PCR sequences to wild type

cDNA sequence. Sanger sequencing and alignment confirms skipping of exon 9 in POC1A minigene transcripts (shaded box).

589 668
PEGFP_WTPOC. . . CCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCARAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGA
=649 bp WT Sanger FWD AGCGCGATCACATGGTCCTGCTGGA
Mutant Sang... CCCACGAGAGCGCGATCACATGGTCCTGCTGRA
= 550 bp

669 748
PEGFP_WTPOC... GTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGGGACCAGCCACCACTGTTGCCTTTTCAAGAA
WT Sanger FWD GTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGGGACCAGCCACCACTGTTGCCTTTTCAAGAA
=505 bp Mutant Sang... GTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGGGACCAGCCACCACTGTTGCCTTTTCAAGAA

749 828
PEGFP_WTPOC... ( TATTTTGCTTC TCTGATGAACAAGTGATGGTTTGGAAGAGTAACTTTGATATTGTTGATCATGGA
WT Sanger FWD ( TATTTTGCTTCT TCTGATGAACAAGTGATGGTTTGGAAGAGTAACTTTGATATTGTTGATCATGGA
Mutant Sang... ( TATTTTGCTTCT TCTGATGAACAA
............... Exon 8 Exon 9

829 908

PEGFP_WTPOC... GAAGTCACGAAAGTGCCGAGGCCCCCAGCCACACTGGCCAGCTCCATGGGGAATCTGCCAGAAGTGGACTTCCCTGTCCC
WT Sanger FWD GAAGTCANGAAAGTGCCGAGGCCCCCAGCCACACTGGCCAGCTCCATGGGGAATCTGCCAGAAGTGGACTTCCCTGTCCC

Mutant Sang... CCAGAAGTGGACTTCCCTGTCCC
............... Exon 9 Exon 10
909 988

PEGFP_WTPOC... CCCAGGCAGAGGCAGGAGTGTGGAGTCTGTGCAGAGCCAGCCCCAGGAGCCCGTGAGTGTGCCCCAGACACTGACTAGCA
WT Sanger FWD CCCAGGCAGAGGCAGGAGTGTGGAGTCTGTGCAGAGCCAGCCCCAGGAGCCCGTGAGTGTGCCCCAGACACTGACTAGCA
Mutant Sang... CCCAGGCAGAGGCAGGAGTGTGGAGTCTGTGCAGAGCCAGCCCCAGGAGCCCGTGAGTGTGCCCCAGACACTGACTAGCA

989 1068
PEGFP_WTPOC... CGCTGGAGCACATTGTGGGCCAGCTGGATGTCCTCACTCAGACAGTCTCCATTCTGGAGCAGCGGTTGACACTGACAGAA
WT Sanger FWD CGCTGGAGCACATTGTGGGCCAGCTGGATGTCCTCACTCAGACAGTCTCCATTCTGGAGCAGCGGTTGACACTGACAGAA
Mutant Sang... CGCTGGAGCACATTGTGGGCCAGCTGGATGTCCTCACTCAGACAGTCTCCATTCTGGAGCAGCGGTTGACACTGACAGAA

1069 1090
PEGFP_WTPOC... GACAAGCTGAAGCAGTGTCTGG

1. PCR non-template control 5. Mut pEGFP-C1- POCT1A e T o
2.PCR primer negative COﬂtl’Ol 6. cDNA positive COﬂth‘ ............... _m- ..........................................................
3. Transfection positive control 7. cDNA negative control

4. WT pEGFP-C1-POC1A
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Supplemental Tables

Table S2-1. Rare variants located in ROHs. List of rare (MAF<0.001) variants captured in
ROH analysis.

Can be accessed online at: https://emory-

my.sharepoint.com/:x:/r/personal/tmosle3_emory edu/Documents/TMosley Dissertation%20Lin
ks/TableS2-

1 RareVariants ROH.xlsx?d=w41fae0df2469429abb7a8d91863e2e23&csf=1&web=1&e=jU1ly
bl



https://emory-my.sharepoint.com/:x:/r/personal/tmosle3_emory_edu/Documents/TMosley_Dissertation%20Links/TableS2-1_RareVariants_ROH.xlsx?d=w41fae0df2469429abb7a8d91863e2e23&csf=1&web=1&e=jU1ybI
https://emory-my.sharepoint.com/:x:/r/personal/tmosle3_emory_edu/Documents/TMosley_Dissertation%20Links/TableS2-1_RareVariants_ROH.xlsx?d=w41fae0df2469429abb7a8d91863e2e23&csf=1&web=1&e=jU1ybI
https://emory-my.sharepoint.com/:x:/r/personal/tmosle3_emory_edu/Documents/TMosley_Dissertation%20Links/TableS2-1_RareVariants_ROH.xlsx?d=w41fae0df2469429abb7a8d91863e2e23&csf=1&web=1&e=jU1ybI
https://emory-my.sharepoint.com/:x:/r/personal/tmosle3_emory_edu/Documents/TMosley_Dissertation%20Links/TableS2-1_RareVariants_ROH.xlsx?d=w41fae0df2469429abb7a8d91863e2e23&csf=1&web=1&e=jU1ybI
https://emory-my.sharepoint.com/:x:/r/personal/tmosle3_emory_edu/Documents/TMosley_Dissertation%20Links/TableS2-1_RareVariants_ROH.xlsx?d=w41fae0df2469429abb7a8d91863e2e23&csf=1&web=1&e=jU1ybI
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Table S2-2. Genome-wide rare homozygous variants. List of rare (MAF<0.001) variants
captured in genome-wide homozygous analysis.

Can be accessed online at: https://emory-
my.sharepoint.com/:x:/r/personal/tmosle3 emory edu/Documents/TMosley Dissertation%20Lin

ks/TableS2-
2 RareVariants genomewide.xlsx?d=w3c14264205874d56b3c0a6fa7c7691d7&csf=1&web=1&

e=budlaql



https://emory-my.sharepoint.com/:x:/r/personal/tmosle3_emory_edu/Documents/TMosley_Dissertation%20Links/TableS2-2_RareVariants_genomewide.xlsx?d=w3c14264205874d56b3c0a6fa7c7691d7&csf=1&web=1&e=budlql
https://emory-my.sharepoint.com/:x:/r/personal/tmosle3_emory_edu/Documents/TMosley_Dissertation%20Links/TableS2-2_RareVariants_genomewide.xlsx?d=w3c14264205874d56b3c0a6fa7c7691d7&csf=1&web=1&e=budlql
https://emory-my.sharepoint.com/:x:/r/personal/tmosle3_emory_edu/Documents/TMosley_Dissertation%20Links/TableS2-2_RareVariants_genomewide.xlsx?d=w3c14264205874d56b3c0a6fa7c7691d7&csf=1&web=1&e=budlql
https://emory-my.sharepoint.com/:x:/r/personal/tmosle3_emory_edu/Documents/TMosley_Dissertation%20Links/TableS2-2_RareVariants_genomewide.xlsx?d=w3c14264205874d56b3c0a6fa7c7691d7&csf=1&web=1&e=budlql
https://emory-my.sharepoint.com/:x:/r/personal/tmosle3_emory_edu/Documents/TMosley_Dissertation%20Links/TableS2-2_RareVariants_genomewide.xlsx?d=w3c14264205874d56b3c0a6fa7c7691d7&csf=1&web=1&e=budlql

Table S2-3. RT-PCR Primer and Templates
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control

CDNA

Lane Reaction Template FWD Primer REV Primer

1 PCR non- None 028 FWD: 5-TCTATATCATGGCCGACAAGC-3 028 REV: 5-TGCTGGTTCTCCAGACACTG-3’
template control

2 PCR primer HEK 293 only 028 FWD: 5-TCTATATCATGGCCGACAAGC-3' 028 REV: 5-TGCTGGTTCTCCAGACACTG-3'
negative control cDNA

3 Transfection EGEP-C1 cDNA pcDNA3.seq.S: 5'- pPEGFP-c1.seq.A: 5'-
positive control | P AGGCGTGTACGGTGGGAGGTCTA-3’ GTTCAGGGGGAGGTGTGGGAGGTT-3’
WT pEGFP-C1- | WT pEGFP-CL- . N e N

4 P oCiA PORIA CDNA 028 FWD: 5-TCTATATCATGGCCGACAAGC-3 028 REV: 5-TGCTGGTTCTCCAGACACTG-3
Mut pEGFP-C1- Mutant pEGFP- e ey B ey

5 P ociA CLPoChA SBNA | 028 FWD: 5-TCTATATCATGGCCGACAAGC-3 028 REV: 5-TGCTGGTTCTCCAGACACTG-3

6 CDNCﬁrf’t‘r’;'t"’e He';"’l‘jf\loA””O' 5.GCTCGTCGTCGACAACGGCTC-3' 5'.CAAACATGATCTGGGTCATCATCTTCTC-3'

7 | CPNAnegative HeLa control 5-GCTCGTCGTCGACAACGGCTC-3' 5'-CAAACATGATCTGGGTCATCATCTTCTC-3'
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Supplemental Figures

Figure S2-1. Schematic of POC1A minigene construct, pPEGFP-C1-POC1A. POC1A exons
8-11 are inserted at C-terminus of eGFP. 300 base pairs of 5’ and 3’ intronic sequences separate
each exon. Location of NM_015426.5:¢.981+5G>C is indicated with red star. Placement of

primers used in RT-PCR analysis are show as half arrowheads.

cMy 300 bp 3
intronic
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Figure S2-2. DUSP7 in vitro phosphatase assay. In vitro ERK2 phosphatase assay. DUSP7’s
canonical substrate, prERK2, was incubated alone, with cell lysate from non-transfected cells,
eluate from cells transfected with empty vector, purified wildtype DUSP7 protein, purified
catalytically dead DUSP7 protein, or with Y401C DUSP7 protein. Samples from assay were
blotted with an antibody against prERK2 (upper) or an antibody against total ERK (lower).
Absence of a prERK2 band suggest phosphatase activity is present. Y401C maintains wildtype
phosphatase activity towards ERK2. Presence of endogenous ERK1/2 bands indicates Y401C

DUSP7 maintains binding activity towards ERK2 similar to wildtype DUSP7.

ERK2
Blank |nput Cell lysate Vector WT Cat. dead Y401C

pERK2 — + - + - + -+ — + - +

kDa

- <«—prERK2
-» - .

50 —

37 —

prERK2
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- e W e W e
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Introduction

Genomic disorders are caused by pathological structural variation in the human genome
usually arising de novo during parental meiosis [1-4]. The most common pathogenic variety of
these rearrangements are copy number variants (CNVSs), i.e., a deletion or duplication of > 1 kb
of genetic material [3,5,6]. The clinical phenotypes of genomic disorders are varied. They
include congenital dysmorphisms, neurodevelopmental, neurodegenerative and neuropsychiatric
manifestations, and even more common complex phenotypes such as obesity and hypertension
[7-12]. CNVs have been observed in 10% of sporadic cases of autism [13,14], 15% of
schizophrenia cases [15,16], and 16% of cases of intellectual disability [17]. These and other
associations highlight the importance of structural variation to human health and the need to
understand the factors influencing how they arise.

There is an intense interest in understanding the mechanisms by which CNVs form
[18,19]. In several regions of the genome, de novo CNVs with approximately the same
breakpoints recur in independent meioses (recurrent CNVSs) [1,20]. The presence of segmental
duplications flanking these intervals is a hallmark feature of recurrent CNVs. It is hypothesized
that misalignment and subsequent recombination between non-allelic low copy repeat (LCR)
segments within the segmental duplication regions is the formative event giving rise to the
CNV[21,22], so called non-allelic homologous recombination (NAHR). Risk factors that may
favor NAHR have been investigated and include sequence composition and orientation of the
LCRs themselves [21,23] as well as the presence of inversions at the locus [24,25].

Parental sex bias for the origin of recurrent de novo CNVs remains unexplained. De novo
deletions at the 16p11.2 and 17q11.2 loci are more likely to arise on maternally inherited

chromosomes [26-29]. Deletions at the 22911.2 locus show a slight maternal bias as well [30]. In
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contrast, deletions at the 5935.3 locus (Sotos syndrome [MIM: 117550]) display a paternal origin
bias [31,32]. Deletions at the 7q11.23 locus (Williams syndrome [MIM: 194050]) do not show a
bias in parental origin [24]. While it has been suggested that sex-specific recombination rates
might influence sex biases in NAHR [26], this hypothesis has not been formally tested.

The majority of recurrent CNVs are thought to form during meiosis, when homologous
chromosomes align and synapse during prophase | [33]. It is well established that meiosis differs
significantly between males and females. In males, spermatagonia continuously divide and
complete meiosis throughout postpubescent life with all four products of meiosis resulting in
gametes. In contrast, in human females oogonia are established in fetal life and enter into an
extended period of prolonged stasis in prophase I of meiosis until they complete meiosis upon
ovulation and fertilization [34]. Additionally, in female meiosis, only one of four products of
meiosis result in a gamete. Sexual dymorphism in meiosis extends to the patterns and processes
of recombination during meiosis [33]. Here we seek to ask whether local sex-specific rates in

meiotic recombination can predict the parental bias for the origin of recurrent de novo CNVs.

Methods
Parent of Origin Determination
Literature Search and Parental Origin Data Curation

For this analysis, we considered the 55 known genomic disorder CNV loci described in
Coe etal., 2014 [7]. A locus was eligible for inclusion in the current analysis if it is flanked by
LCRs, i.e., mediated by NAHR, and not imprinted (n = 38 eligible loci). For each of these 38
loci, we performed a systematic PubMed search to identify published data on parental origin.

Studies were admitted to this paper’s analysis when the following criteria were met: (1) the study
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detailed parent of origin data for one of the 38 eligible NAHR-mediated loci as designated by
Coe et al., 2014[7], (2) the authors of the study interrogated the entire canonical CNV interval to
confirm presence of a deletion or duplication in the patients, (3) the authors determined the
investigated CNVs were de novo, and (4) the study clearly treated monozygotic twins as one
meiotic event and not two (Supplemental Methods; Table S3-1; Table S3-2). The literature
search led to a manual review of 1,268 papers, out of which we identified 77 manuscripts across
24 loci with suitable data for analysis: 1g21.1 [35-39], 1g21.1 TAR [40], 2913 [37], 3929 [37-
42], 5935 [31,32], 7q11.23 [24,40,43-54], 8p23.1 [55,56], 11q13.2q13.4 [57], 15G13.3
[38,40,58], 15924 (AC, AD, BD, and BE intervals) [59-64], 15025.2 [65-67], 16p11.2
[26,37,40,68-70], distal 16p11.2 [37,38,70], 16p11.2p12.1 [71], 16p31.11 [37], 17p11.2 [72-76],
17q11.2 [28,29,77], 17q12 [37,38,78], 17q21.31 [19,25,67,79-84], 17q23.1923.2 [69,85] and
22011.2 [30,43,53,86-102] (Table 3-1). For the remaining 14 loci, no published parent of origin
data could be identified. At the 3929 locus we generated new data to determine the parent of

origin for de novo events (http://genome.emory.edu/3q29/).

Determination of Parental Origin for 3q29 Deletion

Study Subject Recruitment: This study was approved by Emory University’s Institutional

Review Board (IRB00064133). Individuals with a clinically confirmed diagnosis of 3929
deletion were ascertained through the internet-based 3929 registry

(https://3g29deletion.patientcrossroads.org/) as previously described [103]. Blood samples were

obtained from 14 families. SNP genotyping was performed on 12 of the 14 families (10 full trios,
2 mother-child pairs) using the Illumina GSA-24 v 3.0 array. For 2 full trios (6 samples), parent

of origin was determined from whole genome sequence data on Illumina’s NovaSeq 6000
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platform. Quality control was performed with PLINK 1.9 [104] and our custom pipeline
(Supplemental Methods).

Parental Origin Analysis: Parental origin of the 3929 deletion was determined for all 14

families using PLINK 1.9 [104]. SNPs located within the 3929 deletion region (chr3:196029182-
197617792; hg38) were isolated for analysis and the pattern of Mendelian errors (MES) were
analyzed. The parent with the most MEs was considered the parent of origin for the 3929
deletion (Supplemental Methods). The mean age of fathers in our 3929 cohort was collected
from self-reported data in conjunction with the Emory University 3929 project
(http://genome.emory.edu/3g29/) and compared to the U.S. average (NCHS;

https://www.cdc.gov/nchs/index.htm) via a two-tailed two-sample t-test using R [105].

Calculation of Recombination Rates and Ratios

Chromosome male and female recombination rates (cM/Mb) were obtained from the
deCODE sex-specific maps, which are based on over 4.5 million crossover recombination events
from 126,427 meioses, with an average resolution of 682 base pairs [106]. The recombination
rate (cM/Mb) data from deCODE is publicly available as recombination rates calculated for a
physical genomic interval bounded by two SNP markers (Supplemental Methods). Therefore, for
our calculation of the average male and female recombination rates, each bounded recombination
rate was weighted by the total number of base pairs contained within the respective SNP marker
interval. Weighted rates were then averaged across the CNV interval for males and females,
separately. The ratio of the weighted average male and female recombination rates was then
calculated for each CNV interval by dividing the weighted average male recombination rate by

the weighted average female recombination rate (Figure S3-1). To account for slight differences
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in the recombination rate ratios calculated for the different LCR22 intervals at the 22¢q11.2 locus
we used an adjusted recombination rate ratio composed of the weighted recombination rate ratios
calculated for each LCR22 interval. Weights were based on the estimated population prevalence

of the different 22g11.2 deletion intervals (Table S3-3) [107].

Logistic Regression Analysis

Parental origin data was curated for CNVs at the 24 CNV loci from 77 independent
studies; only independent samples were included in the analysis (duplicate or overlapping
samples were removed). For each CNV locus the male to female recombination rate ratio was
calculated as described above. A logistic regression model was fitted to the data with the loge-
transformed male to female recombination rate ratio as the predictor and parental origin (paternal
vs. maternal) as the response variable. We performed a secondary analysis stratified by deletions
and duplications. See Table 3-2 and Table S3-4 for the data calculated and used in the logistic

regression analyses.

Linear Regression Analysis

For linear regression, locus-specific estimates for parental origin were derived by
combining the data from all published studies for a given locus. To alleviate the uncertainty
introduced by small sample sizes, only those loci with more than 10 observations were included.
The loge-transformed combined male to female parental origin count ratio for each locus was
regressed on the calculated average loge-transformed average male to female recombination rate

ratio for that locus” CNV interval. Each locus was weighted based on its sample size.
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Results
Recurrent Genomic Disorder Loci Literature Search

We conducted a systematic literature search for the 38 non-imprinted and NAHR-
mediated CNV loci in Coe et al., 2014 [7] (Table 3-1; Table S3-1). We identified parent-of-
origin studies that met inclusion criteria as stated in Methods. 77 studies met inclusion criteria;
from these 77 studies, data were curated for 24 loci, including copy number variants at 1921.1
[35-39], 1g21.1 TAR [40], 2q13 [37], 3¢29 [37-42], 5935 [31,32], 7q11.23 [24,40,43-54], 8p23.1
[55,56], 11q13.2q13.4 [57], 15q13.3 [38,40,58], 15024 (AC, AD, BD, and BE intervals) [59-64],
15025.2 [65-67], 16p11.2 [26,37,40,68-70], distal 16p11.2 [37,38,70], 16p11.2p12.1 [71],
16p31.11 [37], 17p11.2 [72-76], 17q11.2 [28,29,77], 17q12 [37,38,78], 17¢21.31 [19,25,67,79-
84], 17923.1923.2 [69,85] and 22q11.2 [30,43,53,86-102] (Table 3-2). Each locus has between
one and twenty independent studies representing in total 1,977 de novo deletion (N = 1,913) and

duplication (N = 64) events (Table 3-2).

Parent of Origin of 3q29 Deletion

We determined parent of origin in 12 full trios where a proband had a de novo 3q29
deletion; in 2 additional trios where only proband and maternal DNA samples were available,
parent of origin was inferred. For the 12 trios evaluated by SNP arrays, in all cases, the number
of Mendelian errors between the presumed inherited (intact) parental allele was zero, and the
mean Mendelian errors for the presumed de novo parent of origin allele were 41, with a range of
27-66. For the two trios evaluated with sequence data, Mendelian errors were 20-33-fold
elevated when comparing the inherited vs de novo parent. In these 14 trios, 13 deletions (92.9%)

arose on the paternal genome indicating a significant departure from the null expectation of 50%
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(p = 0.002, binomial exact). When accounting for only full trios, 11 of 12 (91.7%) deletions
arose on paternal haplotypes (p = 0.006, binomial exact), altogether indicating there is a paternal
bias for origin of the 3929 deletion (Table S3-4). We examined the age distribution of male
parents in our cohort; the mean age is 34 years (median = 34 years) and is not significantly
different from the 2018 U.S national average, (31.8 years) (p = 0.08, Two-tailed two sample t-
test), These data indicate the bias in the 3929 sample is unlikely to be due to oversampling of

older fathers (Table S3-5).

Meiotic Recombination and Parental Origin

We tested the hypothesis that sex-dependent differences in meiotic recombination could
explain the parental biases observed for recurrent genomic disorder loci mediated by NAHR. We
determined the male and female origin counts of the CNVs curated from the literature search. Of
the 1,977 CNVs, 870 were paternal in origin and 1,107 were of maternal origin. We calculated
the average male and female recombination rates (cM/Mb) across the CNV intervals at all 24
loci using recombination rates published by the deCODE genetics group [106] (Figure S3-2 to
S3-12). We fit a simple logistic model to the data, with the male-to-female recombination rate
ratio as the predictor and parental origin as the response variable (Table 3-2; Table S3-4). Our
data reveal that the sex-dependent recombination rate ratio significantly predicts parental de
novo origin of a given CNV (p = 1.07 x10-%4, B = 0.6606, Cless% = (0.4980,0.8333), OR = 1.936)
(Figure 3-1). In other words: for a given region, the higher the male recombination rate is relative
to the female rate, the more likely a CNV formed in that region will be paternal in origin.
Stratified analyses on deletions and duplications separately lead to a nearly identical model.

(Deletions: p = 8.88 x10%4, B = 0.6721, Closs% = (0.5009, 0.8546), OR = 1.9584; Duplications: p
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=0.02, B = 0.8304, Closs = (0.1508, 1.6017), OR = 2.2942) (Figure S3-13 to $3-14; Table S3-6
to S3-7). Simple linear regression on the subset of CNV loci with more than 10 samples, shows
the striking correlation between relative recombination rates and parental origin, where relative
recombination rates explain 85% of the variance in parental bias (Figure S3-15; Table S3-8). Our
logistic model can be used to predict paternal origin rates for any locus with estimable
recombination in males and females, and we have done so (Table S3-9). CNVs at the 15q13.3
and 17923 both are predicted to have a paternal origin approximately 60% of the time, while at
the 16p11.2 distal locus CNVs are predicted to have a maternal origin 76% of the time (Table

S3-9). If correct, our model would predict these loci exhibit a bias in parental origin.

Discussion

Parent of origin bias for de novo events at recurrent CNV loci has been well-documented
but has lacked a compelling explanation. Our analysis of data gathered on 1,977 CNVs from 77
published reports demonstrate that sex-specific variation in local meiotic recombination rates
predicts parent of origin at recurrent CNV loci. Human male and female meiotic recombination
rates and patterns differ greatly across the broad scale of human chromosomes. Recombination
events are nearly uniformly distributed across the chromosome arms in females but tend to be
clustered closer to the telomeres in males [108]. We note that this pattern has been previously
recognized [26]. Here we have formally tested the hypothesis that recombination variation drives
parent of origin variation using a rigorous, statistical framework (Figure 3-1) and provided an
estimate for the variance in parent of origin bias that is due to sex-specific recombination rates

(Figure S3-15).
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Investigations into the mechanism by which recurrent CNVs arise have focused on LCRs
and their makeup [1,109]. These regions are composed of units of sequence repeats that vary in
orientation, percent homology, length, and copy number. Consequently, LCRs are mosaics of
varying units, imparting complexity to LCR architecture [23]. The frequency of NAHR events
mediated by LCRs is a function of these characteristics, and other features of the genomic
architecture [21]. Specifically, the rate of NAHR is known to correlate positively with LCR
length and percent homology and decrease as the distance between LCRs increases [18,21].
However, because LCRs are challenging to study with short-read sequencing technology, the
population-level variability of these regions is not well described [110]. Recent breakthroughs
with long-read sequencing and optical mapping have revealed remarkable variation in LCRS
[111-113], and haplotypes with higher risks for CNV formation have now been identified [114].
LCRs are substrates for NAHR [1], and thus are subject to the recombination process. Local
recombination rates may influence how likely an NAHR event will happen between two LCRs.
Therefore, when analyzing LCR haplotypes and their susceptibility to NAHR, one would need to
take into account sex-differences in recombination. For example, at loci with maternal biases,
specific risk haplotypes may be required for males to form CNVs and vice versa. Greater
enrichment of GC content, homologous core duplicons or the PRDM9 motifs, or other
recombination-favoring factors may also be required [1,18]

Variation in recombination rates between sexes is well established [108,115-118].
Prediction of individual risk may also need to consider individual variation in meiotic
recombination, particularly due to heritable variation and presence or absence of inversion
polymorphisms [117,119]. Variants in several genes, including PRDM9, have been shown to

affect recombination rates and the distribution of double-stranded breaks in mammals [120,121].
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Common alleles in PRDM9 are evidenced to affect the percentage of recombination events
within individuals that take place at hotspots [120], and variants in RNF212 are associated with
opposite effects on recombination rate between males and females [116,121]. The unexplained
variance in our study may be due to these additional factors, which are rich substrates for future
study.

Many human genetic studies have observed correlations between inversion
polymorphisms and genomic disorder loci [25,122]. Because these inversions are copy-number
neutral and often located in complex repeat regions, [123] they can be difficult to assay with
current high-throughput strategies and their true impact remains to be explored. One model
proposes that during meiosis these regions may fail to synapse properly and increase the
probability of NAHR [124,125]. Another theory suggests formation of inversions increase
directly oriented content in LCRs leading to a NAHR-favorable haplotype [126]. Supporting
these theories, inversion polymorphisms have been identified at the majority of recurrent CNV
loci [24,25,30,122,124,126,127]. At the 7911.23, 17921.31, and 535 loci [24,25,127],
compelling data indicts inversions as a highly associated marker of CNV formation. However,
heterozygous inversions are known to suppress recombination perturbing the local pattern of
recombination and altering the fate of chiasmata [119]. The analysis presented here strongly
suggests that recombination is the driving force for CNV formation giving rise to an alternate
explanation for the association between inversions and CNVs; they are both the consequence
(and neither one the cause) of recombination between non-allelic homologous LCRs. Inversions
and CNVs appear to be associated because both are being initiated by aberrant recombination.
Viewing the system in this manner also explains the frequency of individual inversions at CNV

loci. Inversions are arising via rare aberrant recombination, like CNVs, but subsequently being
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driven to higher frequency by natural selection, because they act to suppress recombination and
“save offspring” from deleterious genomic disorders. Of course, frequent mutations leading to
inversions and the details of LCR structure such as relative orientation and homology within a
genomic region may promote or impede CNV formation in a locus-specific manner [128-130].
Further exploration of this relationship with improved genomic mapping can test these
alternative models [131]. One testable prediction of the model described here is that inversions
should be at higher frequency at loci giving rise to highly deleterious CNVs, as opposed to loci
harboring recurrent benign CNVs.

To our knowledge, this study is the first comprehensive investigation of parental origin of
recurrent, NAHR-mediated CNV loci. Investigations of predominantly nonrecurrent CNVs show
paternal bias [132-134]. Unlike recurrent CNVs, nonrecurrent CNVs are mostly formed via non-
homologous end joining (NHEJ) and replicative mechanisms [1,135,136]. The standing
hypothesis is that replication-based mechanisms of nonrecurrent CNV formation, which are
known to accumulate errors in male germlines, contribute to this bias [132]. Our study reinforces
the idea that the factors influencing recurrent CNVs differ from those impacting nonrecurrent
CNVs. Future genome-wide analyses with larger sample sizes can further help refine our
understanding of the divergent forces at play affecting recurrent and nonrecurrent CNV
formation.

We conducted a comprehensive literature search at 38 loci and ultimately identified 1,977
samples for analysis. We note that the majority of the data come from 7 well-studied loci (Table
3-1). While we thoroughly curated the data in a systematic way, it is possible that our data is
subject to publication bias, where loci that exhibit parent of origin biases are more likely to have

parental origin reported. Further exacerbating potential publication bias, genetic testing for the
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affected patient (and even more so for the parents) can be difficult to obtain due to concerns such
as insurance coverage, potential future discrimination, and privacy concerns [137-140].
However, we note individuals with CNVs are generally not ascertained or recruited under the
expectation that recombination affects parent of origin, and therefore, any potential publication
or ascertainment bias is unlikely to confound the results of our analysis. Analysis of a larger
cohort of CNV loci including benign CNVs will give greater insight into the role of
recombination, and sex differences in recombination influencing parent of origin in CNVs.

Our estimates of recombination rates summarize CNV-scale (broad-scale) patterns of
recombination, rather than fine-scale patterns near the sites of relevant recombination events that
form these CNVs—LCRs. For example, local sex-specific hotspots within LCRs could be the
underlying drivers behind the correlation between recombination rates and parental origin. Given
the nature of repetitive regions like LCRs and our inability to adequately interrogate them with
current sequencing technologies, accurate recombination data across and within the LCR regions
is not available. In other words, the data is currently insufficient to conclude whether or not these
broad scale patterns are tightly correlated with fine-scale recombination rates in and around the
LCRs. The best available data in the field allows us to infer the following: broad scale patterns of

recombination tightly predict patterns of parental origin.

Conclusions

In this study we determined male and female differences in meiotic recombination rates
significantly predict parent of origin for recurrent CNV loci. Combining the sex-specific
recombination landscape and the mechanistic factors underlying it with a more detailed

understanding of existing structural factors at genomic disorder loci can be expected to help



guide standards used to identify and perform genetic counseling for individuals at risk of

genomic rearrangement.
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Table 3-1: Summary of CNV loci included in literature search and curated studies

Locus MIM Number *# Studies Study References
Included
1g21.1 TAR 274000 1 [40]
1g21.1 612474/612475 5 [35-39]
2q11.2 — 0 —
2011.2913 — 0 —
2013 — 1 [37]
3029 609425/611936 7 [37-42], This Study
5035 117550 2 [31,32]
7011.23 194050/609757 14 [24,40,43-54]
7011.23 distal 613729 0 —
7011.23 proximal — 0 —
8p23.1 — 2 [55,56]
10923 612242 0 —
11913.2q13.4 — 1 [57]
15911.2 615656 Qv —
15q13.3 612001 3 [38,40,58]
15924 — 6 [59-64]
15025.2 614294 3 [65-67]
15q25.2 (Cooper) — 0 —
16p11.2 611913/614671 6 [26,37,40,68-70]
16p11.2 distal 613444 3 [37,38,70]
16p11.2p12.2 — 0 —
16p11.2p12.1 — 1 [71]
16p12.1 136570 0 —
16p13.11 — 1 [37]
17p11.2 182290/610883 5 [72-76]
917p11.2p12 118220/162500 0 —
17911.2 613675/618874 3 [28,29,77]
17912 614526/614527 3 [37,38,78]
17921.31 610443/613533 9 [19,25,67,79-84]]
17923 — 0 —
17923.1923.2 613355/613618 2 [69,85]
22011.2 188400/192430 20 [30,43,53,86-102]
22011.2 distal 611867 0 —

Independent studies from which the parent of origin data for the current analysis were obtained.
Studies may be repeated between loci. "Recombination rates could not be calculated for 15q11.2 as
the breakpoints were outside range of recombination maps. 15924 locus is represented as 6 different
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intervals in Coe et al., 2014 [8]. 17p11.2p12 excluded due to inconsistencies in mechanism of
formation. See Supplemental Methods.




Table 3-2: Summary of genomic disorder loci CNVs recombination calculations
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"M:F "Avg. Male V8. ‘Log. M:F
Locus %’):;é BED Coordinates[7] # S‘Z‘J/';;’ les gglljgg:[ls %g{%tjf Rii%ogck))é] g:gg::g ReRC;Jt?;b '
Rate [106] [106]

1921.1 TAR Del chr1:145686999-146048495 1 (0.05%) 1:0 1/0 0.15712388 0.77814863 -1.599883
1921.1 Del/Dup chr1:147101794-147921262 9 (0.46%) 6:3 7/2 0.12331689 0.50839541 -1.416626
2q13 Dup chr2:110625954-112335952 1 (0.05%) 1:0 0/1 0.44854539 1.64377881 -1.298743
3929 Del chr3:195988732-197628732 22 (1.11%) 21:1 22/0 3.1305211 0.27775988  2.422197
5035 Del chr5:176290391-177630393 41 (2.07%) 36:5 41/0 1.29955355 0.97941355 0.282822
7q11.23 Del/Dup chr7:73328061-74727726 618 (31.26%) 296:322 598/20  0.49353554 1.92657023 -1.361890
8p23.1 Del/Dup chr8:8235068-12035082 3 (0.15%) 1:2 1/2 0.67201752 1.81857951 -0.995527
11913.2q13.4  Del chr11:67985953-71571306 1 (0.05%) 0:1 1/0 0.8431765 2.23501635 -0.974828
15q13.3 Del/Dup chr15:30840505-32190507 6 (0.30%) 5:1 5/1 1.63640726 1.89901039 -0.148828
15924 AC Del chr15:72670606-75240606 1 (0.05%) 1:0 1/0 0.28479919 0.86129537 -1.106653
15924 AD Del chr15:72670606-75720604 3 (0.15%) 1:2 3/0 0.27613544 0.82152961 -1.090277
15924 BD Del chr15:73720606-75720604 1 (0.05%) 0:1 1/0 0.30739967 0.68432207 -0.800280
15924 BE Del chr15:73720606-77840603 2 (0.10%) 0:2 2/0 0.23485125 0.72623183 -1.128917
15g25.2 Del chr15:82513967-84070244 5 (0.25%) 0:5 5/0 0.21225081 0.32633295 -0.430177
16p11.2 Del/Dup chr16:29641178-30191178 98 (4.96%) 11:87 79/19 0.06570935 1.28740565 -2.974798
16pl11.2 distal Del/Dup chrl6:28761178-29101178 4 (0.20%) 0:4 3/1 0.12150949 1.61662624 -2.600350
16p11.2p12.1 Dup chr16:21341178-29431178 1 (0.05%) 1:0 0/1 0.5534655 2.68382469 -1.578799
16p13.11 Del/Dup chrl6:15408642-16198642 2 (0.10%) 1:1 1/1 1.67072378 2.46524529 -0.389038
17p11.2 Del/Dup chrl7:16805961-20576095 71 (3.59%) 44:27 59/12 0.1888066 1.19115966 -1.841959
17q11.2 Del chr17:30838856-31888868 62 (3.14%) 10:52 62/0 0.26024285 1.85442774 -1.963716
17912 Del chr17:36460073-37846263 6 (0.30% 4:2 6/0 0.64750654 3.64754421 -1.728720
17921.31 Del/Dup chrl7:45626851-46106851 39 (1.97%) 19:20 35/4 0.38234179 0.98304273 -0.944338
17923.19g23.2  Del chr17:59987857-62227857 2 (0.10%) 0:2 2/0 0.56466054 1.30765625 -0.839748
22011.2 Del dchr22:18924718-21111383 978 (49.47%) 411:567 978/0 1.45946494 3.69205976 -0.920692
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All Del/lDup — 1977 (100%) 870:1107 1913/64 — —

Summarized CNV data. Data are consolidated by locus. BED coordinates correspond to hg38 (LiftOver from hg18 coordinates in Coe et al.,
2014). ®Male to female CNV parent of origin counts. PAverage male and female recombination rates are the average of the recombination rates
calculated for each sample observed for the locus, e.g., 0.123331689 is the average male recombination rate calculated from the male

recombination rates of the 9 1g21.1 CNVs. “Natural log-transformed average male to female recombination rate ratio for the locus. “Breakpoints
cited by ClinGen for ~3.0 Mb LCR22A-LCR22D interval.
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Figure 3-1. Recombination rates associate with parental origin. Predicted (curve) and

observed paternal origin proportions for 1,977 CNVs from 24 loci. Curated parent of origin data

from 77 published studies are collapsed by loci into single data points; recombination rate ratios

are the average of the metric for all CNVs within the data point. Data points size and color

correspond to the number of CNV data collapsed into the data point. Recombination rate ratios

predict parental origin for CNV mediated by NAHR (p=1.07 x10-14, B = 0.6606, C195%

=(0.4980,0.8333), OR = 1.936).
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Supplemental Methods

Literature Search and Data Curation

CNV loci were curated from Coe et al., 2014 [7]. This paper is an expansion of Cooper et al.,
2011[141], and includes 55 known CNV loci associated with genomic disorders. We applied a
set of exclusion criteria to the 55 loci in order to filter for loci in which CNVs are flanked by
LCRs, i.e., mediated by NAHR. As individuals with CNV at imprinted loci are generally
ascertained by phenotype, and the phenotype is determined by the parent of origin, imprinted loci
would introduce an ascertainment bias to the analysis and were therefore excluded. Loci were
determined to be imprinted if the canonical interval overlapped imprinted genes as indicated by

the Geneimprint database (http://www.geneimprint.com/). In total, 17 loci were excluded from

further analysis because the loci were not flanked by LCRs and/or the loci were imprinted (Table
S3-1). For the remaining 38 loci we conducted a systematic PubMed literature search for studies
that reported parental origin of CNVs at these loci. On PubMed, loci were searched using a
phrase with the format: cytogenic locus OR syndrome. The number of results/hits was recorded
and if the initial search produced more than 100 hits, a sub-search was performed. This sub-
search used the following format: (cytogenic locus OR syndrome) + parental bias OR parental
origin OR transmission bias OR parent-of-origin OR parent of origin OR maternal bias OR

paternal bias OR paternal origin OR maternal origin).

Studies were included in analysis:
e If the study reported parental origin

e If the authors of the study adequately interrogated the patients for presence of the

CNV(s). This included stating that the CNV/(s) was previously or currently confirmed,


http://www.geneimprint.com/
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and/or a confirmation via FISH, aCGH, marker PCR, SNP array, whole-genome
sequencing, etc.

e If the authors of the study stated the CNVs were de novo.

e CNVs in monozygotic twins were clearly treated as the result of a single meiotic event.
MZ twins are the product of one egg fertilized with one sperm, that then splits into two

zygotes, thus the CNV present originated in one of the single gametes.

We note that 17911.2q12, a known genomic disorder locus associated with Charcot-Marie-Tooth
disease type 1A (CMTL1A,; duplication) and hereditary neuropathy with liability to pressure
palsies (HNPP; deletion), is mediated by NAHR, and thus applicable for inclusion in our
analysis. However, subsequent research on the locus produced reports of a sex-dependent bias in
both the mechanism for formation of the associated CNVs, and the resulting phenotype
[142,143]. CNVs of paternal origin are generated via NAHR between homologous chromosomes
during meiosis and are largely duplications (resulting in CMT1A), whereas CNVs of maternal
origin are produced via intrachromosomal rearrangement between sister chromatids and result in
equal numbers of deletions and duplications (resulting in CMT1A and HNPP). This is likely to
cause a complex ascertainment bias and introduce a confounder associated with this locus. For

this reason, we excluded the 17911.2912 locus from this study.

77 studies in total satisfied inclusion criteria and included parental origin data for 24 loci
encompassing 1,977 deletion and duplication events (Table 3-1 and Table 3-2). All search
phrases and studies curated as part of the current analysis and the loci used in the logistic

regression analysis are listed in Table S3-1 to S3-2 and Table S3-3, respectively.
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Study Subject Recruitment

Individuals with clinically confirmed diagnosis of 3929 deletion were ascertained through the
internet-based 3929 registry (https://3q29deletion.patientcrossroads.org/) as previously described
[103,144]. We obtained blood samples and determined parental origin of the 3929 deletion in 14
families. Of the 14 families, 12 were full trios. The remaining two families were both mother and

child pairs.

Sample Collection and Banking
Whole blood was collected from proband, mother and father as previously reported [103] and
banked at the NIMH Repository and Genomics Resource (NRGR; Piscataway, New Jersey,

USA).

DNA Isolation
DNA samples were isolated from/obtained from biobanked samples at the NIMH Repository and
Genomics Resource (NRGR; Piscataway, New Jersey, USA). The source of DNA was either

whole blood or LCLs derived from biobanked blood samples.

SNP Genotyping and QC

SNP genotyping was performed on 12 of the 14 families (10 full trios, 2 mother-child pairs) by
AKESOgen (Peachtree Corners, Georgia, USA) on the Illumina GSA-24 v 3.0 array, which
contains 654,027 SNPs genome wide. DNA from participants was normalized and genotyped
according to AKESOgen/Illumina protocols. Data was returned as separate final reports that

were combined into one deduplicated final report, and converted into PLINK format for quality
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control. QC was performed with PLINK 1.9 [104]. Briefly, indel calls, unmappable SNPs, and
SNPs with call rates less that 97% were dropped from the SNP call set (n = 35,187), leaving
611,986 SNPs genome wide. Samples reported sex and family relationships were verified using
this set of quality SNPs and PLINK 1.9. F coefficient estimates for the X chromosome were
calculated and sex assignment was inferred for each sample in the batch. Before sex was
inferred, the --split-x flag with the hg38 modifier was used to identify pseudoautosomal regions
of the X chromosomes for subsequent removal during the sex check. The default parameters for
the --check-sex flag were used to infer sex. A sample with an F coefficient less than or equal to
0.2 was assigned as male, and a sample with an F coefficient greater than or equal to 0.9 was
assigned as female. Any samples with an opposite sex assignment than indicated by the given
pedigree were flagged and investigated for possible sample swapping or sample mixture.
Expected relationships between related samples of the batch were verified with PLINK 1.9.
Variants were LD-pruned using the --indep-pairwise flag using 50, 5, and 0.2 for the variant
count window size, variant count step size and r?, respectively. The --genome flag was used to
infer relationships (coefficient of relatedness; r) on this set of pruned SNPs. All samples sex
information and relationship information were concordant with our expectation based on

information provided by the families.

Whole-genome Sequencing

For 2 full trios (families 3206 and 3147; 6 samples), parent of origin was determined from whole
genome sequence data. All samples were sequenced at the Hudson—Alpha Institute of
Biotechnology (Birmingham, Alabama, USA) using their published protocols. Sequencing was

performed to approximately 30X coverage per genome on the Illumina NovaSeq 6000 platform.
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Following sequencing all base-calling was performed using standard Illumina software to

generate the final FASTQ files for each sample.

Sequence Alignment: PEMapper

FASTQ files were aligned on a per sample basis with PEMapper [145] using default parameters
and a Smith-Waterman alignment threshold of 95%, as recommended for 150-bp paired-end
reads. Alignment was performed relative to the human Hg38 reference as reported by the
University of California at Santa Cruz (UCSC) Genome Browser on July 1, 2015. The output
from PEMapper, pileup and indel files, were used as input for variant calling with PECaller
[145]. Pileup files contained the number of reads where an A, C, G, or T nucleotide was seen
together with the number of times that base appeared deleted or there was an insertion
immediately after the base. Indel files contained the nucleotide sequence of the deletions and
insertions indicated in the pileup files. Alignment performance was checked before moving to

variant calling. No samples were removed on the basis of failed sequence alignment.

Variant Calling: PECaller

Variant calling was performed in a single batch using PECaller [145], which assumes multiple
samples all done on the same technology will be available. Optimal PECaller performance is
achieved when at least 50 genomes are called in batch; 57 control genomes were included with
the genomes from families 3206 and 3147 (63 genomes total). PECaller was run with the default
theta value of 0.001 and a 95% posterior probability for a genotype to be considered called. A
posterior probability of less than 95% was considered a missing call. Calls were produced for the

repeat-masked (unique) subset of the human Hg38 reference as reported by the University of
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California at Santa Cruz (UCSC) Genome Browser on July 1, 2015. The initial .snp file output
from PECaller was used in a subsequent step to merge SNP variant calls with INDEL variant
calls, producing a final “merged” .snp file. This raw file was used for site and sample quality

control.

Whole-genome Sequence Quality Control

Quality control was performed on a per-site and per-sample basis. The following metrics were
used to flag and/or exclude samples and variant sites from QC and analysis, and were calculated
using a custom QC pipeline consisting of multiple in-house-developed scripts, PLINK 1.9 [104],

R [105], and Bystro [146]:

1. Per-site QC: Missing call rate: The missing call rates for variant sites were calculated as
described above. Variants with a missing call rate greater than or equal to 10% were
removed from subsequent QC and variant analysis.

2. Sample Mixture Check: Possible sample mixture was checked by calculate the ratios of
minor allele homozygous calls to heterozygous calls. This number varies between call
batches, and thus cannot be compared across different calling experiments. However,
non-mixed samples within the same calling batch should exhibit similar ratios. The ratios
were calculated using Bystro. No samples were removed on the basis of possible sample
mixture.

3. Per-sample QC: Transition:Transversion Ratio: Transition:transversion (Ti:Tv) ratios
were calculated for each genome in the variant calling batch using a script developed in-

house Bystro. Based on population expectations, the Ti:Tv ratio for an individual genome
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is expected to be approximately 2.00, with a ratio of 2.04 representing a quality genome.
The batch mean Ti:Tv ratio were calculated using Bystro. The control genomes used in
batch calling were previously validated for calling performance, therefore a mean Ti:Tv
ratio less than 2.00 suggests a failed variant-calling experiment. As such, the entire
sample batch is resubmitted for variant calling. No samples were removed from analysis
on the basis of Ti:Tv ratio.

Per-sample QC: Silent:Replacement Ratio: Silent:replacement (sil:rep) ratios were
calculated for each genome in the variant calling batch using Bystro. The expected sil:rep
ratio for a single genome is expected for fall between 1.05 and 1.15, with 1.15 indicating
a quality genome. The batch mean sil:rep ratio and standard deviation were calculated
using Bystro. A mean sil:rep less than 1.05 suggested a failed variant-calling experiment
and the sample batch was resubmitted for variant calling. Any samples with a sil:rep ratio
less than 1.05 were flagged and removed from subsequent QC. No samples were
removed from analysis on the basis of sil:rep ratio.

Per-sample QC: Missing call rate: The missing call rates for samples were calculated
using PLINK. The merged .snp file generated after the indel merging process was
converted to a VCF [v4.0] format (snp_to_vcf2), the appropriate VCF headers were
appended to file, and multiallelic variants were split using BCFtools 1.3 [147], before the
final BCF was loaded into PLINK. The following flags were used during loading: --bcf,
and --keep-allele-order. Per sample missing call rates were calculated using the —missing
flag in PLINK, and the batch mean missing call rate and standard deviation was
calculated using R. A mean missing call rate greater than or equal to 3% indicated a

failed variant-calling experiment and the sample batch was resubmitted for variant
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calling. No samples in the current analysis were removed on the basis of low call rate.

6. Sex Check: PLINK was used to calculate the F coefficient estimates for the X
chromosome and impute sex assignment for each sample in the batch. Before sex was
inferred, the --split-x flag with the hg38 modifier was used to identify pseudoautosomal
regions of the X chromosomes for subsequent removal during the sex check. The default
parameters for the --check-sex flag were used to infer sex. A sample with an F coefficient
less than or equal to 0.2 was assigned as female, and a sample with an F coefficient
greater than or equal to 0.9 was assigned as male. All samples’ inferred sex matched our
expectation based on provided information.

7. Relationship Inference: Expected relationships between related samples of the batch were
verified with PLINK. Variants were LD-pruned using the --indep-pairwise flag using 50,
5, and 0.2 for the variant count window size, variant count step size and r?, respectively.
The --genome flag was used to infer relationships (coefficient of relatedness; r) on this set
of pruned SNPs. Among the control genomes there was a known parent-offspring
relationship, which was used as a positive control, while the remaining control genomes
were known to be unrelated. All samples’ inferred relationships matched our expectations

based on information provided by the families.

Parental Origin Analysis

Parental origin of the 3929 deletion was determined for 12 trios --10 full trios and 2 trios for
which only the child and mother’s info was available -- using SNP array data. Briefly, using
PLINK 1.9 [104], 404 SNPs located within the 3929 deletion interval (chr3:196029182-

197617792; hg38) were isolated for analysis. Mendelian errors (MEs) were called for these SNPs
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using PLINK’s --mendel function with the -duos modifier to also call MEs for the mother-
daughter pairs. The parent with the most mendelian errors was considered the parent of origin for
the 3929 deletion. Parental origin was determined using WGS data for two trios (3147 and
3206). Briefly, variants in the 3929 critical region were called using PECaller [145]. The variants
with a sample minor allele frequency (MAF) less that 10% were filtered from this set of SNPs,
and MEs were called. As in the SNP array analysis, the parent with the most MEs was

considered the parent of origin for the 3929 deletion

Paternal Age Analysis
Age of fathers at birth data for ~3 million U.S. births in 2018 (latest data available) were
obtained from the National Center for Health Statistics (NCHS)

(https://www.cdc.gov/nchs/index.htm). The mean age of parents in our 3g29 cohort was

collected from self-reported data in conjunction with the Emory University 3929 project

(http://genome.emory.edu/3929/) and compared to the U.S. average via a two-tailed two-sample

t-test using R [105].

Breakpoint Usage Determination

We calculated average male and recombination rates over CNV intervals as determined by
reported or canonical breakpoints [7]. When possible, we used breakpoints reported by the
authors of the studies to calculate average male and female recombination rates and used the
UCSC LiftOver tool to convert the breakpoints to hg38. To reduce the possibility of the failure
of breakpoints reported on older human genome builds to successfully liftover to hg38, we used

breakpoints reported by the authors only if they were reported on human genome build 19 (hg19)


https://www.cdc.gov/nchs/index.htm
http://genome.emory.edu/3q29/
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or higher. Otherwise, the breakpoints cited by Coe et al., 2014 were used. We note that each
interval from Coe et al., 2014, except the 1g21.1 TAR, locus successfully translated to hg38
coordinates with UCSC LiftOver. For 1g21.1 TAR, we used canonical breakpoints cited in the
Clinical Genome Resource (ClinGen) [148]. We also note the breakpoints cited in Coe et al.,
2014 for the 22q11.2 region correspond to the ~1.5 Mb LCR22A-LCR22B CNV interval and not
the more common ~3 Mb LCR22A-LCR22D CNV interval. Where possible to distinguish
between the 1.5 Mb and 3.0 Mb 22¢q11.2 CNVs, we used the appropriate ~1.5 Mb or ~3.0 Mb

breakpoints cited in ClinGen.

Calculation of Recombination Rates and Ratios

Chromosome male and female recombination rates (cM/Mb) were obtained from the deCODE
sex-specific maps [106]. The recombination rate (cM/Mb) data from deCODE is publicly
available as recombination rates calculated for variably-sized physical genomic intervals
bounded by two SNP markers. Therefore, for our calculation of the average male and female
recombination rates, each bounded recombination rate was weighted by the total number base
pairs contained within the respective SNP marker interval. Weighted rates were then averaged
across the CNV interval (See Breakpoint Usage below) for males and females, separately. The
ratio of weighted average male and female recombination rates was then calculated for each
CNV interval by dividing the weighted average male recombination rate by the weighted average
female recombination rate. To account for slight differences in the recombination ratios
calculated for the different LCR22 intervals at the 22g11.2 locus we used an adjusted
recombination ratio composed of the weighted recombination rate ratios calculated for each

LCR22 interval. Weights were based on the estimated population prevalence of the different
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22011.2 deletion intervals (Table S3-3) [107].The data from deCODE is presented as binned
rates across separate chromosomes. As such, each binned recombination rate was weighted by
the total basepairs of CNV contained within the respective bin (breakpoints cited in Coe et al,

2014 [7]). Weighted binned rates were then averaged across the CNV interval.

Logistic Regression Analysis

Parental origin data was curated for CNVs at the 24 CNV loci from 77 independent studies; only
independent samples were included in the analysis (duplicate or overlapping samples were
removed). For each CNV locus the male to female recombination rate ratio was calculated as
described above. A logistic regression model was fitted to the data with the loge-transformed
male to female recombination rate ratio as the predictor and parental origin (paternal vs.
maternal) as the response variable using R [105]. We performed a secondary analysis stratified
by deletions/duplications. See Table 3-2 and Table S3-4 for the data calculated and used in the

logistic regression.

Linear Regression Analysis

Locus-specific estimates for parental origin were derived by combining the data from all
published studies for a given locus. To alleviate the uncertainty introduced by small sample
sizes, only those loci with more than 10 observations were included. The loge-transformed
combined male to female parental origin count ratios for each locus was regressed on the
calculated averaged loge-transformed average male to female recombination rate ratio for that
locus’ CNV interval using R [105]. Each locus was weighted based on its sample size. A

combined analysis (deletions and duplications) was performed under the assumption that an
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NAHR event produces reciprocal deletion and duplication products, formation of both types of
CNVs would be subject to the same biological forces. Thus, for each locus, duplications and

deletions were treated equally and grouped under one locus.

Sensitivity Analysis
A sensitivity analysis was conducted for the combined linear regression by iteratively running
the linear model in R [105]. On each iteration one data point was removed from the model in

order to identify potential influencing points. Results from the analysis are listed in Table S3-8.
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Supplemental Tables

Table S3-1. Exclusion/Inclusion statuses and literature search results of genomic disorder

loci conducted January 2021.

Can be accessed online at: https://emory-

my.sharepoint.com/:x:/r/personal/tmosle3 emory_edu/Documents/TMosley Dissertation%20Lin
ks/TableS3-

1 _Additional%20File%202 SupplementalTablel Litsearch FINAL.csv?d=w18f6c4f160dc49dd
abad6c4238f11eb0&csf=1&web=1&e=BzJJsm



https://emory-my.sharepoint.com/:x:/r/personal/tmosle3_emory_edu/Documents/TMosley_Dissertation%20Links/TableS3-1_Additional%20File%202_SupplementalTable1_Litsearch_FINAL.csv?d=w18f6c4f160dc49dda6ad6c4238f11eb0&csf=1&web=1&e=BzJJsm
https://emory-my.sharepoint.com/:x:/r/personal/tmosle3_emory_edu/Documents/TMosley_Dissertation%20Links/TableS3-1_Additional%20File%202_SupplementalTable1_Litsearch_FINAL.csv?d=w18f6c4f160dc49dda6ad6c4238f11eb0&csf=1&web=1&e=BzJJsm
https://emory-my.sharepoint.com/:x:/r/personal/tmosle3_emory_edu/Documents/TMosley_Dissertation%20Links/TableS3-1_Additional%20File%202_SupplementalTable1_Litsearch_FINAL.csv?d=w18f6c4f160dc49dda6ad6c4238f11eb0&csf=1&web=1&e=BzJJsm
https://emory-my.sharepoint.com/:x:/r/personal/tmosle3_emory_edu/Documents/TMosley_Dissertation%20Links/TableS3-1_Additional%20File%202_SupplementalTable1_Litsearch_FINAL.csv?d=w18f6c4f160dc49dda6ad6c4238f11eb0&csf=1&web=1&e=BzJJsm
https://emory-my.sharepoint.com/:x:/r/personal/tmosle3_emory_edu/Documents/TMosley_Dissertation%20Links/TableS3-1_Additional%20File%202_SupplementalTable1_Litsearch_FINAL.csv?d=w18f6c4f160dc49dda6ad6c4238f11eb0&csf=1&web=1&e=BzJJsm
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Table S3-2. List of 1,268 search results curated from literature search

Can be accessed online at: https://emory-

my.sharepoint.com/:x:/r/personal/tmosle3 _emory_edu/Documents/TMosley Dissertation%20Lin
ks/TableS3-

2_Additional%20File%203 SupplementalTable2 search_details FINAL.csv?d=wbbf60e49a70a
4c84b84320b195315d68&csf=1&web=1&e=0zK37Zx



https://emory-my.sharepoint.com/:x:/r/personal/tmosle3_emory_edu/Documents/TMosley_Dissertation%20Links/TableS3-2_Additional%20File%203_SupplementalTable2_search_details_FINAL.csv?d=wbbf60e49a70a4c84b84320b195315d68&csf=1&web=1&e=gzK3Zx
https://emory-my.sharepoint.com/:x:/r/personal/tmosle3_emory_edu/Documents/TMosley_Dissertation%20Links/TableS3-2_Additional%20File%203_SupplementalTable2_search_details_FINAL.csv?d=wbbf60e49a70a4c84b84320b195315d68&csf=1&web=1&e=gzK3Zx
https://emory-my.sharepoint.com/:x:/r/personal/tmosle3_emory_edu/Documents/TMosley_Dissertation%20Links/TableS3-2_Additional%20File%203_SupplementalTable2_search_details_FINAL.csv?d=wbbf60e49a70a4c84b84320b195315d68&csf=1&web=1&e=gzK3Zx
https://emory-my.sharepoint.com/:x:/r/personal/tmosle3_emory_edu/Documents/TMosley_Dissertation%20Links/TableS3-2_Additional%20File%203_SupplementalTable2_search_details_FINAL.csv?d=wbbf60e49a70a4c84b84320b195315d68&csf=1&web=1&e=gzK3Zx
https://emory-my.sharepoint.com/:x:/r/personal/tmosle3_emory_edu/Documents/TMosley_Dissertation%20Links/TableS3-2_Additional%20File%203_SupplementalTable2_search_details_FINAL.csv?d=wbbf60e49a70a4c84b84320b195315d68&csf=1&web=1&e=gzK3Zx

Table S3-3. LCR22 Recombination rate data
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b °Avg. N -
. Pop. Avg. Male Female M:F
LCR Interval Begin End Frequency RRecomb. Recomb. Recomb.
ate [106] Rate [106] [106]
22911.2 AB 18872532 20326091 0.050 1.28300587  3.42708495 0.37437236
22q11.2 AC 18872532 20702815 0.025 152325126  3.61442402 0.42143679
22911.2 AD 18872532 21337106 0.850 1.36673167 3.44873357 0.39629958
229112 BC 20326091 20702815 0.025 2.45023972  4.33727307 0.56492632
22q11.2 BD 20326091 21337106 0.025 1.48712659  3.47986356 0.42735198
22q11.2CD 20702815 21337106 0.025 0.91497120 2.97050338 0.30801891

Recombination rate calculations for chr 22g911.2 LCR intervals. Begin and End coordinates curated
from UCSC Genome Browser, hg38. ®Male to female CNV parent of origin counts. "Average male and
female recombination rates are as described in Table 3-2. ©22q11.2 weighted average was calculated by
weighting the M:F recombination rate ratio for each interval by the interval population frequency.
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Table S3-4. Logistic regression data for 1,977 CNVs

Can be accessed online at: https://emory-

my.sharepoint.com/:x:/r/personal/tmosle3 _emory_edu/Documents/TMosley Dissertation%20Lin
ks/TableS3-

4 _Additional%20File%204 SupplementalTable4 logistic_reg data FINAL.csv?d=w493d45c57
4af436¢9f7dc991d08e15b1 &csf=1&web=1&e=p7A5CA



https://emory-my.sharepoint.com/:x:/r/personal/tmosle3_emory_edu/Documents/TMosley_Dissertation%20Links/TableS3-4_Additional%20File%204_SupplementalTable4_logistic_reg_data_FINAL.csv?d=w493d45c574af436c9f7dc991d08e15b1&csf=1&web=1&e=p7A5CA
https://emory-my.sharepoint.com/:x:/r/personal/tmosle3_emory_edu/Documents/TMosley_Dissertation%20Links/TableS3-4_Additional%20File%204_SupplementalTable4_logistic_reg_data_FINAL.csv?d=w493d45c574af436c9f7dc991d08e15b1&csf=1&web=1&e=p7A5CA
https://emory-my.sharepoint.com/:x:/r/personal/tmosle3_emory_edu/Documents/TMosley_Dissertation%20Links/TableS3-4_Additional%20File%204_SupplementalTable4_logistic_reg_data_FINAL.csv?d=w493d45c574af436c9f7dc991d08e15b1&csf=1&web=1&e=p7A5CA
https://emory-my.sharepoint.com/:x:/r/personal/tmosle3_emory_edu/Documents/TMosley_Dissertation%20Links/TableS3-4_Additional%20File%204_SupplementalTable4_logistic_reg_data_FINAL.csv?d=w493d45c574af436c9f7dc991d08e15b1&csf=1&web=1&e=p7A5CA
https://emory-my.sharepoint.com/:x:/r/personal/tmosle3_emory_edu/Documents/TMosley_Dissertation%20Links/TableS3-4_Additional%20File%204_SupplementalTable4_logistic_reg_data_FINAL.csv?d=w493d45c574af436c9f7dc991d08e15b1&csf=1&web=1&e=p7A5CA
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Table S3-5. Demographic data for 3g29 cohort and parental origin of the 3929 deletion

. “Parent
Family Subject ID ®Father ID *Mother ID  Sex "Pat:Mat Eae:ggf[):l of
ID MEs Origin Origin

Age
93315602 834-3156-1031 N/A 834-3156-2096 F --:0 Pat 24y
93315602 834-3156-2096 F
03316202 834-3162-1031 N/A 834-3162-2096 F --:0 Pat 40y
93316202 834-3162-2096 F
93316402 834-3164-1001 834-3164-2046 834-3164-2096 M 37:0 Pat 32y
93316402 834-3164-2046 M
93316402 834-3164-2096 F
03316802 834-3168-1001 834-3168-2046 834-3168-2096 M 36:0 Pat 43y
93316802 834-3168-2046 M
93316802 834-3168-2096 F
93318102 834-3181-1001 834-3181-2046 834-3181-2096 M 44:0 Pat 34y
93318102 834-3181-2046 M
03318102 834-3181-2096 F
93318902 834-3189-1001 834-3189-2046 834-3189-2096 M 67:0 Pat 29y
93318902 834-3189-2046 M
93318902 834-3189-2096 F
93322602 834-3226-1031 834-3226-2046 834-3226-2096 F 0:40 Mat 41y
03322602 834-3226-2046 M
93322602 834-3226-2096 F
93324602 834-3246-1001 834-3246-2046 834-3246-2096 M 44:0 Pat 38y
93324602 834-3246-2046 M
93324602 834-3246-2096 F
93325702 834-3257-1031 834-3257-2046 834-3257-2096 F 36:0 Pat 38y
93325702 834-3257-2046 M
93325702 834-3257-2096 F
93327702 834-3277-1001 834-3277-2046 834-3277-2096 M 54:0 Pat 28y
93327702 834-3277-2046 M
93327702 834-3277-2096 F
93339602 834-3396-1031 834-3396-2046 834-3396-2096 F 33:0 Pat 43y



93339602
93339602
93342002
93342002
93342002
93320602
93320602
93320602
93314702
93314702
93314702

834-3396-2046
834-3396-2096
834-3420-1001
834-3420-2046
834-3420-2096
834-3206-1031
834-3206-2046
834-3206-2096
834-3147-1001
834-3147-2046
834-3147-2096

834-3420-2046

834-3206-2096

834-3147-2046

834-3420-2096

834-3206-2046

834-3147-2096

GG § TG s e § -GG §

Tn
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27:0 Pat 36y

9401:20 Pat 32y

4743:22 Pat 29y

Demographic data is self-reported. ®N/A indicates information is not available. Grandparental samples

were not collected. "Number of informative SNPs per parent supporting parental origin given in the order
father:mother; -- indicates parent unavailable. Age of parent of origin corresponds to parent's age at birth
of affected child. “Family 3206 and 3147 parental origin determined with whole-genome sequencing data.
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Table S3-6. Summary of deletions grouped by locus, parental origin and recombination data

aM:F ®Avg. Male PAvg. Female °Loge M:F
Locus BED Coordinates [7] # Samples (%) Origin Recombination Recombination  Recombination
Counts Rate [106] Rate [106] Ratio [106]
1g21.1 chr1:147101794-147921262 7 (0.37%) 4:3 0.12887809 0.53120997 -1.4162905
1g21.1 TAR dchrl:145686999-146048495 1 (0.05%) 1.0 0.15712388 0.77814863 -1.599883
3029 chr3:195988732-197628732 22 (1.15%) 21:1 3.1305211 0.27775988 2.42219776
5035 chr5:176290391-177630393 41 (2.14%) 36:5 1.29955355 0.97941355 0.28282209
7q11.23 chr7:73328061-74727726 598 (31.26%) 287:311 0.49353298 1.92655808 -1.3619006
8p23.1 chr8:8235068-12035082 1 (0.05%) 1.0 0.67201752 1.81857951 -0.9955266
11913.2q13.4  chr11:67985953-71571306 1 (0.05%) 0:1 0.8431765 2.23501635 -0.9748275
15q13.3 chr15:30840505-32190507 5 (0.26%) 4:1 1.63838993 1.90155369 -0.1489573
15q24 AC chr15:72670606-75240606 1 (0.05%) 1.0 0.28479919 0.86129537 -1.1066532
15924 AD chr15:72670606-75720604 3 (0.16%) 1:2 0.27613544 0.82152961 -1.0902765
15924 BD chr15:73720606-75720604 1 (0.05%) 0:1 0.30739967 0.68432207 -0.8002799
15q24 BE chr15:73720606-77840603 2 (0.10%) 0:2 0.23485125 0.72623183 -1.128917
15025.2 chr15:82513967-84070244 5 (0.26%) 0:5 0.21225081 0.32633295 -0.4301495
16p11.2 chr16:29641178-30191178 79 (4.13%) 9:70 0.06565904 1.28716751 -2.9757241
16pl1.2 distal  chrl6:28761178-29101178 3(0.16%) 0:3 0.11421814 1.52707077 -2.5929965
16p13.11 chr16:15408642-16198642 1 (0.05%) 1.0 1.66089552 2.45240302 -0.3897114
17p11.2 chr17:16805961-20576095 59 (3.08%) 35:24 0.1888066 1.19115966 -1.8419594
17q11.2 chr17:30838856-31888868 62 (3.24%) 10:52 0.26024285 1.85442774 -1.9637162
17q12 chr17:36460073-37846263 6 (0/31%) 4:2 0.64750654 3.64754421 -1.7286805
17g21.31 chrl7:45626851-46106851 35 (1.83%) 18:17 0.38234179 0.98304273 -0.9443376
17923.1923.2  chrl7:59987857-62227857 2 (0.10%) 0:2 0.56466054 1.30765625 -0.839767
22911.2 chr22:18924718-21111383 978 (51.12%) 411:567 1.45946494 3.69205976 -0.9281146
All — 1913 (100%0) 844:1069 — — —

Summarized duplication data. Data are consolidated by locus. BED coordinates correspond to hg38 (LiftOver from hgl8 coordinates in Coe
etal., 2014). ®Male to female CNV parent of origin counts. PAverage male and female recombination rates are as described in Table 3-2.
°Natural log-transformed average male to female recombination rate ratio for the locus




Table S3-7. Summary of duplications grouped by locus, parental origin and recombination data

aM:F ®Avg. Male ®Avg. Female °Loge. M:F

Locus BED Coordinates [7] # Samples (%) Origin Recombination Recombination Recombination

Counts Rate [106] Rate [106] Ratio [106]
1g21.1 chrl:147101794-147921262 2 (3.13%) 2:0 0.1038527 0.42854444 -1.4174209
2013 chr2:110625954-112335952 1 (1.56%) 1.0 0.44854539 1.64377881 -1.2987431
7911.23 chr7:73328061-74727726 20 (31.25%) 9:11 0.49361225 1.92693374 -1.361935
8p23.1 chr8:8235068-12035082 2 (3.13%) 0:2 0.67201752 1.81857951 -0.9955266
15913.3 chr15:30840505-32190507 1 (1.56%) 1.0 1.62649391 1.88629391 -0.1481873
16p11.2 chr16:29641178-30191178 19 (29.69%) 2:17 0.06591856 1.28839583 -2.9727332
16pl11.2 distal  chr16:28761178-29101178 1 (1.56%) 0:1 0.14338352 1.88529263 -2.5763154
16p11.2p12.1  chrl6:21341178-29431178 1 (1.56%) 1.0 0.5534655 2.68382469 -1.5787988
16p13.11 chr16:15408642-16198642 1 (1.56%) 0:1 1.68055204 2.47808756 -0.3883648
17pl1.2 chrl7:16805961-20576095 12 (18.75%) 9:3 0.1888066 1.19115966 -1.8419594
17g21.31 chrl7:45626851-46106851 4 (6.25%) 1:3 0.38234179 0.98304273 -0.9443376
All — 64 (100%0) 26:38 — — —

Summarized duplication data. Data are consolidated by locus. BED coordinates correspond to hg38 (LiftOver from hgl18

coordinates in Coe et al., 2014). ®Male to female CNV parent of origin counts. PAverage male and female recombination rates are
as described in Table 3-2. °Natural log-transformed average male to female recombination rate ratio for the locus
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Table S3-8. Sensitivity analysis results for linear regression analysis with deletions and

duplications combined

106

Locus Removed CNV Type a2 p-value Beta

None Deletion/Duplication 0.8512 0.0011 0.9540
3929 Deletion 0.7221 0.0155 0.9823
5035 Deletion 0.8585 0.0027 0.8991
7011.23 Deletion/Duplication 0.8906 0.0014 0.9719
16p11.2 Deletion/Duplication 0.7862 0.0078 0.9154
17pl1.2 Deletion/Duplication 0.9042 0.0010 0.9729
17911.2 Deletion 0.8597 0.0026 0.9204
17¢21.31 Deletion/Duplication 0.8543 0.0029 0.9446
22q11.2 Deletion 0.9061 0.0009 0.9785

aMultiple r? value as reported by R [105].




Table S3-9. Predicted probability of paternal origin for loci with N < 10

Locus BED Coordinates Sa(rlr\}g)le Plsrd dbzat)tiel irtr;/al
1g21.1 chrl:147101794-147921262 9 0.39899
1921.1 TAR chr1:145686999-146048495 1 0.37028
2g11.2 chr2:96060525-97010536 0 0.37428
2011.2g13 chr2:100077106-107827112 0 0.53549
2q13 chr2:110625954-112335952 1 0.41771
7911.23 distal chr7:75332889-77032747 0 0.36502
7911.23 proximal  chr7:67017578-72805248 0 0.47948
8p23.1 chr8:8235068-12035082 3 0.46711
10923 chr10:80200264-87040263 0 0.53914
11913.2913.4 chr11:67985953-71571306 1 0.47051
15¢13.3 chr15:30840505-32190507 6 0.60525
15g24 AC chr15:72670606-75240606 1 0.44889
15924 AD chr15:72670606-75720604 3 0.45157
15g24 BD chr15:73720606-75720604 1 0.44054
15924 BE chr15:73720606-77840603 2 0.44525
15025.2 chr15:82513967-84070244 5 0.56021
15¢25.2 Cooper chr15:84595765-85155765 0 0.44832
16p11.2 distal chr16:28761178-29101178 4 0.23931
16pl11.2p12.1 chr16:21341178-29431178 0 0.37354
16p11.2p12.2 chr16:21601178-29031178 1 0.37478
16p12.1 chr16:21931178-22451178 0 0.51951
16p13.11 chr16:15408642-16198642 2 0.56638
17912 chrl7:36460073-37846263 6 0.35069
17923 chr17:59577857-59997857 0 0.60003
17¢923.1923.2 chr17:59987857-62227857 2 0.49424
22011.2 distal chr22:21555711-23307813 0 0.58724

Probability of paternal origin for loci predicted from combined logistic regression:
parental origin ~ loge(M:F recombination rate ratio).
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Supplemental Figures

Figure S3-1. Schematic of recombination rate calculations. The recombination rate (cM/Mb) data from deCODE is publicly available
as recombination rates estimated for variably-sized physical intervals bounded by two SNP markers (red and blue rulers). A
representative image of the 3q29 locus is shown. Raw male (blue) and female (red) recombination rates are summarized and binned to
demonstrate differences in male and female rates. Calculations were completed with raw recombination rate data. First, weighted average
male and female recombination rates were calculated by weighting the estimated recombination rate within a respective SNP interval
by the total number base pairs contained within that SNP interval. Weighted recombination rates were then averaged across the CNV
interval for males and females, separately. The ratio of weighted average male and female recombination rates was then calculated for
each CNV interval by dividing the weighted average male recombination rate by the weighted average female recombination rate. See

Figures S3-2 to S3-12 for plotted raw male and female recombination rates for all loci included in the current analysis.
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Figure S3-2. Raw deCODE recombination across 1q21.1 TAR and 1q21.1 regions. Male (blue) and female (red) recombination
across the canonical 1q21.1 TAR and 1g21.1 regions (black bar). Location of flanking LCRs pulled from UCSC Genome Browser; hg38
(hatched bars). X-axis is position along the chromosome in Mb. Y-axis is the scaled probability of recombination (cM) across the interval.
The curves summarize the rate of increase in probability of recombination as over the interval. The ratio of the right-most y-values of

the male and female curves roughly equals the male-to-female recombination rate ratio.
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Figure S3-3. Raw deCODE recombination across 2q13 and 3929 regions. Male (blue) and female (red) recombination across the

canonical 2q13 and 329 regions (black bar). Location of flanking LCRs pulled from UCSC Genome Browser; hg38 (hatched bars).

X-axis is position along the chromosome in Mb. Y-axis is the scaled probability of recombination (cM) across the interval. The curves

summarize the rate of increase in probability of recombination as over the interval. The ratio of the right-most y-values of the male

and female curves roughly equals the male-to-female recombination rate ratio.
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Figure S3-4. Raw deCODE recombination across 5935 and 7q11.23 regions. Male (blue) and female (red) recombination across
the canonical 5935 and 7g11.23 regions (black bar). Location of flanking LCRs pulled from UCSC Genome Browser; hg38 (hatched
bars). X-axis is position along the chromosome in Mb. Y-axis is the scaled probability of recombination (cM) across the interval. The
curves summarize the rate of increase in probability of recombination as over the interval. The ratio of the right-most y-values of the

male and female curves roughly equals the male-to-female recombination rate ratio.
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Figure S3-5. Raw deCODE recombination across 8p23.1 and 11913.2q13.4 regions. Male (blue) and female (red) recombination

across the canonical 8p23.1 and 11913.2g13.4 regions (black bar). Location of flanking LCRs pulled from UCSC Genome Browser;

hg38 (hatched bars). X-axis is position along the chromosome in Mb. Y-axis is the scaled probability of recombination (cM) across

the interval. The curves summarize the rate of increase in probability of recombination as over the interval. The ratio of the right-most

y-values of the male and female curves roughly equals the male-to-female recombination rate ratio.
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Figure S3-6. Raw deCODE recombination across 15g13.3 and 15g24. Male (blue) and female (red) recombination across the

canonical 15913.3 and 15q24 regions (black bar). Location of flanking LCRs pulled from UCSC Genome Browser; hg38 (hatched

bars). LCRs demarking different 15q24 intervals are denoted with letters (A-E). X-axis is position along the chromosome in Mb. Y-

axis is the scaled probability of recombination (cM) across the interval. The curves summarize the rate of increase in probability of

recombination as over the interval. The ratio of the right-most y-values of the male and female curves roughly equals the male-to-

female recombination rate ratio.
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Figure S3-7. Raw deCODE recombination across 15g25.2 and 16p11.2 regions. Male (blue) and female (red) recombination

across the canonical 15925.2 and 16p11.2 regions (black bar). Location of flanking LCRs pulled from UCSC Genome Browser; hg38

(hatched bars). X-axis is position along the chromosome in Mb. Y-axis is the scaled probability of recombination (cM) across the

interval. The curves summarize the rate of increase in probability of recombination as over the interval. The ratio of the right-most y-

values of the male and female curves roughly equals the male-to-female recombination rate ratio.
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Figure S3-8. Raw deCODE recombination across distal 16p11.2 and 16p11.2p12.1 regions. Male (blue) and female (red)
recombination across the canonical distal 16p11.2 and 16p11.2p12.1 regions (black bar). Location of flanking LCRs pulled from
UCSC Genome Browser; hg38 (hatched bars). X-axis is position along the chromosome in Mb. Y-axis is the scaled probability of
recombination (cM) across the interval. The curves summarize the rate of increase in probability of recombination as over the interval.

The ratio of the right-most y-values of the male and female curves roughly equals the male-to-female recombination rate ratio
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Figure S3-9. Raw deCODE recombination across 16p13.11 and 17p11.2 regions. Male (blue) and female (red) recombination
across the canonical 16p13.11 and 17p11.2 regions (black bar). Location of flanking LCRs pulled from UCSC Genome Browser; hg38
(hatched bars). X-axis is position along the chromosome in Mb. Y-axis is the scaled probability of recombination (cM) across the
interval. The curves summarize the rate of increase in probability of recombination as over the interval. The ratio of the right-most y-

values of the male and female curves roughly equals the male-to-female recombination rate ratio.
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Figure S3-10. Raw deCODE recombination across 17¢q11.2 and 1712 regions. Male (blue) and female (red) recombination across

the canonical 17q11.2 and 17912 regions (black bar). Location of flanking LCRs pulled from UCSC Genome Browser; hg38 (hatched

bars). X-axis is position along the chromosome in Mb. Y-axis is the scaled probability of recombination (cM) across the interval. The

curves summarize the rate of increase in probability of recombination as over the interval. The ratio of the right-most y-values of the

male and female curves roughly equals the male-to-female recombination rate ratio.
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Figure S3-11. Raw deCODE recombination across 179g21.31 and 17923.1923.2 regions. Male (blue) and female (red)
recombination across the canonical 17g21.31 and 17g23.1g23.2 regions (black bar). Location of flanking LCRs pulled from UCSC
Genome Browser; hg38 (hatched bars). X-axis is position along the chromosome in Mb. Y-axis is the scaled probability of
recombination (cM) across the interval. The curves summarize the rate of increase in probability of recombination as over the interval.

The ratio of the right-most y-values of the male and female curves roughly equals the male-to-female recombination rate ratio.
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Figure S3-12. Raw deCODE recombination across 22g11.2 region. Male (blue) and female

(red) recombination across the canonical 22q11.2 region (black bar). Location of flanking LCRs

pulled from UCSC Genome

Browser; hg38 (hatched bars). LCRs demarking different 22q11.2

intervals are denoted with letters (A-D) X-axis is position along the chromosome in Mb. Y -axis

is the scaled probability of r

ecombination (cM) across the interval. The curves summarize the

rate of increase in probability of recombination as over the interval. The ratio of the right-most y-

values of the male and female curves roughly equals the male-to-female recombination rate ratio.
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Figure S3-13. Logistic regression for deletions. Estimated (black curve) and observed paternal

origin proportions for 1,913 deletions from 22 loci are shown. Curated parent of origin data from

are collapsed by loci into single data points; plotted recombination rate ratios are the average of

the metric for all CNVs within the data point. Data point size and color correspond to the number

of CNVs collapsed into the data point. Recombination rates predict parent of origin for deletions

mediated by NAHR. p=8.88x10-14, =0.6721, C195%=(0.5009,0.8546).
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Figure S3-14. Logistic regression for duplications. Estimated (black curve) and observed
paternal origin proportions for 64 duplications from 11 loci are shown. Curated parent of origin
data from are collapsed by loci into single data points; plotted recombination rate ratios are the
average of the metric for all CNVs within the data point. Data point size and color correspond to
the number of CNVs collapsed into the data point. Recombination rates predict parent of origin

for deletions mediated by NAHR. p=0.02, =0.8304, Cl,5,=(0.1508,1.6017).
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Figure S15. Linear regression with combined CNV parent of origin data. Log_-transformed
male to female parental origin ratio regressed on log. -transformed average male to female

recombination rate ratio. Curated parent of origin data from loci with >10 samples are collapsed
by loci into single data points; plotted recombination rate ratios are the average of the metric for
all CNVs within the data point. Data point size and color correspond to the number of CNVs
collapsed into the data point. Recombination rates are associated with male-to-female parental
origin ratios for CNVs mediated by NAHR (multiple r>=0.8512, p=0.001, B=0.9540,
Clos%=(0.5555,1.3525)). This estimate is not influenced by any particular data point as

demonstrated by a sensitivity analysis (Table S3-7).
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Summary

Investigating rare genetic diseases (RGDs) and variation can expand our understanding of
the genotype-phenotype map and provide insights into fundamental biological functions [1]. In
addition, the knowledge gained from RGDs can provide information on common diseases and
aid in developing interventions for patients suffering from both rare and common diseases [2,3].
Investigating RGDs requires understanding the genetic variation that can contribute to
conditions, robust detection of that variation, and the means to annotate and interpret its effects
in the appropriate biological context [4,5]. Advances in next-generation sequencing technologies
and the public availability of informative genomics databases have helped speed the
investigation of rare genetic diseases [2].

This work investigates two different classes of RGDs and the variation that contribute to
them. In Chapter Two, we identified a putative pathogenic splicing single nucleotide variant for a
rare primordial dwarfism disorder, variant POC1A-related (vVPOC1A) syndrome. We
demonstrated the molecular consequences of that variant using in vitro functional testing. Our
data showed that the variant causes improper splicing of the message resulting in a loss of exon 9
in the POC1A messenger RNA,; this is the first report of a noncoding splice variant associated
with vVPOC1A syndrome. Our finding expands the known allelic spectrum of vPOC1A syndrome
and Short stature, Onychodysplsia, Facial dysmorphisms, and HyperTrichosis (SOFT)
syndrome. In addition, it adds to the growing body of work describing POC1A and its link to
primordial dwarfism and insulin resistance.

In Chapter Three, we found that sex-specific patterns of meiotic recombination predict
the parent of origin for rare CNVs at genomic disorder loci, and predicted paternal origin

frequencies for several CNV including those mapped to 15913.3, distal 16p11.2, and 17g23.
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Additionally, we provided strong evidence for the presence of a significant male bias for the
parent of origin at the 3929 locus. These results reveal meiotic recombination as a sizeable factor
influencing the origin of pathogenic recurrent CNVs. Furthermore, it indicates the need to
consider meiotic recombination when evaluating structural risk haplotypes for CNV formation.
This study also has implications for genetic counseling of individuals with CNV disorders and
their families. When combined with findings from Chapter Two, this work highlights the
enormous impact of genetic and genomic variation on normal biological processes, like mMRNA
splicing and recombination, and the advantages of studying rare disease variation to unravel the
intricacies of biology.

This work also demonstrates (1) the advantages of using next-generation sequencing
technologies, particularly whole-genome sequencing (WGS) and associated informatics
pipelines, (2) the need for validation and functional testing, and (3) the utility of publicly
available data, databases, and resources. We uncovered the intronic variant in POC1A in chapter
two using WGS; Whole-exome sequencing (WES) would have missed the noncoding disease-
causing variant [6]. Using genomics databases such as gnomAD, and predictive genetics
software, i.e., CADD, and Human Splice Finder, we were able to easily filter and prioritize
variants, allowing us to quickly identify a small subset of nine targets to interpret and investigate
[7-10]. In addition to the noncoding variant we identified, two additional coding sequence
variants were classified as potentially causal, both with links to insulin and growth phenotypes.
While in some cases segregation analysis would have likely eliminated at least one of the
variants, in this case the consanguineous nature of the family precluded this possibility.
Functional testing of the two of the three variants, enabled us to correctly identify the actual

causal variant [5]. In Chapter Three, public availability of parental origin data from published
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literature and male and female recombination map data contributed to our discovery of
recombination as a primary predictor of parent of origin in LCR-mediated CNVs. Additionally,
while the majority of parental origins for the3q29 deletions were determined using SNP
genotyping, a subset was determined with WGS, which can also be leveraged in future studies of

structural variation.

Future Directions

Despite significant advancements in rare genetic disease research in the past 20 years,
there are over 1,000 Mendelian disorders with unknown molecular causes (OMIM:

https://www.omim.org/statistics/geneMap). More work is needed to improve our ability to detect

and interpret genetic variation contributing to RGDs. Combining WGS with other genome-wide
omics such as transcriptomics, metabolomics, and epigenomics offers a path to increased
molecular diagnoses for RGDs. This multi-omics approach to RGD research enhances our ability
to interpret variants by creating a complete picture of the molecular effects of a genetic variant
[11]. Ultimately, this can improve time to diagnosis. In a 2017 study, the combination of
Illumina short-read genome sequencing with RNA-seq increased diagnostic yield by 10% [12]
and in a separate study aided in discovering SVA retrotransposon insertion in a TAF1 intron as
the cause for X-linked Dystonia-Parkinsonism [13]. The Undiagnosed Diseases Network has also
used multi-omics to assist in identifying and evaluating the causal genes for RGDs, resulting in
an increased diagnostic yield [1,14]. Combining WES with metabolomics also aids in the
identification of potential targets for therapeutics, as demonstrated for a patient with epileptic
encephalopathy and dysmorphic features and mutations in NANS. Metabolomic analysis

identified increased levels of the substrate of NANS in a 4-year-old patient, allowing N-
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acetylneuraminic acid supplementation to be recognized as a potential treatment [15]. Thus, a
multi-omics approach has the potential to enhance all steps of RGD research—variant
identification, variant prioritization, functional validation, and therapeutics development.
Advancements in sequencing technologies can allow us to assess “unreachable” regions
of the genome. Current short-read technologies, although cost-effective, are unable to accurately
capture repetitive and complex regions in the human genome, which are estimated to comprise
60% of the genome [16-18]. Developments in long-read sequencing platforms such as PacBio
single-molecule real-time (SMRT) sequence and Nanopore sequencing have a demonstrated
utility in interrogating these regions [19]. Compared to short reads, which range between 150-
1,000 base pairs in read length, long-read sequencers can generate reads ranging anywhere from
8 to 200 kilobases in size [20]. This length can span repeats or complex regions and flank unique
sequences, allowing accurate mapping of reads to the genome. As such long-read sequencing
enhances detection and phasing of SVs, which are enriched in repetitive regions like segmental
duplications, centromeres, and telomeres and are much more likely to affect gene expression and
be associated with disease than SNVs [21-23]. Long read technologies can also better detect and
diagnose repeat expansion disorders. For example, the D4Z4 repeat tract in facioscapulohumeral
muscular dystrophy (FSHD) can be accurately differentiated from the homologous but benign
allele on chromosome 10 with long-read sequencing as well as optical mapping [24,25].
Inversions have largely been invisible to short-read sequencing, and studies estimate more than
85% of insertions are missed with short-read sequencing [26,27]. Recent efforts to capture
genetic diversity have shown the increased sensitivity for inversions and insertions long-read
sequence data enables, especially when combined with multiple orthogonal analysis algorithms

[28]. Complex rearrangements, like chromosome shattering, i.e., chromothripsis events, are
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signatures of cancer but are also implicated in congenital disorders [29,30]. Cretu Stancu and
colleagues recently demonstrated the ability to confidently detect and characterize
chromothripsis events with Nanopore sequencing in patients with congenital disease [31].

Long-read sequencing can also phase over longer lengths of DNA and when combined
with other technologies such as optical mapping increase our ability to de novo assemble
genomes. Two groups recently demonstrated the use of Nanopore and PacBio long-read
sequencing to construct the human 8 and X chromosomes from telomere to telomere [32,33].
While there are still challenges related to accuracy and application to diploid chromosomes, the
implications of this feat and others include the generation of a complete human reference
genome, and the potential to expand our collection of reference genomes to include additional
diverse genomes [27,33]. In addition, the generation of reference-free assemblies of personal
genomes also enhances prospects for precision medicine [34,35]. Altogether, usage of long-read
sequencing technologies will increase our understanding of the standing human genetic variation,
structural and sequence-based, that could underly RGDs.

Inclusion of individuals from diverse populations in research cohorts is needed to extend
our understanding of RGDs, genetic variation, and its relation to disease. These populations
contain variation that otherwise is not captured by the current reference genome or databases.
Numerous studies have shown we are missing a large portion of human genetic diversity and that
the construction of diverse genomes and databases are needed as our understanding of the full
spectrum of variation is incomplete without them [27,36,37]. Rare genetic diseases are also more
prevalent in communities of color. Yet, a majority of rare disease studies are conducted on

samples of predominantly white participants [38].
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The potential benefits of diversity in human genome studies are well-known and
demonstrated: (1) a greater understanding of variation in relatively healthy versus affected
individuals, (2) greater understanding of common private variation within different populations,
(3) creation of more comprehensive benign and pathogenic variation databases, and (4) increased
insights into human evolution, to name a few [22,36,39,40]. Yet, the field struggles with the
underrepresentation of diverse participation in research [41-43]. Structural barriers such as study
design and geographic location and cultural barriers such as language and lack of trust impede
participation [42]. These are just a few of the obstacles that preclude the participation of diverse
individuals in research cohorts and require ethical and inclusive approaches to communication
with and recruitment of study participants from underrepresented communities [41,43,44]. As an
example, community-based approaches to research have a positive effect on research
participation. They focus on including communities as partners in research rather than as just
subjects. Actively engaging community members can reduce misconceptions about the research
process and address prominent concerns around research, such as privacy, discrimination, and
individual and community impacts [43,44]. The Patient-Centered Outcomes Research Institute
takes a similar approach that engages a range of stakeholders, including patients, caregivers,
scientists, organizations, and clinicians, to guide research towards outcomes that are important to
patients and their communities [45,46]. Diverse research teams can also enhance participation, as
they are more likely to include scientists with the cultural competencies needed to ethically and
effectively engage with diverse communities and can decrease suspicion and mistrust from
community members [47,48]. Unfortunately, the genetics field suffers from a lack of diverse
scientists in the workforce due to systemic biases and barriers [49]. Moving forward, strategic

efforts, such as those proposed by the 2020 NHGRI action agenda, should be made to increase
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exposure, recruitment, and training of diverse groups in the genetics and genomics field [48,49].
These are just two examples of approaches to increase diverse participation in research. As we
continue to explore and employ well-rounded and ethical strategies, our realization of a
comprehensive understanding of population variation will ultimately lead to advancements in all
areas of human genetics research while also allowing the benefits of RGD research and precision
medicine to be realized by patients of ethnicities and backgrounds that have otherwise been

excluded [50].

Conclusions

In conclusion, this work uncovered the influence of genetic and genomic variation on rare
genetic diseases. We showed a rare primordial dwarfism disorder, vPOC1A syndrome, is caused
by an intronic variant in POC1A and further delineate the allelic spectrum that contributes to
POC1A-related disorders. Using publicly available parental origin and recombination map data,
we determined that meiotic recombination significantly influences the parental origin of CNVs
associated with disorders and added the 3929 deletion to the growing number of CNV loci with
parental origin biases. Taken together, this work demonstrates the benefits of investigating rare

diseases to understand human biology.
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