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Abstract

Systematic analysis of copy number variants (CNVs) in large datasets is challenging and there are
limited studies of homozygous copy number losses in rare disease exomes. Here we leveraged the
genomic uniqueness and relative under-representation of the Indian population in the current public
genomic databases and identified 42,386 possible homozygous losses (median 20 per individual) in a
heterogeneous cohort of 2,021 individuals with suspected Mendelian disorders, who had undergone
exome sequencing using 12 different capture Kits in a resource-limited setting. Employing a genomic
position loss-count based approach, we filtered 1,224 rare homozygous loss calls in 718 individuals
(median 1 per individual) for further analysis, thus significantly reducing the analysis burden. Clinical
correlation and validation of these rare calls enabled 10 new diagnoses in 240 unsolved individuals.
This led to a two-fold increase in diagnosis owing to homozygous deletions. Further analysis of the data
and identification of additional affected individuals through collaboration led to identification of biallelic
FILIP1 and FAM177A1 variants as causes of a syndromic arthrogryposis and a neuromuscular disorder
respectively. Both conditions were recently reported as ultra-rare recessive disorders, thus validating
our approach. We also show that biallelic loss-of-function TFCP2L1 variants cause chronic kidney
disease and VPS36 variants cause a severe recessive neurodevelopmental disorder characterised by
microcephaly, motor delay, agenesis of the corpus callosum, cerebellar atrophy, seizures, hypotonia,
spasticity and early death. Overall, these results demonstrate a scalable approach to screen
homozygous losses for improving diagnostic yield and discovering disease-genes in large exome

cohorts.

Keywords

Exome, copy number variants, homozygous deletions, large-scale CNV analysis, consanguinity, rare

disease diagnosis
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Introduction

Exome sequencing is standard practice, particularly in resource-limited diagnostic settings.
Incorporating copy number variants (CNVs) detection into exome analysis improves diagnostic yield'-”
but significant obstacles remain in reliable detection, filtering, and interpretation of CNVs in biobank-
level short-read exome sequencing datasets®®. Furthermore, systematic studies investigating

homozygous CNVs in rare diseases are rare'%.11,

Endogamy is common among Indian populations, contributing to higher inbreeding rates and unique
genetic profiles with significant implications for genetic disease risk'>13. We previously generated a
dataset of point variants in the Indian population using exome sequencing data from families with rare
Mendelian disorders which facilitated identification of novel disease genes and human knockouts'.
However, there has been no systematic study of CNVs in the Indian population despite its genomic

uniqueness and relative underrepresentation in current public genomic databases.

Here, we present a CNV calling and genomic position-wise loss-count based filtering and prioritization
strategy that significantly reduces the analysis burden for clinical interpretation and increases
homozygous loss associated diagnostic yield in existing exome data of individuals from a consanguinity-
enriched population in India. We also provide evidence and independent replication to identify

pathogenic variants in VPS36, TFCP2L1, FILIP1, and FAM177A1 as causative for recessive diseases.

Materials and methods

Exomes of individuals affected by rare diseases were collected and CNVs were called in 12
independent batches based on the capture kits used (Supplementary Methods). Variants with zero
copies (homozygous loss calls) were selected and mapped to the GRCh38 Human Reference
Assembly. The count of mapped loss calls at each genomic position was then determined. Genomic
positions with loss-call count of fewer than six were identified and rare homozygous loss calls at these
positions were filtered and annotated. The calls that overlapped at least one known OMIM autosomal

recessive (AR) disease gene and the calls that did not overlap any known OMIM AR disease genes
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were prioritised separately using participants’ demographic data, Integrative Genomics Viewer (IGV)
inspection, internal datasets, and control databases as described in the supplementary data. Prioritized
calls were orthogonally tested using quantitative PCR (qPCR). Clinical correlations were performed to
identify and report diagnoses in known disease associated genes. Candidate recessive disease genes
were also identified, their functional relevance to the individuals’ phenotypes studied, and additional
similarly affected individuals with biallelic variants in the candidates were searched as detailed in the
supplementary data. cDNA and protein studies were also performed using cultured fibroblast cells as

described in the supplementary data.

Results

Curation of rare homozygous loss calls from whole exome data

We assembled a cohort of 2,021 individuals, including affected probands and their relatives, from a
population enriched for consanguinity and endogamy'4 who had undergone exome sequencing at our
centre from 2011 to 2022 using 12 different capture kits (Figure 1a). We developed and applied a CNV
calling pipeline to exomes in separate capture kits based batches (Supplementary Table S1) and
identified 42,386 possible homozygous losses (median 20 per individual, range 0 — 55; median size

2.95 kb, range 99 bp — 4.76 Mb) (Figure 1b and Supplementary Figure S2).

We defined rare calls as those with a relative semi-stringent internal frequency of five or less in our
cohort. Usually in large datasets, the frequencies of similar overlapping CNVs are estimated by
clustering them without considering the differences in their size and breakpoints'®. However, we decided
to take a genomic position-based approach to reduce the imprecise frequency estimation (i.e. due to
dissimilar CNVs being mistakenly interpreted as being similar due to large overlap). For this, we mapped
the 42,386 loss calls to GRCh38 human reference assembly, counted loss calls at each base position,
and determined positions that overlapped with five or fewer homozygous losses (16.3 million base
positions). These positions were then used as anchors to filter the corresponding 1,224 rare
homozygous loss calls in 718 individuals (median 1 per individual, range 1 — 22; median size 3.49 kb,
range 121 bp — 4.76 Mb) (Figure 1b). 955 (78%) calls overlapped a single gene, 158 (13%) overlapped

two genes, and 111 (9%) overlapped three or more genes (Supplementary Figure S3). Only 97 (8%)



126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

loss calls overlapped a known OMIM AR disease gene. Analysis of the demographic data of 718
individuals with rare homozygous loss calls showed that 390 individuals (54%) were male and 328
(46%) were female; 518 (72%) were probands, 166 (23%) were parents (81 fathers and 85 mothers),
21 (3%) were siblings, and 13 (2%) were other relatives; 178 (25%) were unaffected, 300 (42%) had
already received a molecular diagnosis, and 240 (33%) were affected and undiagnosed at the time of

our analysis (Figure 1c-d).

Overall, our filtering strategy significantly reduced the analysis burden (from median 20 to median 1)

and led to the identification of rare homozygous loss calls.

Prioritization of losses with morbid genes improves diagnostic yield

To prioritize potential diagnostic calls from the 1,224 rare homozygous loss calls, we selected those
which overlapped one or more OMIM morbid AR genes. This revealed 97 calls in 74 individuals (Figure
2a). Following manual IGV inspection of all 97 calls we identified 25 possibly true calls in 24 individuals.
Two calls detected in unaffected individuals were excluded from the analysis (Supplementary Note 1).
Trio validation of the remaining calls performed by gPCR confirmed 19 out of the remaining 23 to be
homozygous in affected individuals and heterozygous in parents (Supplementary Figure S9). Three

calls could not be assessed due to sample unavailability, and one was determined to be a false call.

Firstly, we sought to examine the effectiveness of our filtering, prioritization and validation strategy. For
this we compiled from our cohort a list of all homozygous deletions in AR genes that had been previously
determined as causative variants through selective exome CNV analysis using ExomeDepth'6. This
search revealed nine such instances (Supplementary Table S4). These included seven partial single
gene exonic deletions encompassing CLCNKB (OMIM #607364), CYP21A2 (OMIM #201910), DOCK8
(OMIM #243700), FUCAT (OMIM #230000), GM2A (OMIM #272750), NPC2 (OMIM #607625), and
OCLN (OMIM #251290), and two contiguous multi-gene deletions, one in the 6p21.33 locus
encompassing PSORS1C1, C6orf15, and the morbid CDSN (OMIM #270300) and the other in 16p13.3
region removing HBZ, HBM, HBA2, HBA1, and HBQ1 causing hemoglobin Bart hydrops fetalis
syndrome (OMIM #604131). Importantly, the 19 prioritized validated homozygous deletions included all

nine previous diagnostic findings, thus validating our strategy.
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The remaining 10 homozygous deletions were predicted to result in partial or complete loss-of-function
of an OMIM-morbid gene (Figure 2a) (Supplementary Table S4). Reverse phenotyping revealed
clinical features consistent with known disease descriptions, thus establishing new diagnoses in all 10
individuals (Figure 2b) (detailed case reports in supplementary data).'” In brief, seven were partial
single-gene exonic deletions, one each in ADPRS (OMIM #618170), CNTNAP2 (OMIM #610042),
DGAT1 (OMIM #615863), FANCA (OMIM #227650), and PRKN (OMIM #600116), and two identical
losses in SLC13A5 (OMIM #615905) in a sib-pair. The remaining three losses resulted in contiguous
multigene deletions, one at the 1p36.33 locus affecting ATAD3B and ATAD3A (OMIM #618810), and
two identical losses in the 2q13 locus affecting MALL, NPHP1 (OMIM #256100), and MTLN in two
unrelated individuals. Our investigation of HGMD database and the literature revealed that homozygous
exonic deletions involving ADPRS, and DGAT1 have not been previously reported (Supplementary

Note 2).

Together, these results show that our focused analysis of homozygous CNV losses enabled 10 new
diagnoses in 240 unsolved individuals (4.2%) with at least one filtered rare homozygous loss call. This
led to a 2.1-fold (from 9 to 19) increase in diagnosis owing to homozygous deletions. Notably, these
losses had remained undetected previously, as systematic CNV analysis with the sensitivity to detect

single-exon—level changes had not been applied across all the exomes.

Systematic analysis identifies candidate recessive disease genes

Next, we hypothesized that a systematic analysis of our data could lead to the identification of previously
unrecognised recessive disorders. We, therefore, analysed the remaining 1,127 filtered rare
homozygous loss calls from 681 individuals that did not overlap with any known AR disease genes
(Figure 3a). Exclusion of calls based on individuals’ attributes, followed by IGV inspection, led to the
identification of 96 possibly true calls in affected undiagnosed individuals. Phenotypic assessment-
based prioritisation using our internal dataset and evaluation of affected genes in control databases
(gnomAD'8, human gene knockout dataset'®, and our local unaffected individuals’ database) resulted
in selection of 12 relevant loss calls that had at least one gene without homozygous pLoF variant in
controls. Orthogonal trio validation performed using qPCR confirmed homozygous losses in the affected
individuals and heterozygous carrier state of the respective parents in five families (Supplementary

Figure S9). These included seven partial single gene exonic deletions (1-4 deleted exons), with two
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identical losses in both VPS36 and TFCPZ2L1 in siblings of two families and one loss each in FILIP1,
FAM177A1, and PWWP3A (Figure 3b) (Supplementary Table S4). To study the possible gene-
disease associations, we sought additional similarly affected individuals who had biallelic deleterious
variants in the five candidate genes. Individuals were searched via GeneMatcher?, 100,000 Genomes
Project (100KGP)?' tiering data, international collaborations, and literature (Supplementary Table S5).
We also studied the genes’ function, expression, and available animal models to understand their role

in the conditions.

In Family 21 we identified a homozygous deletion encompassing exons 2-3 of VPS36 (NM_016075.4)
(Figures 4a). Through a GeneMatcher search we identified three more families with homozygous
VPS36 variants and overlapping clinical presentations, along with a fourth family discovered through a

literature search. Details of our VPS36-related work are provided in the next section.

In Family 22, two siblings with homozygous deletions of exons 1-2 of the TFCP2L1 gene
(NM_014553.3) were identified to have chronic kidney disease, microcephaly, sensorineural hearing
loss, and bilateral destruction of the femoral head, likely due to renal osteodystrophy (Figure 3b).
Another sibling with similar presentations and two spontaneous abortions of unknown cause were
reported by the family (Supplemental Data). The homozygous loss identified in the two siblings is likely
to result in a null allele due to the loss of transcription start site (Supplementary Figure S4). Through
literature search, we identified another individual with a homozygous frameshift TFCP2L1 variant
(NM_014553.3:c.869del p.(Ser290Phefs*50)), end-stage renal disease, congenital cataracts,
hypotonia, seizures, and global developmental delay?2. The variant was heterozygous in the parents
and a non-identical unaffected twin and was predicted to result in premature termination of the protein
prior to the sterile alpha motif (SAM)-like domain likely causing nonsense-mediated mRNA decay.
TFCP2L1 ortholog is expressed in mouse kidneys at both embryonic and adult stages and has been
shown to induce growth and maturation of renal tubules in rat mesenchymal cells22. The orthologous
transcription factor Cp2/1 in mouse kidneys is also necessary for duct maturation?3, indicating an
important role of this gene in normal kidney function. Collectively, phenotypic convergence among the
unrelated individuals identified in literature and our patients with chronic kidney disease, the deleterious

effect of the variants on gene (Supplementary Figure S4), and insights from animal studies together
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suggest that biallelic loss-of-function variants in TFCP2L 1 are associated with chronic kidney disease.
The cause of other presentations in the two families is unclear and emphasizes on the need for a larger

patient cohort to understand the full spectrum of phenotypes that may occur.

In Family 23, we identified an individual with homozygous FILIP1 exon 3-6 deletion (NM_015687.5),
multiple joint contractures, scoliosis, microcephaly, and facial dysmorphism (Figure 3b). Our search
identified seven individuals from four families with biallelic truncating variants in FILIP1. Two of these
families, identified via GeneMatcher, had two distinct homozygous stop gains in three siblings
(NM_015687.5:c.463G>T p.(Glu155*)) and one child (NM_015687.5:c.2665C>T p.(Arg889%)),
respectively. A study detailing the genetic and clinical findings in these families, and in the individual
we identified, was recently published seperately?. Another non-consanguineous British family was
detected in the 100KGP with an individual with homozygous FILIP1 stop gain variant
(NM_015687.5:exon 5:¢.2152C>T p.(Arg718%)), presenting with joint contractures and dysmorphic
features?®. We also found a family in the literature with stop gain variants (NM_015687.5:exon
2:c.169C>T p.(Arg57*)) for whom the two affected female siblings, homozygous for the variant,
presented with hypotonia, joint contractures, motor delay, and delayed speech development?6. FILIP1
regulates filamin homeostasis through filamin A (FLNA) degradation®’. It is required for the
differentiation of cross-striated muscle cells during myogenesis?® and shows robust gene expression in
both skeletal and smooth muscle?. It is also implicated in the regulation of neuronal cell positioning in
the cortex30. Taken together, the phenotypic concurrence in the affected individuals, the predicted
deleteriousness of all the identified variants (Supplementary Figure S4), and the functional relevance
of FILIP1 in myogenesis, prove that biallelic loss-of-function variants in FILIP1 are associated with a

syndromic arthrogryposis.

In Family 24, we identified an individual with homozygous FAM177A1 exon 5 loss (NM_173607.5) and
spastic diplegia (Figure 3b). We also found a 43-year-old female with progressive neurological
deterioration (detailed phenotype not available) and homozygous FAM177A1 frameshift variant
(NM_173607.5:c.218del p.(Lys73Argfs*93)) in the 100KGP. Survey of the literature revealed nine
additional individuals from four families with biallelic truncating FAM7177A1 variants and

neurodevelopmental phenotypes®'32. Variants in the identified individuals and the variant in our
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individual with spastic diplegia were predicted to cause a loss of function as a result of protein truncation
(Supplementary Figure S4). FAM177A1 is a ubiquitously expressed gene that encodes a Golgi
complex protein of unknown function. It is thought that the gene is involved in intracellular transport of
lipids between Golgi sub-compartments by assisting VPS13B as a functional partner33. Collectively, the
implicated functional role of FAM177A1 in lipid transportation pathway, the disruption of which leads to
similar phenotypes, the predicted deleteriousness of the identified variants, and the phenotypic
concordance observed in individuals from unrelated families provide compelling evidence to associate

biallelic loss-of-function variants in FAM177A1 with neurodevelopmental disorder.

Collectively, our systematic approach to prioritize rare homozygous loss calls, which did not overlap
with any known AR disease genes, led to the identification of candidate autosomal recessive diseases
which include TFCP2L 1-linked renal tubulopathy, FILIP1-related arthrogryposis with microcephaly, and
FAM177A1-associated motor dysfunction. The contribution of PWWP3A to the observed clinical
features in Family 25 remains undetermined as described in the supplementary data (Supplementary

Note 3).

Bi-allelic loss of function VPS36 variants are associated with a

neurodevelopmental syndrome

In Family 21, in three siblings with microcephaly, motor delay, agenesis of the corpus callosum,
cerebellar atrophy, seizures, and spasticity, we identified a homozygous frameshift deletion
encompassing exons 2-3 of VPS36 (NM_016075.4) (Figures 4a-c) (Supplementary Figure S4)
(Supplementary Table S6). VPS36 encodes EAP45, a component of the heterotetrameric endosomal
sorting required for transport (ESCRT)-1l subcomplex. Importantly, this complex includes SNF8
encoded EAP30/VPS2234 (Supplementary Figure S7) and the clinical features of affected individuals
in family 21 showed a remarkable overlap with the known phenotype of disorders resulting from bi-
allelic SNF8 variants (Developmental and epileptic encephalopathy 115, OMIM #620783 and

neurodevelopmental disorder plus optic atrophy, OMIM # 620784)35.

Literature search identified a homozygous VPS36 likely splice-disrupting variant (NM_016075.4: intron
13: ¢.1068-2A>T; SpliceAl3® acceptor loss delta score of 0.97) reported in a study of diagnostic panels
and exomes from Saudi Arabia3” (Figure 4b). A gene-driven phenotype-agnostic GeneMatcher search

10
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revealed an identical homozygous VPS36 missense variant (NM_016075.4:¢c.1103G>A p.(Arg368His))
in two Pakistani and one Saudi Arabian family. The variant is rare in the heterozygous (in eight of
806,918 individuals) and absent in the homozygous state in gnomAD. The variant has a high Combined
Annotation Dependent Depletion (CADD) score of 333 and predicted to disrupt native hydrogen
bonding of residue R368 with E361, thereby affecting the structure and stability of EAP45
(Supplementary Figure S7). We found evidence of recent common ancestry between the two F51 and
F53 Pakistani families, but this haplotype was not shared with the Saudi Arabian family

(Supplementary Table S7).

The individual identified via literature search was documented to have speech delay and intellectual
disability, but no other phenotype details were available®”. Family 51 consisted of two deceased male
siblings, born to consanguineous parents of Pakistani origin, with microcephaly, corpus callosal
agenesis, motor delay, intellectual disability, seizures, and hypotonia. Family 52 included a male child,
born to consanguineous parents from Saudi Arabia, with microcephaly, motor delay, dystonia,
cerebellar atrophy, agenesis of the corpus callosum, and ventriculomegaly (Figure 4a-d and
Supplementary Table S6). Notably, in Family 52, an older similarly affected female sibling had died at
21 months of age. The VPS36 variant in her could not be confirmed due to sample unavailability.
However, previous SNP array data from her had shown a region of homozygosity, on chromosome 13,
which includes VPS36. Family 53 consisted of two deceased males and one deceased female born to
consanguineous parents of Pakistani origin. The female and one male had developmental delay, corpus
callosum agenesis, ventriculomegaly, hypotonia and seizures (clinical in the brother and sub-clinical in
the sister). The other male had corpus callosum abnormalities and ventriculomegaly but an additional
skeletal dysplasia picture. Genetic testing confirmed a homozygous VPS36 variant in the female.

Testing of the males was not yet possible due to sample unavailability.

Complementary DNA (cDNA) from fibroblasts of individual F21:11.3 demonstrated loss of the two exons
in the VPS36 transcript (Supplementary Figure S5). Western blot analysis revealed a marked
reduction in VPS36 protein levels in the fibroblast sample as compared to the control samples
(Supplementary Figure S6). It has been previously shown that presence of all ESCRT-II subunits is

essential for its stability and if any one subunit is missing, the levels of the other subunits are reduced3>.
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Collectively, the rarity and deleterious nature of the VPS36 variants, the striking phenotypic
convergence observed in multiple affected individuals from unrelated families, and the functional
relevance of the gene, and the significant clinical overlap with the known SNF8-related disorders

suggest that bi-allelic VPS36 variants cause a neurodevelopmental disorder.

Discussion

Most large scale CNV studies from WES or WGS utilise overlaps of CNVs to classify them as similar
and to determine their allele frequency® 5. However, this approach overlooks the fact that CNVs sharing
a common overlap can still vary in size and breakpoints, potentially disrupting distinct genomic regions.
Consequently, this may erroneously exclude CNVs affecting pathogenic loci if their allele frequency is
inflated due to overlapping yet non-identical CNVs. To address this limitation, we prioritised rare CNVs
based on their frequency at the individual nucleotide level, using a genomic position-wise loss-count
based filtering strategy which reduced the analysis burden without missing the previously known
homozygous loss-associated diagnoses. Importantly, this approach also revealed new diagnoses and
led to the identification of new candidate disease genes. Overall, homozygous losses accounted for
phenotypes in 26 of the 240 (10.8%) unsolved individuals in our cohort who had at least one rare

homozygous loss call.

However, there are several limitations of the approach. Firstly, we experienced a high false detection
rate (Supplementary Table S8). This is possibly due to the highly heterogeneous sequencing data
collected over a period of 12 years from various service providers. Although we excluded uncertain calls
from our analysis, they can still represent valid biological losses. Furthermore, in our analysis, we
focused only on MANE Select canonical transcripts3®. While MANE transcripts offer consistency,
analysing alternative isoforms would be crucial for comprehending the complete functional
consequences of the losses and the underlying disease mechanisms. Moreover, exact breakpoints
were not assessed in most cases, and the possibility of the loss being part of complex rearrangements
cannot be ruled out. To prioritize loss calls in our analysis of new candidate recessive disease genes,
we excluded calls from previously diagnosed individuals. Although these individuals have a confirmed

diagnosis, they may still carry a pathogenic loss in a gene not yet linked to disease. This could contribute
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to a blended phenotype or a presentation closely resembling the known disease associated with the
diagnosed gene, raising the possibility of a dual diagnosis. Moreover, we did not explore the functional
consequences of the losses identified in unaffected individuals. Such losses could represent natural
human knockouts that do not lead to a clinical phenotype, offering broader implications for
understanding the functional roles of such genes'. Potentially, supplementing our approach with
paired-end and split read-based structural variant (SV) detection tools 7#° and long-read sequencing
technologies may help to address some of these issues at scale. While we used cn.MOPS for detecting
homozygous deletions, a key strength of our method lies in the downstream filtering and prioritisation
framework which is largely tool-agnostic and can be applied alongside any robust homozygous loss

detection algorithm to improve the discovery of clinically relevant deletions.

Our work provides evidence to support the existence of FILIP1-related arthrogryposis with
microcephaly, TFCP2L 1-related renal tubulopathy, FAM177A1-related motor dysfunction and VPS36-
related neurodevelopmental disorder. FILIP1-related congenital neuromuscular disorder with
dysmorphic facies (OMIM #620775) is now indexed in OMIM and has been shown to be characterized
by impaired skeletal muscle development, usually resulting in hypotonia and secondary joint
contractures, and dysmorphic facial features. Overall, this validates our approach. With regards to
TFCPZ2L1-related renal tubulopathy, it is noteworthy that the affected individuals also exhibit other
phenotypes (microcephaly, sensorineural hearing loss, congenital cataracts, hypotonia, seizures, and
global developmental delay) that are not directly attributable to the renal dysfunction. This could be due
to the known role of TFCP2L 1 beyond kidney development and function*'-43. FAM177A1-related motor
dysfunction seems to be characterized by global developmental delay, seizures, behavioral
abnormalities, hypotonia, and gait disturbance. Although the cellular function of FAM177A1 is not fully
understood, it has been observed to localize in the Golgi subcompartments and may be involved in the
intracellular lipid and protein trafficking®3. Identification of more individuals with these conditions will be

important for better characterisation of the disorders.

We also provide genetic, clinical and functional evidence to support a relationship between homozygous
VPS36 variants and a neurodevelopmental disorder characterised by microcephaly, motor delay,

agenesis of the corpus callosum, cerebellar atrophy, seizures, hypotonia, spasticity, and early death.
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Although the precise mechanism by which this deletion causes disease is unclear, it is likely that the
deletion impacts the stability of the ESCRT-II complex, of which VPS36 is a subunit, thereby disrupting
the function of this highly conserved assembly. This ESCRT system comprises three distinct multi-
subunit complexes, ESCRT-I, ESCRT-II, and ESCRT-IIl, and plays a critical role in various cellular
processes, including cytokinesis, endosome maturation, autophagy, and membrane repair*. In
humans, the ESCRT-Il complex includes one subunit each of VPS36 (EAP45) and SNF8
(EAP30/VPS22) and two subunits of VPS25 (EAP20)34. Mouse knockout models of Vps36 and other
ESCRT subunits result in early embryonic or preweaning lethality3545. Another subunit of the ESCRT-II
complex, SNF8, has been associated with remarkably similar phenotypes, and biallelic variants in SNF8
have been shown to reduce the protein levels of other ESCRT-II subunits (VPS36 and VPS25)3%.
Furthermore, several other genes encoding subunits of the ESCRT (consisting of ESCRT 1 to IlI
subcomplexes) machinery have been implicated in a range of neurodevelopmental disorders in
humans, such as AR spastic paraplegia 53 (VPS37A; OMIM #614898), AD spastic paraplegia 80
(UBAPT; OMIM #618418), AR pontocerebellar hypoplasia type 8 (CHMP1A; OMIM #614961), AD
frontotemporal dementia and/or amyotrophic lateral sclerosis 7 (CHMP2B; OMIM #600795), and AD
CIMDAG syndrome (VPS4A; OMIM #619273). This suggests that the ESCRT machinery plays an
important role in normal development and its impairment can lead to a spectrum of neurodevelopmental

conditions in humans.

In summary, employing filtering strategies for CNV screening can streamline the analysis process. By
integrating these techniques with in silico phenotype matching, it is possible to scale up the analysis
and make it feasible for large cohorts. Although we focussed on identification of disease-causing
homozygous deletions, it is possible to customise this approach to identify heterozygous CNVs or to
analyse copy number gains from large genomic datasets. To conclude, we developed a CNV calling
pipeline to identify homozygous losses from exomes and applied filtering and prioritisation strategies to
facilitate diagnostic screening and rare disease discovery in a cohort of 2,021 individuals. Our methods
increased homozygous loss associated diagnoses by more than two-fold and defined four new

recessive diseases caused by biallelic variants in VPS36, TFCP2L1, FILIP1, and FAM177A1.
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Figure legends

Figure 1: Homozygous loss calling, filtering, and annotation. (a) Analysis workflow. In total, 2,021
exomes from affected individuals and their relatives were collected for CNV calling. Exomes were
processed in 12 separate batches based on the capture kits used. A total of 42,386 homozygous losses
were called from these exomes. Calls were then mapped to the GRCh38 human reference assembly,
and a position-wise count of the overlapping loss calls was determined. Positions with count of fewer
than six were identified and calls at these positions were selected. The resulting 1,224 filtered rare
homozygous loss calls from 718 individuals were annotated with genes, associated diseases, and
inheritance patterns. Loss calls with or without known OMIM morbid autosomal recessive (AR) genes
were prioritized separately using the attributes of individuals. Prioritized calls were then validated and
clinically interpreted. (b) Per individual homozygous loss call counts before and after filtering. After CNV
calling, a median of 20 homozygous losses was identified per individual (range, 0-55). Filtering reduced
this number to a median of 1 filtered homozygous loss call per individual (range, 1-22). (c) relationship

and (d) disease and diagnostic status of individuals with filtered rare homozygous loss calls.

Figure 2: Prioritization, validation, and interpretation of filtered rare homozygous loss calls with
a morbid AR gene and the resulting new diagnoses. (a) Results of prioritization, validation, and
clinical interpretation. Calls overlapping known AR disease genes were inspected using IGV. Possibly
true calls in the affected individuals were assessed for validity using gPCR. Confirmed homozygous
losses were interpreted to establish diagnoses. (b) New diagnoses identified using this method. The
figure shows pedigree of families with confirmed losses and position of the loss in morbid gene. Each
family pedigree illustrates the carriers, affected individuals (solid symbols), and test status of the
identified deletion (+/-, heterozygous; —/-, homozygous; NA, sample not available). Gene diagrams
represent the affected exons and protein domains. The displayed size corresponds to the represented
genomic segment, and not to the size of the deletions. Previously undescribed homozygous losses are

marked with .

Figure 3: Prioritization of filtered rare homozygous loss calls without morbid AR genes and
association study of the resulting candidate recessive disease genes. (a) Results of prioritization,
validation, and gene-disease association studies. Calls from affected undiagnosed individuals were

inspected using IGV. Possibly true calls with no similar calls in unaffected or phenotypically non-
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matching individuals were selected. From these, calls overlapping genes with no homozygous pLoF
variants in control databases were validated. Candidate recessive genes in confirmed homozygous
losses were searched for additional similarly affected individuals with biallelic variants, and were studied
for their function, expression in relevant tissues, and available animal models recapitulating the patient’s
phenotype. (b) Pedigrees of the families with candidate recessive disease genes. Figure shows
pedigrees of the families with confirmed losses and the genomic position of each loss. Each family
pedigree depicts carriers, affected individuals (solid symbols), and the test status of the identified

deletion (+/-, heterozygous; —/—, homozygous; NA, sample not available).

Figure 4: Genotypes, phenotypes, and brain MRI scans of individuals with bi-allelic VPS36
variants. (a) Pedigrees of the four families with VPS36 variants, illustrating carriers, affected individuals
(solid symbols), and the test status of the identified variants (+/—-, heterozygous; —/—, homozygous; NA,
sample not available). (b) Schematic representation of the positions of identified variants across the
VPS36 gene. (¢) Key phenotypic characteristics of the seven individuals with homozygous VPS36
variants. (d) T1 and T2-weighted MRI scans of affected individuals' brains, demonstrating key
abnormalities. Axial and sagittal slices of the following individuals: F21 11.2 (first row; panels i-vi), F21
I1.3 (second row; vii—xii), F51 II.1 (third row; xiii—xviii), F51 11.2 (fourth row; xix—xxiv), and F52 I1.2 (fifth
row; xxv—xxx) reveal pontocerebellar hypoplasia, posterior predominant ventriculomegaly due to

agenesis of corpus callosum and white matter volume loss, and cerebral atrophy.
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