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Abstract

Given the genomic uniqueness, a local dataset is most desired for Indians, who are
underrepresented in existing public databases. We hypothesize patients with rare monogenic
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disorders and their family members can provide a reliable source of common variants in the
population. Exome sequencing (ES) data from families with rare Mendelian disorders was
aggregated from five centers in India. The dataset was refined by excluding related individuals

and removing the disease-causing variants (refined cohort). The efficiency of these datasets was
assessed in a new set of 50 exomes against gnomAD and GenomeAsia. Our original cohort
comprised 1455 individuals from 1207 families. The refined cohort had 836 unrelated individuals
that retained 1,251,064 variants with 181125 population specific and 489618 common variants.
The allele frequencies from our cohort helped to define 97609 rare variants in gnomAD and 44520
rare variants in GenomeAsia as common variants in our population. Our variant dataset provided
additional 1.7% and 0.1% efficiency for prioritizing heterozygous and homozygous variants
respectively for rare monogenic disorders. We observed additional 19 genes/human knockouts.
We list carrier frequency for 142 recessive disorders. This is a large and useful resource of

exonic variants for Indians. Despite limitations, datasets from patients are efficient tools for variant
prioritization in a resource limited setting.

Keywords
Variant dataset; Exomes; Indian population; Monogenic disorders

1 INTRODUCTION

The datasets of human genomic variants are becoming increasingly indispensable for
genomic medicine. Several large-scale global efforts to sequence individuals of diverse
backgrounds have provided a wide range of genomic variations (Summarized in Table 1).
The 1000 Genomes (Auton et al., 2015) followed by National Heart, Lung and Blood
Institute (NHLBI) sponsored Exome Sequencing Project (ESP) (Fu et al., 2013), EXAC
(Monkol Lek et al., 2016) and gnomAD projects (KarczewskiFrancioli, et al., 2020) have
added substantially to our understanding of common and rare allelic variations among
multiple populations. These large-scale variant databases have demonstrated their utility in
deciphering variant pathogenicity, novel disease-gene associations, gene essentiality, drug
discovery among several others (M. Lek et al., 2016; Minikel et al., 2020).

In spite of these enormous efforts, several populations remain underrepresented (Popejoy &
Fullerton, 2016; Sirugo, Williams, & Tishkoff, 2019). The global and local projects have
revealed that rare variants are more likely to be population specific (Auton et al., 2015;
KarczewskiFrancioli, et al., 2020). This has led to several regional and population specific
efforts (Ameur et al., 2017; Fattahi et al., 2019; John et al., 2018; Le et al., 2019; Lee

etal., 2017) (see table 1). The utility of these datasets is immense in exploring the allele
frequencies and carrier status for monogenic disorders in the local populations. Even the
disease-causing variations are known to be population specific for common and rare diseases
(Sirugo et al., 2019). Utility of population specific datasets extend beyond the locals to
migrants and other populations.
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2 DATA SPECIFICATIONS

3

Data type Table, text file, figure
Data acquisition Exome sequencing
method

Data format Filtered and analyzed

Experimental factors

None

Experimental features | Aggregation of exome sequencing data from families suspected to have rare Mendelian
disorders from five different centers across India was performed, followed by data processing
and variant calling using in-house pipeline. Curation of this aggregated data was performed
by discounting the disease-causing variants and related individuals to create a reference
variant dataset. The efficiency of these variant datasets for variant filtering for rare Mendelian
disorders was then assessed.

Data source and KMC: Kasturba Medical College, Manipal, India

location SGPGIMS: Sanjay Gandhi Postgraduate Institute of Medical Sciences, Lucknow, India
CDFD: Centre for DNA Fingerprinting and Diagnostics, Hyderabad, India

AIIMS: All India Institute of Medical Sciences, New Delhi, India

SGRH: Sir Gangaram Hospital, New Delhi, India

Variant datasets are available for download from the following link.
http://cdfd.org.in/labpages/diag_datasets.html

Data accessibility

IMPACT OF THE DATA

Indian population is highly diverse and heterogenous (Chaubey, Metspalu, Kivisild, &
Villems, 2007; “The Indian Genome Variation database (IGVdb): a project overview,”
2005; Xing et al., 2010). The current representation of the Indians in the available variant
databases or datasets is illustrated in table 2. We would like to emphasize the term

‘Asians’ is a geographic descriptor for ethnically diverse Chinese, Indian and South-Eastern
population and often the second most populous country is not included in the studies on
‘Asians’. IndiGenomes, (Jain et al., 2020) a recent addition and Singapore Genome Project
(Wu et al., 2019) are the currently available large datasets for Indians. These datasets are
far from capturing the complete spectrum of genomic variation of the Indian population.
The burden of genetic disorders, though not systematically determined, is likely to be
enormous due to huge population, complex population architecture, consanguinity and
endogamy (Aggarwal & Phadke, 2015; Verma & Bijarnia, 2002). The wider availability

of genomic tools like exome sequencing has led to a considerable increment in the number
of individuals receiving a genetic diagnosis recently. Genomic variations from a healthy
population is ideal to establish a reference variant catalogue of any of the population. As
disease causing variants are expected to occur at a very low frequency, we hypothesized
that patients with rare monogenic disorders would still provide a source of common variants
in a given population. It is expensive to conduct such studies in healthy individuals and
otherwise would deprive them of advances in genomic healthcare (incorrect assessment of
genetic variants/risk factors and response to drugs). In this study, we delineate the genomic
variants obtained from a cohort of families undergoing exome sequencing and assess the
population based genomic variability. We also demonstrate the clinical implications of these
variants. Finally, we illustrate the utility of such a local cohort in clinical medicine and
research.
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4 MATERIALS AND METHODS

4.1 Design

4.2 Exome

of the study and selection of subjects

The dataset is collated from five centres across India which perform exome sequencing for
rare genetic disorders on clinical and research bases viz., Kasturba Medical College (KMC),
Manipal, Sanjay Gandhi Postgraduate Institute of Medical Sciences (SGPGIMS), Lucknow,
Centre for DNA Fingerprinting and Diagnostics (CDFD), Hyderabad, All India Institute of
Medical Sciences (AIIMS), New Delhi and Sir Gangaram Hospital (SGRH), New Delhi.
The study subjects include probands with or without their family members and couples
undergoing exome sequencing for carrier screening. This data is aggregated over a period of
three years from January 2017 to December 2019 from the above centres. For the purpose

of this study, we use the following descriptions: singleton - only proband, duo - proband and
a similarly affected sibling, trio - proband and unaffected parents, carrier testing-unaffected
couple carrier for a possible autosomal recessive condition and others - if multiple members
were tested and does not fit into any of the previous categories. The aggregated exomes were
processed through a single in-house pipeline and the data was anonymised for the purpose of
this study. The overall workflow of our study is illustrated in Figure 1.

sequencing and data analysis

Next generation sequencing was performed at respective centers or outsourced to a service
provider. The particulars of capture kits and sequencing platforms at respective centers are
elaborated in Table 3. The overall quality control of the raw reads was performed using
FastQC toolkit(Andrews, 2010) followed by alignment of paired-end reads of 100-150

bp to the human reference genome (GRCh37) using BWA-MEM (v0.7.15)(Li, 2013).
Sorting and indexing of resulting alignment were done using Picard (v.2.5.0)(Picard).

The alignments were then post-processed based on Genome Analysis Toolkit (GATK v3.6)
(Van der Auwera et al., 2013) best practices for germline SNV and INDEL discovery

from exome sequences. Realignment was performed around known Indels and SNVs
using GATK RealignerTargetCreator and IndelRealigner followed by base quality score
recalibration using GATK BaseRecalibrator. For each sample, the genomic VCF (gvcf)
file was generated using GATK HaplotypeCaller with the appropriate exome capture kit
bed file. Joint genotyping was performed for the entire cohort, followed by GATK variant
quality recalibration (VQSR) and left normalization using BCFTOOLS (v1.3.1)(Li, 2011) to
generate a multi-sample VCF file. Allele state (counts of heterozygotes and homozygotes),
were derived using customized Perl scripts. Variants that were below the quality trenches
and a call rate of <8% were filtered out during downstream analysis. Pairwise kinship
coefficient of aggregated samples were calculated using KING (Manichaikul et al., 2010)
and the recommended cut-off of 0.34 was considered as described in the KING manual for
identifying duplicate samples or monozygotic twins.

4.3 Variant annotation

Multi-sample VVCF files generated for the original and refined cohorts were then annotated
using ANNOVAR(Wang, Li, & Hakonarson, 2010) against RefGene, gnomad_exome,
gnomad_genome, snp138, clinvar_20190305, exac03 and avsnp150. ANNOVAR —xref
argument was used to integrate gene-based cross-reference annotations which included
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various intolerance scores and tissue-specific expressions and counts of homozygous loss

of function variants observed in gnomAD. Counts of heterozygotes and homozygotes from
the above cohorts and proportion expressed across transcripts (pext)(Cummings et al., 2020)
were integrated using ANNOVAR “genericdbfile’. Downstream to ANNOVAR annotations,
in-house Perl scripts were used to integrate disease phenotypes catalogued in OMIM(Online
Mendelian Inheritance in)

4.4 Editorial policies and ethical considerations

Ethics committee approvals and informed consents for exome sequencing were obtained

at each participating institution for their respective research projects (Kasturba Medical
College & Kasturba Hospital Institutional Ethics Committee, Manipal; Ethics Committee,
Sir Ganga Ram Hospital, New Delhi; Institutional Ethics Committee, All India Institute of
Medical Sciences, New Delhi; Institutional Ethics Committee, Sanjay Gandhi Postgraduate
Institute of Medical Sciences, Lucknow; Institutional Ethics Committee, Centre for DNA
Fingerprinting and Diagnostics, Hyderabad ). The entire study was approved by Kasturba
Medical College & Kasturba Hospital Institutional Ethics Committee.

4.5 Curation of dataset

The dataset is obtained from a cohort of individuals with genetic disorders and their family
members. Hence, it was curated by discounting the disease-causing genomic variants in
probands and relatedness amongst the individuals. For singletons and duo, the exome data
of one individual was included after removing the disease-causing variants. Customized
Perl script and bash commands were used to remove the disease-causing variants from
Genomic Variant Call format (GVCF) files. Only one individual was included in this
cohort amongst families undergoing duo sequencing. Two individuals (both parents) were
selected from couples undergoing carrier-testing (they are considered healthy individuals)
and parents in ‘trio” exomes. For others, only unaffected and unrelated individuals in the
families were selected. Further, if the pairwise kinship coefficient amongst family members
was =0.0884, only one of them was considered for further analysis. Data of undiagnosed
probands were not included in the cohort. We refer to this dataset as ‘refined’ cohort. New
allele frequencies were derived by multi-sample joint genotyping using GATK v3.6 (allele
frequencies as well as allele state).

4.6 Delineation of genomic variants

The variants called from both the cohorts were annotated using ANNOVAR (Wang, Li, &
Hakonarson, 2010) (detailed annotation protocol is provided in the Supplementary Materials
and Methods). Variant profiles were generated using BCFTOOLS (Li, 2011) (v1.3.1),
in-house Perl scripts and multiple BASH and AWK commands. Hard filtering was not
performed on variant datasets as to avoid missing the disease-causing variants which might
reside in poorly covered regions. Variants with an allele frequency (AF) of 1% or more
were classified as ‘common’, lesser than 1% as ‘rare’ and lesser than 0.01% as “very rare’.
Variants that were absent in gnomAD, AVSNP-150 build and SNP-138 build were termed
‘population specific’. The variants obtained from ANNOVAR were converted to HGVS
nomenclature using VariantValidator (Freeman, Hart, Gretton, Brookes, & Dalgleish, 2018).
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4.7 Comparison with other genomic datasets

Chromosome-wise VCF files from gnomAD (v.2.1) (Karczewski, Francioli, et al., 2020)
and GenomeAsia (Wall et al., 2019) were downloaded and concatenated. Left normalization
was done using BCFTOOLS (v1.3.1)(Li, 2011) and the data was converted into ANNOVAR
(Wang et al., 2010) format using convert2annovar. Customised Perl script was used to
extract allele counts and the number of homozygotes from left normalized VCFs. The
extracted data was then integrated with annotation protocol and the allele states of variants
derived from our cohort was then compared with both the datasets using multiple BASH
and AWK commands. Additionally, counts of homozygous loss of function (HLoF) variants
observed in gnomAD data were generated using Perl scripts.

4.8 Clinical significance of the variants in our cohort

Human knockouts (non-essential genes) and presence of reported disease-causing variants
were investigated in the refined cohort. To delineate human knockouts exclusive to our
cohort, predicted deleterious homozygous single nucleotide variants (SNVs) (stop gain,
frameshift and canonical splice site) were sought from the refined. Variants which are
already observed in homozygous state in gnomAD or GenomeAsia were excluded from
further analysis. Variants with genotype quality >60, supporting read numbers =10 and
visualization in Integrative Genomics Viewer (IGV v.2.8)(Narang et al., 2010) were used to
confirm the true calls. Also, variants located in the last exons of genes were excluded.

We obtained a subset of 887 genes with pediatric relevance and actionable adult-onset
conditions with high penetrance with definitive and strong gene-disease association from the
curated catalogue of genes for reporting results of newborn genomic sequencing (Ceyhan-
Birsoy et al., 2017). This set was used to retrieve the reported disease-causing variants in

the refined cohort. Clinvar_20190305 annotations were integrated using ANNOVAR and
pathogenic and likely pathogenic variants catalogued in ClinVar (Landrum et al., 2014) were
inspected. Variants reported with ‘no assertion criteria’ and ‘conflicting interpretations of
pathogenicity’ were excluded.

Carrier frequencies for ‘pathogenic’ (P) and ‘likely pathogenic’ (LP) variants catalogued in
ClinVar were calculated in the original cohort for a subset of 628 genes associated with
recessive monogenic disorders from the above 887 genes (Ceyhan-Birsoy et al., 2017).

4.9 Assessment of efficiency of our dataset for variant prioritization

We selected sequencing data of 50 additional singleton exomes that are not part of the
original cohort to assess the efficiency of our refined dataset for variant prioritization for
rare monogenic disorders. All 50 exomes were captured using Agilent’s SureSelect CREv2
capture kit and sequencing (PE 2X150) was performed based on NovaSeq6000 (Illumina
Inc. USA). Annotation of these exome sequencing data was done by integrating allele
frequencies and allele states from our datasets in addition to those from gnomAD and
GenomeAsia with ANNOVAR. AWK commands were used in this process. The statistical
significance of efficiency of filtering for variants with AF<1% was evaluated using R(Team)
packages. Shapiro-Wilk test (Royston, 1982) was performed to examine the normality of
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the data points and Wilcoxon signed-rank test (Forrester & Ury, 1969) was performed to
compare the differences between the efficiencies of filtering approaches.

We aggregated 1455 individuals of Indian origin from 1207 families recruited at five
different centres in India (Table 3 and Figure 1a). This cohort comprised of individuals
with rare monogenic disorders (n=1207, 83%) and their unaffected family members (n=248,
17%). Majority of the patients had a neurocognitive disorder (n=409, 34%) or a skeletal
dysplasia (=267, 22%). Though the cohort comprised individuals of all ages (fetus to

80 years), majority (90.1%) of them belong to pediatric age group (<18 years). Males
were higher in the cohort (M/F=1.21). Consanguinity was present in 26.7% while 42.06%
families were non-consanguineous and data was unavailable for 31.25% families in the
cohort. Most of the families underwent singleton exome sequencing (n=1047, 87%).
Diagnostic yield across the cohort was 61% (735/1207 families). Figure 2 and Table 4
provide a detailed demographic summary of the cohort.

5.1 Refined cohort

The refined cohort consisted of 836 unrelated individuals. This dataset consisted of 203
unrelated and apparently healthy individuals and 633 unrelated probands from whom 736
disease causing variants were excluded. These variants included 264 pathogenic (36%), 235
likely pathogenic (32%) and 224 variants of unknown significance (30%)(Richards et al.,
2015), but interpreted to explain the disease in the family. Thirteen variants were observed in
genes of unknown significance (GUS, n=13, 2%) were also excluded. These GUS are either
published or under different experimental stages.

5.2 Spectrum of genomic variants

The total number of variants in the original and refined cohorts were 1844228 and

1449306 respectively. Transitions occurred more frequently than transversions (ratio of 2.2).
Application of quality filters (VQSR and variants with a call rate of more than 8%) yielded
a subset of 1646560 (SNVs: 92.7%, INDELS: 7.3%) and 1251064 (SNVs: 93.3%, INDELS:
6.7%) variants from original and refined cohort respectively for further downstream analysis
(Figure 3a and Table 5). Majority of these variants were observed to be rare with AF <1%
(67.2% in original and 60.9% in refined cohort) and more than half of these rare variants
were observed with AF ranging from 1 to 0.1% (Figure 3b) and rest of the ~45% of

variants were very rare (AF<0.1%). Nearly 42% of the variants were observed only in single
individuals. We observed 295,194 (18%) and 181125 (14.6%) population specific variants in
our original and refined cohort respectively (Figures 3c and 3d). Seven percent of population
specific variants were common and majority (93%) of these variants were rare in our cohort.

In the original cohort, 47% of variants were predicted to reside in the intronic region, 30%
of them were exonic and 6% of the variants were found in exon-intron boundaries (Table 6).
The distribution of exonic variants included nonsynonymous (16.9%), synonymous (11.2%)
and loss-of-function (1.2%) as predicted by their functional impact. Nearly 91% of the loss
of function variants were found to be rare in original cohort (Table 7).
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Majority of the variants in the original cohort were observed only in heterozygous state
(66.1%), 3.8% of the variants were exclusively seen in homozygous state (hemizygous
state is included along with homozygous state) and 30.1% of the variants were observed in
homozygous as well as in heterozygous states. Comparison of proportion of homozygous
variants observed in the cohort against other variant datasets is outlined in Table 8.

We then analysed gnomAD and GenomeAsia for the overlapping alleles. The original
cohort consisted of 1242315 (75.4%) variants already catalogued in gnomAD and 770836
(46.8%) variants in GenomeAsia. Among these, 97609 (7.8%) and 44520 (5.7%) variants
were found to be rare in gnomAD and GenomeAsia respectively but were common in our
cohort, enabling us to classify them as common variants in Indians. Among the shared
variants, 704243 (56.6%) variants were found to be rare in our cohort and gnomAD, which
increased our confidence of calling these rare variants. Likewise, 368185 (47.7%) variants
were observed to be rare in our cohort and GenomeAsia. A similar trend was observed for
refined cohort where 9.3% and 6.8% of the shared variants with gnomAD and GenomeAsia
were found to be common in our cohort but were rare in these datasets.

5.3 Homozygous loss of function variants and human knockouts

5.4 Known

5.5 Carrier

We noted 778 homozygous loss of function variants (homozygous LoF) in 686 genes

in the refined cohort. 82% (638/778) homozygous LoF were found in 567 genes which
are not yet associated with a human monogenic disease. Among these, 24.9% (159/638)
of the variants in 150 genes were unique to our cohort and absent in gnomAD and
GenomeAsia. Ninety-two of these were high-quality loss of function variants in 89 genes
with at least 10 supporting reads and genotype quality of 60. Seventy-three of these genes
were earlier reported to have other homozygous LoF variants in gnomAD. Hence our
work enlists additional 19 genes/human knockouts for which a homozygous LoF variant
has not been documented in gnomAD (Table 9). However, one of these genes, ADGRF1
(NM_025048.3:¢.157C>T, NP_079324.2:p.(GIn53Ter) is listed in GenomeAsia.

We also observed 140 homozygous LoF variants in 122 genes with phenotypic descriptions
catalogued in OMIM. Among these, 70 variants were observed in 62 genes that are known
to be associated with recessive disorders and 51 of these variants were already noted in
gnomAD or GenomeAsia. After applying quality control, only six homozygous LoF variants
due to SNVs in genes with phenotypic descriptions catalogued in OMIM were noted in the
refined cohort (Table 10).

pathogenic/Likely pathogenic variants

Two hundred and sixteen reported pathogenic or likely pathogenic variants in ClinVar
were observed in the refined cohort. We narrowed down the list by considering disease
mechanisms, mode of inheritance and allelic state to 13 pathogenic and likely pathogenic
variants (Table 11).

frequencies for recessive monogenic disorders

Table 12 summarizes the carrier status for recessive disorders (autosomal and X-
chromosome) in our original cohort. We list the diseases with at least 10 carriers in table 13.
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We observed carrier status for 288 pathogenic and likely pathogenic variants in 161 genes
associated with 142 recessive disorders (628 genes were queried). Beta-thalassemia, GIB2
related deafness, Pendred syndrome, cystic fibrosis and Joubert syndrome appeared to have
more carriers in our population.

5.6 Utility of the dataset for variant prioritization for monogenic disorders

Assessment of the efficiency of variant filtering for monogenic disorders based on different
combination of filters is outlined in Table 14 and demonstrated in Figure 5. The application
of allele frequency and homozygous counts from our cohort and those obtained from
Gnomad and GenomeAsia led to filtering of an additional 50% homozygous variants
(0.2% vs 0.1%) and 37.8% heterozygous variants. The observed differences in the filtering
efficiencies for prioritization of heterozygous and homozygous variants were found to be
statistically significant (p-value <0.05) based on Wilcoxon signed-rank test (Table 15).

6 DISCUSSION

Indian population is immensely heterogeneous and information on its population structure,
variant distribution and their clinical significance is very limited (Indian Genome Variation,
2008; Reich, Thangaraj, Patterson, Price, & Singh, 2009; Xing et al., 2010). In this

effort, genomic variants were gathered from a cohort of 1455 individuals of Indian
ethnicity. We observed 1.65 million variants with 24.6% new variants that were absent

in gnomAD. As this cohort originated from families with suspected monogenic disorders,
we derived a refined cohort of unrelated individuals and excluded disease causing variants
to make the dataset to represent ‘apparently healthy 836 Indians’. We stress the huge
under-representation of Indians in various currently available datasets (Table 2) and this
effort has put together the one of the large representation of Indians available till date. This
dataset is likely to be useful for genomic healthcare for Indians and Indians living in other
countries. The data on allele frequency, gene essentiality and carrier frequency are likely to
have wider implication for other populations.

The overall proportion of homozygous variants in our cohort is high (34%). The proportion
of homozygous variants in GnomAD is 4.1% and 10.19% in exome and genome data
respectively whereas 18.6% of the variants from GenomeAsia and 20% of the variants from
Kuwaiti exomes are in homozygous state. A higher proportion of homozygous variants in
our cohort indicates the higher rates of consanguinity and inbreeding among Asian Indians
(Table 8) as compared to other populations such as African/African American, Latino and
Non-Finnish European (Bittles & Black, 2010; Karczewski, Francioli, et al., 2020). Higher
number of homozygous variants and increased burden of runs of homozygosity reported

by Iranian and Kuwaiti population with higher inbreeding levels are in-line with this
observation (Fattahi et al., 2019; John et al., 2018). We have also noted remote inbreeding
and higher proportion of disease-causing variants in our earlier studies (Bhavani et al., 2015;
Bidchol et al., 2014; K. M. Girisha et al., 2019; Shukla et al., 2018).

Nearly 18% (295194/1646560) of the variants observed in the original cohort were
population specific. These variants when added to the existing pool of human genomic
variation catalogues, increase the diversity and improve the representation of Indian
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population. Our dataset catalogued 7% of the population specific as common variants.
However, a larger portion (93%) of these variants were noted to be rare due to small

cohort size, indicating the need for large-scale sequencing efforts in Indians. Additionally,
this dataset helps to redefine 7.8% and 9.3% of the rare variants observed in gnomAD

as common variants and 5.7% and 6.8% of the rare variants observed in GenomeAsia

as common variants based on the observed allele frequency in original and refined

cohort respectively. Overall, the differences in allele frequencies were consistent with the
previously conducted ethnic specific studies and highlights the lack of representation of
these ethnicities in the available large-scale datasets (Fattahi et al., 2019; John et al., 2018).

Ethnic specific datasets have provided several insights into the clinical significance of
genomic variants (Fattahi et al., 2019; John et al., 2018; Le et al., 2019). We evaluated

this in terms of presence of human knockouts, reported disease-causing variants and carrier
frequencies of recessive monogenic disorders in our cohort. The availability of large-scale
datasets including population specific datasets are contributing to identification of biallelic
LoFs or human knockouts (Alkuraya, 2015; M. Lek et al., 2016; Sulem et al., 2015; Wall et
al., 2019). These variants in known disease-causing genes have often led to recognition of
distinct but different phenotype from those reported for other class of variants (Shamseldin
et al., 2015). Also, knockouts in healthy individuals in, previously reported disease-causing
genes can raise questions against the reported disease mechanism (Alsalem, Halees, Anazi,
Alshamekh, & Alkuraya, 2013). Further, these variants in genes not known to cause any
human disease can add to the existing knowledge of non-essential genes (Monkol Lek et
al., 2016). We list 19 novel HLoFs/human knockouts in genes that are not yet known to

be associated with human disease. The truncating variants identified in £7V7, HOPX and
FOXM1 were observed in unaffected family members and the rest of the variants were
observed in affected individuals with an identified genetic cause. The importance of HLoF
variants in FOXM1 and HOPX are uncertain as they are present in those exons which

are barely expressed in most human tissues. Also, HLoF variants in SCYLZ2and FOXM1
with high pLi scores seem to suggest that more ethnic specific sequencing may redefine
the existing catalogue of essential genes. Details of gene, variant and genetic diagnosis

of the individuals are given in Table 9. As most of the HLoF variants are observed in
affected individuals, we advise cautious approach until further evidences are available as
blended phenotypes or dual diagnoses are possible in our subjects. We also would like to
consider absence of phenotype due to late onset diseases and variable expression in these 19
individuals.

Additionally, six HLoF variants were observed in known disease-causing genes in the
refined cohort (Table 10). However, truncating variants observed in ALMS1and PKD1L1
were found to be multi-nucleotide variants leading to possible rescue of these HLoFs.

In one family with UMOD truncating variant, we could not rule out the possibility of

a blended phenotype of UMOD related kidney disease and osteogenesis imperfecta, as

the child was aged one year and could not be assessed for renal phenotype. A HLoF in
PRPH known as a susceptibility gene for amyotrophic lateral sclerosis was observed in a
one-year-old. The clinical implication of this variant would be difficult to interpret (Ahmeti
et al., 2013). The HLoF noted in MOCOS can be explained by later age of onset and report
of several asymptomatic individuals with xanthinuria, type 1l (Akinci, Cakil, & Oner, 2013).
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In one family with HLoF in PLAZ2GS, possibility of blended phenotype of PLAZ2G6 related
neurodegeneration and Omenn syndrome could not be ruled out as the proband succumbed
at the age of 4 months.

Thirteen reported pathogenic/likely pathogenic variants in GJBZ2, TSC2, G6PD, BRCA1,
TTR, F11, GLA, PKLR, MYH?7, LDLR, DMD were observed in the refined cohort (Table
11). Pathogenic variants in BRCA1 and 77Rthat are exclusively adult-onset diseases are
expected to be observed in a predominantly pediatric cohort like ours. The age of individuals
with these variants were five months and five years respectively. Variable severity and age
of onset is reported for GJBZ related palmoplantar keratoderma with deafness whereas
variable severity and reduced penetrance are known for tuberous sclerosis-2 and G6PD
related anemia. Pathogenic variants in £11 are usually known to result in excessive bleeding
only after surgery and may go unrecognised. Significant phenotypic heterogeneity, later
onset disease forms and asymptomatic individuals are reported for Fabry disease (Eng

& Desnick, 1994) and the unaffected family member observed with the disease-causing
variant in GLA may be exhibiting the same phenomena. Three of the variants, observed

in PKLR, MYH7 and L DL R were earlier classified as pathogenic or likely pathogenic
(P/LP). However, the current version of ClinVar (accessed on 18-08-2020) has re-classified
these as variants with conflicting interpretation of the pathogenicity. The pathogenic variant
in DMDtoo was reclassified as benign. Eleven of these variants were also observed in
gnomAD in corresponding allele states. Hence, these findings provide further evidence for
non-penetrance and clinical variability in these conditions and highlight the significance

of updating the resources utilized for variant interpretation periodically for possibility of
re-classification of these variants.

High burden of monogenic disorders is well described in the Indian population (Kaur

& Singh, 2010; Sachdeva et al., 2012; Singh et al., 2010; Sivasubbu & Scaria, 2019;
Venugopal et al., 2018). However, the incidence and prevalence and consequently the carrier
frequencies for most disorders remain unknown. Prenatal and/or pre-conceptional expanded
carrier screening as in several other nations is not yet practiced widely in India. Carrier
screening was mostly carried out in couples with a previous history of putative recessive
disease in the deceased offspring and non-availability of samples from the proband/s.
Globally, thalassemia and structural hemoglobinopathies are the commonest monogenic
disorders and India too has a huge burden of these conditions (Colah, Italia, & Gorakshakar,
2017; Sivasubbu & Scaria, 2019; Williams & Weatherall, 2012). Patients with § thalassemia
and sickle cell disease in India are estimated to be 100,000 and 150,000 respectively

and the reported average prevalence of carriers for p thalassemia is 3-4% (Colah et al.,
2017) whereas sickle cell disease was observed with a carrier frequency ranging from ~1

to 40% in specific subpopulations in India (Hockham et al., 2018). Highest number of
carriers (n=44, 3.02%) were observed for beta-thalassemia in our study population. Among
these, NM_000518.5:¢.92+5G>C, one of the most common pathogenic variant in HBB in
India was observed with highest frequency (n=24) in our cohort (Grow, Vashist, Abrol,
Sharma, & Yadav, 2014). Among the carriers observed for GJB2, NM_004004.5:c.71G>A
was the most commonly observed pathogenic variant (31 carriers). GnomAD has reported
151 and 134 allele counts for the corresponding disease-causing variants in /BB and
GJBZrespectively and interestingly more than 90% of these variants were from South
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Asian populations. GenomeAsia has reported 22 carriers for the /BB variant and more
than 90% of the carriers were South Asians. Similarly, among the 13 carriers observed in
GenomeAsia for the GJBZ2 variant, 85% were South Asians. Cystic fibrosis is reported to
be the commonest recessive disorder in Caucasian population with an observed carrier rate
of 3.7% (Goldstein & Prystowsky, 2017; Zvereff, Faruki, Edwards, & Friedman, 2014). It
is also found to be more common in Indian population with a carrier rate of 0.4% for one
of the most common variant NP_000483.3:p.(Phe508del) in CFTR (Kapoor et al., 2006;
Prasad, Sharma, & Kaur, 2010). However, carrier rate for all the disease-causing variants
in CFTRin Indian population is not yet available. A total of 20 carriers were observed

for seven P/LP variants in CFTRyielding a net carrier rate of 1.37% and the carrier rate
for NP_000483.3:p.(Phe508del) was 0.27%. Nearly 5% of the recessive deafness in South
Asians is due to the disease causing variants observed in SLC26A4 (Park et al., 2003) and
21 carriers were observed for 7 disease causing in variants in SLC26A4 in our cohort.

A high frequency of few rare monogenic disorders like Joubert syndrome (16 carriers),
ataxia-ocular apraxia 2 (13 carriers) and Mucolipidosis 11 (12 carriers) was observed in
the cohort. However, this data is unlikely to represent a high carrier frequency of these
disorders as these data is derived from a biased cohort of families with predominantly
neurodevelopmental and skeletal disease phenotypes.

Exome sequencing (ES) has emerged as a highly efficient tool for clinical diagnosis and
research on monogenic diseases (Rabbani, Tekin, & Mahdieh, 2014). The widespread
availability of ES had reduced the discrepancy of patients receiving a genetic diagnosis
across the globe. However, the challenges remain in terms of broad testing and prioritization
of appropriate candidate variant/s (MacArthur et al., 2014) The availability of data on
common variants has eased this process. This has further been facilitated by addition

of population specific variants in the recent past. We demonstrate the utility of our

dataset collated from families undergoing ES without incurring any additional costs and

its efficiency in variant prioritization in a test set of 50 individuals. After filtering the exonic/
splicing heterozygous variants with allele frequencies and counts of homozygotes from
gnomAD, 5.2% variants remained. Remarkably, with the use of these same filters from the
refined cohort, an almost similar number of variants (5.7%) remained. Interestingly, filtering
for presumably de novo variants based on refined cohort improved variant prioritization by
filtering out 97.45% of the heterozygous variants observed in the test set. Similar results
were obtained for homozygous variants, where gnomAD and refined cohort resulted in
prioritization of ~0.4% of variants for further analysis.

The allele states and their counts derived from the original cohort which comprises of
diseased as well as healthy individuals was efficiently used for prioritization of disease-
causing variants. As the phenotypic information is available for the complete cohort, very
low cut-off values could be used, thus leading to a very small number of candidates.
Efficiency of these filters is evident from a subset of our cohort of 115 families with a
diagnosis of inherited white matter disorders, a diagnostic yield of 71.28% (72/101) was
achieved for singleton exome sequencing (unpublished data). Identification of recurrent
disease-causing variants in unrelated families in the original cohort resulted in identification
of novel disease-gene associations too (Katta M. Girisha et al., 2019; Shukla et al., 2017).
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There are several limitations of the current dataset derived from families with rare
monogenic disorders. First, it does not capture all genomic variants and is restricted to

only exonic and flanking intronic variants. Hence the utility of the dataset is to a large extent
limited to evaluation of monogenic disorders in children. Second, though the dataset was
refined to make it as close as possible to a healthy cohort, it is likely to harbour disease
causing variants with incomplete penetrance, variable expressivity and blended phenotypes.
In such situations, we will be happy to share the phenotypes of the individual carrying

such variant for the benefit of community. Third, the sample size is too small to represent
the extremely huge and heterogeneous Indian population. Fourth, estimation of human
knockouts from the cohort is incomplete as we have not considered LoF variants observed
in compound heterozygous state. Fifth, the observed carrier status is biased as the cohort
consists of families with monogenic disorders and not the general population. Sixth, the
pathogenic variants were queried only from the ClinVar dataset and it does not capture all
published disease-causing variants.

Despite these limitations, our dataset is a significant step to understand the genomic
architecture and the distribution of alleles in Indian population. The most useful aspect of
this dataset is its impact on variant filtering. We demonstrate the utility of combining clinical
and research samples in a resource-limited setting and encourage genomic data sharing.
Though limited in numbers, we also provide insights into human knockouts, carrier status
and other clinically significant variants in our dataset that are not yet available for Indian
population.
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Figure 1:
(a) Location of collaborating centres and (b) flowchart representing the overview of our

study design.
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Figure2:
(a) Referral patterns in the cohort for exome sequencing. (b) Exome sequencing approaches

in this study. (c) Our cohort comprised predominantly of males. (d) Age distribution of the
individuals included in the cohort. NA: data not available.
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Figure 3:

Spectrum of genomic variants in the original (n=1455) and refined cohorts (n=836). (a)
Distribution of SNVs and INDELs. (b) Distribution of common, rare and very rare variants
in our cohort. 18% of the variants in the original cohort (c) and 14% in the refined cohort
(d) were not observed in gnomAD. (e) We observed a significantly higher proportion of
homozygous variants state in our population. AF: allele frequency, SNV: single nucleotide
variants, INDEL.: insertions and deletions.
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Figure 4:
(a) IGV snapshot of observed multi-nucleotide variant (MNV) in AMLS1, each of these

variants were annotated separately as truncating variants but considering these as an MNV
the observed consequence would be a non-frameshift variant, (b) The MNV in PKD1L 1 was
annotated as 2 separate SNVs resulting in a truncating and a missense variant respectively,
but the MNV is predicted to generate a missense variant. (c) The SNVs observed in the
nearby codons of UMOD is annotated as a truncating and synonymous respectively, but
considering this as an MNV still predicted to generate a truncating variant.
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Figure5:
Graphical demonstration of utility of refined cohort in variant prioritization for monogenic

disorders. We observed significant reduction of (a) heterozygous variants and (b)
homozygous variants per exome while applying the variant dataset from refined cohort
alongside global population datasets.
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