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Abstract

Schizophrenia is a clinically and genetically heterogeneous neuropsychiatric disorder, with a
polygenic basis but identification of the specific determinants is a continuing challenge. In

this study we analyzed a multigenerational family, with all healthy individuals in the first two
generations, and four progeny affected with schizophrenia in the subsequent two generations,
using whole exome sequencing. We identified five rare protein sequence altering heterozygous
variants, in five different genes namely SMARCAS, PDE1B, TNIK, SMARCAZand FLRT shared
among all affected members and predicted to be damaging.

Variants in SMARCAS5 and PDE1B were inherited from the unaffected father whereas variants in
TNIK, SMARCAZand FLRT1 were inherited from the unaffected mother in all the three affected
individuals in the third generation; and notably all these five variants were transmitted by an
affected mother to her affected son. Microsatellite based analysis lent a modest linkage support
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(LOD score of 1.2; 6=0 at each variant). Of note, analysis of exome data of an ancestry matched
unrelated schizophrenia cohort (n=350), revealed a total of 16 rare variants (MAF<0.01) in these
five genes. Interestingly, these five genes involved in neurodevelopmental and/or neurotransmitter
signaling processes are implicated in the etiology of schizophrenia previously. This study provides
good evidence for a likely cumulative contribution of multiple rare variants from disease relevant
genes with a threshold effect in disease development and seems to explain the unusual disease
transmission pattern generally witnessed in such conditions, but warrants extensive replication
efforts in families with similar complex disease inheritance profiles.

Introduction

Schizophrenia (SZ) is a severe neuropsychiatric disorder, commonly believed to arise from
a complex interplay between genetic and environmental risk factors that influences early
brain development and causes significant disability and early mortality. With onset of illness
in early adolescence (Crome, 2017; Hjorthgj et al., 2017; Kahn et al., 2015; Pulver et al.,
1990; Walker et al., 2015) it is expressed as a combination of positive symptoms such

as hallucinations, delusions and negative symptoms including social withdrawal, affective
flattening, anhedonia, diminished initiative and energy (McGlashan and Fenton, 1992).
More than 98% of SZ patients also suffer from neurocognitive impairment (Heinrichs and
Zakzanis, 1998; Zai et al., 2017). Deficits in synaptic formation and function due to early
neurodevelopmental abnormalities are also reported (Corroon, 2005; Stachowiak et al.,
2013).

Knowledge underlying disease etiology is still limited, but altered dopamine, glutamate,
serotonin and Gamma Amino Butyric Acid (GABA) activity have been reported in SZ
(Frohlich and Van Horn, 2014; Harrison and Weinberger, 2005; Schiffer, 2002; Stone, 2011;
Stone et al., 2008; Thornberg and Saklad, 1996; Wang et al., 2011). On the other hand, a
large number of family, twin and adoption studies in the pre-molecular genetics era, using

a range of ascertainment and assessment rules, have consistently shown the importance of
genetic factors in SZ (Gejman et al., 2011). However, in spite of high heritability (Cannon
et al., 1998; Lichtenstein et al., 2009), and notable advances in technology from early
linkage analysis, through candidate gene and genome-wide association studies (GWASS) to
whole exome/genome sequencing, identification of genetic risk remains a challenge. GWAS
performed by the Schizophrenia Working Group of the Psychiatric Genomics Consortium,
has identified 108 risk loci with genome-wide significance (Ripke et al., 2014), but this
barely explains the total heritability (Loh et al., 2015). A directed shift to exome sequencing
that allows for identification of DNA variants within the 1-2% protein-coding regions in the
genome, has substantially increased the likelihood of identification of putative causal/risk
conferring rare variants at single-base resolution (Henriksen et al., 2017). This tool has
since contributed notably to the spectrum of genetic risk variants for SZ. This has also
garnered support by a previous study using the same approach wherein a polygenic burden
of very rare (<1/10,000) disruptive variants distributed across many genes in a set of 2546
genes previously implicated in SZ has been put forth (Purcell et al., 2014). Furthermore,
enrichment of genes involved in chromatin remodeling, glutamatergic postsynaptic proteins,
N-methyl-D-aspartate receptor (NMDAR) etc. have been highlighted in studies reporting
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rare de novo variants in SZ (Fromer et al., 2014; McCarthy et al., 2014). Importantly, recent
family based studies wherein we (John et al., 2019, 2018a, 2018b, 2017) and others (Egawa
et al., 2016; Homann et al., 2016; Hornig et al., 2017; Hoya et al., 2017; Shirzad et al.,
2016; Steinberg et al., 2017; Timms et al., 2013; Zhou et al., 2016) have identified inherited
known/novel rare variants across several disease relevant genes have been informative. In the
present study, rare variant analysis in an informative four generation family with multiple
members affected with SZ was undertaken. Analysis uncovered five heterozygous inherited
rare protein sequence altering variants in yet another group of functionally relevant genes
namely SMARCAS, PDE1B, TNIK, SMARCAZand FLRT shared among the affected
individuals, and most notably, contributed in parts from the two unaffected parents. This
observation supports the cumulative contribution of rare protein sequence altering variants
in a few disease relevant genes and also a threshold effect for disease manifestation.
Furthermore, it seems to provide likely explanation for the complex mode of inheritance
commonly seen in complex traits, but whether this can be generalized remains to be
validated in additional families with such diseases.

Sample ascertainment and recruitment

The institutional review committee of both participating institutes approved the study
namely Dr. RML Hospital New Delhi India and University of Delhi South Campus, New
Delhi, India. It was also approved by the University of Pittsburgh IRB. A four generation
family of north Indian origin, with multiple members affected with SZ, was recruited from
Dr. RML Hospital New Delhi, India. Diagnosis of SZ in this family was made according to
DSM 1V and relevant information for genetic studies collected by administering the Hindi
version of DIGS and FIGS to the family members, as described previously (John et al.,
2016; Kukshal et al., 2013a, 2013b). The four-generation family comprised of three siblings
affected with SZ in the third generation (I11.2 and 111.3 are dizygotic twins), and one in

the fourth generation along with 14 unaffected individuals across all the four generations.
All four affected individuals and three unaffected parents from second to fourth generations
were available for the study (Fig. 1). Venous blood samples were collected from these
individuals and DNA isolated using conventional phenol chloroform method.

Whole exome sequencing

Assuming that gene sharing among distantly related individuals will be less, sequencing
such members is expected to yield a much smaller number of shared variants for further
segregation analysis in the family. With this rationale, two affected members from the

third generation and one affected from the fourth generation were used for WES. Agilent
SureSelectXT Human All Exon V5 + UTRs kit was used for enrichment of exonic regions
and library preparation from blood derived DNA samples. Paired end (2x100) sequencing of
the prepared libraries was performed in a commercial facility (Medgenome Labs Pvt. Ltd,
Bangalore, India) using lllumina HiSeq 2000.
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WES data analysis

The raw fastQ data obtained from the service providers were processed as per the
recommendation provided by GATK (McKenna et al., 2010) best practices for germline
variant discovery and which has been detailed previously (John et al., 2018b, 2017). Good
quality reads were aligned to the reference genome (hg19), followed by removal of PCR
duplicates and realignment of the mapped reads was performed. Subsequently combined
variant calling of the three samples was performed using GATK. Called single nucleotide
variants (SNVSs), insertions and deletions (indels) were annotated using KGGSeq (Li et al.,
2012) against RefSeq hg19 gene definitions.

Variant prioritisation

Prioritisation of the variants was based on the published recommendations and guidelines
(Dashti and Gamieldien, 2017; Kircher et al., 2014; Richards et al., 2015) that we had

also employed previously (John et al., 2019, 2018b, 2018a, 2017). Briefly, all the variants
from the protein coding regions were extracted from the annotated data. Variants reported
in public databases (1000G, EXAC, Exome Variant Server, dbSNP, gnomAD browser) with
minor allele frequency (MAF) >0.01, synonymous variants and the variants that are not
shared among the three affected and exome sequenced individuals were removed to start
with. The remaining variants were screened among the four other family members available
for the study, by target custom capture sequencing. Variants from segmentally duplicated
regions and from genes that are known to produce false positive variants (Fuentes Fajardo et
al., 2012) were then removed. Further, variants with MAF >0.01 in the non SZ exome data
of north Indian population available in-house and variants which were not shared with the
fourth affected individual in the family were eliminated, followed by removal of missense
variants that are not predicted to be damaging by any two /n silico software and with

a CADD score<10. Finally, shared deleterious variants thus narrowed down were further
prioritised based on their i) expression in brain; ii) circumstantial biochemical evidence; iii)
previous genetic linkage/association findings; and iv) supporting evidence from published
animal studies. Each of these steps and the variants obtained thereafter were tabulated
(Supplementary Table 1) and variants confirmed by Sanger sequencing.

Screening for additional rare (MAF <0.01) variants in the prioritized genes in an
independent SZ cohort

Results

In order to identify index or additional rare variants in genes prioritized above, we used
WES data from an unrelated cohort of 350 SZ cases and 220 non-psychotic controls of
matched ethnicity available in the lab and which have been used in our previous studies
(John et al., 2018b, 2017).

QC analysis of WES data from three exome sequenced individuals in the family (Fig. 1) was
performed using Qualimap (Garcia-Alcalde et al., 2012). >99.8% target region was covered
with >1X; >97.03% with 10X; and >88.9% with 20X; a 57.4X mean on target depth and
mean mapping quality of 46.96 across these samples were observed.
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A total of 45 rare heterozygous protein sequence altering variants were shared among all
four affected individuals in the family (Supplementary Table 1), of which 32 were predicted
to be damaging (Supplementary Table 2). Of note, though none of the family members

were affected in the first and second generations, suggestive of an autosomal recessive mode
of inheritance, we did not identify any rare homozygous/compound-heterozygous protein
sequence altering variants shared among the affected individuals, in the third and also fourth
generations. This necessitated us to consider the other well accepted oligogenic/polygenic
hypothesis in SZ in the study family. To assess this approach, we focused on rare variants
from genes previously implicated in SZ and other psychiatric disorders based on genetic and
functional studies, as described elsewhere (Purcell et al., 2014).

Following this strategy, we identified five rare heterozygous missense variants

in five different genes, namely 7AV/K (NM_001161562:¢.1660C>A:p.P554T:exon15);
SMARCA5 (NM_003601:¢.1628A>G:p.N543S:exon13);
SMARCAZANM_001289396:¢.210G>A:p.M70l:exon2); FLRTI
(NM_013280:¢.1184C>T:p.T395M:exon2); and PDE1IB
(NM_001315534:¢.47C>G:p.A16G:exon4) in all the three affected children in the third
generation. Of note, variants in SMARCAS5 and PDE1B were seen to be inherited from

the unaffected father, while those in TNIK, SMARCAZ and FLRTI were inherited from

the unaffected mother. The same set of five variants was observed in the affected child

in the fourth generation, having been inherited through the affected mother (Fig 1). All
these five variants were confirmed by Sanger sequencing. p.P554T in 7N/Kis a novel
variant and the other four are rare with MAF <0.004(maximum observed) in different public
databases. All these five variants were predicted to be damaging using several in si/ico tools
(Supplementary table 2).

Based on merely the absence of comparable contextual support for the role of other 27
variants (prioritized) in disease development, they cannot be dismissed as non-contributors
to SZ. Therefore, the complete list of variants with all the annotations and genotypes of

the members are documented in Supplementary Table 2, but not considered further in

this study. It may be mentioned here that since homozygous or compound-heterozygous
variants could not be identified as risk conferring in this family, we explored an oligogenic/
polygenic model. The motivation behind checking this approach was not to provide a
complete explanation for the genetic underpinning of the disease in the family but to check
whether a few heterozygous variants from functionally relevant genes coming together but in
parts from two unaffected parents can provide some insight into the unclear mode of disease
inheritance in the family and whether it will support an oligogenic contribution or not.

Linkage analysis

To confirm that the genes/loci encompassing the five inherited rare variants shared among
the affected individuals in the study family are indeed linked to the disease/phenotype,
linkage analysis was performed using microsatellite (MS) markers (ABI Prism Linkage
Mapping Set MD 10-ver. 2.5 kit) following the manufacturer’s instructions. Based on
chromosomal location of the five variants identified to be segregating in the family,
informative MS markers flanking each of them were selected for genotyping. These
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included D3S1614 & D3S1262 for TNIK,; D4S424 & DA4S413 for SMARCAS;, D9S286

for SMARCAZ; D11S905 & D11S987 for FLRTI; and D12S85, D12S368 & D12S351 for
PDE1B. Phase established based on the haplotypes generated from the respective markers
complemented the results obtained from WES data, which had shown the inheritance of the
variants in FLRT1, SMARCAZ & TNIK from the unaffected mother and variants in PDEIB
& SMARCAS from the unaffected father (Fig. 1). Two-point LOD scores of 1.2 at 6 0.0 (the
maximum expected for the study family size) supports a suggestive linkage of each of the
markers except D3S1262, wherein a recombinant (111-2) was identified.

Additional rare variants

On screening for index and or additional rare variants in these five genes in exome data of an
independent SZ cohort (n=350), 16 rare (MAF<0.01) protein sequence altering variants
were identified. These included three missense variants (in five individuals) in TNVIK;

one missense variant (in one individual) in SMARCAS; two missense variants (in three
individuals) in SMARCAZ, six missense variants (in 11 individuals) in FLRTI,; and three
missense and a start-loss variant (in four individuals) in PDE1B. Of these, only two variants
were present in the in-house control data with MAF <0.005. All these variants with their
complete annotations are provided in the Supplementary Table 3.

Screening for variants in the PGC GWAS summary statistics

On screening PGC2 SZ GWAS (Ripke et al., 2014) summary statistics for each gene of
interest, we identified a large number of SNPs (MAF>0.05) with p-value <0.05. SNPs
with lowest p-value from each gene as follows, rs34134627, SMARCAS5 (p=0.0003);
rs10757249, SMARCAZ (p=0.0004); rs76321458, TNIK (p=0.004); rs3824854, FLRT1
(p=0.01); and rs1249951, PDE1B (p=0.03).

Discussion

Considering the enigmatic genetic etiology of SZ, the recent WES based rare variant
identification along with or without linkage analysis support, from family based studies
seems to be insightful. Findings of inherited rare variants in five disease relevant genes in

a four generation family (Fig. 1; Supplementary Table 2), supported by suggestive linkage
(LOD score 1.2 at © 0.0), hint at the likely involvement of these five rare variants in SZ
etiology in the family, and thus an oligogenic inheritance. Furthermore, a cumulative genetic
contribution of rare variants to disease is evident by the five rare variants being shared
among all affected and those with lesser number of variants (Fig. 1) being unaffected.

All these rare variants are predicted to be damaging by a large number of /in silicotools.
All the five genes encompassing these variants are promising candidates from pathways

of relevance in SZ etiology based on biochemical, /7 vitro and animal model studies and
receive unambiguous support as likely risk conferring, as they can all be directly connected
with well documented disease pathology and hypothesis (Walker et al., 2004). In addition,
a number of SNPs from all the five genes are reported to have p-value <0.05 in PGC2 SZ
GWAS (Ripke et al., 2014). Functions of each of these genes, which are of relevance to SZ
and also for other brain related activities, are detailed below.

Schizophr Res. Author manuscript; available in PMC 2022 March 28.
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TNIK encodes for a serine-threonine kinase and is an activator of the Wnt signaling
pathway. It has been found to be involved in responses to environmental stress (Potkin et
al., 2009; Ryu et al., 2008). This kinase is essential for dendritic arborization, morphological
integrity of dendrites and synaptic transmission and AMPA surface expression receptors
(Hussain et al., 2010). It interacts with NMDA receptor via AKAP9 and both NMDA

and metabotropic receptors bidirectionally regulate TNIK phosphorylation (Coba et al.,
2012). It is a key synaptic partner of DISCland regulates synaptic composition and

activity by stabilizing the levels of key postsynaptic density proteins (Wang et al.,

2011). Knockdown of TNIK in vitrois known to disrupt neuronal network physiology
(MacLaren et al., 2011). TN/K has been shown to be required in synaptic plasticity,
neuronal development and specific aspects of higher order cognition through both synaptic
and nuclear signaling pathways in mice. Knockout mice have shown impaired dentate
gyrus neurogenesis along with marked elevation in GSK3p on postsynaptic substrates and
impaired cognitive functions. These animals also displayed hyperlocomotor behavior, that
could be rapidly reversed by GSK3p inhibitors (Coba et al., 2012). De novo mutation
(NM_015028.2: ¢.1208G>A: p.R403Q) in this gene in Autism has also been reported
(lossifov et al., 2014). Convergent functional genomics based approach identified 7A/Kas
one of the most promising genes involved in pathophysiology and as a target for therapeutic
intervention (Ayalew et al., 2012). SNP rs6444970 in TN/K (p=4-85 x 1078) is associated
with antipsychotic treatment response (Yu et al., 2018).

SMARCADS encodes for ATP dependent chromatin remodeling protein SNF2H, which is
also a member of SWI/SNF family of proteins. It is involved in chromatin remodeling and
thus regulates the expression of certain genes. The protein plays a significant role during
development particularly during neural development while transiting from a committed
progenitor state to a differential cell state(Lazzaro and Picketts, 2001).Brains isolated from
conditional knockout mice were found to be reduced in size, with striking cerebellar
hypoplasia; along with this the forebrain also showed a modest size difference. Postnatal
external granule cell layer within cerebellum of the mice showed reduced proportion

of cycling, mitotic, and S-phase cells indicating its important role in granule neuron
progenitor (GNP) expansion. However, Purkinje neurons were found abundantly but were
highly disorganized and showed poor dendritic arborisation. Collectively all these evidences
suggest an important role of SMARCAS5 in neural cell differentiations. The conditional
knockout mice showed motor and cognitive dysfunction(Alvarez-Saavedra et al., 2014;
Goodwin and Picketts, 2018). De novo mutation (NM_003601.3:¢.329C>A: p.A110D) in
this gene has also been reported in autism (De Rubeis et al., 2014).

SMARCAZ2 is also a member of the SWI/SNF family of proteins. Through the interaction
with various transcription factors and other DNA-binding proteins it is involved in
chromatin structural modification and thus epigenetic regulation of gene and their
expression. Expression of the protein was low in neural precursor cells, but it was
increased during differentiation to neurons and astrocytes, suggesting its role in neuronal
differentiation(Machida et al., 2001). It is involved in dendrite spine morphology and
dendrite growth. The gene is known to interact with SZ-associated (GWAS) genes hamely
CSF2RA, NOTCH4, NRGN, HIST1HZBJ, ZNF804A, SHOX and TCF4. The gene and its
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interacting partners are enriched among the genes showing positive selection in primates

and in human lineage (Loe-Mie et al., 2010). Knockout mice showed impaired prepulse
inhibition (SZ like behavior) and social interaction. Two SNPs (rs2296212; P=5.8x107>;
rs3793490; A= 2.0 x1075) in this gene are reported to be associated with SZ in Japanese
population (Koga et al., 2009). De novo in-frame deletion and missense mutations in
patients with intellectual disability, epilepsy etc (Wolff et al., 2012) and a de novo mutation
(NM_003070.3: ¢.4046G>A: p.R1349Q) in a patient with autism(Yuen et al., 2017)have also
been reported.

FLRT1 is a member of the fibronectin leucine rich transmembrane protein (FLRT) family. It
is involved in cell adhesion and receptor signaling. Through the FGFR1 mediated signaling
cascade this protein activates MAP kinases and promotes the neurite outgrowth (Haines

et al., 2006; O’Sullivan et al., 2012; Wheldon et al., 2010). Role of FGFRL1 is previously
implicated in psychiatric disorders (Narla et al., 2017; Stachowiak et al., 2007) and we

have also recently reported rare variants segregating with SZ and other psychiatric disorders
in a family (John et al., 2019). Adhesion proteins that contain such Leucine-rich repeats
(LRR) have been found to play as key organizers of excitatory and inhibitory synapses

and regulate the assembly of specific connectivity patterns across neural circuits thus
contributing towards the diverse structural and functional properties of synapses(Schroeder
and de Wit, 2018). This gene is also involved in various neurodevelopmental processes

(del Toro et al., 2017). A de novo mutation (NM_013280.4; ¢.598C>G; p.L200V) has been
reported in an autism patient (Krumm et al., 2015).

PDE1B is a calcium-dependent cyclic nucleotide phosphodiesterase and activated by a
calcium-calmodulin complex. The protein is highly expressed in striatum, hippocampus, and
prefrontal cortex and colocalized with dopamine D1 receptors (Lakics et al., 2010). Pdelb
knockout mice showed increased baseline exploratory activity and exaggerated locomotor
response when challenged with amphetamine (AMPH) and methamphetamine (METH),
increased dopamine turnover and serotonin (5-HT) levels in striatum and impaired spatial
learning (Reed et al., 2002; Siuciak et al., 2007). After dopamine D1 receptor agonist

or forskolin stimulation in striatal slices from the knockout mice showed higher levels

of phospho-Ser84®> GIluR1 and phosphor-Thr3* DARPP-32 and augmentation of cyclic
nucleotide signaling (Reed et al., 2002). Increased striatal PdeZ10a mRNA expression and
resistance to acute stress-induceddepression-like behavior has been reported (J. R. Hufgard
etal., 2017; Jillian R. Hufgard et al., 2017). A de novo mutation (NM_000924.3; c.640G>A:
p.G214S) in an autism patient has been reported(De Rubeis et al., 2014).

How these five protein act together and will develop the disease is not able to explain
completely, however based on the already known function of these genes it can be
hypothesized that since except PDE1B all other genes are playing important role in various
neurodevelopmental process, malfunction of these genes may disrupt the normal brain
development during early life, along with the abnormal neurotransmitter signaling in the
earlier and later stages of the life by the disruption of PDEBI and TN/K normal function
may leads to the development of the disease

Schizophr Res. Author manuscript; available in PMC 2022 March 28.
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Like all other reports of this kind, this study also has a few limitations: i) even though we
performed linkage analysis with several markers, the LOD score of 1.2 at © 0.0, is low and
only suggestive of linkage and thus lacking strong statistical support; ii) despite the use of
hypothesis free WES approach to identify putative risk conferring variants, genes finally
included are based on a priori literature support and those with variants predicted to be
deleterious (similar to our previous studies) and thus a few genes may have been missed; and
iii) all the five variants were either novel or very rare in various public data bases, predicted
to be damaging and located at evolutionarily conserved positions suggesting their normal
protein function altering effect but lack functional validation. iv) the unaffected individual in
the third generation (iii.1) were not ready to participate in the study and lack of genotype
availability of that individual, is one of the limitation which may helped to check the
contribution of these five variants in the etiology of the disease in the family. v) Replication
cohort used in the study (350 SZ cases and 220 controls) is small for case-control based

rare variant analysis, so these findings need to validated in a larger cohort. Conversely,

the possible involvement of all the five variants in disease development derives ample
support at variant and gene levels. Besides their rare/novel but highly conserved nature, and
predicted to be damaging, all the five genes are known to be involved in neurodevelopment/
neurotransmitter signaling processes; and based on previous expression/exome sequencing
studies are also known to be involved in SZ and/or other psychiatric disorders.

In summary, with contextual support at the variant and gene levels, the multiple
heterozygous protein sequence altering variants identified in disease relevant genes may
contribute in a cumulative manner to the development of disease in the family, Besides
supporting an oligogenic mode of inheritance, the observations seem to explain the complex
mode inheritance observed in the families with psychiatric disorders and other complex
diseases, generalization of which remains to be validated. Though such studies augment our
current knowledge of SZ genetics, newer analytical paradigms and novel functional screens
are highly desired for effective use of the fast accumulating vast genome data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
Pedigree of a family used for whole exome sequencing, showing prioritized genes

encompassing rare variants and their transmission pattern.
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