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Abstract

Objectives: Bipolar disorder (BPD) is a neuropsychiatric disorder with a complex 

pattern of inheritance.  Although many genetic studies have been conducted on 

BPD, its genetic correlates remain uncertain.  This study aimed to identify the 

genetic cause of the disorder in an Indian family, which is comprehensively 

evaluated clinically and is under follow-up for over 12 years.

Methods: We analysed a four-generation family with several of its members 

diagnosed for BPD, employing a combination of genetic linkage and exome analysis.  

Results: We obtained suggestive LOD score for a chromosome 1 and a 

chromosome 6 marker (D1S410; LOD = 3.01, Ө = 0; and D6S289; LOD = 1.58, Ө = 

0).  Manual haplotyping of the regions encompassing these two markers helped 
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delimit a critical genomic interval of 32.44 Mb (D1S2700-D1S435; chromosome 

1p31.1-13.2) and another of 10.34 Mb (D6S470-D6S422; chromosome 6p22.3-22.2).  

We examined the exomic sequences corresponding to these two intervals and found 

rare variants, NM_181712.4: c.2461G>T (p.Asp821Tyr) in KANK4 at 1p31.1-13.2; 

and NM_006366:c.-93G>A, in the 5' UTR of CAP2 at 6p22.3-22.2.  

Conclusions: Our study, suggests involvement of KANK4 or CAP2 or both in BPD in 

the family. Further analysis of these two genes in BPD patients and functional 

evaluation of the allelic variants identified are suggested.

Keywords: Bipolar disorder, KANK4, CAP2, Linkage analysis, Exome sequencing

Introduction

Bipolar disorder (BPD) is a severe and complex psychiatric condition characterised 

by alternating episodes of depression and mania. It has a lifetime prevalence of 

about 1-3% across populations.1, 2  According to the Global Burden of Disease Study-

2013, there are 48.8 million BPD cases globally and BPD is the 16th leading 

condition in years lived with disability.3  Twin, adoption and family studies suggest 70-

80% heritability in risk for BPD.4 However, the genetic risk factors are complex, and 

have been difficult to identify and confirm.  BPD genetics has been progressing in 

terms of identification of a number of genetic loci based on genome-wide linkage and 

association studies .5-7  The genetic loci identified through linkage studies are spread 

across the whole genome, emphasizing the complexity of underlying mechanisms of 

the disorder.8  The number of susceptibility loci involved, the disease risk conferred 

by each locus, the extent of genetic heterogeneity, and the degree of interaction 

among loci remain poorly understood.  Hence, there is a need to continue to search 

for genetic signals, especially in BPD families with multiple affected individuals, from 

various geographical regions, which may help identify biologically important and 

high-impact gene variants underlying the disorder.  

The study of pedigrees with Mendelian or near-Mendelian inheritance for a genetic 

disorder is a powerful way to overcome the difficulties of phenotypic and genetic 

heterogeneity.9  Several BPD genetic loci have been identified using large-family 

studies and a few among these map to chromosomes 4p, 4q35, 16p13, 13q14, 

20p11.2-q11.2 and Xq24-27.1.10-15  There are instances where unexpected genetic 

heterogeneity has been observed within single large families,16-22 suggesting that 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



P a g e  | 4

This article is protected by copyright. All rights reserved

even in apparently monogenic families, the phenotypic manifestation may not be 

entirely due to a straight forward effect of a single major locus or gene. 

Here, we report our findings of a combined genome-wide linkage and exome 

sequencing study of Family 2717 in which several members are affected with BPD.  

This study revealed rare alleles of KANK4 and CAP2 genes as potential causative 

alleles for the disorder.

Materials and Methods

Clinical Ascertainment: Family 2717 was ascertained through the clinical services 

of NIMHANS, Bangalore, through the index case, IV:4 (Figure 1).  Individuals in the 

family were assessed following the clinical criteria prescribed in the Diagnostic 

Interview for Genetic Studies (DIGS)23 and Family Interview for Genetic Studies 

(FIGS)24.  The assessment reached at from the interview of each participant was 

supplemented by information from relatives.  The case reports were written for the 

patients and were reviewed by three psychiatrists, to arrive at best-estimate 

diagnosis (Table 1).  The key phenotypes comprised manic and major depressive 

episodes, including suicide attempts.  The affection status of deceased individuals 

was provisionally assigned by clinical histories obtained from normal relatives.  

During the course of the last 12 years (August, 2006 to August, 2018), we collected 

information on 71 subjects -19 BPD, 1 one major depressive disorder, one recurrent 

depressive disorder, and 50 apparently unaffected individuals.  The age of onset of 

BPD ranged from 16 to 30 years.  Individual III:9, who was unaffected during 

recruitment developed depression and committed suicide at the age of 54.  This was 

considered a major departure from the mean age of onset (20.06 ± 4.56) and the 

individual was not considered affected for the purpose of genetic linkage analysis.     

The controls were recruited following assessment using DIGS and FIGS for 

psychiatric illness and family history respectively. Those who have no psychiatric 

illness and no first-degree relatives with any axis I psychiatric disorders were 

recruited.  The study was approved by the institutional ethics committee.   After 

providing complete description of the study to the subjects, written informed consent 

was obtained, and 10 ml of venous blood was drawn from each participant.

Genotyping and linkage analysis:  Genomic DNA was isolated from whole blood 

of the participating individuals using modified salting-out method.25  Twenty-eight 

individuals from the family including 11 BPD affected individuals, were genotyped 
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(Figure 1).  The initial genome scan was performed using 382 highly polymorphic 

fluorescent microsatellite markers (ABI PRISM® Linkage Mapping Set version 2.5 

MD10) that have an average spacing of 10 cM covering the 22 autosomes (Thermo 

Fisher Scientific Inc., Waltham, MA, USA).  Markers were amplified in individual PCR 

reactions and the amplified products were then pooled and electrophoresed on an 

ABI 3730 Genetic Analyzer (Thermo Fisher Scientific Inc.).  Twenty-four additional 

markers were used for fine mapping at an average resolution of about 2 cM for 

chromosome 1.  A reference individual, CEPH 1347-02, with known genotypes, was 

used as an internal control.  Allele sizes were observed using Genescan v3.7 and 

assignment of genotypes was done using Genemapper v3.7 (Thermo Fisher 

Scientific Inc.).  Parametric two-point LOD scores were computed using SuperLink 

v1.5 and multipoint analysis was performed using Simwalk v2.91 of easyLINKAGE 

v5.02.26  Haplotypes were constructed manually, according to the order of the 

Marshfield linkage map.  Data was analysed for dominant mode of inheritance with 

80% and 90% penetrance values and phenocopy rates- 1% and 5%.  The disease 

allele frequency was assumed to be 0.001. 

Whole-exome sequencing and data analysis: Whole-exome sequencing was 

carried out for the 11 affected members.  Exome capture was performed according 

to the sample preparation protocol of NEXTERA Rapid Capture Expanded Exome 

kit, which covers 62 Mb of genomic sequence including microRNAs and UTRs 

(Illumina, San Diego, CA, USA).  Sequencing (paired end 2x100 bp) was performed 

on an Illumina HiSeq2500 machine according to the recommended protocol 

(Illumina, CA, USA).  Raw intensity files from HiSeq2500 were converted into 

readable paired-end sequence text files using bcl2fastq.pl program 

(http://support.illumina.com/downloads/bcl2fastq-conversion-software-v217.html).  

Each read-pair was examined for adapter contamination and adapter sequences 

present in reads were trimmed using Cutadapt 

(https://cutadapt.readthedocs.io/en/stable/).  After trimming of low-quality bases 

(phred score < 20) from 3'-ends, sequence reads of at least 70% of bases with a 

minimum phred score of 20 were considered for alignment.  These trimmed reads 

were aligned to human reference genome hg19 (UCSC Genome Browser) using 

Burrows-Wheeler Aligner (BWA) 0.7.5a.27  Duplicate reads, potentially resulting from 

PCR artefacts were removed using SAMTools v0.1.19.28  Further, local realignment 

surrounding known indel regions was performed, and the quality score for each read 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t

http://support.illumina.com/downloads/bcl2fastq-conversion-software-v217.html
https://cutadapt.readthedocs.io/en/stable/


P a g e  | 6

This article is protected by copyright. All rights reserved

was recalibrated with GATK.  Variants were called by GATK HaplotypeCaller and 

were annotated against the 1000 Genomes and dbSNP144 databases.  To 

investigate the probable effects of each variant, annotation and functional effect 

prediction program SnpEff was used.29  Variants filtered were confirmed and 

segregation in the family was affirmed by Sanger sequencing.  Control-sample 

sequencing was also performed by Sanger method of sequencing.

Results

Chromosome 1p31.1-13.2 and chromosome 6p22.3-22.2 regions

In the two-point genome-wide linkage analysis, the highest LOD score (Zmax) of 2.37 

(Ө = 0.05) was obtained for the marker D1S230 (chromosome 1p31.1; 95.31 cM) at 

90% penetrance value and 5% phenocopy rate.  Further, from among the 24 

additional markers analysed for the 1p31.1 region, we obtained a two-point LOD 

score of 3.01 (Ө = 0) for D1S410 (100.39 cM).  Five additional markers, D1S438, 

D1S219, D1S464, D1S2876 and D1S430, in the region had LOD scores higher than 

2.0 (supplementary figure 1).  Multipoint analysis produced a parametric LOD score 

of 2.99 in the region (supplementary figure 2).  Manual examination of haplotypes 

enabled delimiting the critical genomic region in affected individuals of the family.  A 

recombination event between D1S2700 and D1S2788 in affected individual IV:1 

defined the distal boundary, whereas the proximal boundary was defined by a 

recombination event between D1S2627 and D1S435 in the individual IV:5 (Figure 2).  

The D1S2700-D1S435 interval corresponds to about 32.44 Mb of genome 

(Chr1:59,117,045-91,558,940; Human Genome Map Viewer Build 37.1 database, 

NCBI, NIH, USA) and was present in seven affected individuals of the family.

The second genetic location of potential interest was chromosome 6p22.3-22.2.  At 

this location, LOD score of 1.58 (θ = 0) was observed for D6S289 (29.23 cM) at 90% 

penetrance value and 5% phenocopy rate.  The score from parametric multipoint 

analysis was lower than the two-point results in the region, but remained positive and 

provided support with a LOD score of 0.58 (supplementary figure 2). Manual 

haplotype analysis narrowed down the region to 10.34 Mb (Chromosome 

6:10,025,785-20,370,120 bp; Human Genome Map Viewer Build 37.1 database, 

NCBI, NIH, USA).  Recombination events in III:6 and IV:4, between markers D6S470 

and D6S289, defined the upper boundary, and recombination in III:3 and IV:5, 

between D6S289 and D6S422, defined the lower boundary.  The chromosome 
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6p22.3-22.2 region is concordant in 10 of the 11 affected members with one of the 

individuals, IV:10, being homozygous for the haplotype (Figure 3).  

KANK4 and CAP2 variants

From the whole-exome sequencing data (supplementary table, for alignment details), 

we examined sequences of the gene transcripts from the critical intervals 1p31.1-

13.2 (Chromosome 1: 59,117,045 - 91,558,940 bp) and 6p22.3-22.2 (Chromosome 

6:10,025,785 - 20,370,120 bp).  The 32.44 Mb region on 1p31.1-13.2 harbours 437 

known genes, of which 131 are protein coding.  A total of 641 sequence variants 

were found in the region, of which 238 were heterozygous.   Among these five (two 

SNVs and three InDels) were novel and 233 (204 SNVs and 29 InDels) were known.  

No novel coding variant was found.  In the 6p22.3-22.2 region, a total of 179 genes 

are present in the 10.34 Mb genomic region, among which 47 are protein coding.  In 

this region, 45 variants were detected, of which 25 were heterozygous.  We filtered 

out variants with allele frequency of more than 1% either in the dbSNP144, Exome 

Aggregation Consortium (ExAC), 1000 Genomes or Exome Variant Server (EVS) 

databases.  From among the variants with allele frequency below 1%, we focused on 

the ones in the 5’-UTR regions and those that were non-synonymous, splice-site, 

stop-gain and stop-loss single-nucleotide variants as well as frame-shift InDels.

We found a rare non-synonymous heterozygous variant, NM_181712.4:c.2461G>T, 

in KANK4 (KN motif and ankyrin repeat domains 4), segregating in 7 out of 11 

affected individuals in the family (Figure 1 and Figure 4A) at 1p31.1-13.2.  The two-

point LOD score for this variant was 2.04. This variant results in substitution of an 

aspartic acid at amino acid residue 821 with tyrosine, p.D821Y.  The c.2461G>T 

variant is reported in ExAC (allele frequency: 0.000008269; 1/120928), gnomAD 

(0.0001) and TOPMED (0.0001).  It is reported in dbSNP144 with allele frequency 

unknown (rs776739426) and is absent in 1000 Genomes and EVS databases.  The 

c.2461G>T variant was not detected in 576 control chromosomes from the southern 

Indian population.  Aspartic acid at the 821 amino acid position is found to be 

conserved across species: Homo sapiens (NP_859063.3), Pan troglodytes 

(XP_003949478.1), Macaca mulatta (XP_001084958.1), Canis lupus 

(XP_003434656.1), Bos taurus (NP_001095523.2), Mus musculus (NP_766460.2), 
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Rattus norvegicus (NP_001101417.1), Gallus gallus (XP_422516.3) and Xenopus 

tropicalis (XP_002931658.2) (Figure 4B). The p.D821Y substitution is predicted to be 

deleterious by SIFT (damaging, with a score of 0),30 polyphen 2 (probably damaging, 

with a score of 1),31 mutation taster (disease causing, with a probability 0.9999)32 

and PROVEAN (deleterious, with a score of -8.255).33

For 6p22.3-22.2, we considered those variants that were homozygous in IV:10, and 

heterozygous among other members sharing the critical haplotype.  Among the 45 

variants found in the region, one variant, NM_006366.2:c.-93G>A, residing in the 5’-

UTR of CAP2 (Cyclase associated actin cytoskeleton regulatory protein 2), was 

found to meet these criteria.  Variant c.-93G>A is present among 10 affected 

members in the family (Figure 3 and Figure 4A).  Two-point LOD score for c.-93G>A 

was 1.67.  This variant has been deposited in dbSNP144 with no information about 

its frequency (rs910586667) while a frequency of 0.00002 is reported in TOPMED.  

Its frequency has not been reported in ExAC, 1000 Genomes, EVS or gnomAD.  It is 

absent in the reference set of 576 control chromosomes mentioned earlier. 

Discussion

We describe results of a genetic analysis of a BPD family from south India.  Two-

point linkage analysis was carried out in the initial stage of the analysis, followed by 

exome-based analysis.  Our observations suggest potential involvement of 

NM_181712.4:c.2461G>T (KANK4), NM_006366.2:c.-93G>A (CAP2), or both, in 

Family 2717.  These two variants segregate in the majority of affected members in 

the family.  Neither variant was seen in the ethnically matched controls examined.

We found suggestive evidence of linkage at 1p31.1-13.2 and 6p22.3-22.2 

considering an arbitrary cut-off of greater than 1.5 for LOD score.  Earlier studies 

have reported linkage signals at 1p31.1-13.2.  Rice and colleagues, reported MOD 

(Model LOD score) score of 1.94 under broad diagnostic model which included 

schizoaffective bipolar type, BPD, and recurrent major depressive disorder, for 

D1S1648 (101.48 cM; 1p22.2).34  A report by Ewald  et al. provided suggestive 

evidence at D1S216 (104.79 cM; 1p22.1) with a combined LOD score of 2.75 in two 

Danish Caucasian families consisting of members with bipolar disorder, single-

episode mania or schizoaffective disorder, and depression.35 Individual family 

analysis showed that a major proportion of the LOD score of 2.14 was generated by 
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a single family (Family 4).  Haplotype analysis suggested disease haplotype of 7.3 

cM (9.4Mb) in Family 4.  Both these reported regions, 1p22.2 and 1p22.1, overlap 

with the linkage peak on chromosome 1p31.1-13.2 that we have observed in this 

study (Figure 4C).  

There are additional studies showing evidence of linkage at chromosome 6p.  

Genome-wide significance has been obtained in a non-parametric analysis (NPL 

score of 9.86, P-value <0.005) for a family from eastern Cuba with BPD and 

recurrent depression.18 This linkage peak covers a region from 28.75 to 42.88 cM 

(13.1-22 Mb; 6p23-21.1), which overlaps with the 6p22.3-22.2 region identified in this 

study.  A study that tested linkage to 6p24-22 in an eastern Quebec population has 

found LOD scores of 2.49 for D6S296 (14.07 cM; 8.8 Mb; 6p24.1) and 2.15 for 

D6S277 (14.61 cM; 8.5 Mb; 6p23) in a single family (Pedigree 151) using both BPD 

and schizophrenia in affection status.36  This linkage peak is 2.2 Mb away from the 

telomeric boundary of the region at 6p22.3-22.2.

We identified one rare variant each in the critical regions 1p31.1-13.2 and 6p22.3-

22.2. The 1p31.1-13.2 region harbours a missense mutation (p.D821Y) in KANK4 

which is present in seven affected members of the family and 6p22.3-22.2 harbours 

a 5’-UTR mutation in CAP2 at present in 11 affected members. 

KANK proteins (KANK1-KANK4) are characterized by a KANK N-terminal (KN) motif 

in the N-terminal region, coiled-coil motifs, and ankyrin repeats in the C-terminal 

region. The KN motif is known to contain a potential nuclear localization signal and a 

nuclear export signal.37  KANK4 encodes a protein with five ankyrin repeat domains, 

a KN motif and a coiled-coiled motif.38  KANK4 is synthesized in brain as well as in 

other tissues like colon, kidney, liver, lung and skeletal muscle, and plays a role in 

the regulation of actin stress fibre formation.37  Recently, a homozygous mutation, 

c.2401T>C (p.Y801H) in KANK4 has been identified in a European-origin family with 

steroid-resistant nephrotic syndrome (SRNS) with two of its affected members 

manifesting Intellectual disability.39  KANK1, a paralog of KANK4, has been 

implicated in cerebral palsy, spastic quadriplegia-2 40 and also in SRNS.39

The other gene of interest, CAP2, encodes one of the cyclase-associated proteins 

(CAPs), a family of conserved actin monomer binding proteins found in eukaryotes 

and known to be involved in regulating actin dynamics.41  CAP was originally 

identified in yeast as an adenylyl-cyclase-associated protein that is involved in Ras-
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cAMP signalling and plays a role in nutritional responses and actin distribution, and 

is required for normal cellular morphology.42  In mammals, CAP2 is predominantly 

synthesized in testis, brain, heart, skin, cardiac muscle and skeletal muscle.43  At the 

subcellular level, CAP2 is found in the cytoplasm and, interestingly, also in the 

nucleus .43  Loss of function of CAP2 in mice leads to microphthalmia and cardiac 

disease including cardiac conduction disorder.44  CAP2 has been shown to be 

involved in neuronal development and neuronal actin dynamics.45    We propose 

screening KANK4 and CAP2 in additional BPD families and functional evaluation of 

the variants identified in the family studied here.
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Table 1 Clinical details of affected members in Family 2717.

Sample 

ID
AAO AAA Diagnosis DM HTN HypoT Seizures

DSH 

attempt Suicide Comments

I:A 20 - BPD No No No No No No

One episode of 

depression and mania in 

her 20's and died at age 

of 75 years

II:A - - BPD No No No No Yes Yes
Multiple episodes of 

mania

II:8 25 58 BPD Yes Yes No No No No
Multiple episodes of 

mania and depression

III:2 30 61 BPD Yes No No No No No
Multiple episodes of 

mania

III:3 27 61 BPD No No No No No No Two episodes of mania

III:6 18 55 BPD No No No No No No

Episodic illness with 

postpartum onset, 

episodes are s/o mania

III:A 16 - BPD No No No No No No

Episodes of mania and 

died due to renal failure 

at age of 17

III:9 54 54 MDD No No No No Yes Yes

One episode of 

depression at 54 years 

and committed suicide

III:11 17 50 BPD No No No No No No

Episodes of depression 

and manic polarity along 

with psychotic 

symptoms

III:12 25 48

BPD+

NDS+

ADS

No No No No No No
Both depressive and 

manic episodes

III:B - 46 BPD No No No No No No
Both depressive and 

mania episodes

III:C - 40 BPD No No No No No No
Multiple episodes of 

mania

III:D - 38 BPD No No No No No No
Multiple episodes of 

mania

III:E 17 38 RDD No No No No Yes No
Two episodes of 

depression

IV:A 24 24 BPD No No No No No No One episode of mania

IV:B 18 - BPD No No No No Yes Yes

Multiple episodes of 

mania, committed 

suicide at 21 years

IV:1 17 39 BPD No No No No Yes No
Both depressive and 

mania episodes

IV:4 17 34 BPD No No No No No No

Multiple episodes of 

mania and no 

depressive episodes
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IV:5 18 33 BPD No No No No No No
Multiple episodes of 

mania

IV:8 16 33 BPD No No No No No No
Episodes of both mania 

and depression

IV:10 16 32 BPD No No No No No No
Multiple episodes of 

mania

AAO- Age at Onset; AAA- Age at Assessment; DM- Diabetes Mellitus; HTN-

Hypertension; HypoT- Hypothyroidism; DSH- Deliberate Self Harm; BPD- Bipolar 

Disorder; MDD- Major Depressive Disorder;   NDS- Nicotine Dependence Syndrome; 

ADS- Alcohol Dependence Syndrome;  RDD- Recurrent Depressive Disorder.

Figure legends:

Figure 1   Pedigree chart of Family 2717. Open symbols indicate unaffected 

individuals; complete-filled ones diagnosed with BPD, half-filled major depressive 

disorder, and grey-shaded represent recurrent depressive disorder.  Crossed 

symbols represent deceased individuals.  Double horizontal lines represent 

consanguineous marriage.  Asterisk indicates members for whom DNA was 

available and Arabic-numbered individuals are those included for linkage analysis.  

Individuals with both, asterisk and Arabic-number were genotyped.  An alphabetic 

label denotes individuals for whom detailed clinical evaluation could not be done, but 

provisional diagnosis was made from information given by other family members, 

except for III:E.  The arrow indicates the proband.

Figure 2  Critical haplotye on chromosome 1p region.  Alleles at the risk haplotype 

are shaded in grey. Alleles of unassigned phase are shown in parenthesis.  Only the 

risk haplotype from the homologous chromosomes is shown in individuals carrying it. 

Arrows indicate key recombination events in individuals IV:1 and IV:5.  Microsatellite 

markers with their genetic position according to Marshfield maps and Zmax are 

shown.  
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Figure 3  Critical haplotype on chromosome 6p region showing the probable disease 

haplotype shaded in grey.  Only the risk haplotype from the homologous 

chromosomes is shown in individuals carrying it. Arrows indicate key recombination 

events in individuals III:6 and IV:5.  Microsatellite markers with their genetic position 

and Zmax are shown. 

Figure 4  A. Sequence chromatograms showing heterozygous changes, c.2461G>T 

(p.D821Y) in KANK4 and c.-93G>A in CAP2. B. Amino acid alignment showing 

evolutionary conservation of the aspartic acid residue (D) at position 821 of KANK4. 

C.  Schematic representation of chromosome 1 and 6 showing relative positions of 

1p31.1-13.2 and 6p22.3-22.2 loci, respectively, along with previously reported 

linkage signals.

Supplementary figure 1: Genome-wide parametric two-point LOD scores for the 

family analysed.

Supplementary figure 2: A graphical representation of parametric multipoint LOD 

scores across the genome for Family 2717. 
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