Bipolar Disorders

| ORIGINAL ARTICLE EEIEEED

Genetic Linkage for Bipolar Disorder to the Distal Region
of Chromosome 19q: A Large Family Whole Genome
Sequencing Study

Albert H. C. Wong!234({ | Andrew D. Paterson®>¢ {2 | Nicole M. Roslin’ | Elizabeth Tetzlaff® | Andrew B. Sedrak!? |
Young Zhou'3 | Gaurav Sharma? | Paul Grof? 2 | Anne Duffy®10

!Campbell Family Mental Health Research Institute, Centre for Addiction and Mental Health, Toronto, Ontario, Canada | *Department of Psychiatry,
Faculty of Medicine, University of Toronto, Toronto, Ontario, Canada | 3Department of Pharmacology and Toxicology, Faculty of Medicine, University of
Toronto, Toronto, Ontario, Canada | “Institute of Medical Science, Faculty of Medicine, University of Toronto, Toronto, Ontario, Canada | *Program in
Genetics & Genomic Biology, the Hospital for Sick Children Research Institute, Toronto, Ontario, Canada | ®Dalla Lana School of Public Health, University
of Toronto, Toronto, Ontario, Canada | "The Centre for Applied Genomics, the Hospital for Sick Children, Toronto, Ontario, Canada | 3Telfer School of
Management, University of Ottawa, Ottawa, Canada | “Department of Psychiatry, Oxford University, Oxford, UK | °Department of Psychiatry, Queen's
University, Kingston, Ontario, Canada

Correspondence: Albert H. C. Wong (albert.wong@utoronto.ca)
Received: 26 November 2024 | Revised: 23 June 2025 | Accepted: 22 April 2026

Keywords: bipolar | depression | genetics | linkage analysis | lithium | mood disorder

ABSTRACT

Background: Bipolar disorder (BD) is among the most heritable psychiatric disorders, with a genetic architecture likely consist-
ing of both common genetic variants with small effects and rare variants with strong effects in certain families or populations.
Genome-wide association studies (GWAS) with increasingly large sample sizes have identified many susceptibility genes, but
common variants in these genes do not have a clear pathophysiological pathway to BD. Genetic linkage studies have the potential
to identify rare causal variants in certain families.

Aims: We sought to determine the chromosomal regions linked with BD in a specific family that has many members affected by
the lithium-responsive subtype of BD.

Materials and Methods: We performed genome-wide genetic linkage analysis of a family identified through a lithium-
responsive BD index patient with many relatives also affected with lithium-responsive BD-related mood disorders: three with
BD I, four with BD II, and one with a major depressive episode.

Results: WGS (whole genome sequence) data were obtained for 12 members of the lithium-responsive BD pedigree including
the eight affected subjects. Both parametric and nonparametric linkage analyses with the narrow BD phenotype and the broader
phenotype including all eight with mood disorders provided evidence of linkage to the same region of chromosome 19. The
maximum nonparametric linkage score was 3.89 for the broad phenotype, which exceeds typical thresholds for genome-wide
significance.

Discussion: We identified a region of chromosome 19 that has not previously been linked to BD. Nor have significant GWAS
variants been found in this region. It is possible that this family has different genetic origins for lithium-responsive BD than
other patients studied previously. The family we analyzed is part of a larger cohort of BD patients and their family members, and
genetic linkage analysis of additional families could be informative.

Conclusion: These results provide a starting point for investigating genes in this chromosomal region that may be involved in
the pathophysiology of the lithium-responsive subtype of BD.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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1 | Introduction

Bipolar disorder is a severe, heterogeneous, and highly heritable
mental illness, characterized by periods of mania and depres-
sion. Bipolar disorder ranks among the leading causes of prema-
ture death and disability and has a high suicide rate [1]. Lithium
is the most effective prophylactic agent for a subgroup of patients
with classical manic depressive features, but only one third of bi-
polar patients diagnosed in accordance with current DSM crite-
ria respond to lithium [2]. The cause of bipolar disorder is largely
genetic, with heritability estimated at >80% [3]. Three diagno-
ses, bipolar I, bipolar II and cyclothymia, appear to be pheno-
typic variants sharing the same genetic vulnerability [4], with
mania being the common inherited phenotype [3]. As with most
common human diseases, bipolar disorder has a heterogenous
genetic origin, likely caused by a combination of common and
rare genetic variants with variable effects on disease suscepti-
bility [5]. Genome-wide association studies (GWAS) and linkage
analyses of multiplex families are complementary approaches
[6], allowing the identification of both rare and common genetic
variants for bipolar disorder [7].

There have been many genetic linkage studies of bipolar dis-
order, and two meta-analyses summarize the overall findings
[8, 9]. Based on comparisons between two meta-analytic meth-
ods: multiple scan probability (MSP) and genome scan meta-
analysis (GSMA), and the results of GWAS, it appears that the
genetic architecture of bipolar disorder is a mix of heterogeneous
and polygenic loci. The earlier meta-analysis included data from
well-known linkage studies with isolated populations such as
the Old Order Amish, the central valley of Costa Rica, or the
Saguenay River/Lac St. Jean region in Quebec, Canada. No
genome-wide regions of significant linkage to bipolar disorder
were identified [9]. In the more recent meta-analysis, the most
significant MSP results were for the 5p14.3-q23.4 region, al-
though nominally significant results were seen on ten different
chromosomes including 5, 6, and 14. For the GSMA analysis,
none survived Bonferroni multiple testing correction, but the
most nominally significant results were seen on chromosomes 3
and 10 [8]. Whole-exome sequencing studies have not identified
consistent associations that survive multiple testing correction
[10, 11], but large GWAS [12] have identified several genetic sus-
ceptibility variants for bipolar disorder [13, 14].

Our group pioneered the use of long-term response to lithium to
identify a more homogenous subtype of BD [15]. Lithium respon-
sive bipolar disorder has distinctive clinical features that run in
families [16], and may constitute a different genetic sub-type
of the disorder [17]. Our approach has been adopted by other
groups [18], and has been used in a GWAS on bipolar disorder
to identify the novel risk gene SESTDI [14]. A SESTDI SNP on
chromosome 2q31.2 (rs116323614, p=2.74x107%) had an odds
ratio of 3.14 (95% CI 2.10-4.70) when 1639 lithium responders
were compared to 889 controls. SESTDI encodes for a protein
that regulates phospholipids, which are a potential target of lith-
ium [19]. However, the SNP rs116323614 susceptibility allele has
a frequency of ~3% in European populations, so can account for
only a small proportion of bipolar disorder cases.

Here we describe the results of a whole genome sequence link-
age study in a family with many members with bipolar disorder

that share a lithium-responsive profile. This family is part of a
large research cohort identified through bipolar patients with
stable and well-characterized phenotypes based on decades of
repeated clinical assessment and prospective protocol-based
treatment [20], making it more likely that they carry a rare vari-
ant associated with the subtype of lithium responsive bipolar
disorder.

2 | Methods

2.1 | Subject Recruitment, Clinical Assessments
and Sample Collection

The pedigree in this genetic study was part of a prospective fam-
ily study of bipolar parents, their adult relatives and high-risk off-
spring [21]. All probands and relatives signed a written informed
consent form and the ethical conduct of this study was approved
by the HSREB at Queen's University. The family was identified
through an adult member with Bipolar I Disorder diagnosed
with the SADS-L [22] interview by a research psychiatrist and
confirmed on blind consensus review using all available clinical
information by the research team, including at least one other
psychiatrist. Consenting adult family members were similarly
assessed with the SADS-L research interview and consensus di-
agnostic reviews of all available clinical information. Lithium
response of the proband and any lithium-treated relative was
confirmed using the Alda scale based on years of prospective
observation [23].

The family studied was selected because it included many mem-
bers with lithium-responsive bipolar disorder and relatively
few other diagnoses, thorough clinical characterization of the
affected members, and available DNA (Figure 1). The clinical
phenotype was classified in two ways for linkage analysis, with
a narrow phenotype defined as BD I or II (7 affected individu-
als), and a broader mood disorders phenotype that included BD
I or IT and major depression (8 affected individuals). All DNA
samples were collected with the Oragene DNA OG-500 saliva kit
and extracted with the prepIT-L2P kit (DNA Genotek, Ontario,
Canada).

2.2 | Whole Genome Sequencing

Whole genome sequencing was performed at the McGill Genome
Centre. Libraries were normalized, pooled, and denatured in
0.05N NaOH and neutralized using HT1 buffer. The pool was
loaded at 225 pM on an Illumina NovaSeq S4 lane using the Xp
protocol as per the manufacturer's recommendations. Samples
were run for 2 X150 cycles (paired-end mode). A phiX library
was used as a control and mixed with libraries at 1%. Base calling
was performed with RTA v3 (Illumina, California, USA). The
program bcl2fastq2 v2.20 was used to demultiplex samples and
generate fastq reads [24]. Reads were aligned to the human ge-
nome build GRCh38 using bwa-mem (version 7.15), with a cov-
erage of 30x. Mapped reads were further refined using GATK
(v3.8) [25] and Picard program suites (v2.90) [26] to improve
reads near indels (GATK indel realignment), improve quality
scores (GATK base recalibration), and mark duplicate reads
with the same paired start locations (Picard mark duplicates).
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FIGURE1 | Pedigree of the family analyzed. Family members without DNA are shown to illustrate the relationship between those who had DNA

sequencing. Three family members are known to be unaffected, two of which had DNA sequencing. Abbreviations: BP1, bipolar disorder I; BPII,

bipolar disorder II; MDD, major depressive disorder; anx, anxiety disorder not otherwise specified; adj, adjustment disorder. + indicates additional

diagnosis of substance use disorder (see Table S1).

Calls generated using GATK haplotype caller [25] for SNVs and
indels were further processed with functional annotations using
snpEff [27] (4.3). To build a gemini database using the GRCh38
reference, we used vcfanno combined with vcf2db. Gemini
(v0.11.1a) was used to query variants [28].

2.3 | Variant Filtering for Linkage Analysis

Starting with the multi-sample VCF file, 15% of single nucleotide
variants (SN'Vs) were removed because they did not pass bioin-
formatic (VQSR) filtering. Since the goal was to obtain a set of
high-quality SNPs for linkage analysis, very stringent filtering
of genotypes was applied as follows. Autosomal and X chromo-
some variants were extracted. Genotypes were set to missing if
the depth (DP) <15 or> 80 on the autosomes, females on chro-
mosome X and males in the pseudoautosomal regions (PARs),
or if DP <7 or>40 for males on chromosome X in the non-PAR.
Genotypes were also set to missing if the quality (GQ) <30 for
autosomal SN'Vs, chromosome X SNVs for females, and chromo-
some X PARs for males; the threshold was 15 for chromosome X
non-PAR SNVs for males. After setting these genotypes to miss-
ing, SN'Vs were removed if the call rate was <100%. Filtering
was performed using bcftools version 1.9.

2.4 | Sample Quality Checking

For each sample, the transition/transversion rate was calculated
(Figure S1), as was the proportion of heterozygous autosomal
genotypes, and examined for outliers. We also performed a prin-
cipal components analysis and compared the subjects studied to
samples of known ancestry (Figure S2). Genetic sex was inferred
using the ratio of the median depths on chromosomes X or Y to
the median on chromosome 20 [29], and compared to the sex
based on pedigree information. Kinship coefficients between
pairs of individuals were estimated using KING version 2.2.4 [30]
and checked against the pedigree. Violation of the Mendelian
rules of inheritance was checked using PedStats 0.6.10, and any
SNV with >1 observed error was removed. Population inference
was performed by performing a principal components analysis
(PCA) on individuals 05 and 08 along with publicly available
Illumina Omni2.5 genotypes from the 1000 Genomes Project

(ref: https://www.biorxiv.org/content/10.1101/078600v1). PCA
was performed using Eigensoft 6.0 [31, 32]. Inbreeding coef-
ficients were estimated for all samples using FSuite [33], with
1000 Genomes project samples of Western European ancestry
(GBR+ CEU) used to calculate allele frequencies.

2.5 | Generation of Variants Set Linkage Analysis

A total of 2,771,963 variants remained after quality cleaning. To
reduce computational complexity and avoid spurious results due
to linkage disequilibrium (LD), the set of variants was pruned
substantially to leave only a subset of SN'Vs for linkage analy-
sis. This same set of variants were used for all linkage analyses,
regardless of phenotype definition. Most subjects were closely
related: there were two individuals from the pedigree who are
unrelated. Therefore, external data were used to choose the set
of SN'Vs. Genotypes generated on the Illumina Omni2.5 array
for the 1000 Genomes samples were used, specifically 95 CEU
and GBR samples of Western European ancestry. We started
with 436,700 SN'Vs that were present in both the observed data
and the 1000 Genomes data, matching on chromosome, base
pair position (hg38) and observed alleles. SN'Vs were selected if
they met the following criteria: minor allele frequency (MAF)
>0.2 (87,635 SN'Vs remained), unique positions on the genetic
map, provided by lllumina (81,367 SNVs remained), low pair-
wise LD, r?< 0.2 on a chromosome (26,946 SNVs remained), fur-
ther pruning based on the genetic map, keeping variants if the
inter-marker spacing was at least 0.2cM (9632 SNVs remained).
This set of 9632 SN'Vs was the final set of variants used in the
linkage analyses. The MAF and LD pruning were performed
using PLINK version 1.9. b3.42, while the pruning based on the
genetic map was performed using FSuite version 1.0.3 [33].

2.6 | Parametric Linkage Analysis

Parametric linkage analysis was performed on the pedigree
using narrow and broad phenotype classifications. The maxi-
mized maximum LOD score (MMLS) [34] procedure was used,
which has been shown to be powerful in situations where the
true mode of inheritance is not known [35]. Briefly, analyses
were performed using dominant and recessive models with
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weak parameters (disease allele frequency and penetrance), and
we selected whichever model had the higher LOD score. Then
the parameters were optimized to maximize the LOD score.
Although a correction for multiple testing should also be per-
formed, it is not meaningful in the current scenario, in which we
were searching for regions with the highest evidence for linkage,
not reporting significance of LOD scores. For the initial screen,
the following parameters were used for the dominant MMLS
model: disease allele frequency of 0.01 and penetrances of 0.002,
0.5, and 0.5 for carriers of 0, 1, and 2 copies of a putative disease-
causing allele, respectively. The recessive MMLS model used a
disease allele frequency of 0.14 and penetrances of 0.002, 0.002,
and 0.5. In both cases, the parameters corresponded to a disease
prevalence of approximately 1.2%.

Simulations were performed to determine the maximum pos-
sible LOD score for this family and for the two MMLS mod-
els. Pedigrees were simulated under a range of genetic models
using SLINK 3.0.2 [36], preserving the pedigree structure and
affection status, and analyzed under the generating model using
Merlin 1.1.2. Since SLINK cannot handle the marriage loop (sib-
ship exchange), the program MEGA2 4.7.1 was used to break
the loop in the pedigree simulation, and then re-form the loop
before analysis [37, 38]. The maximum LOD score obtained from
the analysis of 500 simulated pedigrees was declared the max-
imum LOD score for any particular model. Simulations were
performed under dominant and recessive models, each with
penetrances of 50%, 60%, 70%, 80%, 90%, 95% and 99%. The phe-
nocopy rate was fixed at 0.02% for all models. Three different
disease allele frequencies were used: 0.001, 0.01 and 0.1 for the
dominant model, and 0.05, 0.15 and 0.3 for the recessive model,
corresponding to approximate disease prevalences of 0.2% and
10%, respectively, for fully penetrant models.

2.7 | Non-Parametric Linkage Analysis

The pedigree was analyzed under two different phenotype
definitions using non-parametric linkage analysis. The narrow
phenotype included individuals with bipolar I or II disorder.
Individuals 06, 08 and 11 were considered to be unaffected and
past the usual age at onset. All other individuals were assigned
unknown status, resulting in 7 affected, 3 unaffected and 7 un-
known subjects. The broad phenotype included all individuals
in the narrow phenotype plus individual 09, who had a single
major depressive episode, resulting in 8 affected, 3 unaffected,
and 6 unknown subjects. This type of analysis does not assume
a specific genetic model, and only includes the segregation of al-
leles in affected individuals in the analysis (i.e., unaffected and
unknown individuals are only used to help phase the genotypes,
and do not contribute to the score). The Kong and Cox exten-
sion for evaluating significance was used, under the exponential
model [39]. Both NPLpairs and NPLall statistics were calculated.
All analyses were performed using Merlin version 1.1.2.

2.8 | Annotation of Linkage Regions
A TCAG small variant annotation pipeline, rev27.4, was used.

This pipeline employed ANNOVAR analysis to functionally
annotate small variants in a Variant Call Format (VCF) which

represents SNPs and indels within the linkage regions derived
from parametric and non-parametric analyses. Excel v16.7 was
used to compare the genotypes of affected and non-affected
family members, and we focused only on variants in which
all affected subjects had the same genotype not present in un-
affected subjects. Regions of interest containing these variants
were mapped with the NCBI Genome Viewer (GRCh38. pl4),
from which genes were identified and published work related
to brain function, development, or psychiatric disorders was
examined.

3 | Results

Quality analysis of the single nucleotide variant (SNV) data re-
vealed that two individuals had lower quality scores and lower
depth than the others (Table S1), but the genotypes that were
available seemed to provide reliable information, based on kin-
ship estimates and rates of Mendelian errors. No evidence of
sample mix-up or contamination was present. The genotypes
were consistent with the provided pedigree structure, and two
unrelated individuals clustered with reference individuals
known to have Western European ancestry. Estimated inbreed-
ing coefficients were not significantly different from zero for all
individuals.

3.1 | Parametric Linkage Analysis With
the Narrow Phenotype: Bipolar Disorder I and II

Parametric linkage analysis using a narrow phenotype defini-
tion showed a maximum observed LOD score of 1.86 on chro-
mosome 9 using the MMLS recessive model, with the simulated
maximum score being 1.88. A score of 1.83 was also observed on
chromosome 19 (Figure 2). For the MMLS dominant model, the
simulated maximum was 1.68, which was observed on chromo-
some 2, and a score of 1.61 was observed in a different region of
chromosome 19. The median information content was 0.99, indi-
cating that the genotypes provided nearly complete information
about the segregation of alleles in the pedigree. Since both dom-
inant and recessive models achieved the maximum simulated
scores, both models were analyzed under more strict parame-
ters: for the recessive model, the largest simulated LOD score
was 2.47, obtained when the disease allele frequency was 0.07%
and 99% penetrance, corresponding to a disease prevalence of
0.5%, out of the models considered. For the dominant model, the
largest simulated LOD score was 2.09, using a disease allele fre-
quency of 0.0025 and 99% penetrance, also corresponding to a
disease prevalence of 0.5%. Analysis of the observed genotypes
under these maximized models resulted in larger LOD scores,
but similar trends as the MMLS models: LOD scores of 2.44 and
2.41 were observed on chromosomes 9 and 19, respectively, for
the recessive model, and scores of 1.68 and 1.61 were observed
on chromosomes 9 and 19, respectively, for the dominant model
(Table 1).

In parametric linkage analysis using a broader phenotype defini-
tion, the maximum LOD score under the MMLS model was 2.20
on chromosome 19 with the recessive model, equal to the max-
imum simulated score (Figure 3). A score of 2.17 was also seen
on chromosome 15. The largest LOD score under the dominant
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Summary of genetic linkage analysis including both parametric and non-parametric results of the narrow phenotype (bipolar disorder I and II).

TABLE 1

Non-Parametric Analysis

Physical position (bp, hg38)

Genetic position (cM)

Mazx nplall

Size

End

Start End Size Start

Chr
19

2.68

2,217,378

7,000,390

6.69 4,783,012

22.88

16.19

3.28

4,530,699

58,269,137

97.69 110.72 13.03 53,738,438

19

Parametric Analysis

Physical position (bp, hg38)

Genetic position (cM)

End Size (Mb) Model MMS LOD Max LOD

Start End Size Start

Chr

2.09

1.68

239,913,783 9.5

230,418,996

256.97 20.6

236.36

2.44

1.86

16,395,521 1.7

14,694,213

34.73

31.11

2.01

1.61

3,755,964 0.8

2,949,953

9.26 12.84

19

2.41

1.83

54,539,353 31

88.45 101.80 13.4 51,464,613

19

model was 1.81, also equal to the maximum simulated score, on
chromosomes 2, 10, 18, and 19. More stringent model parame-
ters did not change the overall trends: under the recessive model
(disease allele frequency 0.07, 99% penetrance), the largest LOD
scores were 2.79 on chromosome 19 and 2.76 on chromosome 15;
under the dominant model (disease allele frequency 0.0025, 99%
penetrance), the largest LOD score was 2.08 on chromosome 2,
10, 18, and 19.

3.2 | Non-Parametric Analysis With the Narrow
Phenotype: Bipolar Disorder I and II

In the non-parametric linkage analysis of the narrow pheno-
type, the trends for the NPLpairs and NPLall scoring functions
were similar (Figure 4), and so only NPLall will be discussed.
A maximum NPL score of 3.28 was observed on chromosome
19, and a smaller peak with a maximum score of 2.68 was also
present on chromosome 19 (Table 1). No other chromosome had
ascore >2. The maximum score of 3.28 equalled the theoretical
maximum for this family as calculated by Merlin. The boundar-
ies of the two regions on chromosome 19 are shown in Table 2.
The information content across the genome was nearly univer-
sally >0.9, indicating that the majority of meiotic information
was extracted using this subset of SNPs.

3.3 | Non-Parametric Analysis With the Broad
Phenotype: Mood Disorders

Linkage analysis was also performed using a broader phenotype
definition, in which 8 subjects diagnosed with a mood disorder
were classified as affected. Again, the trends for the NPLpairs
and NPLall scoring functions were similar and only NPLall will
be discussed. Similar to the analysis of the narrow phenotype,
the only noteworthy signals were on chromosome 19, with a
maximum score of 3.89 and a smaller peak with a maximum
score of 2.87 (Figure 5). No other chromosome had a score > 2.
The maximum score of 3.89 equaled the theoretical maximum
for this phenotype in this family. Compared to the analysis of
the narrow phenotype, the peak with the lower score has the
same boundaries, and the peak with the larger score covered a
slightly smaller region.

3.4 | Consolidated Regions and Genetic Variants

The regions identified in any of the linkage analyses (non-
parametric, dominant or recessive models, broad or narrow
phenotype) were consolidated. Overlapping regions were
merged into the largest continuous region (e.g., regions span-
ning 16-22cM and 16-29 cM were merged into a single region
from 16-29cM). When the first or last analyzed variant on
a chromosome was included in the linkage region, the first
or last known position on the chromosome was substituted,
based on the values provided in the UCSC Genome Browser
(hg38). Regions identified in the nonparametric analyses were
contained within the regions identified by parametric anal-
yses. The consolidated regions covered 100.3Mb. The region
that overlaps among these different analyses and thus has the
strongest support for linkage is 19q13.43-19q13.44 (53.7-58 Mb

6of 13
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TABLE 2 | Summary of linkage regions identified by both
parametric and non-parametric analysis, under both narrow (bipolar I
and II disorder) and broader phenotype (bipolar and major depressive
episode) definitions, under both recessive and dominant modes of
inheritance in the parametric analysis.

Chr Start Bp (hg38) End Bp Length Mb
2 223,774,745 239,913,783 16.14

9 14,694,213 16,395,521 1.70

10 6,147,399 19,191,367 13.04

10 126,450,084 133,797,500 7.35

15 0 27,934,457 27.93

18 7,465,951 27,393,258 19.93

19 2,949,953 3,755,964 0.81

19 4,783,012 9,871,658 5.09

19 50,303,066 58,617,700 8.31

region). The non-parametric broad phenotype region (54.8-
58 Mb) is within the region that overlaps among these differ-
ent analyses (53.7-58 Mb region). The overlap region is within
the parametric broad phenotype recessive model linkage re-
gion (50-58 Mb).

Isolated regions were further refined using the narrow pheno-
type using simple logic algorithms on Excel (v16.7) within the
sample. Extrapolated regions were superimposed on the NCBI
genome viewer (Assembly: GRCh38.p14) to highlight the ex-
pressed genes, which were then filtered by known function and
potential involvement in psychiatric disorders. Figure 6 shows
the distribution of structural variants by chromosome within
the affected sample. Figure S3 shows the relative location of
structural variants present in affected subjects within the link-
age regions, and Table S1 enumerates the structural variants
within the linkage regions.

4 | Discussion

We sequenced the genomes of twelve family members, seven
who have lithium-responsive bipolar disorder, and identified
the distal region of the long arm of chromosome 19 as having
the most significant linkage. Non-parametric linkage analysis
with both narrow and broader phenotypes identified similar
regions on chromosome 19, as did parametric linkage analysis
under a recessive inheritance model. The LOD scores for both
phenotypes are in the range of 2.4-3.89, which is the theoret-
ical maximum for these particular data from this family. The
SESTD1 SNP rs116323614 on chromosome 2q31.2 has previ-
ously been reported to have a strong association with lithium-
responsive BD. All sequenced members of the family in the
current study are homozygous for the reference allele (G) at
this location, so this variant does not appear to affect suscep-
tibility in this family.

There are a number of previous genetic studies in which
variants or regions of chromosome 19 have been associated

or linked to bipolar disorder. Two genetic markers on chro-
mosome 19 were associated with bipolar disorder in the large
consortium GWAS, but these were not the most significant
associations and did not reach genome-wide significance.
Rs11085829 (p=6.96x107%; OR 0.92) is on the short arm of
chromosome 19 where the gene NFIX is located at position
13,035,312, outside of the 4.7-9.9Mb region identified with
parametric linkage analysis with a dominant model of in-
heritance of the broad phenotype. The other GWAS SNP on
chromosome 19, rs2287921 (p=3.08x107°% OR 1.10) is at
48,725,015bp, outside the 19q13.43-19q13.44 (53.7-58 Mb re-
gion) linked with bipolar disorder in our study [13]. A CNV-
weighted linkage analysis of 46 families identified a different
region in chromosome 19q13.2-19q13.31 (chrl19:48066441-
48,114,839 and chr19:48114839-48,157,656) that exceeds the
threshold for genome-wide significance and survived cor-
rection for multiple comparisons (empirical p=0.033) [40].
Finally, a population-based linkage analysis of three case-
control samples, two with schizophrenia subjects and one with
bipolar disorder, reported significant linkage (p =0.0000026)
in another chromosome 19q13 region from 46.5 to 48.8 Mb
[41]. These linkage regions are near to but do not overlap with
the region in which we report linkage (19q13.42-13.43; 53.7-
58 Mb region).

A more recent study combined family-based exome sequenc-
ing of many bipolar subjects in 8 multiplex families with ge-
netic association testing in a large case—control meta-analysis
of the rareBLISS sample of 3541 bipolar disorder cases and
4774 controls [10]. No single gene survived correction for
multiple testing, but loci previously implicated as de novo
variants associated with autism, schizophrenia, and fragile
X syndrome (OMIM#300624) were identified. Another study
sequenced many members of a group of families with many
members diagnosed with bipolar disorder, focusing on iden-
tifying rare variants. They hypothesized that rare variants of
moderate effect on bipolar disorder susceptibility could cluster
together in shared pathophysiological pathways [11]. A num-
ber of genetic variants were found to segregate primarily with
bipolar disorder in the families studied, although only one
variant in one family was present exclusively in the members
with bipolar disorder. None of the variants highlighted were
found on chromosome 19. The exome constitutes only 1%-2%
of the genomes, and therefore exome sequencing could miss
causal non-coding variants.

There are examples in which linkage analysis of a single well-
characterized family or small homogeneous population has
been successful in finding new genetic causes of disease. The
Disrupted-In-Schizophrenia 1 (DISC1) gene was identified by
linkage analysis of a unique Scottish family carrying a chro-
mosomal translocation that interrupted the gene. Although
that translocation is not present in the general population,
study of DISC1 function has significantly increased knowl-
edge of neurodevelopmental mechanisms in schizophrenia
and has led to the discovery of novel treatment targets [42].
Another example is the amyloid-f precursor protein (APP) and
presenilin genes, discovered by studying early onset familial
Alzheimer disease [43]. A rare but strongly protective coding
variation in APP was discovered in the isolated population of
Iceland [44], and though this variant is not applicable to other
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populations, it has provided valuable insight into Alzheimer
disease pathobiology.

4.1 | Candidate Genes and Relevance to Bipolar
Disorder

A number of candidate genes and pathways in the linkage re-
gion have potential biological relevance to bipolar disorder.
Table S3 shows the position of variants segregating with bi-
polar disorder within the selected candidate genes discussed
below. Disruptions in neurodevelopment have been associated
with bipolar disorder, and several genes in our linkage regions
are related to neurodevelopment. PTPRS codes for receptor-
type tyrosine-protein phosphatase sigma, which is involved
in axon growth and guidance, and neuronal migration, and
it has previously been associated with bipolar disorder [45].
TUBB4A is important for myelination during neurodevel-
opment, and there is evidence for white matter and myelin-
ation deficits in bipolar disorder [46]. Histone Deacetylase
4 (HDAC4) is a member of a class of enzymes that removes
acetyl groups from histones and can modulate gene expression
[47]. HDAC4 has been implicated in a number of psychiatric
diagnoses including depression, post-traumatic stress disorder
(PTSD), and substance use [48]. FRASI-related extracellular
matrix 1 (FREM1) has a splice variant Toll-like/interleukin-1
receptor regulator (TILRR) that could be involved in the neu-
roinflammation associated with bipolar disorder [49]. Other

10 54| 5| 7 29

14 11 3 63 3 6 24 17
3 4 15 3

Distribution of Structural Variants by chromosome within the affected sample. Variant Types DEL: Deletion, DUP: Duplication, INV:

immune system-related genes in the linkage region include the
leukocyte associated immunoglobulin-like receptors (LAIR)
encoded by genes within the LILR region on chromosome 19.
Leukocyte immunoglobulin-like receptors (LILR) regulate
immune response, and their highly conserved genes are ex-
pressed in myeloid and lymphoid cells, including monocytes, B
and T lymphocytes, and natural killer (NK) cells [50]. LAIR-1
inhibits T-cell signaling through C-terminal Src kinase (CSK)
and can suppress inflammation [51]. It would be interesting to
examine behaviors relevant to bipolar disorder in LAIR-1 defi-
cient mice [52].

These findings represent the starting point for further work
to identify novel molecular genetic causes and disease mech-
anisms for the lithium-responsive subtype of bipolar disorder.
An important question is whether other families with high
rates of lithium-responsive bipolar disorder also show genetic
linkage to the same chromosomal region as the family we
studied. An obvious extension of this work would be to per-
form the same genetic analysis with other families from the
same research cohort.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Sample quality analysis for
the twelve DNA samples. Histograms show the proportion of heterozy-
gous autosomal genotypes (left) and transition/transversion ratio (right)
per sample. Figure S2: Scatterplot of the first two principal components
(PC) calculated using Eigenstrat. Individuals 05 and 08 from the fam-
ily (black solid circles) were included with samples of known ancestry
from the 1000 Genomes Project (open circles, color coded by ancestry).
AFR =African, AMR = American, EAS=East Asian, EUR =European,
SAS =South Asian. Figure S3: Karyotype plot of genomic variants and
linkage regions. Vertical lines indicate the positions of rare variants
identified in the affected individuals, while blue horizontal bars sur-
rounding the chromosomes denote linkage regions associated with the
broad phenotype in the family. Table S1:: DNA sample quality sum-
mary. Table S2:: Summary of Variants in Affected Sample. Table S3::
Overlapping variant positions within genes of interest identified from
VCF data, based on GRCh38/hg38 coordinates. USC Genome Viewer
(hg38).
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