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Abstract

Bipolar disorder (BPD) is genetically heterogeneous with a growing list of BPD associated genes
reported in recent years resulting from increased genetic testing using advanced genetic
technology, expanded genomic databases, and better awareness of the disorder. We compiled a
master list of recognized susceptibility and genes associated with BPD identified from peer-
reviewed medical literature sources using PubMed and by searching online databases, such as
OMIM. Searched keywords were related to bipolar disorder and genetics. Our compiled list
consisted of 290 genes with gene names arranged in alphabetical order in tabular form with source
documents and their chromosome location and gene symbols plotted on high-resolution human
chromosome ideograms. The identified genes impacted a broad range of biological pathways and
processes including cellular signaling pathways particularly cAMP and calcium (e.g., CACNAIC,
CAMKZA, CAMKZD, ADCY1, ADCY?2); glutamatergic (e.g., GRIK1, GRM3, GRM?),
dopaminergic (e.g., DRDZ2, DRD4, COMT, MACOA) and serotonergic (e.g., HTRIA, HTRZA,
HTR3B) neurotransmission; molecular transporters (e.g., SLC39A3, SLC6A3, SLC8A1); and
neuronal growth (e.g., BDNF, IGFBP1, NRG1, NRG3). The increasing prevalence of BPD calls
for better understanding of the genetic etiology of this disorder and associations between the
observed BPD phenotype and genes. Visual representation of genes for bipolar disorder becomes a
tool enabling clinical and laboratory geneticists, genetic counselors, and other health care
providers and researchers easy access to the location and distribution of currently recognized BPD
associated genes. Our study may also help inform diagnosis and advance treatment developments
for those affected with this disorder and improve genetic counseling for families.

Keywords

Bipolar disorder; Chromosome ideograms; Major affective disorder; Manic-depressive illness;
Susceptibility genes

"Corresponding author at: Department of Psychiatry & Behavioral Sciences, University of Kansas Medical Center, 3901 Rainbow
Boulevard, MS 4015, Kansas City, KS 66160, USA., mbutler4d@kumc.edu (M.G. Butler).
Authors contributed equally to this research.
Conflicts of interest
The authors declare no conflict of interest.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 2

Introduction

Bipolar disorder (BPD) or major affective disorder is largely undiagnosed but known to
cause unusual shifts in behavior, including mood, activity levels, and ability to perform
everyday tasks. According to the Diagnostic and Statistical Manual for Mental Disorders,
fifth edition (DSM-5), BPD can be separated into four basic types: Bipolar | Disorder (BP-
1), Bipolar Il Disorder (BP-I1), Bipolar Disorder Not Otherwise Specified (BP-NOS), and
Cyclothymic Disorder. The diagnosis is dependent on severity and length of the manic and
depressive phases [Hirschfeld et al., 2000, 2003a, 2003b; Juvenile Bipolar Research
Foundation (http://www.jbrf.org/diagnosis-by-the-dsm/); National Institute of Mental Health
(http://lwww.nimh.nih.gov/health/topics/bipolar-disorder/index.shtml#part_145403)]. The
twelve month prevalence of BPD is 1.5% for the adult population in the U.S., 0.4% for BP-I,
0.3% for BP-I11, and 0.8% for BP-NOS. The lifetime prevalence of BPD in the U.S.
population is 2.4% for the total population; 0.6% for BP-1, 0.4% for BP-I11, and 1.4% for BP-
NOS (Merikangas et al., 2011). Men and women are equally affected by BPD, but women
are three times more likely than men to experience the rapid cycling process and tend to
experience the depressive and mixed episodes more often than men (Merikangas et al.,
2011). Most individuals are diagnosed with bipolar disorder around the age of 25 years, but
some individuals are diagnosed as young as six years of age or as late as 40 and 50 years
[Birmaher et al., 2006; Geller et al., 2004; Depression and Bipolar Support
AllianceDepression and Bipolar Support Alliance (http://www.dbsalliance.org/site/
PageServer?pagename=education_statistics_bipolar_disorder)]. Given the nature of the
disorder, it is common for individuals with BPD to be misdiagnosed as having another
mental illness, which can hinder recognition and treatment [Depression and Bipolar Support
Alliance (http://www.dbsalliance.org/site/PageServer?
pagename=education_statistics_bipolar_disorder)]. BPD often coexists with other Axis | and
Axis Il disorders [e.g. substance abuse, anxiety disorders (such as agoraphobia, post-
traumatic stress disorder, and social phobia), and eating disorders] with reported rates of
lifetime psychiatric comorbidity in bipolar | samples ranging from 50% to 70% (McElroy et
al., 2001). Approximately 20% of the children and adolescents experiencing major
depression will develop bipolar disorder within five years of being diagnosed with
depression (Birmaher et al., 2006; McClellan et al., 2007). Almost one-third of adolescents
with depression are actually experiencing early onset of bipolar disorder.

Numerous twin and family studies have supported a genetic contribution to the risk of
developing BPD. Monozygotic twins show greater concordance with psychopathology than
dizygotic twins and individuals with affected relatives show an increased chance of
developing bipolar and/or unipolar depression (Smoller and Finn, 2003). One affected parent
is associated with a 15 to 25% elevation in risk of BPD while two affected parents shows a
50 to 75% increase [Smoller and Finn, 2003; Depression and Bipolar Support Alliance
(http://www.dbsalliance.org/site/PageServer?
pagename=education_statistics_bipolar_disorder)]. Never-the-less, bipolar disorder is a
complex genetic disorder that does not follow Mendelian inheritance patterns with no
identifiable “gene of major effect” found for the majority of BPD cases. There are also
several chromosomal regions, susceptibility loci and implicated genes for BPD that have
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been repeatedly reported as associated with the disorder through linkage, candidate and
genome-wide association studies (Craddock and Jones, 1999; Craddock et al., 2005).
Interactions between numerous genes in multiple overlapping pathways and functions
reduce the likelihood of one-to-one correspondence for any single “causal” bipolar disorder
gene mutation (Potash and DePaulo, 2000).

Over the last few decades, researchers have identified numerous candidate genes associated
with BPD using various methodologies, including genotyping single-nucleotide
polymorphisms (SNPs), identifying cytogenetic abnormalities (i.e., chromosomal
breakpoints which lead to the loss or alteration of specific genes), or convergent functional
genomics (Cichon et al., 2009). We used existing literature and genomic databases to obtain
evidence to compile a master list of currently recognized genes with their locations plotted
on high-resolution chromosome ideograms (850 band level) associated with BPD. In tabular
form, we listed the individual gene symbol, expanded name, and chromosome location
alongside the reference source providing the information.

2. Material and methods

We used computer-based internet websites and PubMed (https://www.ncbi.nlm.nih.gov/
pubmed) to search for key words based on the genetics of bipolar disorder. Articles were
obtained by searching PubMed and Online Mendelian Inheritance in Man (OMIM: http://
www.nchi.nlm.nih.gov/omim) databases with the following search words: bipolar disorder
(BPD), bipolar, major affective disorder, bipolar affective disorder (BPAD), bipolar
syndrome, and manic depressive psychosis. We examined literature found in medical
journals after our search for genetic involvement for BPD. Some articles we found had their
own compilation of susceptibility genes for BPD with references to their own sources which
we then further studied (Thomson et al., 2005; Le-Niculescu et al., 2009; Cichon et al.,
2009; Shinozaki and Potash, 2014). The articles were then prioritized based on the following
considerations: sample size, use of standardized diagnostic criteria, types of genetic testing
such as genome wide association studies and validated methods (e.g., convergent functional
genomics, genotyping SNPs or identifying cytogenetic abnormalities), and quality with
reliability of the genetic data and presentation. GeneCards (http://www.genecards.org/) was
the primary source for determining the location of the gene or gene locus. The cytogenetic
location of the gene was provided by Ensembl, Entrez Gene, or the Human Genome
Organization Gene Nomenclature Committee (HGNC).

BPD is a heterogeneous disorder involving many genes acting individually or in
combination and responsive to environmental stimuli. We compiled a list of genes from the
major sources and their references for a total of 290 genes. Our paper focused on genes
associated with BPD by at least one mechanism of proven association with or susceptibility
to BPD. Research articles were not limited to causal relationships to BPD. For example, Le-
Niculescu and others used convergence of microsatellite markers for which at least one
published study showed evidence for linkage for BPD, or a positive association study for the
gene itself reported in previous literature (Le-Niculescu et al., 2009). Many of the genes on
our list were found in multiple research studies and were reported more than once for being
associated with BPD. Some studies considered target neurochemical pathways rather than
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susceptibility loci. These genes were included on our list if they were also recognized by a
peer-reviewed publication (e.g., PubMed) with supporting evidence (e.g., GWAS,
informative SNPs, genetic linkage, or identified gene mutations) as a BPD associated gene
(Le-Niculescu et al., 2009; Cichon et al., 2011). Other supporting genetic evidence can be
found in the National Center for Biotechnology Resources at https://www.ncbi.nlm.nih.gov/
gene.

3. Results

By using online databases and existing literature in peer-reviewed journals, we were able to
compile a master list of 290 recognized genes associated with BPD. These genes were
clinically relevant, or related to susceptibility of BPD. The position for each of the
recognized or susceptibility genes for BPD were plotted on the high-resolution chromosome
ideograms (850 band level), as shown in Fig. 1. We have also included gene symbols,
expanded names, chromosome band location and reference sources in Table 1 for the 290
genes recognized as playing a role in BPD. The distribution of BPD genes is shown in Table
2 among individual chromosomes and chromosome arms arranged by the size for each
chromosome (largest chromosome represented by the smallest number) in relationship to the
proportion of total genes for BPD.

The majority of the genes listed in Table 1 are located on chromosomes 1, 2, 3, 4,56, 7, 8,
9,10, 11, 13, 16, 18, and 22 in accordance with previous reports examining polymorphisms
and chromosomal breakpoints of known and candidate genes for BPD (Potash and DePaulo,
2000; Etain et al., 2012). One of the smallest chromosomes (i.e., 22) contained more BPD
genes in relationship to its size (i.e., 4.1%) than other comparable chromosomes. The X
chromosome which accounts for about 5.6% of the genome contained only 1.0% of the BPD
genes. The genes identified in our investigation impacted a broad range of biological
pathways and processes including cellular signaling pathways for cAMP and calcium (e.g.,
CACNAIC, CAMKZA, CAMKZD, ADCY1, ADCY?2); glutamatergic (e.g., GRIK1, GRM3,
GRM?), dopaminergic (e.g., DRD2, DRD4, COMT, MAOA) and serotonergic (e.g.,
HTRIA, HTRZA, HTR3B) neurotransmission; molecular transporters (e.g., SLC39A3,
SLC6A3, SLC8AI); and neuronal growth (e.g., BODNF, IGFBP1, NRG1, NRG3). These
gene classes influence neurotransmission and psychological functioning through direct and
indirect effects on neuronal activity, growth, development, maintenance and remodeling.
These genes overlap with biological markers and genetic factors associated with other
psychiatric disorders such as schizophrenia, (e.g., BONF, CACNAI, DISCI), major
depressive and anxiety disorders (e.g., 7PHZ, HTR2A) involving developmental processes
(e.g., NRG1, NRG3).

4. Discussion

The advent of genetic testing to identify the predisposition for BPD has increased
understanding of the genetic etiology of BPD and the application of genetic testing should
facilitate research and treatment development. We illustrated a master list of susceptibility
genes and genes that are associated with BPD in our results by plotting the individual genes
on high-resolution chromosome ideograms and generated a tabular form with references in
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order to inform more individuals about the necessity for genetic testing and treatment for
BPD.

The transmission of BPD does not appear to manifest through a simple Mendelian
inheritance with a single allele (dominant) or two alleles (recessive) pattern instead showing
incomplete penetrance, etiological heterogeneity and high prevalence (Kerner, 2015).
Similarly, multivariate threshold models conceptualized as an accumulation of traits
normally distributed throughout the genome are not strongly supported to achieve some
threshold for expression. Rather, BPD appears to be a product of a combination of genetic,
neurochemical, and environmental influences. The expression or development of bipolar
disorder may be due to epistasis (interaction of multiple genes) or other complex
mechanisms such as genomic imprinting or dynamic mutations with environmental
contributions (Craddock and Jones, 1999). An intricate oligogenic quasi-Mendelian pattern
has been proposed whereby a small number of mutations accumulate in a select biological
pathway that is only tied to expression of the phenotype when released by environmental
influences (Kerner, 2015). Symptoms of bipolar disorder parallel other genetically
influenced psychiatric disorders including schizophrenia, depression and anxiety (Krishnan,
2005) and is, not surprisingly, impacted by overlapping genetic constructs (e.g., BONF,
DISC1, HTRZA, TPH2).

Our list of genes for BPD reflects the current status of recognized genes with clinical
relevance but susceptibility and new genes are continually being identified. Not all genes in
the list are equally significant or certainly causative for all individuals with BPD. Similarly,
our results reflect gene-level associations and do not provide evidence of individual SNP- or
CNV-level contributions to pathology. The list is particularly suited to the evaluation of
structural genomic data (e.g., DNA microarrays) for copy number variations impacting
genomic regions and genes of interest which may involve large regions and multiple
candidate genes or encompass known genetic syndromes. Phenotype and severity can be
predicted to be proportional to the number of candidate genes impacted by the CNV —
highlighting the clinical value of spatial representation of the gene list and whether the
region is duplicated or deleted. The effect of any individual SNP depends upon both the
physiological relevance of the gene to neurodevelopmental processes and the impact of the
specific sequence variation or mutation on the expression and function of the gene product
(i.e., synonymous vs. non-synonymous). Non-synonymous variations leading to a change of
the codon or reading frame (e.g., frameshift mutation, stop codon generation) have greater
predicted impact on gene expression and thus stronger ties to pathology. Advances in
genomic technology will facilitate the identification and characterization of novel SNPs
among the gene candidates and improve understanding of the relative contributions of
selected SNP or CNVs to the general disease prevalence.

Combinations of single nucleotide polymorphisms (SNPs) which alter the genetic code,
creating a higher likelihood of developing bipolar disorder, are reportedly more common
than chromosomal breakpoints at the susceptibility regions for BPD. For example, SNPs
within the brain derived neurotrophic factor (BDNF) gene, located in the 11p14, region are
reported to result in a modification of the processing and trafficking of the BDNF gene and
increased susceptibility to BPD (Craddock et al., 2005). The ABCA13gene was also
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identified as a candidate gene for both bipolar and schizophrenia disorders once it was
initially discovered by a chromosome abnormality in a schizophrenic patient (Knight et al.,
2009). The ABCA13gene was then resequenced and multiple rare coding variants
identified. These variants were genotyped in bipolar cohorts, which led to the conclusion
that 4.0% of the population contained a variant which could contribute to bipolar disorder
(Knight et al., 2009). Multiple genome-wide association studies (GWAS) testing for SNPs in
independent bipolar cases and controls often generate strong signals for gene associations
with bipolar disorder (Sklar et al., 2011). For example, results from the first GWAS for BPD
reported in 2007 determined that the strongest signals for an association were found in five
genes: BDNFat 11p14, DAOA at 13933, DTNBP1 at 6p22, DISCI at 1942, and NRG1 at
8p12, and the SAVPrs420259 at 16p12 (Burton et al., 2007). Since this initial study,
additional GWAS reports (e.g., Sklar et al., 2008; Ferreira et al., 2008) and a collection of
genetic studies examining bipolar disorder did implicate genes that were consolidated in
2014 by Shinozaki and Potash (Shinozaki and Potash, 2014) with a list of candidate genes
summarized from 15 studies (e.g., Baum et al., 2008a, 2008b; Sklar et al., 2011; Ou et al.,
2015). These genes overlapped with biological markers and genetic factors associated with
other psychiatric disorders such as schizophrenia, (e.g., BONF, CACNA1, DISCI), major
depressive and anxiety disorders (e.g., 7TPH2, HTR2A) and involved in developmental
processes.

Our list of candidate genes and visual representation of their locations on high-resolution
chromosome ideograms for bipolar disorder provide an informative perspective of the
pathophysiology of BPD to facilitate research, accurate diagnosis and genetic counseling,
treatment development and classification of BPD (Craddock and Jones, 1999). The authors
encourage the use of this collection of currently associated recognized susceptibility genes
for BPD in the evaluation of patients presenting for genetic services and for a more accurate
understanding of the role of genetics in BPD, a genetically heterogeneous disorder.
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Fig. 1.

High-resolution chromosome ideograms (850 band level) with the BPD gene symbol placed
at the chromosomal band location. The centromere area, highlighted in black, separates the
upper short “p” arm and the lower long “q” arm for each chromosome. The gene symbols
are arranged in alphabetical order with the expanded name and chromosome band position

listed in Table 1.
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Table 2

Distribution of bipolar disorder (BPD) genes among chromosomes.

Chromosome Total Proportion of total BPD genes Parm Qarm
1 24 8.3% 12 12
2 23 7.9% 6 17
3 18 6.2% 9 9

4 16 5.5% 5 11
5 18 6.2% 4 14
6 18 6.2% 6 12
7 20 6.9% 5 15
8 10 3.4% 5 5

9 19 6.6% 4 15
10 11 3.8% 8 3
11 18 6.2% 7 11
12 8 2.8% 3 5
13 11 3.8% NA 11
14 7 2.4% NA 7
15 7 2.4% NA 7
16 9 3.1% 6 3
17 5 1.7% 2 3
18 11 3.8% 5 6
19 8 2.8% 4 4
20 5 1.7% 1 4
21 7 2.4% NA 7
22 12 4.1% NA 12
X 3 1.0% 2 1
Y 0 0.0% 0 0
Both X and Y 2 0.7% NA NA
Total 290  100% 94 194

Total number of BPD genes were counted for each chromosome and chromosome arm.

p = short arm; q = long arm.

NA = not applicable due to chromosome structure or location.
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