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Abstract

Bipolar disorder, formerly called manic depression, is a mental health condition characterized
by extreme mood swings that can range from extreme highs (mania) to extreme lows (depression).
Episodes of mania and depression often last for several weeks or months. As for the genetic basis,
little is known for certain. While occasional families may present a single gene which determines
the susceptibility, the majority of cases involve the interaction of numerous genes. Various studies
have been performed to identify these genetic variations in an effort to unravel the genetic basis of
bipolar disorder.
The purpose of this study is to carry out a genetic and functional in silico characterization of bipolar
disorder (BD) and 2 of its sub-types (BD1 and BD2). Thus, the pathogenesis of BD and its sub-
types will be explored at a genetic level, in which we will use summary statistics from the GWAS
meta-analysis done by the PGC (Psychiatric Genomics Consortium) and a gene-based analysis
method called PASCAL to search for the association of new genes, at a biological pathway level,
in which we will correlate the previously associated genes with GO processes, and at the cellular
level in which we will use cell-type enrichment analyses to identify those BD genes expressed in
each neuronal cell type.

1 Introduction
Bipolar Disorder (BD) is a mental disorder that causes unusual shifts in mood, energy, concentration
and social behaviour. Many other mental health issues are associated with BD such as anxiety disorders
and substance use disorders. It occurs in about 1% of the general population and presents itself most
commonly at young childhood, around 20 years of age [1]. Since it impacts daily life substantially, a
quarter to a third of those affected have social and financial problems due to BD. This has lead to
it being one of the most substantial costs for society [2]. Bipolar Disorder also increases the risk of
suicide by 10-30 times. Up to 20% of individuals with untreated BD lose their life to suicide while
20-60% attempt it at least once [3].

BD is characterized as a spectrum of disorders. The DSM-5 lists 3 sub-types [4]: bipolar type I
disorder (BD1), bipolar type II disorder (BD2) and cyclothymatic disorder. BD1 is characterized by
the occurrence of one or more severe maniac episodes while BD2 is characterized by no severe maniac
episodes but one or more hypomaniac episodes and one or more major depressive episodes. Cyclothy-
matic disorder however has no presence of severe maniac episodes nor major depressive episodes.

The causes of BD are not deeply understood as both genetic and environmental factors are a
known cause. BD does not follow a Mendelian inheritance pattern but it is still found within multiple
individuals in the same family. However, most patients are isolated cases, further confirming that
the BD is most likely influenced by multiple genetic risk factors with small effect. While some genes
like CACNA1C, ODZ4 and NCAN have appeared promising candidate genes for BD in genome-
wide association studies[5], none can be considered a risk factor as many individuals that carry these
variations are considered healthy [6].

The most recent study performed by the Bipolar Disorder Workgroup from the Psychiatric Ge-
nomics Consortium explored common genetic variations (SNPs) in 20,352 cases and 31,358 controls
[7]. Using a gene-based analysis tool called MAGMA [8], they found 30 new loci associated with BD.
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In this study we are going to use the same GWAS dataset which is provided by the PGC, as well as
2 more datasets for BD1 and BD2 in order to observe the genetic and functional differences between
sub-types. However, we are going to implement a different gene-based analysis tool called PASCAL
in order to search for novel genes. Furthermore, we are going to explore which biological pathways
are affected by these genes and how they interact with each other since BD is most likely the result
of epistasis or multiple gene interactions. Finally we will perform an expression weighted cell-type
enrichment analysis in order to identify the most enriched neuronal cell-type.

2 Methods

2.1 GWAS Datasets

The datasets used in this analysis consist of GWAS summary statistics for Bipolar Disorder published
by the Psychiatric Genomics Consortium[7][9]. The main dataset is comprised of 20,352 cases and
31,358 controls of European descent. The BD1 dataset contains 14,879 cases and 30,992 controls and
the BD2 dataset contains 3,421 cases and 22,155 controls.

2.2 Gene-based analysis

To perform the gene based analysis we used PASCAL (Pathway Scoring Algorithm). As input, we
used the summary statistics obtained from the BD, BD1 and BD2 meta-analysis. First we mapped the
individual SNPs from the GWAS results to genes using the default ±50kb window around the start and
end of each gene. The maximum number of SNPs per gene was left at the default 3000. Furthermore,
we considered LD information from 1000 Genomes to account for linkage between markers for each
gene. The significance threshold for BD was set to 2.26 × 10−6 as per the Bonferroni correction (0.05
/ 22094 genes). The threshold for BD1 was set to 2.28 × 10−8 (0,05 / 21888 genes) and the threshold
for BD2 was set to 2.29 × 10−8 (0,05 / 21875 genes).

2.3 Enrichment analysis at a biological pathway level

To perform the functional characterization for gene ontologies we used Enrichr. The gene lists of the
relevant genes obtained previously were used as input to find the related GO terms. First we selected
the databases we want to search through from the Enrichr database list. In this case we selected the
most recent available versions of the 3 GO databases (Molecular Function 2018, Cellular Component
2018 and Biological Process 2018). We then queried the gene lists to obtain their related GO terms.

To visualize the GO terms we used REViGO [10]. REViGO takes as input a long list of Gene
Ontology terms and associated p-values, and summarizes them by removing redundant GO terms. We
visualised the 40 most significant GO terms for both BD and BD1. We set an allowed similarity of
0.5 and SimRel semantic similarity measure. The plot generation was done by modifying the R script
provided by the REViGO web server.

The gene lists were further used to construct gene networks using GeneMANIA [11]. The associa-
tion between genes includes protein and genetic interactions, pathways, co-expression, co-localization
and protein domain similarity. Furthermore, GeneMANIA finds other genes related to the set of input
genes, thus giving further insight into their function.

2.4 Enrichment analysis at a cellular level

The R package EWCE (Expression Weighted Celltype Enrichment) [12] was used to analyse the
differential genetic expression in different neural celltypes. The gene lists of relevant genes for BD and
BD1 were again used as input. EWCE first tests whether these genes are enriched in any particular
celltype. This is done by first setting a background set which in this case was all human genes with
mouse orthologs. The reason behind this is that the single cell transcriptome data used in this analysis
was from the brain of mice provided by the Karolinska Institute.

The probability distribution for the gene list was calculated by creating 100000 lists of random
genes from the background set, adjusting for length and GC content, and determining the expression
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level for each. This bootstrapping method was used for both annotation levels, with level 1 being cell
type and level 2 being sub-cell type.

The scripts used can be found at: https://github.com/aleixyuki/FGP/tree/main/Rscripts

3 Results

3.1 Gene-based analysis

We performed a gene-based analysis on the GWAS meta-analysis for Bipolar Disorder (BD), Bipolar
Disorder type 1 (BD1) and Bipolar Disorder type 2 (BD2) from the PGC using PASCAL. PASCAL
computes gene scores by aggregating SNP p-values from our GWAS meta-analysis, without the need
for individual phenotypes, while correcting for linkage disequilibrium (LD) structure. It computes
gene p-values based on the most significant SNP and the average association signal across the region.

We obtained a total of 22094 genes for BD to which we applied a Bonferroni correction (0.05 /
22094) in order to obtain the threshold for the significant genes (Figure 1). In this case the threshold
was a p-value of 2.26 × 10−6. For BD1 we obtained 21888 genes which resulted in a threshold of
2.28 × 10−6 and for BD2 we obtained 21875 genes and a threshold of 2.29 × 10−6.

This filtering resulted in 86 significant genes for BD, of which ITIH4 (p-value = 1.05 × 10−8) and
KCNS1 (p-value = 4.36 × 10−9) were the most significant, 52 for BD1, of which WFDC5 (p-value =
2.31 × 10−8) and KCNS1 (p-value = 2.98 × 10−9) were the most significant and none for BD2.

Figure 1: PASCAL results Manhattan plot. GWAS Manhattan plot
with the significant genes in orange and the novel genes in red. The dotted
grey line is the threshold set by the Bonferroni correction.

3.2 Enrichment analysis of gene ontologies

To perform the functional characterization at a biological pathway level, we used an R package called
Enrichr to associate the significant genes to their corresponding GO terms.

For BD, we obtained 125 GO terms within the Molecular Function database of which hyaluronic
acid binding (GO:0005540) is the most significant with a p-value of 2.67 × 10−3. As for the Cellular
Component database, we obtained 60 results with platelet dense granule lumen (GO:0031089) being
the most significant with a p-value of 1.6×10−3. Lastly for the Biological Process database we obtained
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408 results with the most significant being forelimb morphogenesis (GO:0035136) with a p-value of
8.04 × 10−4 (Figure 2).

For BD1, we obtained 79 GO terms related to Molecular Function, of which hyaluronic acid binding
(GO:0005540) is also the most significant with a p-value of 9.87 × 10−4. In the Cellular Component
database we obtained 53 related GO terms with endoplasmic reticulum-Golgi intermediate compart-
ment (GO:0005793) being the most significant with a p-value of 1.08 × 10−4. Finally, we obtained 336
GO terms related to the Biological Process database. The most significant GO term was pyroptosis
(GO:0070269) with a p-value of 2.94 × 10−4.
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Figure 2: Biological Processes bubble plot. Bubble plot showing the top 30 enriched Biological
Processes for our BD gene list.

3.3 Network analysis

GeneMANIA identified interactors for the loci associated with BD and BD1 in the GBA done with
PASCAL.

The gene network for BD was constructed with a total of 89 genes (69 associated genes and 30
interactors) and 371 links which include shared protein domain, co-expression, co-localization , physical
interactions, genetic interactions, pathway and prediction. 4 of the 69 associated genes present no type
of interaction between themselves nor any other gene (DNAJB7, LRRC3C, STARD9, ZSCAN2 ).

The gene network for BD1 contains 61 total genes (41 associated genes and 20 interactors) and 163
total links which only includes shared protein domain, co-expression, co-localization and prediction.
6 of the 42 associated present no type of interaction (KMT2D, LRRC3C, PBX4, ZSCAN2, CDAN1,
STARD9 )

3.4 Cell-type enrichment analysis

We examined if the genes were differentially expressed in the transcriptional datasets corresponding
to both cell-type annotation levels. For the cell-type annotation level 1 (Figure 3) we observed signif-
icant enrichment in the astrocytes and ependymal cell-type (p-value = 0.0069) for BD as shown by
the asterisk above the corresponding column. For BD1 there was no significant enrichment but the
astrocytes and ependymal (p-value = 0.0903), pyramidal CA1 (p-value = 0.0397) and pyramidal SS
(p-value = 0.0925) cell-types were differentially expressed.
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We then proceeded to see if any of the microglial subtypes (annotation level 2) showed signifi-
cant enrichment (Figure 4). We observed no significant enrichment of any subtype although Int15
(Interneuron 15) was differentially expressed both in BD and BD1 with a p-value of 5.9 × 10−3 and
1.4 × 10−3 respectively. Furthermore, in BD, Int6 (Interneuron 6) also showed differential expres-
sion above the rest of the microglial subtypes (p-value = 0.0158) but not enough to be considered
significant.

Figure 3: EWCE plot for annotation level 1. The left graph corresponds
to BD where we observe the enrichment of the astrocytes_ependymal cell
type and the right graph corresponds to BD1.

Figure 4: EWCE plot for annotation level 2. The left graph corresponds
to BD and the right graph corresponds to BD1.

4 Discussion
We identified 18 genes not previously mentioned in the 2019 paper by the PGC [7]. We should mention
that most of the novel genes are related to previously known significant genes and may be relevant
because of co-localization or co-expression with respect to these genes.

Of the novel BD associated genes found, SNORD19, SNORD19B and SNORD69 are small nucle-
olar RNAs (snoRNAs) that belong to the C/D box family. They are also non-coding RNAs (ncRNAs)
whose function is directing site-specific 2’-O-methylation of substrate RNAs [13]. Copy number varia-
tions of snoRNAs have also been associated with neuropsychiatric disorders [14]. For example, the gain
of additional copies of SNORD115 has been linked to autism [15]. DKFZP434K028 or MYRF-AS1
is an antisense transcript (asRNA). Similar to other asRNAs like CACNA1C-AS4 and ILF3-AS1, its
function is to regulate its target gene’s expression [16] which is the MYRF gene. Their significance
with respect to BD and its sub-types stems from the significance of their target genes. For example,
MYRF (myelin regulatory factor) encodes a transcription factor that is required for central nervous
system myelination and may regulate oligodendrocyte differentiation. It has been observed that myelin
and oligodendrocyte dysfunction contributed to the risk of schizophrenia and bipolar disorder [17].
As can be seen in the Manhattan plot (Figure 1), these genes are co-localized with their target gene.
MIR611 and MIR1908 can be considered relevant since microRNAs have been found to be associated
with schizophrenia although no direct link has been established for BD [18]. Their relation to mental
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disorders is still being studied. Furthermore, animal studies have shown that manipulating the levels
of particular microRNAs in the brain can alter behaviour [19]. The last relevant genes are pseudo-
genes, like SCAND2P and UBE2Q2P1 which may be relevant not only for mental disorders like BD
but for any genetic disorder [20].

Although these genes may be associated with BD, further functional studies are required to deter-
mine their functional role.

For BD1, we obtained 11 novel genes compared to the recent PGC study [7] but all were present
in the novel genes found for BD. As for BD2, no novel genes were found. Furthermore, no significant
genes were found, most likely due to the heterogeneity of the data compared to the 20,352 cases and
31,358 controls of European descent present in the BD data.

As for the enrichment analysis of gene ontologies (GO), the most significant Molecular Function
GO term for BD and BD1 was hyaluronic acid binding (GO:0005540). Hyaluronic acid plays the
main structural role in the formation of brain extracellular matrix (ECM)[21]. Since the ECM has an
important role in brain development, maturation of neural circuits and adult neuroplasticity, processes
that affect the composition of ECM could lead to altered brain function [22]. There have been studies
that link altered ECM function and neuropsychiatric disorders like addiction and schizophrenia [23].

The Biological Processes were different for BD and BD1. The most significant for BD was forelimb
morphogenesis (GO:0035136) most likely due to it being a process in which CACNA1C is involved.
Many association studies have shown that genetic variations in CACNA1C increase risk for psychiatric
disorders such as BD in this case [24]. The most significant for BD1 was pyroptosis(GO:0070269) which
is an inflammatory cell death which is triggered by pathological stimuli [25]. If pyroptosis occurs in
the central nervous system it can cause neuroinflammation, whose evidence of pathogenesis in BD has
been reviewed but no conclusive evidence has been found [26].

All the novel genes found are not functionally characterized and thus GeneMANIA didn’t recognize
them so their interactions with the other significant genes are unknown at the moment.

Finally, regarding the cell-type enrichment analysis, despite the enrichment of Int15 (Interneuron
15) in both BD and BD1, the level 1 annotation shows no enrichment for the interneuron cell-type
due to not all interneuron subtypes being enriched. However the enrichment of interneurons was
unexpected since it is normally associated with intellectual disabilities and epilepsy rather than mood
disorders [27]. For BD1, the fact that the most enriched cell-type are pyramidal neurons confirms
previous findings that BD1 is more genetically correlated with schizophrenia since they share significant
genes [28]. BD also presents this slight enrichment of pyramidal neurons due again to the heterogeneity
of the data which presents no distinction between BD subtypes. The most relevant finding was the
significant enrichment of the astrocytes and ependymal cell-type. While this cell-type has also been
attributed to intellectual disabilities and epilepsy [12], more recent studies indicate that astrocyte
dysfunction is involved in BD, schizophrenia and Alzheimer’s disease [29].

5 Conclusion
This study has shown that PASCAL could be a viable method in gene-based analysis in order to
uncover new associated genes and provide more insight into other conditions similar to bipolar disorder
such as schizophrenia and other mood disorders. PASCAL has also defined associations between BD
and ncRNAs and microRNAs, in which future genetic and functional studies could determine their
role in the biological etiology of BD.

Supplementary Material: https://github.com/aleixyuki/FGP
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