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Abstract

Background Lithium remains the first-line treatment for bipolar disorder (BD), but patients respond to it variably. While a
myriad of studies have attributed many genes and signaling pathways to lithium responsiveness, a comprehensive study with
an integrated conclusion is still lacking.

Objective We aim to present an integrated mechanism for the therapeutic actions of lithium in BD.

Methods First, a list of lithium responsiveness-associated genes (LRAGs) was collected by searching in the literature.
Thereafter, gene set enrichment analysis together with gene—gene interaction network analysis was performed, in order to
find the cellular and molecular events related to the LRAGs.

Results Gene set enrichment analyses showed that the chromosomal regions 3p26, 4p21, 5g34 and 7p13 could be novel
associated loci for lithium responsiveness in BD. Also, expression pattern analysis of the LRAGs showed their enrichment
in adulthood stages and different cell lineages of brain, blood and immune system. Most of the LRAGs exhibited enriched
expression in central parts of human brain, suggesting major contribution of these parts in lithium responsiveness. Beside the
prediction of several biological processes and signaling pathways related to lithium responsiveness, an interaction network
between these processes was constructed that was found to be regulated by a set of microRNAs. Proteins of the network were
mainly classified as transcription factors and kinases, which also highlighted the crucial role of glycogen synthase kinase
3/ (GSK3p) in lithium responsiveness.

Conclusions The predicted cellular and molecular events in this study could be considered as mechanisms and also deter-
minants of lithium responsiveness in BD.

1 Introduction treatment of BD with the aim to prevent further manic and
depressive recurrences. In this indication, lithium remains
Bipolar disorder (BD) is one of the most severe mental ill-  the first-line treatment of BD [2, 3]. Lithium is also known

nesses, causing extreme mood swings between mania and  to substantially reduce the risk of suicide in people with
depression [1]. Lithium is primarily used for long-term  BD and unipolar depression [3]. However, only in one third
of BD patients does long-term monotherapy with lithium
totally prevent affective episodes [4]. The therapeutic prop-
erties of lithium in BD have been the subject of a num-
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This study presents a comprehensive view of the cellular
and molecular actions of lithium in the treatment of
bipolar disorder (BD).

Despite diversities in the biological processes involved
in lithium response in BD, this study presents a unique
molecular interaction network for the lithium responsive-
ness phenotype of the disorder.

Understanding the lithium targets at cellular and molecu-
lar levels and elucidating their expression pattern in
patients allow clinicians to determine which patients are
most likely to respond to lithium.

in BD [2, 14]. However, in the future, ConLiGen may also
study the response to lithium treatment in general (e.g.,
lithium augmentation in the treatment of major depression)
[15].

To date, many genetic variants and altered expression of
many genes have been found to be associated with lithium
responsiveness. A large variety of the associated genes were
identified by GWAS analyses, and their association was fur-
ther confirmed by in vitro or in vivo functional assays. In
fact, many of the associated genetic variants reported by
GWAS analyses have been examined in cultured cells or
model organisms and shown to influence the expression
or function of the genes. Such functional analyses con-
firmed some of the lithium responsiveness-associated genes
(LRAGS) as direct lithium targets, such as the phosphati-
dylinositol (PI) pathway, which is one of the first and most
studied cellular processes where lithium plays an inhibi-
tory role [16, 17], and also the glycogen synthase kinase 3
(GSK3p) gene, which is one of the best characterized targets
of lithium [18]. Both GSK3p and the genes of the PI path-
way were shown to harbor the genetic variants associated
with lithium responsiveness in BD [19-21]. However, the
association of many other genes with lithium responsiveness
was confirmed by genomics tools, without any functional
studies [22, 23]. Despite the large number of reports on the
association of many genes with lithium responsiveness, a
single comprehensive study to illustrate how these genes
contribute to response to lithium treatment in BD is lacking.

In this study, a list of the genes that were previously
attributed to lithium responsiveness in BD was collected
and analyzed to elucidate the mechanisms related to these
genes. Understanding the molecular mechanisms underly-
ing lithium responsiveness in BD could help clinicians to
select the best therapy approach for bipolar patients. Also,
clinicians will be assisted by a panel of genetic tests that
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may successfully predict which patients are most likely to
respond to lithium.

2 Methods
2.1 Searches and Dataset

To systematically study the genes involved in lithium
response in BD patients, we performed a search in the lit-
erature followed by a manual assembly of the gene list. In
detail, all publications reporting the genes associated with
lithium responsiveness in BD, published before November
2019, were retrieved by a comprehensive electronic search
in PubMed, Google Scholar, ScienceDirect and Web of
Science, without any restriction in publication language
(Fig. 1). The keywords used for this search were ‘lithium
responsive genes’, ‘lithium genes and bipolar disorder’,
‘genes and lithium response’, ‘lithium susceptibility genes’,
‘lithium mechanism of action’, and ‘lithium treatment and
genes’. In addition, the reference lists of the studies and
related publications were searched manually to identify
potential publications that were not covered by the electronic
search.

After retrieving the results of the initial search (409
records) and removing duplicates, we screened the title and
abstract of 151 publications (145 original and 6 review arti-
cles) to ensure that they had enough evidence of signifi-
cant association between their candidate genes and lithium
responsiveness. Through reading the full text of 144 pub-
lished articles (138 original and 6 review articles), 142 arti-
cles (136 original and 6 review article) were finally selected

Records identified through initial search (n = 409):
PubMed (n = 141), Google Scholar (n = 135),
ScienceDirect (n = 97), Web of Science (n =36)

v

Records after duplicates removed
(n=151)

¥

Records screened |
(n=151)

¥

Full-text articles
assessed for eligibility |
(n= 144)

¥

Studies finally included in this study
(n=142")

Records excluded by screening
title and abstract
(n=7)

Full text articles excluded with
reasons (lack of enough data
of functional analysis)
(n=2)

[lncluded] [ Eligibility ] [ Screening ][ldentification]

Fig.1 Flow diagram of the stages of searching and selection of the
articles in this study
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for preparation of our gene set. The inclusion criteria for
selection of the candidate genes were replicated genetic
polymorphisms in different populations of BD patients,
and altered gene expression and functional analysis of the
genes in cellular or animal models. Here, we named the col-
lected gene set as ‘lithium responsiveness-associated genes’
(LRAGS). The details of the stages of literature searching
and study selection are presented in a flowchart in Fig. 1,
based on the PRISMA 2009 statement [24].

2.2 Gene Set Enrichment Analysis for Chromosomal
Regions

Many human traits might appear due to alterations in par-
ticular regions of the genome [25-27]. Therefore, it is of
great interest to identify the chromosomal regions linked to
the phenotype of lithium responsiveness in BD. To this pur-
pose, gene set enrichment analysis for chromosomal regions
was performed by the web-based tools Gene Set Enrich-
ment Analysis (GSEA)-Broad Institute [28] and Enrichr
[29, 30], using official symbols of the LRAGs as input data
(Supplemental file S1, see electronic supplementary mate-
rial [ESM]). Among all predicted results, the chromosomal
regions with p value < 0.05 were considered as significantly
associated loci with lithium responsiveness.

2.3 Expression Pattern Analysis of the Genes

To determine which parts of the human body express the
highest number of LRAGs, an enrichment analysis for gene
expression was performed by Enrichr, based on text mining
information of the genes obtained from the ‘Jensen TISSUES’
database. The Jensen TISSUES is a database of gene—tissue
associations in human, mouse, rat, and pig that integrates evi-
dence on tissue expression from manually curated literature,
proteomics and transcriptomics screens, and automatic text
mining [31]. In addition, microarray data of the GSEA—Broad
Institute [28] were used for clustering the genes with similar
expression patterns across different cell lineages of the human
body. To identify the human brain regions that express the
LRAGSs at the highest level, enrichment analysis was per-
formed in Enrichr using the data from the ‘Allen Brain Atlas’.
The Allen Brain Atlas is an online public resource integrating
extensive gene expression data, connectivity data, and high
resolution neuroanatomical information with powerful search
and viewing tools for the adult and developing brain in mice,
humans and non-human primates [32, 33].

2.4 Gene Ontology Analysis of the Genes

In order to provide an insight into the functional role of
the set of LRAGs, Gene Ontology (GO) analysis of both

biological processes and signaling pathways was per-
formed by the Database for Annotation, Visualization
and Integrated Discovery (DAVID) software [34, 35]. In
DAVID results, GO terms with adjusted p value <0.05
and gene count >5 were considered as statistically sig-
nificant enriched biological processes and signaling
pathways.

2.5 Protein Class Identification for the Genes

The PANTHER (Protein ANalysis THrough Evolutionary
Relationships) web server [36, 37] was used for enrich-
ment analysis of the LRAGs based on their protein classes.
Protein class terms were taken from the PANTHER Pro-
tein Class ontology and represent common grouping terms
for families or subfamilies of proteins with common func-
tions. Protein class terms may overlap to some degree with
GO molecular function terms, but in many cases are dis-
tinct [36].

2.6 Construction of Molecular Interaction Network

The Search Tool for the Retrieval of Interacting Genes
(STRING) is a useful tool, capable of providing a compre-
hensive view of the known and predicted interactions and
associations between a set of proteins [38]. The STRING
online software was used to construct a protein—protein
interaction network using the LRAGs of the four signifi-
cantly enriched signaling pathways (i.e., circadian rhythm,
dopaminergic synapse, cholinergic synapse, and morphine
addiction) as the input data (Supplemental file S2, see
ESM). Within the constructed network, the proteins served
as 'nodes’ and the links connecting two nodes represent a
pairwise protein interaction. The degree of each node cor-
responds to the number of interactions that the protein is in
possession of.

2.7 Prediction of Regulatory microRNAs
for Molecular Interaction Network

In order to identify the microRNAs (miRNAs) capable
of regulating the molecular interaction network, GSEA
analysis for ‘miRNA targets’ was performed by the Broad
Institute online tool (https://software.broadinstitute.org/
gsea/msigdb/annotate.jsp). This online tool utilizes an
algorithm for finding the genes in the network that share
the target sites of human miRNAs in their 3’-UTR (https
/Iwww.gsea-msigdb.org/gsea/msigdb/collection_detai
Is.jsp). The miRNAs with at least two target genes in the
network were considered as potential upstream regulators
of the network.
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3 Results

3.1 Identification of Lithium
Responsiveness-Associated Genes (LRAGs)

The search of the literature identified a total of 211 genes
that have been found to be associated with lithium response
in BD. The list of the genes with their full names is pre-
sented in supplemental file S1 (see ESM).

3.2 Chromosomal Regions Linked to Lithium
Responsiveness in Bipolar Disorder (BD)

Analysis by the GSEA online tool predicted three chromo-
somal regions (chr5g34, chr7p13 and chr3p26) as the most
associated loci for lithium responsiveness in BD (Fig. 2a).
Another similar analysis was performed by the Enrichr soft-
ware and the same results were obtained (Fig. 2b). How-
ever, Enrichr predicted an additional chromosomal region
(chr4q21) related to lithium responsiveness, which was not
significantly enriched in the GSEA results. The enrichment
results of other chromosomal regions were not statistically
significant (p >0.05) (Fig. 2b).

The LRAGS located on these loci are GABRB2 (gamma-
aminobutyric acid type A receptor beta2 subunit), GABRA1
(gamma-aminobutyric acid type A receptor alphal subu-
nit), DUSP1 (dual specificity phosphatase 1), and DRD1
(dopamine receptor DI) on the chromosomal region 5¢34;

ADCYI1 (adenylate cyclase 1), IGFBPI (insulin like growth
factor binding protein 1), IGFBP3 (insulin like growth fac-
tor binding protein 3), and SEPT7P2 (septin 7 pseudogene
2) on the chromosomal region 7p13; CNTN4 (contac-
tin 4), ILSRA (interleukin 5 receptor subunit alpha), and
BHLHE40 (basic helix-loop-helix family member E40) on
the chromosomal region 3p26. The enriched LRAGs for the
chromosomal region 4g21 were CDKL2 (cyclin dependent
kinase like 2), CCNG2 (cyclin G2), G3BP2 (G3BP stress
granule assembly factor 2), and C4ORF26 (chromosome 4
open reading frame 26) (data not shown). Taken together,
these data suggest the chromosomal loci 5¢34, 7p13, 3p26,
and 4g21 as the most relevant genomic regions to the phe-
notype of lithium responsiveness in BD.

3.3 The Link of Human Body Parts to Lithium
Responsiveness in BD

Expression pattern analysis of the LRAGs using Enrichr and
GSEA tools showed that adult tissues (the tissues that spe-
cifically correspond to the adult life stage), ganglia, and the
immune system are the most related parts of the human body
to lithium responsiveness, by expressing the highest num-
ber of LRAGs (Fig. 3a). These data also showed that neu-
ral and immune systems are the most related organs to the
LRAGs. Additional to Enrichr, investigations for finding the
expression pattern of LRAGs across the human body were
performed by GSEA (Broad Institute). Results showed that
LRAGS are mostly expressed in the brain (~31.23%) and

Fig.2 Chromosomal regions a

related to the LRAGs. a The 4 | Cytogenetic | # #ig::]‘:s - FDR Genes
enrichment results of the GSEA band Genes region P g-value

tool (Broad Institute) high- GABRB2. GABRA1. DUSP1
lighted three relevant chromo- L il : E 19es 2375 IoRB]

some l.o.m for the L.R.AGS. b 2 chr7p13 4 54 7.46 -5 12262 égg;;llslzGFBPL IGFBP3,
In addition to prediction of

chrdq21 as another lithium- 3 chr3p26 3 33 341e4 3.71e-2 CNTN4, IL5RA, BHLHE40
associated locus, Enrichr results

were consistent with the results b

of the GSEA. p <0.05 was con-
sidered as statistically signifi-
cant. The statistically significant
results (p <0.05) are denoted by
green shading. GSEA Gene Set
Enrichment Analysis, LRAGs
lithium responsiveness-associ-
ated genes

chr5q34
chr7p

chr2p25

chr21g21
chr20qg12
chr5q12

chrllpl3

chri5q21
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Index Name P-value
1 chr5q34 0.0003876
2 chr7p13 0.02663
3 chr3p26 0.04984
4 chraqg21 0.04249
5 chr2p25 0.08925
6 chr21g21 0.1214
7 chr20q12 0.1077
8 chr5q12 0.1250
9 chr11p13 0.1392
10 chr15¢21 0.1483
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Fig.3 Expression pattern of
the LRAGs. a Text mining (by
Enrichr, Jensen TISSUES) was
applied to identify an asso-
ciation between the LRAGs,
human tissues, and develop-
mental time. b A total of 211
LRAGsSs were analyzed (by
GSEA, Broad Institute) based
on their expression pattern
across different cell lineages of
human tissues. Data showed the
enrichment of most LRAGs in
brain, blood, and immune sys-
tem cells. Red and blue colors
in the heatmap denote high and
low expression levels, respec-
tively. (¢) The human brain
regions wherein the LRAGs
are mostly enriched, profiled
by the Allen Brain Atlas (in
Enrichr). Brain regions are
denoted as distinct numbers that
correspond to the significance
order based on their p value

of analysis (bar plots). GSEA
Gene Set Enrichment Analysis,
LRAGsS lithium responsiveness-
associated genes
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blood/immune system (~ 15.28%) (Fig. 3b). The results also
showed an expression pattern in which the brain-enriched
genes are downregulated in blood and immune cells, while
the blood- and immune system-enriched genes exhibit their
lowest expression levels in the brain cells (Fig. 3b). These
data suggest that the brain is the main part of the human
body associated with response to lithium therapy in BD.
Given the highest enrichment score for the brain, in the
next step, the expression pattern of the LRAGs across dif-
ferent regions of the human brain was analyzed. Results
showed that LRAGs are mostly enriched in the regions
located in the central part of human brain; these brain
regions were (1) external globus pallidum, (2) subpalli-
dum, (3) paracentral nucleus, (4) putamen, (5) caudate

-nedial nucleus of the thalamus

Lineages

nucleus, (6) striatum dorsal region, (7) dorsal region of
pallidum, (8) interanterodorsal nucleus, (9) intralaminar
nuclei, and (10) interanteromedial nucleus of the thalamus
(Fig. 3c). These data suggest a pivotal role for the central
regions of the brain in the therapeutic effects of lithium
in BD.

3.4 Cellular Components Related to Lithium
Responsiveness in BD

Results of the GO analysis for cellular components showed
that~75% of the LRAGs (Adj. p <0.05) encode for the
proteins that are physically located in plasma membrane
or cytosol of the cells (Table 1). These data suggest that a
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significant number of LRAGs could drive intracellular sign-
aling pathways by their encoded proteins.

3.5 Biological Processes Related to the LRAGs

Since most of the LRAGs are membrane-bound or cytosolic
proteins (Table 1), they may participate in some intracellu-
lar molecular networks. GO analysis of biological processes
for these genes showed their significant enrichment (Adj.
p<0.01) in ‘circadian rhythm’, ‘circadian regulation of gene
expression’, ‘regulation of circadian rhythm’, ‘regulation of
cell cycle’, ‘signal transduction’, ‘intrinsic apoptotic signal-
ing pathway in response to endoplasmic reticulum stress’,
and ‘negative regulation of glucocorticoid receptor signaling
pathway’ (Table 2). Most LRAGs were enriched for circa-
dian rhythm-related processes (rows 1-3; 18.5% of the ana-
lyzed genes) and signal transduction (15.2% of the analyzed
genes). Further analysis of the genes of the ‘signal trans-
duction’ process showed the specific enrichment of IMPA 1
(inositol monophosphatase 1), IMPA2 (inositol monophos-
phatase 2), INPPI (inositol polyphosphate-1-phosphatase),
and PLCGI1 (phospholipase C gamma 1) genes in PI sign-
aling pathway (Table 2; bold-faced genes) and enrichment
of GNBI1 (G protein subunit beta 1), PDE10A (phosphodi-
esterase 10A), PDE11A (phosphodiesterase 11A), PDE4D
(phosphodiesterase 4D), and PDE8A (phosphodiesterase
8A) genes in morphine addiction pathway (Table 2; under-
lined bold-faced genes). These data suggest the prominent
role of the PI signaling system and morphine addiction in
lithium responsiveness in BD.

3.6 Signaling Pathways Related to the LRAGs

Results of the GO analysis of signaling pathways showed
that LRAGs are mostly involved in ‘circadian rhythm’,

‘dopaminergic synapse’, ‘cholinergic synapse’, and ‘mor-
phine addiction’ (Adj. p<0.01) (Table 3). As shown in
Table 3, the highest enrichment score (lowest adj. p-value)
was observed for the pathway of circadian rhythm, which is
consistent with the data of enrichment analysis for biological
processes (Table 2).

To determine the site of action of the LRAGs in signal-
ing pathways, the schematic representation of each pathway
was obtained from the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database and the LRAGs of the pathways
were marked by red asterisks (Supplemental figs. S1, S2 and
S3, see ESM).

In addition, gene set enrichment analysis for protein
classes revealed that most of the LRAGs in these pathways
(Table 3; rows 1-4) are transcription factors (7 out of 32
genes; ~21.9%) and kinases (4 out of 32 genes; 12.5%)
(Fig. 4). These data suggest that the transcription factors
and kinases of the signaling pathways are the main targets
of lithium in treatment of BD.

3.7 MicroRNA-Mediated Regulation
of the Interaction Network of LRAGs

Given the involvement of four signaling pathways in lith-
ium responsiveness in BD, possible gene—gene interactions
between these pathways were examined. Results revealed
that the four signaling pathways (circadian rhythm, dopa-
minergic synapse, cholinergic synapse, and morphine addic-
tion) are highly connected to each other through sharing
their proteins. In fact, we found that ARNTL (aryl hydro-
carbon receptor nuclear translocator like), CREB1 (cAMP
responsive element binding protein 1), and GSK3p proteins
link the circadian rhythm pathway to the pathways of dopa-
minergic and cholinergic synapses (Fig. 5a, b). The link
between the signaling pathways of dopaminergic/cholinergic

Table 1 The cellular locations where the LRAGs are mostly localized, predicted by DAVID software

# Term Gene count % p value Adjusted p value
1 Integral component of plasma mem- 34 17.7 3.40E-06 7.80E-04
brane
2 Plasma membrane 69 35.9 3.60E-06 4.20E-04
3 Cytosol 55 28.6 8.70E-05 6.80E-03
4 Postsynapse 2.1 1.30E-03 7.30E-02
5 Postsynaptic density 4.2 2.50E-03 1.10E-01
6 Postsynaptic membrane 4.2 5.20E-03 1.80E-01
7 Cell surface 13 6.8 8.10E-03 2.40E-01
8 Apical plasma membrane 9 4.7 8.70E-03 2.30E-01
9 Cytoplasm 67 34.9 1.30E-02 3.00E-01
10 Myelin sheath 6 3.1 1.80E-02 3.40E-01

Statistically significant cellular components are italicized (adj. p <0.05)

DAVID Database for Annotation, Visualization and Integrated Discovery, LRAGs lithium responsiveness-associated genes
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Table 2 Predicted biological processes for the LRAGs. DAVID
functional annotation tool reported significant enrichment of several
biological processes for the LRAGs. Green-colored rows denoted
the significance of the analysis at the level of adjusted p <0.01. The
number, percentage (number of the enriched genes/total LRAGs), and

official symbols of the enriched genes in each biological process are
presented. The bold-faced and underlined bold-faced gene names,
respectively, represent the genes of the PI signaling system and the
morphine addiction pathway

# KEGG term

Gene
count (%)

Adjusted

p value Gene names

1 | Circadian rhythm

16 (7.6%)

DBP, PPARGC1A, ADCY1, ARNTL,
CREB1, CPT1A, CRY2, GSK3B, ID3,
NTRK2, NR1D1, PER1, PER2,
SLC6A4, TIMELESS, TPH1

2.00E-12

2 | Circadian regulation of gene expression

12 (5.7%)

PPARGCI1A, RORA, ARNTL,
BHLHE40, CSNK1D, CRY1, CRY2,
DRD2, NR1D1, PER1, PER2, PER3

1.10E-08

3 | Regulation of circadian rhythm

11 (5.2%)

PPARGCI1A, ADCY1, CREB1, CSNK1D,
CRY1, CRY2, DRD4, NR1D1, PER1,
PER2, TIMELESS

3.50E-08

4 | Regulation of cell cycle

11 (5.2%)

BCR, MOK, ARNTL, BIRC2, CCNB2,
CCNG2, CDKL2, FGF2, ID3, PER2,
SRSF5

2.70E-04

5 | Signal transduction

32 (15.2%)

AKT1, BCR, GNB1, MOK, RASSF4,
ARHGAP20, TNFRSF108, ANK3,
CREB1, CAMK1, CSNK1D, CDKL2,
FGF2, GDNF, GRIA2, HSP90AA1,
IMPA1, IMPA2, INPP1, IGFBP1,
IL5RA, KIR2DL4, NRXN3, NFATS,
NR3C1, PDE10A, PDE11A, PDE4D,
PDESA, PLCG1, PRKCH, SIGLECS

3.20E-04

6 | Response to drug

15 (7.1%)

BCL2, FYN, FOS, PPARGC1A, ADCY1,
CREB1, CPT1A, CDKN1A, DRD1,
DRD2, HSP90AA1, HADH, SCN11A,
SLC1A2, SLC6A4

9.70E-04

Intrinsic apoptotic signaling pathway in
7 | response to endoplasmic reticulum
stress

6 (2.8%)

BCL2, CEBPB, DDIT3, TNFRSF10B,

Sy XBP1, GSK3B

Negative regulation of glucocorticoid
receptor signaling pathway

4 (1.9%)

4.40E-03 | ARNTL, CRY1, CRY2, PER1

9 | cellular response to hypoxia

8 (3.8%)

AKT1, BCL2, GNB1, PPARGCIA,

1.10E-02 RORA, CCNA2, SLC29A1, STC2

negative regulation of neuron apoptotic
process

10

9 (4.3%)

BCL2, CEBPB, FYN, PPARGCI1A,
BDNF, GABRB2, GDNF, MSHZ2,
NTRK2

1.20E-02

DAVID Database for Annotation, Visualization and Integrated Discovery, KEGG Kyoto Encyclopedia of Genes and Genomes, LRAGs lithium

responsiveness-associated genes, PI phosphatidylinositol

synapses and morphine addiction is mediated by GNBI,
DRD1, and ADCY1 proteins (Fig. 5a, c).

Further investigations in order to find the regulatory miR-
NA:s for this molecular interaction network showed that a set
of miRNAs could regulate the network via targeting at least
two genes of the network (Fig. 5). The predicted regulatory
miRNAs were miR-30a, miR-30b, miR-30c, miR-30d, miR-
493, miR-448, miR-302c, miR-505, miR-494, miR-181a, miR-
181b, miR-181c, miR-181d, miR-101, miR-203, and miR-502.
The families of miR-30 and miR-181 have their specific seed
sequences, shared between their members. The seed sequence
of the miR-30 family is “TGTTTAC’ and that of the miR-181
family is ‘“TGAATGT” (Fig. 5).

4 Discussion

The main indication for lithium is long-term administra-
tion for the prevention of manic and depressive recur-
rences in BD. However, long-term monotherapy with
lithium totally prevents the affective episodes in only one
third of BD patients [4]. In order to improve the treatment
of patients with BD, identification of the factors associated
with response and lack of response to lithium is of great
importance. In this study, we aimed to define an integrated
mechanism related to lithium responsiveness in BD, using
a list of previously reported LRAGs. Since the associa-
tions of these genes were previously validated by several
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Table 3 Related signaling pathways to the LRAGs. While several
signaling pathways have been enriched for LRAGs, only the enrich-
ment results of circadian rhythm, dopaminergic synapse, choliner-
gic synapse, and morphine addiction were statistically significant

(adjusted p<0.01; italicized row). The number, percentage (num-
ber of the enriched genes/total LRAGs), and official symbols of the
enriched genes in each signaling pathway are presented

RORA, ARNTL, BHLHE40, CREBI, CSNKID, CRYI, CRY2, NRIDI, PERI,

PER2, PER3

AKTI, FOS, GNB1, ARNTL, CREBI, CREB3, CACNAIC, DRDI, DRD?2,

DRD4, GRIA2, GSK3B

AKTI, BCL2, FYN, FOS, GNB1, ADCYI1, CREBI, CREB3, CACNAIC,

PIK3CG, KCNJ12

GNBI, ADCY1, DRD1, GABRAI, GABRB2, PDEI10A, PDEI1IA, PDE4D,

PDESA

FOS, GNB1, ADCY1, CREB1, CACNAIC, GRIA2, PER1, PER2, PER3
AKT1, FOS, ADCY1, BDNF, CREB1, CREB3, CACNAIC, DRDI, DRD2,

GRIA2, PIK3CG, PDE4D

# KEGG term Gene count (%) Adjusted p value Genes
1 Circadian rhythm 11(5.2) 1.40E-08
2 Dopaminergic synapse 12 (5.7) 1.50E-03
3 Cholinergic synapse 11(5.2) 1.60E-03
4 Morphine addiction 9(4.3) 9.40E-03
5 Circadian entrainment 9 (4.3) 1.00E-02
6 cAMP signaling pathway 12 (5.7) 2.40E-02
Prostate cancer 8 (3.8) 2.50E-02
8 Neuroactive ligand- 14 (6.6) 2.90E-02
receptor interaction
9  Cocaine addiction 6(2.8) 3.50E-02
10 Pathways in cancer 16 (7.6) 7.40E-02

AKT1, BCL2, CREB1, CREB3, CDKNI1A, GSK3B, HSP90AA1, PIK3CG

ADORA3, AVPRIB, CRHR1, CYSLTR2, DRDI, DRD2, DRD4, GABRA1,
GABRB?2, GRIA2, NR3C1, P2RY 14, P2RY?2, TACRI1

BDNF, CREB1, CREB3, DRD1, DRD2, GRIA2
AKTI1, BCL2, BCR, FOS, GNB1, RASGRP3, RASSF1, ADCY1, BIRC2,

CDKNI1A, FGF2, GSK3B, HSP90AA1, MSH2, PIK3CG, PLCGl1

KEGG Kyoto Encyclopedia of Genes and Genomes, LRAGs lithium responsiveness-associated genes

experimental approaches such as GWAS, gene expression
analysis, and functional annotations, they could be a reli-
able input for downstream analyses. In the first analysis we
showed that 5¢34, 7p13, 3p26, and 4g21 are the genomic
loci most associated with lithium responsiveness. Despite
reporting many chromosomal loci associated with the eti-
ology of BD, reports on the chromosomal loci associated
with lithium responsiveness in BD are rare. However, the

12.5 %

PIK3CG

< 9.4% for the rest classes

Fig.4 Categorization of the LRAGs based on their protein classes
by PANTHER tool. a Analysis of the LRAGs of circadian rhythm,
dopaminergic synapse, cholinergic synapse, and morphine addic-
tion showed that the greatest number of them are classified in the
transcription factor (21.9%) and protein kinase (12.5%) classes. The
enriched genes of these two classes are represented by their official
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most replicable evidence relates to 21g21.1 [2]. Of the
predicted loci in our study, 5¢31-34 [39, 40], 7p13 [41],
and 4p21 [42] were previously linked to the etiology of BD
without any reported association with lithium responsive-
ness. While the 3p26 locus has been shown to be associ-
ated with major depression [43] and schizophrenia [44],
it appeared in only one GWAS of BD [45]. However, its
neighboring locus (3p24-23) was reported to be associated

Categories

names. b All the enriched protein classes with the number of enriched
genes for each class are presented. As shown, most genes are clas-
sified as transcription factor (TF) and kinase, marked by asterisks.
LRAGs lithium responsiveness-associated genes, PANTHER Protein
ANalysis THrough Evolutionary Relationships
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Dopaminergic/cholinergic
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Morphine addiction

GABRB2

b
Circadian rhythm

Fig.5 Molecular interaction network to illustrate the key compo-
nents of the signaling pathways involved in lithium response in BD.
STRING predicted the protein—protein interaction network, wherein
the four predicted lithium-related signaling pathways are tightly con-
nected to each other. a Dopaminergic and cholinergic synapse path-
ways, b circadian rhythm, ¢ morphine addiction. Also, a set of inter-

with lithium responsiveness, harboring two reproduc-
ible variants within the glutamate decarboxylase like 1
(GADLI) gene [46].

Expression pattern analysis of the LRAGs showed their
expression enrichment in adulthood stage, and within the
brain, blood, and immune system. Analyzing the LRAGs
based on their expression pattern across different human cell
lineages delineated two distinct clusters: first, the ‘brain-
enriched genes’ with highest expression in brain and low-
est expression in blood and immune system; second, the
‘brain-depleted genes’ with lack or low level of expression in
brain cells but enrichment in blood and immune system cells
(Fig. 3a, b). These data suggest that most of the LRAGs are
expressed in the brain, blood, and immune system. This may
also suggest that lithium accumulates in the brain, blood,
and immune system to exert its therapeutic effect.

In order to determine which parts of the human brain
express the LRAGs, a gene set enrichment analysis was per-
formed and the results emphasized the central regions, sug-
gesting the crucial role of these regions in lithium response
of bipolar patients (Fig. 3c). Other studies also showed that

-
l/// GABRA1

/
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’{ ~ / PDE11A
7

gl

7
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% O =
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" miR-494 (atcrTTC)

&7/ miR-30a-d (rerTTAC)
miR-101 (cracTeT)

miR-203 (carTTCA)
miR-502 (ccaaGea)

acting miRNAs were predicted by GSEA online software, to regulate
the network. Seed sequences of the miRNAs and their targets are
shown by nucleotide sequences and solid lines, respectively. BP bipo-
lar disorder, GSEA Gene Set Enrichment Analysis, miRNAs microR-
NAs, STRING Search Tool for the Retrieval of Interacting Genes

lithium accumulates in the neurogenic parts of the brain
(especially in the hippocampus, subventricular zone, and
striatum) to induce cell proliferation [47]. In fact, at its thera-
peutic doses (0.6—1.2 mM), lithium appears to accumulate
in the brain structures containing a higher proportion of cell
bodies in general and in neurogenic regions in particular
[48, 49]. However, there is no such evidence for other parts
of the brain (such as the brain cortex) [50]. Apart from the
nervous system, lithium has been found to affect immune
cells [51]. Since there is no empirical evidence for use of
lithium in immune system disorders [51], this effect could be
considered as a new mechanism for lithium response in BD.

We also found that most of the LRAGs encode for pro-
teins that are localized in the plasma membrane or cyto-
plasm. With such proximities in subcellular localization,
we hypothesized that these genes could participate in some
intracellular signaling processes. Interestingly, our analy-
sis showed that LRAGs are mainly involved in circadian
rhythm, cell cycle regulation, drug response, and apoptotic
processes. Consistent with our results, circadian rthythm dys-
function has been widely demonstrated as a trait marker for

A\ Adis



530

H. Najafi et al.

BD [52, 53]. Therefore, the effectiveness of lithium therapy
in BD could be in part attributed to its modulatory role on
circadian rhythm. Enrichment of cell cycle and apoptosis
for the analyzed LRAGs highlights the effects of lithium
on these processes. Previous studies also showed that lith-
ium can either stimulate or inhibit cell proliferation [54].
Through inducing cell cycle [55, 56] and inhibiting apopto-
sis [57, 58], lithium can stimulate proliferation of hippocam-
pal stem/progenitor cells to inhibit the apoptosis of neurons
and peripheral blood cells, which often occurs in BD [59,
60]. However, other cell types could be subjected to the anti-
proliferative effect of lithium; hence, normal development
will be disrupted (especially at prenatal stages) [55].

Consistent with other studies, the components of the PI
signaling pathway were enriched in our study. In fact, of
the six reported components of this pathway, four genes
(IMPAI, IMPA2, PLCG1, and INPP1) were enriched as the
main players of the signal transduction process (Table 2).
This pathway was previously known as the most important
intracellular signaling system related to lithium responsive-
ness in BD [61, 62]. Another enriched biological process for
the LRAGs was ‘response to drug’, suggesting that lithium
affects this process, which is shared between most therapeu-
tic reagents. This data may also explain the synergistic or
antagonistic effects of drugs when combination therapy is
used for treatment of BD [63]. Another enriched biological
process for the LRAGs was ‘Negative regulation of glu-
cocorticoid receptor signaling pathway’, previously linked
to both pathogenesis and lithium response of BD [64-66].
This pathway is a common target for many mood stabiliz-
ers [67]. Of note, the enrichment of a particular biological
process does not necessarily imply that its activation (rather
than suppression) is in favor with lithium responsiveness.
For example, there is evidence that shows the induction of
the glucocorticoid signaling pathway could interfere with
the proliferative effect of lithium on hippocampal neurons
[68].

Regarding the signaling pathways of lithium respon-
siveness, the crucial role of dopaminergic and choliner-
gic systems are evident in the etiology of BD [69]. In fact,
hyperactivation of dopaminergic and cholinergic synapses,
respectively, underlie the mania and depression states in BD
[70, 71]. Pharmacological studies showed that an efficient
mood stabilizer for BD is one that could suppress the activity
of both dopaminergic [72] and cholinergic [73] synapses,
thereby, both manic and depressive episodes could be con-
trolled. With this capability, lithium is suggested as a potent
drug for prevention of manic and depressive episodes in BD.

Another signaling pathway related to lithium responsive-
ness was morphine addiction that showed a crosstalk with
the dopamine pathway (Fig. 5). Studies have shown that the
morphine pathway activates dopaminergic synapses, which
is not useful in the treatment of BD [71]. By counteracting
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the negative effect of the morphine pathway [74], lithium
could be an efficient treatment for BD.

When we analyzed the LRAGs of the enriched signal-
ing pathways, we found that a significant number of the
LRAGS in these pathways are transcription factors (21.9%)
and kinases (12.5%). Among these LRAGs, the strongest
experimental supports were reported for NRIDI (nuclear
receptor subfamily 1 group D member 1) and GSK-34 [75].
Overall, the four predicted signaling pathways harbor several
LRAGES at their critical points (i.e., receptors, kinases, and
transcription factors), enabling lithium to effectively modu-
late the pathways to treat BD. Therefore, patients with dif-
ferent expression of these LRAGs may respond to lithium
variably.

While we predicted four distinct significant pathways
related to lithium responsiveness, we hypothesize that
coordinated activity of these pathways may mediate lithium
therapeutic effects. Therefore, we sought to find possible
links between the pathways. We found that these pathways
can form an interaction network via sharing several proteins.
Moreover, we sought to find miRNAs capable of targeting
several genes of the network. Such miRNAs not only could
regulate the whole network as master regulators, but also
they have the criteria to be a predictive value for discrimi-
nating lithium responders from non-responders [76]. Of the
predicted miRNAs, miR-181b [77], miR-181c [77], miR-
494 [78, 79], miR-30a [80], miR-30c [80], and miR-203a
[79] were previously linked to lithium responsiveness in BD.
miR-493, miR-302c, miR-505, and miR-101 were not previ-
ously linked to lithium responsiveness, but there is evidence
for their association with the etiology of BD [81].

In addition, there is no evidence for the association of
miR-448 and miR-502, either in the etiology or in lithium
responsiveness of BD, and this is the first time they have
been suggested to be lithium-responsive miRNAs. miR-502
is known to be highly expressed in lymphoid organs; there-
fore, it could be a good traceable molecular marker for pre-
diction of lithium responsiveness in BD [82]. Nevertheless,
a combined set of miRNAs is more beneficial than a single
miRNA for clinical applications [83]. Studies showed that
most of the known lithium-responsive miRNAs are enriched
in the hippocampus [84], suggesting the hippocampal neural
cell cultures as a good strategy to investigate the mecha-
nism of action of lithium in vitro. These findings are also
consistent with our data of brain regions linked to lithium
responsiveness (Fig. 3c).

Our study is limited by the lack of information about the
newly discovered genes whose genomic loci were associ-
ated with lithium responsiveness (e.g., AL157359.3 and
ALI157359.4 [2]). Since the function and interaction prop-
erties of such genes are not known yet, they could not be
detected and enriched in a particular biological process
or signaling pathway by the available databases. Through
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functional characterization and identification of their inter-
acting molecules (e.g., RNAs and proteins), they could be
included in futures studies to complement our findings. Fur-
thermore, the findings of this study need to be further inves-
tigated through experimental validations in order to translate
them into clinical practice.

5 Conclusion

In this study, we analyzed well documented LRAGS to pro-
vide an integrated mechanism for lithium therapeutic effects
in BD. Understanding these mechanisms could translate into
tests to discover which patients are most likely to respond to
lithium, which could enable tailored treatment [85]. Moreo-
ver, gaining insight into the mechanism of action of lithium
will be crucial to develop new safer treatments for BD [86].
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