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Abstract

Lithium’s inhibitory effect on enzymes involved in sulfation process, such as inhibition of 3’(2’)-phosphoadenosine 5’-phos-
phate (PAP) phosphatase, is a possible mechanism of its therapeutic effect for bipolar disorder (BD). 3’-Phosphoadenosine
5’-phosphosulfate (PAPS) is translocated from cytosol to Golgi lumen by PAPS transporter 1 (PAPST1/SLC35B2), where
it acts as a sulfa donor. Since SLC35B2 was previously recognized as a molecule that facilitates the release of D-serine,
a co-agonist of N-methyl-D-aspartate type glutamate receptor, altered function of SLC35B2 might be associated with the
pathophysiology of BD and schizophrenia (SCZ). We performed genetic association analyses of the SLC35B2 gene using
Japanese cohorts with 366 BD cases and 370 controls and 2012 SCZ cases and 2170 controls. We then investigated expres-
sion of SLC35B2 mRNA in postmortem brains by QPCR using a Caucasian cohort with 33 BD and 34 SCZ cases and 34
controls and by in situ hybridization using a Caucasian cohort with 37 SCZ and 29 controls. We found significant associations
between three SNPs (rs575034, rs1875324, and rs3832441) and BD, and significantly reduced SLC35B2 mRNA expres-
sion in postmortem dorsolateral prefrontal cortex (DLPFC) of BD. Moreover, we observed normalized SLC35B2 mRNA
expression in BD subgroups who were medicated with lithium. While there was a significant association of SLC35B2 with
SCZ (SNP rs2233437), its expression was not changed in SCZ. These findings indicate that SLC35B2 might be differentially
involved in the pathophysiology of BD and SCZ by influencing the sulfation process and/or glutamate system in the central
nervous system.
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Introduction

Accumulating evidence has shown the importance of the
glutamate system in the pathophysiology of bipolar dis-
order (BD) (Kim et al. 2017) and schizophrenia (SCZ)
(O’Donovan et al. 2017). Genetic studies have demonstrated
associations of genes involved in glutamatergic neurotrans-
mission with BD (Benedetti et al. 2018) and SCZ (Uezato
et al. 2012, 2017). Moreover, expression of genes involved
in the glutamate system is altered in postmortem brains of
subjects with BD (Uezato et al. 2009; McCullumsmith et al.
2007; Beneyto et al. 2007; Dean et al. 2016) and SCZ (Funk
et al. 2017; Uezato et al. 2009; Uno and Coyle 2019) in brain
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regions of interest such as the dorsolateral prefrontal cortex
(DLPFC), anterior cingulate cortex (ACC), and temporal
lobe (hippocampus).

As a co-agonist, D-serine modulates the activity of the
N-methyl-D-aspartate (NMDA) type glutamate receptor in
the presence of glutamate (Mothet et al. 2000). In our pre-
vious rat study, we identified a molecule that facilitates the
release of D-serine from cells and designated it as DSM-1
(D-serine modulator-1) (Shimazu et al. 2006). Dsm-1 is a
rat ortholog of human 3’-phosphoadenosine 5’-phosphosul-
fate (PAPS) transporter 1 (PAPST1)/solute carrier family 35
member B2 (SLC35B2). SLC35B2 was originally identified
as a molecule that translocates PAPS from cytosol into the
Golgi lumen where PAPS acts as a sulfa donor (Kamiyama
et al. 2003). Since PAPS is one of the substrates of PAP
phosphatase (EC 3.1.3.7), which is inhibited by lithium
(Li*), PAP phosphatase might be a novel target of Li*
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therapy for BD (Yenush et al. 2000). Moreover, PAP phos-
phatase also has an inositol-polyphosphate 1-phosphatase
activity (Lopez-Coronado et al. 1999). Thus, elucidating the
sulfation process in BD may extend an understanding of the
pathophysiology of BD and connect it to the inositol deple-
tion hypothesis (Berridge 1985; Yu and Greenberg 2016).

The SLC35B2 gene resides in the chromosomal posi-
tion 6p21.1, where multiple genetic studies have demon-
strated linkage or associations with BD (Doyle et al. 2010)
and SCZ (Bamne et al. 2012; Yue et al. 2011; Zhang et al.
2013; Schizophrenia Psychiatric Genome-Wide Association
Study 2011), suggesting genetic involvement of SLC35B2.
We hypothesized that SLC35B2 has a role in the pathophysi-
ology of BD and SCZ, through its involvement in sulfation
process and glutamate system. Here, we report the findings
of the multiple experiments performed in the separate set-
tings. In these experiments, we performed case—control
genetic association analyses for single-nucleotide polymor-
phisms (SNPs) in the SLC35B2 in BD and SCZ. We then
investigated mRNA expression for SLC35B2 in postmortem
brain from patients with BD and SCZ.

Methods
Case-control genetic association analysis
Subjects

Informed consent was obtained from all participants. They
were all Japanese. All patients were diagnosed by experi-
enced psychiatrists using semi-structured interviews accord-
ing to the Diagnostic and Statistical Manual of Mental Dis-
orders, Fourth Edition (DSM-IV) (American Psychiatric
Association 1994). For controls (CTL), experienced psychia-
trists performed clinical interviews and confirmed that they
did not have major mental disorders. We utilized one cohort
for BD and three for SCZ, and each of them was studied in
separate settings for the current study. The characteristics of
each cohort are described as follows.

BD cohort

The subjects were collected in the Tokyo Medical and Den-
tal University, Hamamatsu University School of Medicine,
Shiga University of Medical Science Hospital, University
of Tokyo Hospital, Laboratory for Molecular Dynamics of
Mental Disorders and Laboratory for Molecular Psychia-
try. These include 366 patients with BD (50.1 & 13.4 years
old, 181 males and 185 females) and 370 controls
(50.6 +12.6 years old, 185 males and 185 females). CTL
were selected from students, nurses, office workers, and doc-
tors in participants’ institutes, and their acquaintances.
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SCZ cohort A

The cohort consists of 281 SCZ (51.3+11.6 years old, 136
males and 145 females) and 289 CTL (48.4 4+ 12.4 years old,
123 males and 166 females) collected by the Laboratory
for Molecular Psychiatry of RIKEN Brain Science Institute.
CTL were recruited from hospital staff and their acquaint-
ances. Participants were residing in the vicinity of RIKEN
which is in the western part of Tokyo. Therefore, population
stratification should be negligible.

SCZ cohort B

The cohort was collected in the Tokyo Medical and Dental
University. These include 237 SCZ (41.0+ 10.8 years old,
138 males and 99 females) and 233 CTL (42.8 +12.2 years
old, 119 males and 114 females). CTL were recruited from
hospital staff and their acquaintances. Participants were
residing in the vicinity of the Tokyo Medical and Dental
University which is in the eastern part of Tokyo. Therefore,
population stratification should be negligible.

SCZ cohort C

The cohort consists of 2,012 unrelated SCZ
(48.1+14.4 years old, 1,111 males and 901 females) and
2,170 CTL (42.4 +14.2 years old, 889 males and 1,281
females) collected by the Laboratory for Molecular Psychia-
try of RIKEN Brain Science Institute. All participants were
recruited from the Hondo area. A genome-wide study of the
Japanese population has shown that the Hondo forms a dis-
tinct population cluster that is clearly separated from Han-
Chinese and another Japanese cluster, Ryukyu (Yamaguchi-
Kabata et al. 2008). In addition, recruitment was mostly
restricted to the Kanto district of the Hondo area, which
includes Tokyo and its surrounding areas. Therefore, popula-
tion stratification should be negligible. CTL subjects were
recruited from hospital staff and volunteers who showed no
present or past evidence of psychoses and no family history
of mental illness within the second degree of relationship
during brief interviews by expert psychiatrists.

SNP selection

SNPs were obtained from Japanese genotype data of the
HapMap database (release 27) (http://hapmap.ncbi.nlm.
nih.gov/index.html). We used Paul de Bakker's Tagger tag
SNP selection algorithm as implemented in Haploview v4.2
(http://www.broadinstitute.org/scientific-community/scien
ce/programs/medical-and-population-genetics/haploview/
haploview /) (Barrett et al. 2005) [correlation coefficient
(%) > 0.80 and minor allele frequency (MAF) > 0.1] to select
the most informative SNPs (tag SNPs) in terms of linkage
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disequilibrium (LD), from SNPs located within the 10 kb
up- and down-stream regions of the SLC35B2 gene. In addi-
tion to these tag SNPs, SNPs that might affect gene func-
tion but are not covered by HapMap database were obtained
from NCBI dbSNP (http://www.ncbi.nlm.nih.gov/SNP/). We
prepared two sets of SNPs according to their range of distri-
butions (Narrow and wide range SNP sets) (Supplementary
Table 1, Supplementary Fig. 1). The narrow range SNP set
(Narrow SNPs set) was studied for the BD cohort and SCZ
cohort A and B, while the wide range SNP set (Wide SNPs
set) was studied for the SCZ cohort C (Table 1).

Genotyping

Genomic DNAs from all subjects were prepared from
peripheral whole blood cells by the phenol extraction
method or by the DNA Extraction Kit (Stratagene). We used
TagqMan assay (Applied Biosystems) to genotype SNPs.
For the TagMan assay, primer/probes were designed using
Assays-by-Design™ SNP genotyping systems (Applied Bio-
systems) and fluorescence was determined using the ABI
7900 Sequence Detection System and SDS v2.0 software
(Applied Biosystems, Foster City, California).

Postmortem brain mRNA expression analysis
Brain regions and mRNA measurements

The DLPFC and ACC of SCZ are investigated by various
strands of scientific methods, because cognitive deficits, a
fundamental symptom of this disorder, reflect dysfunction of
these brain regions. For example, changes in gamma oscilla-
tory activity reflecting cognitive dysfunction are speculated

to be a consequence of alteration in the glutamate-GABA
neural circuitry of the DLPFC (Schoonover et al. 2020).
Because the DLPFC comprises a corticolimbic circuitry
which is speculated to be disturbed and affecting emotion
regulation in BD (Kebets et al. 2021), it is an attractive brain
region to investigate for the pathophysiology of this disor-
der (Jun et al. 2014). For these reasons, in conjunction with
availability of postmortem brain samples, the DLPFC (of
BD and SCZ) and ACC (of SCZ only) were selected for the
current postmortem study.

The current study investigated the mRNA expression of
SLC35B2 by real-time quantitative reverse transcriptase
polymerase chain reaction (QRT-PCR) and in situ hybridiza-
tion (ISH) on postmortem brain tissues from different brain
banks.

Brain RNA and qRT-PCR

The RNA from the postmortem DLPFC of subjects compris-
ing 33 BD and 34 SCZ cases and 34 CTL was donated by
the Stanley Medical Research Institute (SMRI; http://www.
stanleyresearch.org) (Torrey et al. 2000). Left hemisphere
or right hemisphere was randomly allocated for each sample
by the brain bank.

gqRT-PCR analysis was performed using the ABI PRISM
7900 Sequence Detection System. TagMan primer/probes
for SLC35B2 (GenBank accession number NM_178148) and
for glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
NM_002046), which served as the endogenous reference,
were purchased (Assay-on-Demand) from Applied Biosys-
tems. All reactions were performed in duplicate, according
to the manufacturer’s protocol. A comparative threshold
cycle (Cp) method validation experiment was done to check

Table 1 The summary of the findings of the genetic association and postmortem studies

Cohort BD cohort SCZ cohort A SCZ cohort B SCZ cohort C
Genetic association study

Case/CTL 366/370 281/289 237/233 2,012/2,170
SNPs investigated Narrow SNPs set Wide SNPs set
Findings (SNPs association) SNPS5, SNP6, SNP8 No association SNP4 SNP2

SNP4 (by meta-analysis on SNP4 or SNP9)

Postmortem study

Brain region (bank)

DLPFC (SMRI)

ACC (MSMC/Bronx)

Case/CTL 33 (BD), 34 (SCZ)/34 (CTL) 37(SCZ)/29(CTL)
Method qRT-PCR ISH
Findings (change in mRNA expression) Decreased in BD unchanged

(normalized by lithium)

Bold values indicate statistically significant

SNP single-nucleotide polymorphisms, CTL controls, BD bipolar disorder, SCZ schizophrenia, DLPFC dorsolateral prefrontal cortex, SMRI
Stanley Medical Research Institute, ACC anterior cingulate cortex, MSMC/Bronx Mount Sinai Medical Center/Bronx VA Medical Center
Department of Psychiatry Brain Bank, gRT-PCR real-time quantitative reverse transcriptase polymerase chain reaction, /SH in situ hybridization
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whether the efficiencies of target and reference amplifica-
tions were approximately equal (the slope of the log input
amount vs. AC;<0.1). One sample was randomly chosen
as the calibrator, and was amplified in each plate, to cor-
rect for experimental differences among consecutive PCR
runs. SLC35B2 mRNA was normalized to the endogenous
reference, and expressed relative to the calibrator as 2-AACT
(comparative C; method). The diagnoses of the subjects
were masked, while the assays were performed.

Brain sections and in situ hybridization

The postmortem brain tissues of ACC were donated from
the Mount Sinai Medical Center/Bronx VA Medical Center
Department of Psychiatry Brain Bank (MSMC/Bronx)
(Davidson et al. 1995). The cohort comprised 37 patients
with SCZ and 29 elderly control subjects. No evidence for
neurodegenerative changes or Alzheimer disease was found
in any of the subjects (Purohit et al. 1998). The methodology
of tissue preparation has been described elsewhere in detail
(Bauer et al. 2010).

mRNA expression was measured by ISH using sub-
clones that were generated by amplifying unique segments
of SLC35B2 (region used for probe: 594-1089) from a
human cDNA brain library (Human Adult Brain Unampli-
fied cDNA Library, Edge Biosystems; Gaithersburg, MD)
and Polymerase Chain Reaction (PCR). The methodology
of ISH has been described elsewhere in detail (Uezato et al.
2009). After obtaining the final images, film background
values were subtracted from gray-scale values of either gray
or underlying white matter regions of each section and con-
verted to optical density. Values for two sections per subject
were averaged and used for statistical analysis.

Statistical analysis

For statistical analysis in genetic association study, we used
the PLINK v1.07 program (Purcell et al. 2007) (http://pngu.
mgh.harvard.edu/~purcell/plink/). For genotype distribution
of each polymorphism, deviation from Hardy—Weinberg
equilibrium was examined by the Chi-square test. Differ-
ences between the patients and the controls with respect
to the allele frequencies and genotype distributions were
assessed using Fisher’s exact test.

For statistical analysis in postmortem study, we used
the IBM SPSS Statistics version 23. One-way analysis of
variance (ANOVA) or chi-squared test was used to examine
the difference in the distribution of demographic variables
between the groups. Linear regression analysis was per-
formed to test for associations between mRNA expression
and age, brain pH, and postmortem interval (PMI). When
significant associations with age, pH, or PMI were found,
ANCOVA was utilized; otherwise, ANOVA was utilized.
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Post hoc analyses were performed with Dunnett’s test for
gqRT-PCR data and Tukey's HSD test for ISH data. «=0.05
was used for significance. We did not apply correction for
multiple testing for the current study.

Results

The summary of the findings of the genetic association and
postmortem studies is shown in Table 1.

Association between SLC35B2 and BD

All SNP markers were within the Hardy—Weinberg Equi-
librium (HWE) in control subjects, while SNP8 in BD sub-
jects showed deviation from HWE. Genotype and allele
frequencies of the SNP5 (rs575034), SNP6 (rs1875324),
and SNP8 (rs3832441) were significantly different between
BD and CTL (Table 2). The genotype frequency of the
SNP6 remained significant even after Bonferroni correc-
tion (a=0.0071).

Since our analyses showed associations in several regions
of SLC35B2 gene, we performed further haplotype analyses.
LD block structure was assessed for the combined data of
BD and CTL (Supplementary Fig. 2). Due to SNP4 to SNP8
being in the same LD block, we performed haplotypic asso-
ciation analysis for these 5 SNPs. Haplotypic distributions
were significantly different between BD and CTL (P=0.008,
Supplementary Table 2).

Association between SLC35B2 and SCZ

In the SCZ cohort A, all SNP markers were within the
HWE in CTL and SCZ subjects. The case—control analysis
of SLC35B2 showed no evidence of association with SCZ
for allelic or genotypic distributions of the 7 SNPs (Sup-
plementary Table 3a).

In the SCZ cohort B, all SNP markers were within the
HWE in CTL, while SNP7 in SCZ subjects showed deviation
from HWE. Allele frequencies of SNP4 (rs9394996) were
significantly different between SCZ and CTL (P =0.045,
odds ratio (OR) [95% confidence interval (95% CI)=0.71
(0.51-1.00)]), although not surviving after Bonferroni cor-
rection (x=0.0071) (Supplementary Table 3b).

In the SCZ cohort C, all SNP markers were within the
HWE in CTL and SCZ subjects. In genotypic and allelic
test, SNP2 (1rs2233437) showed a significant association (C
allele is over-represented in the disease subjects; genotypic
P=0.005 and allelic P=0.035; OR=1.10 (1.01-1.20))
(Table 3). The genotypic P value survived the multiple test-
ing using false discovery rate (P =0.030).

Because SNP4 and SNP9 are the only SNPs which are
commonly examined for the SCZ cohorts A and B (Narrow
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Table 2 Association of SNPs in SLC35B2 in BD cohort

SNP name Allele * Group HWE Genotype ° Allele ®
Accession 172 1/1 172 2/2 P value 1 2 P value OR (95% CI)
SNP3 A/G CTL 0.984 120 179 68 419 315
rs2282151 0.327 0.488 0.185 0.571 0.429
BD 0.390 103 171 87 0.154 3717 345 0.066 1.22
0.285 0.474 0.241 0.522 0.478 (0.98-1.50)
SNP4 T/G CTL 0.932 225 125 17 575 159
rs9394996 0.613 0.341 0.046 0.783 0.217
BD 0.644 235 114 11 0.381 584 136 0.193 0.84
0.653 0.317 0.031 0.811 0.189 (0.65-1.10)
SNP5 G/T CTL 0.525 120 173 73 413 319
1s575034 0.328 0.473 0.199 0.564 0.436
BD 0.961 89 180 94 0.025 358 368 0.0074 1.33
0.245 0.496 0.259 0.493 0.507 (1.08-1.64)
SNP6 C/A CTL 0.492 123 173 72 419 317
rs1875324 0.334 0.470 0.196 0.569 0.431
BD 0.834 89 185 90 0.020 363 365 0.0075 1.33
0.245 0.508 0.247 0.499 0.501 (1.08-1.64)
SNP7 C/G CTL 0.274 326 38 3 690 44
1s3734707 0.888 0.104 0.008 0.940 0.060
BD 0.739 322 39 1 0.750 683 41 0.824 0.94
0.890 0.108 0.003 0.943 0.057 (0.59-1.50)
SNP8 CA/- CTL 0.521 194 138 30 526 198
rs3832441 0.536 0.381 0.083 0.727 0.273
BD 0.0065 207 146 9 0.0024 560 164 0.045 0.78
0.572 0.403 0.025 0.773 0.227 (0.61-0.99)
SNP9 C/T CTL 0.560 220 133 16 573 165
rs3187 0.596 0.360 0.043 0.776 0.224
BD 0.748 231 119 13 0.522 581 145 0.277 0.87
0.636 0.328 0.036 0.800 0.200 (0.67-1.12)

Bold values indicate statistically significant

SNP single-nucleotide polymorphisms, CTL controls, BD bipolar disorder, HWE Hardy—Weinberg equilibrium, OR Odds ratio, 95% CI 95%

confidence intervals

1/2 indicates major/minor allele

®Counts and frequencies are shown on the upper line and lower line, respectively

SNPs set) and SCZ cohort C (Wide SNPs set) (Supplemen-
tary Table 1), we performed meta-analysis on these 2 SNPs.
The meta-analysis yielded a significant odds ratio (Man-
tel-Haenszel OR=0.89, 95% CI (0.81, 0.98)) for SNP4
(Table 1).

SLC35B2 mRNA expression in BD and SCZ measured
by qRT-PCR

The demographic details of the subjects are shown in Sup-
plementary Table 4. Among the BD group, 8 patients were
medicated with Li*.

No significant difference in age distribution was observed
between the three groups. However, there was a significant

difference in gender distribution (P =0.022, BD was differ-
ent from other groups) and brain pH (P=0.015, CTL <BD).
Linear regression analysis revealed no significant associa-
tion between SLC35B2 mRNA expression and age, PMI, or
brain pH.

Using ANOVA, we detected a main effect for diagnosis
(F(2,98)=3.10, P=0.049). Dunnett’s post hoc test revealed
that SLC35B2 mRNA expression is significantly decreased
in DLPFC of BD (0.90 +£0.35 (mean + SD)) compared to
CTL (1.12+0.36) (P=0.030) (Fig. 1a).

Because SLC35B2 mRNA expression could be influenced
by Li* use, we divided BD group into two subgroups accord-
ing to Li* status and re-analyzed the data BD vs. CTL.
BD-Li*(+) (subjects who were on Li* therapy) consisted of
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Table 3 Association of SNPs in SLC35B2 in SCZ cohort C

SNP name Allele * Group HWE Genotype ° Allele ®
Accession 12 1/1 172 2/2 P value © 1 2 Allelic P © OR (95%CI)
SNP1 T/C CTL 0.900 1323 736 104 3382 944
1rs2233434 0.612 0.340 0.048 0.782 0.218
SCZ 0.679 1275 674 86 0.254 3194 816 0.101 0.92
0.627 0.331 0.042 0.797 0.203 (0.82-1.02)
SNP2 C/T CTL 0.092 641 1037 485 2319 2007
1s2233437 0.296 0.479 0.224 0.536 0.464
SCzZ 0.066 502 1035 451 0.005 2039 1937 0.035 1.10
0.253 0.521 0.227 (0.030) 0.513 0.487 0.173) (1.01-1.20)
SNP4 T/G CTL 0.367 1354 708 104 3416 916
1s9394996 0.625 0.327 0.048 0.789 0.211
SCzZ 0.181 1299 617 88 0.297 3215 793 0.128 0.92
0.648 0.308 0.044 0.802 0.198 (0.83-1.02)
SNP9 C/T CTL 1 1315 732 102 3362 936
rs3187 0.612 0.341 0.047 0.782 0.218
SCz 0.946 1259 665 86 0.565 3183 837 0.296 0.95
0.626 0.331 0.043 0.792 0.208 (0.85-1.05)
SNP10 G/A CTL 0.245 1187 820 161 3194 1142
1s504697 0.548 0.378 0.074 0.737 0.263
SCzZ 0.312 1069 780 159 0.592 2918 1098 0.311 1.05
0.532 0.388 0.079 0.727 0.273 (0.96-1.16)
SNP11 C/T CTL 0.586 1001 926 226 2928 1378
1513296 0.465 0.430 0.105 0.680 0.320
SCz 0.077 909 848 237 0.364 2666 1322 0.270 1.05
0.456 0.425 0.119 0.669 0.331 (0.96-1.16)
SNP12 T/G CTL 0.574 648 1061 456 2357 1973
1s3757283 0.299 0.490 0.211 0.544 0.456
SCz 0.589 607 982 418 0.972 2196 1818 0.809 0.99
0.302 0.489 0.208 0.547 0.453 (0.91-1.08)
SNP13 A/G CTL 0.957 1134 864 166 3063 1167
rs9381299 0.524 0.399 0.077 0.724 0.276
SCz 0.651 1059 798 142 0.774 2877 1071 0.655 0.97
0.530 0.399 0.071 0.729 0.271 (0.88-1.07)

Bold values indicate statistically significant
SNP single-nucleotide polymorphisms, CTL controls, BD bipolar disorder, HWE Hardy—Weinberg equilibrium, OR odds ratio, 95% CI 95% con-

fidence intervals

1/2 indicates major/minor allele

®Counts and frequencies are shown on the upper line and lower line, respectively

“Parentheses indicate P values of the false discovery rate using the Benjamini—Hochberg procedure as a multiple testing based on 100,000 per-

mutations

8 patients and BD-Li*(-) (subjects who were not) consisted
of 25 patients. There was no difference between BD-Li*(-)
and BD-Li*(+) in age, PMI, or brain pH. ANOVA showed
a main effect for Li* group (F(2, 64)=3.37, P=0.040). Post
hoc analysis revealed a significant reduction of SLC35B2
mRNA expression in BD-Li*(-) (0.89 +0.32) compared to
CTL (1.12+0.36) (P=0.027). There was no significant dif-
ference in SLC35B2 mRNA expression between CTL and
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BD-Li(+) (0.95+0.43) (p=0.37) (Fig. 1b). For SCZ, three
cases were on Li* (SCZ-Li*(+)) and their mean SLC35B2
mRNA expression was 1.62+0.28, while the one of SCZ
cases without Lit use (SCZ-Li*(-)) was 0.99 +0.37. Pear-
son correlation analysis revealed no correlation between
SLC35B2 mRNA expression and lifetime antipsychotics
dose (chlorpromazine equivalent) in BD or SCZ.
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Fig. 1 SLC35B2 mRNA expression measured by qRT-PCR. Box and
whiskers plots showing the distribution of SLC35B2 mRNA expres-
sion measured by qRT-PCR in the three diagnostic groups (a) and BD
subgroups divided according to the Li* use. The boxes delineate the
second and third quartiles, the horizontal lines in the boxes represent

SLC35B2 mRNA expression in SCZ measured by ISH

The pattern of expression for the probe was relatively uni-
form within the gray and underlying white matter, and no
lamination was observed (Fig. 2a). Therefore, we analyzed
the entire profile of either the gray or the white matter of
each section for the transcript. We detected higher levels of
SLC35B2 mRNA expression in the gray matter of the ACC,
compared to those in the white matter.

The demographic details of the subjects are shown in
Supplementary Table 5. No significant difference in age
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the medians, and the vertical bars (whiskers) show the extent of the
data spread. The crosses indicate the means. SLC35B2, 3’-phospho-
adenosine 5’-phosphosulfate transporter 1 (PAPSTI); CTL control,
BD bipolar disorder, SCZ schizophrenia, Li* lithium. *P <0.05

was observed between the groups. However, there was a sig-
nificant group difference in gender distribution (P =0.004)
and PMI (P =0.003). Regression analysis revealed a sig-
nificant association between SLC35B2 mRNA expression
and pH in the gray matter of the ACC. ANCOVA with
pH as a covariate revealed no significant difference in
SLC35B2 mRNA expression in SCZ either in the gray mat-
ter (F(1, 63)=0.336, P=0.564) or in the white matter (F(1,
63)=0.208, P=0.650) (Fig. 2b, c).

White matter
0.124

0.10

0.08+

2 0.06-
o

0.04+

0.08

2 0.06-
o

0.04+

0.02

CTL

Fig.2 SLC35B2 mRNA expression measured by ISH. Box and
whiskers plots showing the distribution of SLC35B2 mRNA expres-
sion measured by ISH in the three diagnostic groups (a) and BD sub-
groups divided according to the Li* use. The boxes delineate the sec-
ond and third quartiles, the horizontal lines in the boxes represent the

S(I)Z CTI'L S(I)Z

medians, and the vertical bars (whiskers) show the extent of the data
spread. The crosses indicate the means. SLC35B2, 3’-phosphoadeno-
sine 5’-phosphosulfate transporter 1 (PAPST1); ISH in situ hybridiza-
tion, CTL control, SCZ schizophrenia, O.D. optical density
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Discussion

The remarkable findings of the current study were the sig-
nificant allelic and genotypic associations of SLC35B2 gene
with BD and the decreased SLC35B2 mRNA expression in
the DLPFC of patients with BD. For SCZ, although there
was a significant genotypic association with SLC35B2 gene,
no change in SLC35B2 mRNA expression was observed in
DLPFC or ACC (Table 1).

SNPS5 resides in the intron 1. SNP6 is a silent mutation
and SNP8 is located in 3’-UTR, both residing in the exon 4
(Supplementary Fig. 1, Supplementary Table 1). Although
neither of these SNP changes the amino acid sequence of the
SLC35B2 protein, there is increasing evidence that 3’-UTRs
of mRNAs contain regulatory elements with important roles
in post-transcriptional control of gene expression (Hesketh
2004). It is also reported that the polymorphisms in the
intron may affect transcriptional activity (Tsukada et al.
2006). Although determining the role of the polymorphisms
in these regions in SLC35B2 gene will require further bio-
logical experiments, these BD associated SNPs may have
important roles in gene regulation. Otherwise, the functional
SNPs in a regulatory region of the gene, which is in link-
age disequilibrium with these BD associated SNPs, may

contribute to the reduction of SLC35B2 mRNA expression
as demonstrated in the present study. We used GTEx Portal
(https://gtexportal.org/home/) to test if the SNPs in this study
are expression quantitative trait locus (eQTL) by referencing
the data source GTEx Analysis Release V8 (dbGaP Acces-
sion phs000424.v8.p2). No data were available for SNP4, 7,
or 8. None of the other SNPs demonstrated significant effect
on SLC35B2 expression in ACC or DLPFC. However, the
SNP13 demonstrated a significant effect (p =0.045, normal-
ized effect size =— 0.14) in the tissue ‘Cortex’, suggesting
possible involvement of this SNP in gene expression.

Our findings are not consistent with the recent genome-
wide association study (GWAS) on European descent by the
Bipolar Disorder Working Group of the Psychiatric Genom-
ics Consortium which did not identify our gene locus as
genome-wide significant (Stahl et al. 2019). This study also
used MAGMA (Multi-marker Analysis of GenoMic Anno-
tation) to conduct gene-wise GWAS and reported data for
SNPs in SLC35B2. The gene-wide GWAS for SLC35B using
136 SNPs which included 8 SNPs of our study (SNP1, 2, 5,
6, 8, 10, 11, and 13) was non-significant (the joint p=0.73,
the highest p=0.67). The discrepancy between the two stud-
ies might be attributed to ethnic difference.

SLC35B2 translocates PAPS from cytosol into the
Golgi lumen where PAPS acts as a sulfa donor for sulfation

ATP
PAPSS1
PAPSS2 SULT4A1 =— BPNT1
{pAPSS | | SULTs / . PapP |
APS | ‘e | pAPS | e | ppp | me— | AVP
Cpapp .
cytosol " SLC35B2 \“: I Lit ).?
Py A e . (PAPSTY) I
R —
| gSULTs | ! gPAPP !
PAPS — PAP —) AMP
Golgi lumen

Fig.3 Conceptual diagram of sulfation process involving SLC35B2.
Li*, lithium; APS, adenosine 5’ -phosphosulfate; PAPS, 3’-phos-
phoadenosine 5’-phosphosulfate; SULT, sulfotransferase; AMP,
adenosine 5’-phosphate; PAPP, 3’-phosphoadenosine 5’-phosphate
phosphatase; BPNT-1, bisphosphate 3’-nucleotidase; SLC35B2,
3’-phosphoadenosine 5’-phosphosulfate transporter 1 (PAPST1);
IMPADI, inositol monophosphatase domain containing 1. In cytosol,
APS is phosphorylated by PAPSS to form PAPS. PAPS is degraded
by two different pathways. In the first pathway, PAPS is desulfated
by SULT, forming PAP, which is then dephosphorylated by PAPP
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to yield AMP. In the second pathway, PAPS is dephosphorylated
by PAPP to yield APS. PAPS is translocated into Golgi lumen by
SLC35B2. In Golgi lumen, PAPS is desulfated by gSULT, forming
PAP, which is then dephosphorylated by gPAPP to yield AMP. The
inhibition of PAPP by Li* raises intracellular concentration of PAPS
by reducing the dephosphorylation of PAPS to APS, or by the reduc-
tion of SULTs activity as a consequence of accumulated PAP. The
diagram is modified from the papers by Klaassenn et al. (1997) and
Meisel et al. (2016)
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(Fig. 3) (Kamiyama et al. 2003). Decreased SLC35B2 may
result in the reduction of PAPS availability, leading to the
interference of sulfation process. It follows that important
physiological processes that might be impaired include
deactivation and bioactivation of xenobiotics, inactivation
of hormones and catecholamines, structure and function of
macromolecules, and elimination of end products of catabo-
lism (Klaassen and Boles 1997), leading to dysfunction of
neuronal systems in BD. Consistent with this hypothesis,
SLC35B2 is essential for sulfation-dependent cell growth
during neural development and stem cell maintenance/dif-
ferentiation (Bhattacharya et al. 2009; Sasaki et al. 2009).

Despite the limitation due to the small sample size and
lack of protein measurement, the finding that SLC35B2
mRNA expression in BD-Li*(-) is reduced (Fig. 1b) might
represent a novel therapeutic effect of Li* for BD. In the
PAPS metabolism pathway conceptualized from studies in
yeast (Klaassen and Boles 1997) and C. elegans (Meisel and
Kim 2016) (Fig. 3), inhibition of PAP phosphatase by Li*
raises intracellular concentration of PAPS by reducing the
dephosphorylation of PAPS to adenosine 5’-phosphosulfate
(APS), or by the reduction of PAPS reductase (sulfotrans-
ferase, SULT) activity as a consequence of accumulated PAP
(Murguia et al. 1996). Thus, PAPS availability would be
‘recovered’ to the normal level. Increased cytosolic PAPS
then upregulates SLC35B2 mRNA, as is demonstrated in
the present study in which the SLC35B2 mRNA level in
BD-Li*(+) is apparently restored to the level of controls.
Consistently, SCZ-Li*(+) demonstrated higher SLC35B2
mRNA level than SCZ-Li*(-) in our study, while evidence
of beneficial clinical effects of Li* and the role of sulfation
in SCZ is limited (Luo et al. 2020).

An alternative view of the effect of Li* on PAPS metabo-
lism pathway is based on evidence that PAP accumulation
has a toxic effect on RNA processing and PAPS-utilizing
enzymes (Lopez-Coronado et al. 1999). mRNA stabilization
and enzyme inhibition might be related to the normaliza-
tion of overactive neurons in BD as therapeutic effects. This
hypothesis is inconsistent with the findings in the present
study in which SLC35B2 mRNA expression is reduced in
BD, which should reduce PAPS availability and further
decelerate sulfation process. However, it is consistent with
the other studies which demonstrated that several Li*-related
biochemical measures in BD were altered in the direction
of their response to Li* treatment. For example, PAP phos-
phatase protein was reduced in the frontal cortex of patients
with BD, although Li" inhibits PAP phosphatase (Shaltiel
et al. 2002). Likewise, inositol was reduced in frontal cortex
of patients with BD, although Li* inhibits IMPase (Shimon
et al. 1997).

Regardless of its specific direction of change, it is likely
that the effect of Li* on PAP phosphatase plays an important
role in sulfation process in the nervous system, as a recent

study demonstrated that loss of the Li*-sensitive PAP phos-
phatase, bisphosphate 3’-nucleotidase (BPNT-1), or inhibi-
tion of BPNT-1 by Li* causes selective toxicity to specific
neurons, resulting in corresponding effects on behavior in
the simple animal C. elegans (Meisel and Kim 2016).

Accumulating evidence suggests the involvement of
the glutamatergic system in the etiology and treatment of
BD (Henter et al. 2021). The glutamatergic system also
appears to be associated with treatment response to Li* in
BD (Vecera et al. 2021). In addition to the role of SLC35B2
as a PAPS transporter, SLC35B2 is involved in the trans-
port of D-serine presumably from the Golgi apparatus to
a certain cytosolic site for extracellular release in glia or
neurons (Shimazu et al. 2006). The decrease in the expres-
sion of SLC35B2 mRNA in BD demonstrated in the cur-
rent study may result in the reduction of D-serine release
leading to dysfunction of NMDAR in this disorder. In this
context, unaltered SLC35B2 mRNA expression in SCZ was
somewhat unexpected, since the NMDAR dysfunction is
well established pathophysiology of SCZ (O'Donovan et al.
2017; McCullumsmith et al. 2004). This might be due to
the methodological limitation of the current study which
measured mRNA at the region level, while cell-level altera-
tions of expression have been reported in SCZ (McCul-
lumsmith et al. 2016). Alternatively, the findings that there
was a significant genotypic association between SLC35B2
gene and SCZ, while its mRNA expression was not changed
which may suggest that the function, not expression itself,
of SLC35B2 is altered in SCZ.

In summary, while the current study is an exploratory
study and no final conclusions can be drawn, we demon-
strated genetic and expressional changes in the SLC35B2
gene, which indicate the involvement of sulfation process
and/or glutamate system in the pathophysiology of BD and
SCZ. Particularly, the upregulation of SLC35B2 gene by Li*
might be associated with therapeutic effect of Li* on PAP
phosphatase, which is involved in sulfation and inositol path-
ways. Because of the low number of lithium-treated patients
in the postmortem study, results should be replicated in an
independent sample.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00702-022-02503-7.
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