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Obsessive-compulsive disorder (OCD) is a psychiatric disorder characterized by obsessions and/or
compulsions. Different striatal subregions belonging to the cortico-striato-thalamic circuitry (CSTC)
play animportant role in the pathophysiology of OCD. The transcriptomes of 3 separate striatal areas
. (putamen (PT), caudate nucleus (CN) and accumbens nucleus (NAC)) from postmortem brain tissue
: were compared between 6 OCD and 8 control cases. In addition to network connectivity deregulation,
. different biological processes are specific to each striatum region according to the tripartite model
of the striatum and contribute in various ways to OCD pathophysiology. Specifically, regulation of
neurotransmitter levels and presynaptic processes involved in chemical synaptic transmission were
. shared between NAC and PT. The Gene Ontology terms cellular response to chemical stimulus, response
: to external stimulus, response to organic substance, regulation of synaptic plasticity, and modulation
. of synaptic transmission were shared between CN and PT. Most genes harboring common andjor rare
. variants previously associated with OCD that were differentially expressed or part of a least preserved
. coexpression module in our study also suggest striatum subregion specificity. At the transcriptional
level, our study supports differences in the 3 circuit CSTC model associated with OCD.

. Obsessive-compulsive disorder (OCD) is a psychiatric disorder characterized by obsessions and/or compulsions
: thatare time consuming, distressing, or impair daily function and are not the direct result of a medical condition
or substance use; the worldwide prevalence of OCD is 2-3%'. Family studies revealed OCD aggregation patterns;
according to twin studies, the heritability of OCD is approximately 40%>°. More recently, genome-wide asso-
ciation studies (GWAS)*> suggested that common variation in the heritability of OCD is between 25 and 30%,
indicating an important contribution of single nucleotide polymorphisms (SNPs) with a minor frequency allele
(MAF) of 5%. Meta-analysis of GWAS in OCD cases and controls® as well as GWAS in obsessive-compulsive
symptoms (OCS) in a population cohort” studying polygenic risk scores (PRS) corroborate the importance of
common variants explaining the phenotypic variance in OCD. Not all GWAS have found SNPs that are signifi-
cant at the genomic level, but all have found marginally associated SNPs. Some of these SNPs are characterized
- as methylation quantitative trait loci (mQTLs) and expression quantitative trait loci (eQTLs) in brain areas*>,
. while ENCODE/ROADMAP data suggested that other SNPs located in genome regions have regulatory poten-
. tial®. Copy number variations (CNVs) as well as exome studies examining a higher burden of de novo variations
for the involvement of very rare variations in OCD have also been performed®!. Using an innovative statistical
approach and integrating information from animal studies and targeting both coding and regulatory regions,
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Hyun Ji Noh et al.'? recently found functional variants associated with OCD. Based on Gene Ontology (GO)
enrichment analysis and gene network analysis performed in the majority of the above studies, glutamate signal-
ing, synaptic connectivity, and cortico-striato-thalamic circuitry (CSTC) are important in OCD pathophysiology.

Three smaller circuitries from different striatal subregions encompassing CSTC may play an important role
in the pathophysiology of OCD'>!; the main characteristics of CSTC are the innervation of the frontal cortex
towards the striatum (caudate nucleus (CN), putamen (PT) and accumbens nucleus (NAC))'*">. Each small cir-
cuitry has specific characteristics, including affective and limbic, cognitive and dorsal associative, and ventral
and motor. Additionally, the relation between the brain regions, paradigms and symptoms of OCD have been
explored by neuropsychological tests associated with neuroimaging investigations'®. Accordingly, distinct emo-
tional or cognitive impairments associated with OCD have been described with its brain signatures’.

In addition to symptomatic evidence involving different striatum areas associated with OCD, the striatum tri-
partite model and connectivity were defined by gene expression'®. This validation of these small circuits has been
demonstrated by delineating distinct striatum subregions based on connectivity using diffusion-weighted imag-
ing (DWI) data. The authors parcellated striatum masks by grouping seed voxels with similar profiles of extrinsic
whole-brain connectivity using k-means clustering. Then, the authors showed that these striatum subregions can
be distinguished with high accuracy based on their gene expression profile. Dopamine receptor signaling and
response to amphetamine were important sources of transcript variation separating the dorsal and ventral subre-
gions of the striatum, while transcripts associated with glutamate secretion and metabolic processes separated the
caudal subregion'®. A recent paper compared the transcriptome of brain striatum subregions from controls and
cases of Tourette syndrome (TS), which is often comorbid with OCD and has also been associated with CSTC".
In differentially expressed genes (DEGs) and coexpression module analyses, the authors found enrichment for
interneuron signaling, neuronal catabolism, microglia signaling and astrocyte metabolism, but they analyzed the
CN and PT together?.

As different areas of the striatum have transcriptome signatures and each area is more associated with a dif-
ferent portion of CSTC involved in the pathophysiology of OCD, we expected to find specific molecular profiles
deregulated in striatum subregions by comparing OCD cases and controls. At the transcriptional level, these
findings could corroborate and better explain the participation of these subregions in different circuitries involved
in OCD. OCD is a polygenic multifactorial disorder characterized by multiple affected genes working in gene net-
works; thus, using only single measures of DEGs cannot reveal deregulation of the activity observed in complex
systems®’. Accordingly, we searched DEGs and nonpreserved coexpressed modules to explore quantitative and
qualitative differences in the striatum tripartite model in OCD. In addition, we determined if genes previously
associated with OCD by prior large-scale genomic studies were represented in different striatum subregion com-
parisons, contributing to possible functional roles of different genetic variants. To our knowledge, this report
represents the first striatal postmortem OCD transcriptome study.

Results

General population characteristics. Samples were collected between October 2008 and June 2013. A
total of 109 cases were screened as potential cases of psychiatric disorders. Seventy-two cases were assigned to the
psychiatric group, and 37 cases were placed in the control group. Within the psychiatric group, the final diagnosis
was OCD in 22 cases, and the remaining 50 cases were diagnosed with psychiatric disorders (bipolar disorder 19,
major depression 16, TS 10, schizophrenia 2 and others 3) (Supplementary Fig. 1). Of the 22 OCD cases, 8 had
the best estimate diagnosis and all striatum areas, but only 6 OCD cases had viable tissue for our investigation.
Finally, we selected 8 controls (Table 1) for these 6 OCD cases matched by age, sex and laterality that had CN, PT
and NAC subregion samples available (Supplementary Table 1). Supplementary Table 2 presents descriptions of
all OCD cases.

Differential expression. The transcriptome of 42 brain samples of 3 striatum regions (CN, PT and NAC)
from 6 OCD cases and 8 controls was investigated using high-throughput technology, resulting in 2.57 billion
paired-end reads (avg. 61 million per sample). A total of 2.42 billion (92.5%) reads were aligned to the genome.
Differential expression in each striatal region was obtained according to the expression of genes in each region,
including CN (n=44,815, with 17,972 Ensembl genes), NAC (n=45,701, with 18,126 Ensembl genes) and PT
(n=45,470 with 17,886 Ensembl genes). Most parts of the assembled transcriptome were from unannotated
regions comprising approximately 40% of our dataset. According to the Ensembl annotated dataset, 26% of the
transcriptome was protein-coding genes, 3.5% lincRNAs and 3% antisense (Supplementary Fig. 2). Considering
the small sample size in this study (6 OCD cases and 8 controls), we investigated the extent to which the results
could be affected by the interindividual differences in gene expression between the donors. We used our dataset
to calculate sample-specific weights using voom in the limma package in R*. According to Liu and collabora-
tors??, samples with higher expression abundance are more robust measures; thus, they carry greater weight in
expression analysis. Ideally, sample-specific weights are approximately one. In this study, we used the Surrogate
Variable Analyses (SVA) package, which identifies sources of variation unaccounted for in a study. We used voom
to calculate the weights with and without SVA variables (SVs) to determine whether SVs could mitigate the dif-
ferent sample weights in analyses. Sample-specific weight calculations were performed using a model including
SVs (SVmodel) and a model that did not account for SV variables (NAmodel). For the CN dataset, compared
with the NAmodel (mean = 1.28, var = 0.62, median = 1.23), the SVmodel resulted in sample weight variation
(mean =1.04, var =0.078, median = 1.11). Therefore, sample-specific weights remained; however, including SV
in the model resulted in a decrease in weight variation, leading to more homogeneous weights. No statistically
significant difference was observed in weight distribution (ks =0.1549). For the NAC dataset, both distributions
of sample-specific weights were similar (Kolmogorov-Smirnov=0.9205), although the SVmodel (mean = 1.03,
var =0.061, median = 1.09) resulted in slightly higher weights slightly than did the NAmodel (mean =1.02,

SCIENTIFICREPORTS| (2019) 9:3086 | https://doi.org/10.1038/s41598-019-38965-1 2


https://doi.org/10.1038/s41598-019-38965-1

www.nature.com/scientificreports/

OCD Control

Variable Parameters | (ss=6) (ss=8) p-value
Median 79.0 74.5

Age (years)* 0.64
Mean (SE) 79.8 (5.1) 74.1 (4.8)
Female 2(33) 3(38)

Sex n (%)** 0.87
Male 4(67) 5(62)
Left 4(67) 4 (50)

Hemisphere n (%) ** 0.67
Right 2(33) 4(50)
Median 2.0 4.0

Education in years* 0.29
Mean (SE) | 2.7(1.3) 5.5(1.9)
Never 5(83) 6(75)

Alcohol abuse (%)** 0.71
Yes 1(17) 2(25)
Never 3 (50) 2(25)

Tobacco abuse (%) ** 0.34
Yes 3 (60) 6(75)
Median 15:20 14:27

Postmortem interval in hours* 1.00
Mean (SE) 15:26 (1:02) | 14:51 (1:05)
Nil 2(33) 7(87)

NPI n (%)** 0.05
Positive 4(67) 1(13)
Median 1100 1192

Volume (ml) 1 missing in each arm* 0.1
Mean (SE) 1078 (35) 1283 (116)
Median 1162 1220

Mass (g) 1 missing in each arm* 0.56
Mean (SE) | 1152(56) | 1182 (47)

Table 1. Demographic characteristics of obsessive-compulsive disorder (OCD) cases and controls (n=14). (%)*
Test for median; (%)** test for log odds ratio; ss = sample size; n = frequency; NPI=Neuropsychiatric Inventory.

var = 0.041, median =0.99). For the PT dataset, the SVmodel (mean = 1.03, var = 0.073, medina=1.02) was
slightly better than the NAmodel (mean = 1.05, var =0.12, median = 0.99), which resulted in lower sample
weight variation, with no differences between the two weight distributions (ks = 0.9205). Although the effect of
sample-specific weight remained in the CN dataset, the use of SVs in the model could contribute to more homo-
geneous weights. In this way, the bias of sample weights was small and would not impact further analyses.

Differential expression analysis with adjusted p <0.05 resulted in 245 genes (186 ENSEMBL genes) in CN,
35 genes (20 ENSEMBL genes) in NAC and 38 genes (24 ENSEMBL genes) in PT (Supplementary Tables 3-5).
No common genes were found in all three areas, but genes observed in more than one comparison (n= 6 with
6 ENSEMBL genes) were concordant in differential expression levels according to log2FC (OCD/CON). In the
biological process enrichment analysis in CN, 19 categories mostly associated with immune response, synapse
transmission and ion transport were identified. The PT enrichment analysis showed (97 categories) predom-
inantly biological process associated with cell response and proliferation in addition to metabolic regulation
(Supplementary Table 6). We could not achieve any enrichment for NAC. Our goal in this work was to compare
striatum areas between cases and controls and to compare differences between striatum areas to achieve a biologi-
cally meaningful understanding of the comparison between areas. Thus, we explored DEGs using a p-value <0.01,
without adjustment for multiple testing. We identified 1127 genes (757 ENSEMBL genes) in CN, 310 genes in
NAC (201 ENSEMBL genes) and 306 genes (193 ENSEMBL genes) in PT (Supplementary Tables 3-5).

Genes observed in more than one comparison (n = 134 with 96 ENSEMBL genes, Fig. 1) were concordant in
differential expression levels according to log2FC (OCD/CON) (Supplementary Table 7). Eight ENSEMBL genes,
including three downregulated (NPAS4, RNUSA-1 and RP11.20J15.5) and five upregulated in OCD (TMPRSS5,
bP-21264C1.3, bP-21264C1.1, and the two unannotated genes XLOC058328 and XLOC087511), were identified
by comparing the analyses of three areas. Enrichment analysis of DEGs for functional categories (253 categories)
showed predominant pathways related to immune response for CN but also synapse transmission and ion trans-
port, as expected according to the more stringent criteria for DEGs in previous analyses. In PT, 68 categories were
found. These categories corroborated the previous GO enrichment analyses, but cell response and regulation
were more clearly associated with synapse function and neurotransmitter processes. For NAC, 14 categories were
enriched. All these categories were associated with synapse and neurotransmission (Supplementary Table 6).

As we worked with bulk tissue, we also performed enrichment analysis for genes exclusive to different brain
cell types? (Table 2). To explore whether DEGs have been previously described in large-scale genomic OCD stud-
ies, we performed enrichment analysis using data from published GWAS*®, exome® and CNV's®, We also checked
for DEGs in TS that could be comorbid with OCD". We observed enrichment (p < 0.05) only for TS genes in the
three areas. Although none of the gene lists of common variations (all GWAS) or rare variations (exome and CNV
studies) were enriched, some genes overlapped in specific OCD and control comparisons by region (Table 2 and
Supplementary Table 8).

Finally, we compared our DEGs with those in a TS paper. Interesting DEGs (comparing CN and PT) in TS"
were enriched in all specific areas from this study, but differential expression levels were in the same direction in
CN only; only three genes out of 161 were inverted (Fig. 2). For PT and NAC, only 15 (43%) and 9 (37.5%) genes
had expression levels in the same direction, respectively.

SCIENTIFIC REPORTS | (2019) 9:3086 | https://doi.org/10.1038/s41598-019-38965-1 3


https://doi.org/10.1038/s41598-019-38965-1

www.nature.com/scientificreports/

A B

Differentially expressed genes by region

OCD DEGs 134 genes
Lad = % .o . ;‘. $. =
LI . l; y
& . ¥ e o

hadab

Genes
ot
[ ]

: L]
° 'o. °
o @

K3

3
L LY

g
N
%

L-o.’
U
X

log2FC (OCD/CON)
PT

Figure 1. (A) Venn diagram of DEGs (p-value < 0.01) of each striatal region CN, NAC and PT. (B) Dot blot of
log2FC (OCD/CON) on the x-axis, and genes are represented on the y-axis. Each color corresponds to a striatal
area CN (black), NAC (red) and PT (blue).

CNVs 0.1134 38 0.1930 11 0.8011 6
SNVs de novo 0.5010 1 1.0000 0 1.0000 0
GWAS 0.0514 10 0.7608 1 0.3971 2
Tourette syndrome 0.0001 159 0.0001 23 0.0001 35
Microglia 0.0001 108 0.5865 5 0.0290 10
Astrocytes 0.0186 32 0.3236 7 0.4389 6
Cortical Neuron 05 0.0411 12 0.0001 14 0.0988 4
Cortical Neuron 10 0.0001 51 0.0001 32 0.0001 20
Oligodendrocyte 01 0.1059 4 0.0867 2 0.0886 2
Oligodendrocyte 04 0.0001 14 1.0000 0 0.6662 1
Oligodendrocyte 2.5 0.0805 4 0.0078 3 0.0620 2

Table 2. Enrichment results for genes previously described in OCD studies and different brain cell types.

Coexpression analysis. To identify discrete modules according to gene expression, we performed coexpres-
sion module preservation analysis by using Weighted Correlation Network Analysis (WGCNA)?%. To investigate
which module genes were altered by comparing OCD and controls in each striatum area, we chose the least
preserved module (the gene module that lost its network properties between the groups) according to median-
Rank, Zsummary and KME correlation. For CN data, we found 13 modules, and the Tan module (kME: n=762;
cor =0.051, p=0.16) was the least preserved. For NAC data, the Purple module (kME: n =877, cor =0.022,
p=0.52) was the least preserved from 16 modules; for PT, the Lightgreen module (kME: n =522, cor =0.094,
p=0.032) was the least preserved from 18 modules. Figure 3 shows the preservation module statistics, as well as
the kME module correlation of the chosen least preserved module for each of the three brain regions (for medi-
anRank and Zsummary scores, see Supplementary Table 9).

In all 3 analyses, all genes had a corresponding Ensembl gene annotation. Few gene ontologies were over-
represented in the least preserved modules in each striatal area (FDR < 0.05). For NAC, positive regulation of
the pathway-restricted SMAD protein phosphorylation biological process was enriched. In CN and PT, cellular
component categories were enriched, specifically related to plasma membrane for CN (7 categories) and synapses
for PT (10 categories) (Supplementary Table 10). In network analysis, some topological properties of nodes could
characterize their relative importance in the network®. Hub genes are important genes because they are the most
connected in the networks.

The complete list of hub genes comparing cases and controls of the least preserved modules of each striatum
region are available in Supplementary Table 11. In PT, out of 522 genes in the module, we found 83 exclusive
hubs in controls, 5 hubs in both cases and controls and 18 genes in exclusive hubs in OCD. In NAC, out of 877
genes in the module, we found 44 exclusive hubs in controls, 2 hubs in both cases and controls and 49 genes in
exclusive hubs in OCD. In CN, out of 762 genes, we found 58, 6 and 48, respectively. To check whether DEGs were
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Figure 2. Scatter plots representing log2FC (TS/CON) of differentially expressed genes in Tourette syndrome
in striatal regions (CN and PT) in the x-axis and log2FC (OCD/CON) of OCD DEGs in each striatal area CN,
NAC and PT.

identified in the least preserved modules and associated with hub genes in each striatal area, we compared both
results. In general, few genes were present in both analyses. In the CN module, there were 27 DEGs, including two
hub genes in control (PIK3R5 and RP11-1319K7.1) and one (BAIAP2-AS1) in OCD. In the NAC module, there
were only three DEGs, and none were hub genes. In PT, there were only 7 DEGs, and RPH3A was a hub gene in
OCD only. Finally, we determined whether the least preserved modules of the 3 striatum regions have the same
genes (Supplementary Figs 3 and 4). As expected, we did not observe any important overlap.

To check whether the less preserved modules from each area from the striatum have been described in
large-scale genomic OCD studies, we performed the same analysis on DEGs with all datasets (Table 3). None
were enriched, although overlaps were present in some specific areas, and astrocytes and cortical neurons were
overrepresented in PT data only.

Discussion

In this study, we used postmortem brain tissue to search for DEGs and nonpreserved coexpressed modules in
OCD cases and controls. We showed that different DEGs as well as network connectivity deregulation were spe-
cific for each striatum region (CN, NAC and PT) by comparing OCD cases and controls. In addition, some
genes associated with rare or common variation in published large-scale OCD genomic studies were differentially
expressed in specific region comparisons.

The biological process enrichment analysis of DEGs showed that synaptic signaling was enriched for
case-control comparisons in all areas, as well as the enrichment for neuron genes. Specifically, regulation of neu-
rotransmitter levels and presynaptic processes involved in chemical synaptic transmission were shared between
NAC and PT. Cellular response to chemical stimulus, response to external stimulus, response to organic sub-
stance, regulation of synaptic plasticity and modulation of synaptic transmission were shared between CN and
PT. In addition, comparisons between areas showed that CN has a larger number of DEGs and that they have a
greater overlap with DEGs from PT. Notably, common genes between different areas showed the same differen-
tially expressed direction. Importantly, specific looking at the combination of DEGs from all areas showed that
58%, 15%, and 11% were exclusive to CN, NAC and PT, respectively. Additionally, only 0.5% of DEGs were com-
mon to all areas, suggesting that despite some shared biological processes, each area had exclusive transcriptomic
signatures. The gene internexin neuronal intermediate filament protein alpha (INA), exclusive to NAC, has an
important role in the transmission of information between neurons, in addition to being involved in neuronal
morphogenesis for exoskeleton support**?. The gene solute carrier family 5 (choline transporter) member 7
(SLC5A7), an exclusive DEG from NAC, was involved in cholinergic neuron functions®. In PT, we found some
important genes, such as nitric oxide synthase 1 (NOS1) and synaptotagmin II (SYT2). The gene associated
with modulator of synaptic activity, the (neuronal) NOS1 gene, is secreted by nerve terminals of brain regions
that play a role in behavior and memory®. These findings related to synaptic alterations can be reinforced by
the SYT2 gene, which is highly associated with synaptic vesicle membrane®. In CN, exclusive DEGs included
gene regulator of G-protein signaling 7 binding protein (RGS7BP), nitric oxide synthase trafficking (NOSTRIN)
and oligodendrocyte transcription factor 1 (OLIG1). RGS7BP, a G protein that is an important component of a
chemistry system, can extend the excitability or inhibitory mechanism of synaptic transmission in postsynaptic
neurons®. Similarly, the NOSTRIN gene can promote long-term neuronal transmission®’. The OLIG1 gene plays
arole in the maturation of the central nervous system and is directly associated with the development of oligo-
dendrocytes®. Oligodendrocyte cells protect and support neurons, but new evidence in animal models shows that
oligodendrocyte death can be associated with demyelination and an immediate immune response®®. Thus, acute
and chronic inflammation pathways are closely related to brain injuries and OLIG1 imbalance®*.

The coexpression module analysis as well as the least preserved modules corroborate differences between
areas. By comparing OCD cases and controls in each area, genes from the least preserved coexpressed module
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Figure 3. Preservation statistics-medianRank and Zsummary (A,C,E) and kME module correlation (B,D,F)
of the least preserved module of the 3 brain regions, Tan (CN), Purple (NAC) and Lightgreen (PT). The
preservation ranking for medianRank follows an ascending order (the least preserved module presents the
highest scores), while for Zsummary, the least preserved modules have the lowest scores. For example, in

(E), the Lightgreen module is the least preserved - its score in medianRank is 18 and 1 in Zsummary. For the
correlation between the kME module, the control network is represented by the x-axis and OCD by the y-axis.
The genes in red are the ones with the largest ratio of correlation between control and OCD groups; therefore,
these genes are the most distinct by connectivity parameters.
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Caudate Nucleus (CN) Accumbens Nucleus (NAC) | Putamen (PT)
WGCNA p-value | N matched genes | p-value | N matched genes | p-value N matched genes
CNVs 0.6897 24 0.9537 22 0.1908 22
SNVs de novo 1 0 0.4506 1 0.2982 1
GWAS 0.3103 6 0.7699 4 1 0
Tourette syndrome 0.7404 20 0.9642 18 0.5893 15
Adult Microglia 0.184 20 0.9883 10 0.9889 5
Astrocytes 0.1788 22 0.9716 13 0.0057 22
Cortical Neuron 05 0.9239 3 0.989 2 0.195 6
Cortical Neuron 10 0.9978 5 0.9889 8 6.00E-04 21
Oligodendrocyte 01 0.8266 1 0.3136 3 1 0
Oligodendrocyte 04 0.8996 2 0.9367 2 0.9268 1
Oligodendrocyte 2.5 0.8275 1 0.5891 2 0.6925 1

Table 3. Enrichment results for genes previously described in OCD studies and different brain cell types from
WGCNA least preserved modules.

showed that 33.7%, 38.9%, and 23.4% of genes were exclusive to CN, NAC and PT, respectively, and none were
common to all areas. Among the overlapping genes in the least preserved module in each area, CN shared more
genes with NAC. Although PT did not present a greater number of DEGs, it had the most gene-gene correlations
brooked between cases and controls in the coexpression module analysis, suggesting important gene network
deregulation in OCD. Interestingly, in the cell enrichment analysis, astrocytes were enriched for PT DEGs. In ani-
mal models, astrocytes in striatal regions are associated with the dysfunction of calcium channels, contributing to
synaptic deregulation of glutamatergic signaling®. We identified the D-amino acid oxidase (DAO) gene as a hub
gene in CN. This gene plays an important role as a modulator of D-serine metabolism and consequently in the
activity of the N-methyl-D-aspartate (NMDA) receptors®. NMDA is the most important receptor of the gluta-
matergic system. The SLC6A7 gene, which is also a hub gene to OCD in CN, is a gene from gamma-aminobutyric
acid (GABA) neurotransmitter family®”. The GO enrichment analysis based on the coexpression gene modules
in NAC revealed positive regulation of SMAD protein phosphorylation by bone morphogenetic protein (BMP)
genes, which is important to maintain the homeostasis of tissue, that plays essential roles in neurotransmitter
specifications®. The BMP4 gene can induce a dopaminergic phenotype in mouse striatal neurons®.

The limited overlap of DEGs and the least preserved module genes in each striatal area confirmed the ability
of the analyses® to search for differences between OCD cases and controls in distinct striatum areas. Moreover,
both analyses confirmed the specificity of the transcription signatures of the striatum areas previously described
by Parkes'®. Parkes also showed enrichment of the discrimination between dorsal and ventral subregions of the
striatum for dopamine receptor signaling, whereas genes that can accurately classify the caudal subregion of the
striatum were enriched for glutamate secretion. In our results, these differences were maintained in the compar-
ison between OCD cases and controls.

The involvement of the immune system in OCD has long been suggested®. Kumar and colleagues?! found a
rich association of microglial-activated inflammation and increased bilateral nucleo in TS. Recent robust out-
comes demonstrated neuroinflammation in main areas from the CSTC in OCD cases*2. Both studies support
previous studies that found “pediatric autoimmune neuropsychiatric disorders associated with streptococcus”
(PANDAS) by PET#**4, One interesting point revealed by our analyses is that biological processes specifically
enriched for the immune system and cytokines appear in CN only. In CN, the categories related to cell adhesion
molecules, which are strongly related to the immune system, were enriched. Dysregulation in these categories
was also observed in methylation analyses comparing OCD and control®. Interestingly, CN showed microglial
enrichment. OCD and TS frequently cooccur in individuals. There is evidence for shared OCD/TS genetic risk
from family studies. GWAS joint analyses of TS and OCD suggested a higher burden of known pathogenic neu-
rodevelopmental deletions in OCD/TS cases than in controls but not an overall higher burden of pathogenic
CNVs. Alternatively, cross-disorder polygenic analyses based on PRS showed evidence for genetic heterogeneity
between OCD and TS and suggested that OCD with and without chronic tics have different genetic architec-
tures*®*’. We compared our DEGs between cases and controls in each striatum area with a published study of
DEGs from TS cases and controls performed with both PT and CN brain samples'®. Significant enrichment of TS
DEGs in all 3 areas of the striatum in our datasets was observed, but DEGs in TS were in the same direction of
differential expression levels as OCD DEGs in CN. For PT and NAC, only 15 (43%) and 9 (37.5%) genes were in
the same direction of expression levels. Therefore, deregulation of CN genes could be part of the specific genetic
architecture shared by some TS and OCD cases and associated with microglial functions, including failures in
neuroprotection, lack of support for neuronal survival, and abnormalities in synaptic pruning*.

Large-scale genomic OCD studies implied PRS as well as single very rare variations with larger effect sizes
represented by SNVs and CNVs. In these studies, mQTLs, eQTLs and brain expression databases were compared,
implying possible transcriptomic alterations and supporting an integrated model for OCD*. Accordingly, we
searched different variations previously associated with OCD in our transcriptome analyses. Neither common
nor very rare class variations were enriched in DEGs or least preserved coexpression modules in any striatal
area between OCD cases and controls in this study. Jaffe et al.*® selected SNPs based on candidate gene studies
for eating disorders (EA) and OCD from the literature. These authors showed the association of these SNPs with
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gene expression across the lifespan in the prefrontal cortex (PFC) among controls. When the authors used brain
PFC samples from patients with EA and OCD/obsessive-compulsive personality disorder or tics and compared
them with samples from controls, they found some DEGs, but none of the risk SNPs were eQTLs or associated
with gene expression. Jaffe and colleagues™ argued that larger sample sizes would be necessary. Our small sample
size probably explains our results, even though some genes harboring common and/or rare variants previously
associated with OCD appeared in our gene sets. CNV studies uncovered 113 genes in at least one striatum com-
parison. Six (5.3%) out of 113 genes appeared in two striatum regions. From the SNV list, one gene was also
represented in each striatum area, specifically WW domain containing E3 ubiquitin protein ligase 1 (WWP1)
in NAC, CCDC108 in PT and complement C3b/C4b receptor 1 (CR1) in CN. Twenty-two genes were shared
between GWAS and our gene sets. Only protein phosphatase 1 regulatory subunit 15A (PPP1R15A, 4.5%) was
present in two different regions, CN and PT. Considering all genome studies and all gene sets from our study,
27% (37) were exclusive DEGs or in the least preserved coexpression gene modules in NAC, 17% (24) in PT, 51%
(70) in CN and only 5% (7) in at least two striatum areas, confirming area specificity. The WWP1 gene is highly
related to protein degradation and RNA transcription®! that is related to neurotransmitter imbalance. Thus, the
PPIRI5A gene, found in CN and PT, encodes proteins that contribute to stabilization of protein synthesis after
stress exposition®. The specific gene in CN confirms that changes in the immune system can be related to OCD,
and the CR1 gene encodes proteins with important functions in the activation of immune complexes, such as the
neurabin 2 gene (PPP1R9B), found in CN and GWA studies, which is involved in the NK immunological syn-
apse®®. We also highlighted the synaptoporin gene (SYNPR), found in GWAS and a DEG in PT. SYNPR encodes a
membrane protein involved in cholinergic imbalance and behavior, motor, cognition dysfunctions®, most likely
affecting the nicotinic receptor in PT. The NSF attachment protein beta (NAPB) gene plays a role in the fusion
of vesicles in presynaptic membranes®. Interestingly, the follistatin-like 5 (FSTL5) gene, previously implicated in
cancer’® but expressed in the human brain®, was found in NAC and CNV studies. FSTL5 is expressed in cortical
neurons and involved in Wnt/3-catenin signaling®. In addition, FSTL5 is important in cell development, synaptic
transmission and plasticity®.

Importantly, the limitations of this study must be noted. The first limitation is the small sample size and relative
heterogeneity of clinical symptoms. However, collecting OCD postmortem brains, maintaining high-quality frozen
specimens and performing reliable clinical assessments are difficult. Notably, multiple steps with different trained
personnel were performed to reach the psychiatric diagnosis. Although some Neuropsychiatric Inventory (NPI)
items were abbreviated for some individuals, the assessment by more than one psychiatrist excludes any comorbidity.
We also took care at all stages to ensure high-quality samples, short postmortem intervals, good pH for cerebro-
spinal fluid, good quality of the RNA integrity number (RIN) after RNA extraction and library preparation, using
random samples distributed in the pooling library to obtain better results and reduce bias. Moreover, considering
the small sample size in this study, we investigated the extent to which the results could be affected by interindivid-
ual differences in gene expression between the donors. Although a small effect of sample-specific weight existed
in the CN dataset only, we used SVs in the model to prevent an impact on further analyses. Another important
issue is that part of the assembled transcriptome was from unannotated regions comprising approximately 40%
of our dataset and consequently was not used in the biological process enrichment analysis. As we used stringent
quality control parameters and the same fact was observed in a TS transcriptome'® paper, we are likely capturing
new striatum transcripts that could be very important to the OCD transcriptome. Finally, although we used age
paired cases and controls, accessed different measures (anatomopathological and clinical information) associated
with neurodegeneration and excluded any dubious samples, our study represents the transcriptome of individuals
more than 65 years old, and our conclusions could be different for younger individuals.

In conclusion, this study is the first to explore the transcriptome of the separate striatum areas in OCD cases
compared to that in controls. The results confirm the specificity of the transcription signatures of the striatum
areas and better clarify possible different roles of each area in OCD pathophysiology at the transcriptional level.
However, given the small sample size and heterogeneity of the OCD cases, this study is clearly the first step in
efforts to sort the molecular basis of OCD in key brain regions. Future studies with more samples are necessary
to understand this complexity.

Methods

Subjects and clinical evaluation. Brain samples were collected in the Sao Paulo Autopsy Service (SPAS)
of the University of Sao Paulo and are part of the psychiatric collection of the Brain Bank of the Brazilian Aging
Brain Study Group-University of Sao Paulo (BBBABSG). All subjects were 50 years of age or older and had no
dementia, no factors related to hypoxia and no brain autolysis. The postmortem interval was less than 24 hours,
and the minimum pH of cerebrospinal fluid was 6.0. The functional and psychiatric evaluations were performed
by a family member or close caregiver who had at least weekly contact with the deceased and was available to
answer the screening and semistructured questionnaires®. All family members gave written informed consent to
participate in the study. The study itself, as well as the use of samples, was conducted with ethical approval granted
by the FM-USP’s Institutional Review Board-Comissao de Etica para Anélise de Projetos de Pesquisa (CAPPesq)
under protocol number 0740/09, with all experiments performed in compliance with CAPPesq rules.

The clinical evaluation was performed in two steps. First, a screening to detect OCD and symptoms was
performed according to DSM-IV. The screening consisted of the NPI, the short version of the structured clin-
ical interview (SCID)®! and a short version of the Dimensional Yale-Brown Obsessive-Compulsive Scale
(DY-BOCS)®>%. The Clinical Dementia Rating Scale (CDR)® and semistructured questionnaires to detect
Parkinsonism®, functionality and cognition were applied. During the second step, a psychiatric interview with
an informant was performed, including the SCID for DSM-IV, the Yale-Brown Obsessive-Compulsive Scale
(Y-BOCS)®* and the short version of the DY-BOCS. Thus, two psychiatrists who specialized in OCD performed
two assessments for each case.
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RNA extraction and bioinformatics analysis. Dissected regions were stored at —80 °C until use. Total
RNA was isolated from CN, PT, and NAC using a QIAsymphony RNA Kit (Qiagen, Germantown, MA, USA)
according to the manufacturer’s instructions. The RIN was evaluated to check quality. The library was constructed
with a TruSeq Stranded Total RNA Ribo-Zero Library Preparation Kit ((Illumina Inc., San Diego, CA, USA), and
paired-end sequencing was performed with a HiSeq2500 (Illumina Inc., San Diego, CA, USA).

Quality control was performed using FASTQC (v.0.11.2)% to check the sequence quality in 42 sequenced
samples. Sequences were trimmed to eliminate poor base quality and adaptor contamination using FASTX
(v.0.0.13)%7. Sequences were mapped to Genome Reference Consortium Human build 38 (GRCh38) using
Tophat2 (v.2.0.13)°® with a maximum of 2 mismatches. Cufflinks (v.2.2.1)%® was used to assemble transcripts
using an Ensembl gene (GRCh38.78) as a reference annotation. Read counts were computed with the HT-seq®
algorithm with paired-end reads and gene attributes.

All statistical analyses were performed within the R environment (v.3.2.5)?!. Transcripts assigned to more than
one Ensembl gene, and any possible ribosomal RNA that bypassed depletion processes was removed from the
data. To determine which genes were expressed, we converted read counts to counts per million (CPM) values
(edgeR package - v.3.12.1)7°, and transcripts with at least 0.3 CPM in 50% samples of a group (case or control)
were used in downstream analysis. The data were normalized by the rlog function (DESeq2, v.1.10.1)”! to estimate
hidden covariates using the SVA algorithm (v.3.18.0)72. The group was variables of interest, and sex, age and lab-
oratory batch were adjustment variables. Differential expression analyses were performed within DESeq2, with
the covariates sex, age, laboratory batch, and surrogate variables estimated by SVA included in the linear model.

Enrichment analyses of biological pathways from DEGs were performed in the web-based tool WebGestalt
(http://www.webgestalt.org), using the Overrepresentation Enrichment Analysis (ORA) method and GO func-
tional database. The reference lists used as background were all transcripts mapped as Ensembl genes. Functional
categories with FDR < 0.05 were considered enriched. Enrichment analysis for genes previously described in
OCD studies and TS were performed using the Modular Single-set Enrichment Test tool’® within the R environ-
ment. The genes from each previous OCD study were acquired from the original papers and/or supplementary
materials. From GWAS*?, genes and eQTls for which the p-value was less than 10~° were considered. The analyses
of tissue specificity were based on genes from GWAS of animal model brains?. For these analyses, we performed
orthologous conversion using an online tool DRSC ortholos (http://www.flyrnai.org/cgi-bin/DRSC orthologs.pl)
with the following parameters: search field (Entrez ID, Gene name, Ensembl, HGNC and MGI ID). We selected
all prediction tools (including Compara, eggNOG, HGNC, Homologene, Inparanoid, Isobase, OMA, OrthoDB,
orthoMCL, Panther, and Phylome), and we selected the option, “return only best match when there is more
than one match per input gene or protein”. From other OCD studies®!?, we based the list for our analysis on the
best-scoring genes considered by the author.

WGCNA parameters. WGCNA is an algorithm designed to evaluate connectivity differences between the
coexpression network modules of two groups (i.e., case vs. control groups) based exclusively on expression data?.
WGCNA uses Pearson’s correlation (rho) expression values between all gene pairs to calculate whether a pair of
genes (nodes) are connected (edges) to each other. Nevertheless, the network must have a scale-free topology to
conduct WGCNA analysis. The adjacency correlation matrix is elevated to a sequence of powers (N) with the
intent to preserve only highly correlated values and to achieve a scale-free network topology. Choosing a mini-
mum power (beta) value that implies a power-law degree distribution equivalent to a scale-free network (coeffi-
cient of determination R? > 0.8) is necessary.

In WGCNA, we used 23,713 transcripts with Ensembl gene annotations as input. Each brain region was ana-
lyzed separately. For each experiment, WGCNA removed transcripts for which more than 50% of the values
were not available (NA) in both the case and OCD groups. In this way, CN represented a total of 20,960 genes,
NAC 21,037 genes and PT 20,634 genes. For all three analyses (related to CN, NAC and PT regions), the chosen
power (beta) value for both the control and OCD groups was 9. With the connectivity parameter set, all case and
control datasets were analyzed separately. By using the connectivity parameters of the correlation matrix based
on power (beta) =9, the algorithm starts to cluster the pairs of genes based on Euclidean distance (d) between its
correlation values, creating different modules (Topological Overlap Matrix-TOM). All TOM values range from
0 (closest) to 1 (farthest). We set a minimum size of 500 genes per module. Each module represents a different
connected network of genes. Based on different connectivity parameters, WGCNA selects the first principal com-
ponent of each module, identifying its value as a Module Eigengene (ME).

With the creation of all control and disease modules, we selected the control network as our reference net-
work. In this way, the algorithm mapped all genes to each control network module and formed the same modules
(with the same set of genes) in the OCD group. This analysis evaluates the difference between the connectivity of
the same modules across different conditions (e.g., whether a set of hub genes in the control group remain hub
genes in the OCD group). This analysis, Preservation Module Analysis?, is composed of two processes, median-
Rank and Zsummary statistics.

Zsummary uses a set of permutations (default value: 100 permutations) to analyze whether the connectivity
parameters in the created modules are in fact significantly different from with modules (with the same size)
created with random genes from the dataset. Zsummary provides a scale indicating the preservation level of a
module; a Zsummary of 2 indicates a module with very little preservation, whereas 10 represents a well-preserved
module. The medianRank does not use permutations; instead, it ranks modules according to connectivity param-
eters (such as separability, density and connectivity) based on the median value of each result. The results are
presented in reverse order by Zsummary.

It is possible for medianRank and Zsummary to present distinct modules as the lowest preserved modules
(partially because of the different methodologies of both statistics). In such cases, we used the correlation between
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the results of KME and the genes of the 3 lowest preserved modules of each analysis—the module that presents the
most neutral correlation (closest to 0) is chosen as the least preserved module. We assume that the module with
the lowest preservation represents the cluster of genes that are more altered between the OCD and control groups
(considering the connectivity parameters). Thus, this set of genes would be the most promising to evaluate.

In addition to the preservation statistics, we analyzed the conservation of the hub genes of the least preserved
modules. A gene with an absolute Pearson’s correlation >0.9 between its expression values and the KME value of
each module was considered a hub.

Data Availability

The datasets generated during the current study are available in the SRA repository under Accession Number
SRP127180, https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA421175. All data generated in this study are
included in the Supplementary Information.

References

1. Leckman, J. et al. Obsessive-compulsive disorder: a review of the diagnostic criteria and possible subtypes and dimensional specifiers
for DSM-V. Depress. Anxiety. 27, 507-527 (2010).

2. Stewart, S. & Pauls, D. The Genetics of Obessive-Compulsive Disorder. The J. Lifelong Learn. Psychiatry. VIII, 350-357 (2010).

3. Pauls, D. L. The genetics of obsessive-compulsive disorder: a review. Dialogues clinical neuroscience. 12, 149-163 (2010).

4. Stewart, S., Yu, D. & Scharf, ]. Genome-wide association study of obsessive-compulsive disorder. Mol. Psychiatry. 18, 788-798
(2013).

5. Mattheisen, M. et al. Genome-Wide Association Study in Obsessive-Compulsive Disorder: Results from the OCGAS. Mol.
Psychiatry. 20, 337-344 (2015).

6. Arnold, P. D. et al. Revealing the complex genetic architecture of obsessive-compulsive disorder using meta-analysis. Mol.
Psychiatry. 23,1181-1188 (2017).

7. Den Braber, A. et al. Obsessive-compulsive symptoms in a large population-based twin-family sample are predicted by clinically
based polygenic scores and by genome-wide SNPs. Transl. Psychiatry. 6, €731 (2016).

8. McGrath, L. M. et al. Copy Number Variation in Obsessive-Compulsive Disorder and Tourette Syndrome: A Cross-Disorder Study.
J. Am. Acad. Child & Adolesc. Psychiatry. 53,910-919 (2014).

9. Cappi, C. et al. Whole-exome sequencing in obsessivecompulsive disorder identifies rare mutations and immunological pathways.
Biol. Psychiatry. 6, €764 (2016).

10. Cappi, C. et al. An inherited small microdeletion at 15q13.3 in a patient with early- onset obsessive-compulsive disorder. PLoS ONE.
9,126 (2014).

11. Grunblatt, E., Hauser, T. U. & Walitza, S. Imaging genetics in obsessive-compulsive disorder: Linking genetic variations to alterations
in neuroimaging. Prog. Neurobiol. 121, 114-124 (2014).

12. Noh, H. J. et al. Integrating evolutionary and regulatory information with a multispecies approach implicates genes and pathways in
obsessive-compulsive disorder. Nat. Commun. 1-13 (2017).

13. Milad, M. R. et al. Neurobiological Basis of Failure to Recall Extinction Memory in Posttraumatic Stress Disorder. Biol. Psychiatry.
66, 1075-1082 (2009).

14. Milad, M. R. & Rauch, S. L. Obsessive-compulsive disorder: Beyond segregated cortico-striatal pathways. Trends Cogn. Sci. 16,
43-51 (2012).

15. Eng, G. K., Sim, K. & Chen, S. H. A. Meta-analytic investigations of structural grey matter, executive domain-related functional
activations, and white matter diffusivity in obsessive compulsive disorder: An integrative review. Neurosci. Biobehav. Rev. 52,
233-257 (2015).

16. Tschernegg, M. et al. Impulsivity relates to striatal gray matter volumes in humans: evidence from a delay discounting paradigm.
Front. Hum. Neurosci. 9 (2015).

17. Piras, E. et al. Widespread structural brain changes in OCD: A systematic review of voxel-based morphometry studies. Cortex. 62,
89-108 (2015).

18. Parkes, L., Fulcher, B. D., Yucel, M. & Fornito, A. Transcriptional signatures of connectomic subregions of the human striatum.
Genes, Brain Behav. 16, 647-663 (2017).

19. Lennington, J. B. et al. Transcriptome Analysis of the Human Striatum in Tourette Syndrome. Biol. Psychiatry. 79, 372-382 (2016).

20. Gaiteri, C., Ding, Y., French, B., Tseng, G. C. & Sibille, E. Beyond modules and hubs: The potential of gene coexpression networks
for investigating molecular mechanisms of complex brain disorders. Genes, Brain Behav. 13, 13-24 (2014).

21. R Development Core Team. R: A language and environment for statistical computing. R Foundation for Stat. Comput, http://www.R-
project.org (2008).

22. Liu, R. et al. Why weight? Modelling sample and observational level variability improves power in RNA-seq analyses. Nucleic Acids
Res. 43, €97 (2015).

23. Lein, E. S. et al. Genome-wide atlas of gene expression in the adult mouse brain. Nat. 445, 168-176 (2007).

24. Langfelder, P. & Horvath, S. WGCNA: an R package for weighted correlation network analysis. BMC bioinformatics. 9, 1-13 (2008).

25. Barabasi, A. L., Gulbahce, N. & Loscalzo, J. Network medicine: A network-based approach to human disease. Nat. Rev. Genet. 12,
56-68 (2011).

26. Armstrong, R. A. & Cairns, N. J. Topography of alpha-internexin-positive neuronal aggregates in 10 patients with neuronal
intermediate filament inclusion disease. Eur. J. Neurol. 13, 528-532 (2006).

27. Martins De Souza, D. et al. Proteomic analysis of dorsolateral prefrontal cortex indicates the involvement of cytoskeleton,
oligodendrocyte, energy metabolism and new potential markers in schizophrenia. J. Psychiatr. Res. 43, 978-986 (2009).

28. Black, S. A. G. & Rylett, R. J. Choline Transporter CHT Regulation and Function in Cholinergic Neurons. Cent. Nerv. Syst. Agents
Medicinal Chem. 12, 114-121 (2012).

29. Boehning, D. & Snyder, S. H. Novel neural modulators. Annu. Rev. Neurosci. 26, 105-31 (2003).

30. Young, S. M. & Neher, E. Synaptotagmin has an essential function in synaptic vesicle positioning for synchronous release in addition
to its role as a calcium sensor. Neuron. 63, 482-496 (2009).

31. Alberini, C. M. & Kandel, E. R. The Regulation of Transcription in Memory Consolidation. Cold Spring Harb Perspect Biol. 7, 1-18
(2015).

32. Othman, A. et al. Oligl is expressed in human oligodendrocytes during maturation and regeneration. Glia. 59, 914-926 (2011).

33. Traka, M., Podojil, J. R., Mccarthy, D. P, Miller, S. D. & Popko, B. Oligodendrocyte death results in immune-mediated CNS
demyelination. Nat. Neurosci. 19, 65-74 (2015).

34. Glezer, I. Innate immunity triggers oligodendrocyte progenitor reactivity and confines damages to brain injuries. The FASEB J. 20,
750-752 (2006).

35. Jiang, R., Diaz-Castro, B., Looger, L. L. & Khakh, B. S. Dysfunctional Calcium and Glutamate Signaling in Striatal Astrocytes from
Huntington’s Disease Model Mice. J. Neurosci. 36, 3453-3470 (2016).

SCIENTIFIC REPORTS |

(2019) 9:3086 | https://doi.org/10.1038/s41598-019-38965-1 10


https://doi.org/10.1038/s41598-019-38965-1
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA421175
http://www.R-project.org
http://www.R-project.org

www.nature.com/scientificreports/

36. Sacchi, S. D-Serine metabolism: new insights into the modulation of D-amino acid oxidase activity. Biochem. Soc. Transactions. 41,
1551-1556 (2013).

37. Kim, J. H. et al. A new association between polymorphisms of the SLC6A7 gene in the chromosome 5q31-32 region and asthma. J.
Hum. Genet. 55, 358-365 (2010).

38. Borodinsky, L. N. & Belgacem, Y. H. Crosstalk among electrical activity, trophic factors and morphogenetic proteins in the
regulation of neurotransmitter phenotype specification. J. Chem. Neuroanat. 73, 3-8 (2016).

39. Stull, N. D,, Jung, J. W. & Tacovitti, L. Induction of a dopaminergic phenotype in cultured striatal neurons by bone morphogenetic
proteins. Dev. Brain Res. 130, 91-98 (2001).

40. Dinn, W. M., Harris, C. L., Mcgonigal, K. M. & Raynard, R. C. Obsessive-compulsive disorder and Immunocompetence. J. Psychiatry
Medicine. 31, 311-320 (2001).

41. Kumar, A., Williams, M. T. & Chugani, H. T. Evaluation of basal ganglia and thalamic inflammation in children with pediatric
autoimmune neuropsychiatric disorders associated with streptococcal infection and Tourette syndrome: a positron emission
tomographic (pet) study using 11 C-[R]-PK11195. J. Child Neurol. 30, 749-756 (2015).

42. Attwells, S. et al. Inflammation in the neurocircuitry of Obsessive-Compulsive Disorder. JAMA Psychiatry. 74, 833-840 (2017).

43. Marazziti, D., Mucci, E. & Fontenelle, L. F. Inmune system and obsessive-compulsive disorder. Psychoneuroendocrinology. 93, 39-44
(2018).

44. Mataix-Cols, D. et al. A total-population multigenerational family clustering study of autoimmune diseases in obses-
sive-compulsive disorder and Tourette’s/chronic tic disorders. Mol. Psychiatry. 23, 1652-1658 (2017).

45. Yue, W. et al. Genome-wide DNA methylation analysis in obsessive-compulsive disorder patients. Sci. Reports. 16, 1-7 (2016).

46. Davis, L. K. et al. Partitioning the Heritability of Tourette Syndrome and Obsessive Compulsive Disorder Reveals Differences in
Genetic Architecture. PLoS Genet. 9, €1003864 (2013).

47. Yu, D. et al. Cross-Disorder Genome-Wide Analyses Suggest a Complex Genetic Relationship Between Tourette’s Syndrome and
OCD. Am. J. Psychiatry. 172, 82-93 (2015).

48. Frick, L. & Pittenger, C. Microglial Dysregulation in OCD, Tourette Syndrome, and PANDAS. J. Immunol. Res. 2016, 1-8 (2016).

49. Pauls, D. L., Abramovitch, A., Rauch, S. L. & Geller, D. A. Obsessive-compulsive disorder: an integrative genetic and neurobiological
perspective. Nat. Rev. Neurosci. 15, 410-424 (2014).

50. Jaffe, A. E. et al. Genetic neuropathology of obsessive psychiatric syndromes. Transl. psychiatry 4, e432 (2014).

51. Chen, J. et al. DNA damage induces expression of WWP1 to target ANp63a to degradation. PlosOne. 12, 0176142 (2017).

52. Choy, M. S. et al. Structural and Functional Analysis of the GADD34: PP1 elF2a Phosphatase. Cell Reports. 11, 1885-1891 (2015).

53. Meng, X. et al. PPP1R9B (Neurabin 2): Involvement and dynamics in the NK immunological synapse. Eur. J. Immunol. 39, 552-560
(2009).

54. Muller, M. L. T. M. & Bohnen, N. I. Cholinergic Dysfunction in Parkinson’s Disease. Curr Neurol Neurosci Rep. 13,377-392 (2013).

55. Whiteheart, S. W., Schraw, T. & Matveeva, E. A. N-ethylmaleimide sensitive factor (NSF) structure and function. Int. Rev. Cytol. 207,
71-112 (2001).

56. Remke, M. et al. FSTL5 is a marker of poor prognosis in non-WNT/non-SHH medulloblastoma. J. Clin. Oncol. 29, 3852-3861
(2011).

57. Adams, M. D, Kerlavage, A. R, Fields, C. & Venter, J. C. 3,400 new expressed sequence tags identify diversity of transcripts in
human brain. Nat. Genet. 4, 256-267 (1993).

58. Zhang, D., Ma, X., Sun, W, Cui, P. & Lu, Z. Down regulated FSTL5 promotes cell proliferation and survival by affecting Wnt/3
-catenin signaling in hepatocellular carcinoma. Int. J. Clin. Exp. Pathol. 8, 3386-3394 (2015).

59. Maguschak, K. A. & Ressler, K. J. A role for WNT/(3 -catenin signaling in the neural mechanisms of behavior. J. Neuroimmune
Pharmacol. 7,763-773 (2012).

60. Ferretti, R. et al. Post-Mortem diagnosis of dementia by informant interview. Dement. Neuropsychol. 4, 138-144 (2010).

61. Spitzer, R., Williams, J., Gibbon, M. & First, M. The Structured Clinical Interview for DSM-III-R (SCID). I: History, rationale, and
description. Arch.Gen.Psychiatry. 49, 624-29 (1992).

62. Goodman, W. et al. The Yale- Brown Obsessive Compulsive Scale, I: development, use, and reliability. Arch Gen Psychiatry. 46,
1006-1011 (1989).

63. Rosario-Campos, M. C. et al. The Dimensional Yale-Brown Obsessive-Compulsive Scale (DY-BOCS): an instrument for assessing
obsessive-compulsive symptom dimensions. Mol. Psychiatry. 11, 495-504 (2006).

64. Morris, J. C. The Clinical Dementia Rating (CDR): Current version and scoring rules. Neurol. 43, 2412-2414 (1993).

65. Tanner, C., Gilley, D. & Goetz, C. A brief screening questionnaire for parkinsonism. Ann Neurol. 28, 267-268 (1990).

66. Andrews, S. FastQC: a quality control tool for high throughput sequence data, http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/ (2010).

67. Hannon, G. FASTX-Toolkit, http://hannonlab.cshl.edu/fastx toolkit/index.html (2009).

68. Trapnell, C., Pachter, L. & Salzberg, S. L. TopHat: Discovering splice junctions with RNA-Seq. Bioinforma. 25,1105-1111 (2009).

69. Anders, S., Pyl, P. T. & Huber, W. HTSeq A Python framework to work with high-throughput sequencing data. Bioinforma. 31,
166-169 (2014).

70. McCarthy, D. J., Chen, Y. & Smyth, G. K. Differential expression analysis of multifactor RNA-Seq experiments with respect to
biological variation. Nucleic Acids Res. 40, 4288-4297 (2012).

71. Love, M. I, Huber, W. & Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 15, 550 (2014).

72. Leek, J. T, Johnson, W. E., Parker, H. S., Jaffe, A. E. & Storey, J. D. The SVA package for removing batch effects and other unwanted
variation in high-throughput experiments. Bioinforma. 28, 882-883 (2012).

73. Eisinger, B. E., Saul, M. C,, Driessen, T. M. & Gammie, S. C. Development of a versatile enrichment analysis tool reveals associations
between the maternal brain and mental health disorders, including autism. BMC Neurosci. 14, 1-15 (2013).

Acknowledgements
This work was primarily funded by FAPESP 2015/01587-0. Additional support was provided by the CNPq
444967/2014-1 - APQ. The AC Camargo Hospital (Dra. Dirce Maria Carraro e MSc. Eloisa E. Olivieri) provided
support for the RNA extraction experiment. The Programa Transtornos do Espectro Obsessivo-Compulsivo
(PROTOC) from FM-USP.

Author Contributions

B.C.G.L. and G.G. conducted the experiments; B.C.G.L., A.C.T.,, A.B., A.S.E, A.C.ES.,R.P. and C.A.B.P. conducted
the statistical analysis and bioinformatics pipelines; K.C.O., L.L., A.C.M., W.J.E. and R.E.PL. conducted brain
collection; .M.E, R.E.L.FR., M.Q.H., E.C.M. and B.L. conducted interviews and psychiatric diagnoses; L.T.G.
conducted the anatomical pathological analyses; H.B. wrote the initial project; B.C.G.L., K.C.O., A.C.T. and
H.B. wrote this paper; B.L., C.A.B.P, D.C.M.]., E.C.M., M.Q.H. and H.B. revised this paper. All authors read and
approved the manuscript.

SCIENTIFICREPORTS| (2019) 9:3086 | https://doi.org/10.1038/s41598-019-38965-1 11


https://doi.org/10.1038/s41598-019-38965-1
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://hannonlab.cshl.edu/fastx

www.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-38965-1.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:3086 | https://doi.org/10.1038/s41598-019-38965-1 12


https://doi.org/10.1038/s41598-019-38965-1
https://doi.org/10.1038/s41598-019-38965-1
http://creativecommons.org/licenses/by/4.0/

	Initial findings of striatum tripartite model in OCD brain samples based on transcriptome analysis

	Results

	General population characteristics. 
	Differential expression. 
	Coexpression analysis. 

	Discussion

	Methods

	Subjects and clinical evaluation. 
	RNA extraction and bioinformatics analysis. 
	WGCNA parameters. 

	Acknowledgements

	Figure 1 (A) Venn diagram of DEGs (p-value ≤ 0.
	Figure 2 Scatter plots representing log2FC (TS/CON) of differentially expressed genes in Tourette syndrome in striatal regions (CN and PT) in the x-axis and log2FC (OCD/CON) of OCD DEGs in each striatal area CN, NAC and PT.
	Figure 3 Preservation statistics–medianRank and Zsummary (A,C,E) and kME module correlation (B,D,F) of the least preserved module of the 3 brain regions, Tan (CN), Purple (NAC) and Lightgreen (PT).
	Table 1 Demographic characteristics of obsessive-compulsive disorder (OCD) cases and controls (n = 14).
	Table 2 Enrichment results for genes previously described in OCD studies and different brain cell types.
	Table 3 Enrichment results for genes previously described in OCD studies and different brain cell types from WGCNA least preserved modules.




