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Obsessive-compulsive disorder (OCD) represents a heterogeneous collection of diseases with diverse
levels of phenotypic, genetic, and etiologic variability, making it difficult to identify the underlying
genetic and biological mechanisms in humans. Domestic dogs exhibit several OCD-like behaviors.
Using continuous circling as a representative phenotype for OCD, we screened two independent dog
breeds, the Belgian Malinois and Kunming Dog and subsequently sequenced ten circling dogs and ten
unaffected dogs for each breed. Using population differentiation analyses, we identified 11 candidate
genes in the extreme tail of the differentiated regions between cases and controls. These genes overlap
significantly with genes identified in a genome wide association study (GWAS) of human OCD, indicating
strong convergence between humans and dogs. Through gene expressional analysis and functional explo-
ration, we found that two candidate OCD risk genes, PPP2R2B and ADAMTSL3, affected the density and
morphology of dendritic spines. Therefore, changes in dendritic spine may underlie some common bio-
logical and physiological pathways shared between humans and dogs. Our study revealed an unprece-
dented level of convergence in OCD shared between humans and dogs, and highlighted the
importance of using domestic dogs as a model species for many human diseases including OCD.

� 2020 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Obsessive-compulsive disorder (OCD) is a severe and disabling
psychiatric disorder characterized by repetitive behaviors or men-
tal acts to reduce distress from recurrent and persistent thoughts,
urges, or images (obsessions) [1–3]. The lifetime prevalence of OCD
is 2.5%–3% in world populations [2,4,5]. This disorder shows mod-
erate heritability and constitutes a major health-economic burden
[6–8]. The precise etiology of OCD remains unclear, but accumulat-
ing evidence suggests pivotal roles of structural abnormalities and/
or dysregulations of synaptogenesis and neuronal circuits within
particular regions of the brain in both OCD patients and affected
animals [7,9–12]. Genetic analyses, including genome-wide associ-
ation studies (GWAS), have been conducted to identify genes
underlying risk of OCD in human populations [13–15]. However,
results have been inconsistent, likely due to the phenotypic,
genetic and etiologic heterogeneity of the disorder [16,17].

A small subset of domestic dogs (Canis lupus familiaris) exhibit
some compulsive phenotypes that are similar to those observed
in humans [18–20]. The canine compulsive disorder (CCD)
manifests as repetition of normal canine behaviors such as:
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(1) obsessions/checking including pacing/circling, tail chasing or
fly snapping; (2) contamination/cleaning such as acral lick der-
matitis; (3) eating disorders including pica, flank sucking (FS)/blan-
ket sucking (BS) [21–23]. Given that most domestic dog breeds
were generated from a limited number of founders who under-
went rigorous selection for morphologic and behavior traits
[24,25], this breeding program and its subsequent population bot-
tlenecks have generated dogs of comparatively lower genetic
diversity, increased frequencies of deleterious alleles, and an
increased risk for multiple diseases [24,26–28]. Therefore, CCD
may be less genetically complex than the corresponding human
OCD, and utilization of the canine model is hypothesized to be
an effective approach for identifying disease-related functional
mutations [22,23,29,30].

We have analyzed dogs with and without stereotypical circling
behaviors (one common phenotype of CCD) in two independent
domestic breeds: the Belgian Malinois (BM), a western breed,
and the Kunming dog (KMD), a Chinese working dog. While the
two breeds are distinct, they are believed to share some common
ancestry [31,32]. We sequenced 20 genomes from BM and KMD
which demonstrated stereotypical circling behaviors and 20 from
normal BM and KMD. We performed population differentiation
analyses using re-sequencing data of dogs, GWAS statistics and
mRNA profiling of humans, and identified several OCD candidate
genes including PPP2R2B and ADAMTSL3which affected the density
and morphology of dendritic spines.

2. Materials and methods

2.1. Ethical approval

All experimental protocols pertaining to animals have been
reviewed and approved by the internal review board of the Kun-
ming Institute of Zoology, Chinese Academy of Sciences.

2.2. Behavior test

Working dogs collected from the Kunming Police Dog Base
underwent the behavior tests in their own kennel by the same
researcher for more than two times. These tests were designed by
our team based on practical experience and traits of the two breeds,
and have been confirmed to effectively differentiate circling from
normal behaviors. The test is split into three parts, and eachpart sus-
tains at least 10 s. Part1: the tester stands away from the kennel
about 3 m and keeps quiet; Part2: the tester stands beside the ken-
nel and keeps quiet; Part3: the tester walks near the kennel, then
intimidates and teases the dogs (Fig. S1, and Movie S1 online). The
behavior presentation of dogs in all these parts of the test were
recorded by camera. Behavior of the tested dogs in each part of
the test was graded as 0, 1, and 2 according to their circling frequen-
cies. If the dogs never showed circling behavior during the test, score
0was recorded; if dogs showed intermittently circling behavior dur-
ing the test, score 1was assigned; if dogs showed invariably circling
behavior during the test, itwas given score 2. Subjectswith the same
behavioral presentation in at least two tests were used for further
analyses. The age and sex were randomly selected in cases and con-
trols. Finally, the gender ratio (female/male) was 5/5 for CCD-like
circling dogs and 2/8 for control dogs in BM population, and 2/8
for CCD-like dogs and 5/5 for controls in KMD population. The aver-
age age for each breed and different behavior groups was about 5
(Table S1 online).

2.3. Genome sequencing

The genomes of 20 BMs (10 Circling, 10 Control) and 20 KMDs
(10 Circling, 10 Control) were sequenced. Total genomic DNA
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was extracted from the venous blood according to a standard phe-
nol–chloroform extraction procedure. Whole-genome sequencing
of each subject was performed on the Illumina Hiseq 4000 plat-
form, and more than 50 Gb of the sequence clean data was
obtained. These sequencing data have been submitted to the Gen-

ome Sequence Archive (GSA, http://gsa.big.ac.cn/) under project
number CRA001141.

2.4. Sequence data preprocessing and variant calling

Paired-end reads of our sequencing reads were all aligned to the
dog reference genome assembly CanFam3.1 using the BWA-MEM
version 0.7.10-r789 [33–35]. PICARD (version 1.87) was used to fil-
ter the reads with identical start/end points, and the Genome Anal-
ysis Tool Kit (GATK, version 3.7–0-gcfedb6) [36] was then used to
local realignment and base-recalibration for sequences. Specifi-
cally, after genome alignment and removing PCR duplicates, the
distribution of misincorporation near the ends of the reads were
examined using mapDamage2.0 [37]. The calling of sequence vari-
ants were conducted using the UnifiedGenotypeCaller from GATK.
During base and variant recalibration, a list of known single
nucleotide polymorphisms (SNPs)/indels were downloaded from
the Ensembl database to serve as the training set.

2.5. SNPs filtering and population structure

Indels were removed from further analyses. SNPs that had miss-
ing data, being triallelic or near the indels (no more than 5 bp)
were also excluded. Principal component analysis (PCA) was then
carried out on the remaining SNPs using the smartPCA program
with the EIGENSOFT package v5.0.1 [38]. SNPs that were heterozy-
gous in both populations were then collected for further analyses.

2.6. Population genetic analysis

The fixation index (FST) is a measure of population differentia-
tion due to genetic structure [39]. The VCFtools (v0.1.13) [40]
was used to estimate the FST of each window to detect the differen-
tiated genomic regions using the Weir and Cockerham’s method
comparing the circling and control dogs of the BM (FST (BM)) and
KMD (FST (KMD)) breeds [41]. 50 kb was used as the window size
and 10 kb was used as the stepwise size. The Root Mean Square of
FST (RMS_FST) from both groups were estimated using the following
formula:

RMSFST ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2

FSTðBMÞ2 þ FSTðKMDÞ2
� �r

:

In addition, we also pooled the circling and control dogs from
the BM and KMD breeds. Using the Chi-square test, SNPs with high
differentiation between circling and control groups were detected
using the VCFtools (v0.1.13) [40].

2.7. Annotation and detection for candidate genes

Extremely high FST could drive behavior differences between
cases and controls, so we firstly sorted the regions in descending
order according to RMS_FST. Regions with extremely high RMS_FST
(top 1‰) were chosen as candidates, and genes (completely and
partially) inside these regions were selected. Meanwhile, SNPs
with highly significant P values (P � 0.001) detected by Chi-
square tests were used to annotate candidate genes with ANNO-
VAR [42]. Subsequently, genes harboring SNPs with significant P
values in the Chi-square tests (P� 0.001) were used to overlap with
extreme RMS_FST regions (top 1‰) to be defined as candidate
genes for CCD.

http://gsa.big.ac.cn/
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The protein interaction analysis was conducted for our candi-
date genes, as well as previously reported CCD and human OCD rel-
evant genes. The CCD relevant genes were defined through linkage
disequilibrium-based clumping around SNPs with P � 0.0001 in a
CCD GWAS dataset, which contained 92 rigorously phenotyped
Doberman pinscher pica and flank sucking/blanket sucking cases
and 68 controls [22,23]. The human OCD relevant genes were those
whose related scores ranked top 20 of human OCD relevant gene
list from GeneCards. The protein interaction analysis was per-

formed by STRING (https://string-db.org/) [43], and only the exper-
imental validated and co-expression active interaction sources
were used.
2.8. Candidate genes analysis in GWAS data of human OCD

The GWAS result for human OCD was downloaded from the

Psychiatric Genomics Consortium website (https://www.med.unc.

edu/pgc/results-and-downloads) [16]. This dataset includes 2688
OCD patients and 7037 controls of European ancestry. All SNPs in
this dataset were annotated using ANNOVAR [42], and the empir-
ically significant SNPs (P � 0.01) residing in the candidate genes
were retrieved.
2.9. Candidate genes analysis in expression data of human OCD

The expression profile data of human OCD (GSE60190) [44] was
downloaded from the Gene Expression Omnibus (GEO) datdabase

(https://www.ncbi.nlm.nih.gov/gds/) [45]. Gene expression data
was obtained from the postmortem dorsolateral prefrontal cortex
(DLPFC) tissues through the Illumina HumanHT-12 v3 microarray.
The expression data for each candidate genes were retrieved, and
the mean expression values of each gene, which were detected
by different probes derived from the longest transcripts of the tar-
get gene, were calculated. After Shapiro-Wilk normality test, two-
tailed T and MWU (Mann-Whitney U) tests were conducted for
group comparisons when the data obeyed the normal distribution.
In the comparative analysis, 102 non-psychiatric controls and 16
patients with obsessive–compulsive personality disorder or tics
(named OC_mix, 6 individuals were pure OCD patients) were used.
2.10. Other analysis

The P-Match� 1.0 Public [46] was used to predict the transcrip-
tional factor binding sites of the reference and derived sequences
of dog genomes. The options of P-Match � 1.0 Public [46] for min-
imizing the sum of true positive and false positive error rates were
selected for cut-off selection for matrix group, and nervous system
expressed transcriptional factors were predicted.
2.11. Rat cortical neuronal cultures

Cortical neurons were prepared from E18 embryos of Sprague-
Dawley rats, and cultured in serum-free medium following our
previous studies [47,48]. Briefly, the frontal cortex tissues were
dissected and minced in ice-cold sterile Hank’s balanced salt solu-
tion. Dissociated cortical tissues were then digested, and gently
pipetted to generate single cell suspension. Neurons were seeded
at a density of 8 � 105 viable cells/well in 6 well culture-plates
containing 25 mm coverslips, coated with poly-D-lysine (10 lg/
mL, Sigma) and laminin (1.2 lg/mL, Invitrogen). Neurons were cul-
tured in a 37 �C incubator supplemented with 5% CO2. Half of the
culture medium was changed with fresh medium every five days
(Neurobasal media supplemented with 2% B27, 2 mol/L glutamax).
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2.12. Vector construction

The gene-specific shRNA sequence designed for rat Adamtsl3
was cloned into the lentiviral vector pSicoR-Ef1a-mCh-Puro

(www.addgene.org/31845/) and verified through Sanger sequenc-
ing. The target sequence for silencing Adamtsl3 was Adamtsl3-
shRNA, 50-GAATGGAAGTGCATGTATG-30. The control shRNA
sequence was: 50-GATTTGCTGTTCGCCCAAG-30.

For Ppp2r2b overexpression, the rat Ppp2r2b cDNA was respec-

tively cloned into the pCAG vector (www.addgene.org/11150/)

and the pLV lentiviral vector (www.addgene.org/22909/), with a
C-terminus FLAG-tag. The recombinant constructs were verified
by Sanger sequencing and restriction enzyme treatment.

Lentiviruses were generated by transfecting HEK293T cells with
the above-described lentiviral recombinant vectors, the packaging
plasmid psPAX2, and the envelope vector pMD2.G using Lipofec-
tamine 2000 reagent (Invitrogen). Rat neurons were infected at
14–15 d in vitro (DIV) with lentiviruses and harvested for RT-
qPCR and RNA-seq analysis 72 h post viral infection.

2.13. Real-time quantitative PCR (RT-qPCR)

RNA was isolated from cells using the TRIzol� reagent and
reverse transcribed using the RevertAid First Strand cDNA Synthe-
sis Kit (Thermo Fisher Scientific) according to the manufacturer’s
protocol. RT-qPCR was performed using the FastStart Universal
SYBR Green Master (Roche) to compare the relative expression
levels of marker genes. DCt values were calculated by subtracting
the Sdha Ct value from that of each target gene. Relative expression
levels were calculated by using the 2�DDCt method. Primer
sequences used for RT-qPCR were as follows:

Sdha rat F: 50-CTCTTTCCTACCCGCTCACATAC-30;
Sdha rat R: 50-GCCAGTCAGAGCCTTTCACAGT-30;
Adamtsl3 rat F: 50-GGGTAGTAGCGCCAAGAAGG-30;
Adamtsl3 rat R: 50-AATGAAGAGCAGGGCAGGTC-30;
Ppp2r2b rat F: 50-GAAGAGTGTTTGCCAATGCG-30;
Ppp2r2b rat R: 50-GCTGGCTTGATGTCCACGAT-30.

2.14. RNA-seq analysis

The total RNAs of cells infected with lentiviruses for Adamtsl3-
shRNA (four biological replicates), control shRNA (four biological
replicates), pLV-control (three biological replicates) or pLV-
Ppp2r2b (three biological replicates) were extracted and sequenced
with Illumina BGISEQ-500 using the PE151 sequencing strategy.
More than 20 Gb clean data was obtained for each sample, and
the sequencing quality was checked using FastQC (Babraham Insti-

tute, http://www.bioinformatics.babraham.ac.uk/projects /fastqc/).
The first 15 bp of the reads were removed and only reads longer
than 50 bp were retained for further analyses. Hisat2 was used
to map the reads to the Rattus reference genome [49], and fea-
tureCounts and DEseq2 were then used to calculate the read
counts and to identify differentially expressed genes [50,51]. After
gene differential expression analysis, the FPKM (fragments per
kilobase of exon per million fragments mapped) was used to quan-
tify gene expression, and then the Pearson’s correlation coefficients
were calculated using cor function in R between Ppp2r2b or Adamt-
sl3 and the respective remaining genes based on their FPKM values.
Genes were considered differentially expressed when they had:
Log2FoldChange � 0.3 or Log2FoldChange � –0.3, and P-
adj � 0.05, and correlation scores � 0.5 or correlation scores � –
0.5 (correlation scores � 0.85 or correlation scores � –0.85 in
Adamtsl3 editing group). DAVID was used to perform the functional
annotation and enrichment analysis for the differentially
expressed genes [52].

https://string-db.org/
https://www.med.unc.edu/pgc/results-and-downloads
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2.15. Transfection in rat neurons and quantitative morphological
analysis of dendritic spines

Analysis of dendritic spines in cultured neurons was performed
following previous studies [47,53]. Adamtsl3-shRNA, control
shRNA, pCAG-control or pCAG-Ppp2r2b was respectively trans-
fected into cortical neurons together with Venus plasmid (which
expressed EGFP) using Lipofectamine 2000 (Invitrogen) at 14–15
DIV. Immunofluorescence was performed 72 h after transfection.
In brief, transfected neurons were fixed in PBS containing 4%
paraformaldehyde and 4% sucrose for 15 min. Cells were then
blocked in PBS containing 2% normal goat serum and 0.1% Triton-
X-100 for 1 h at room temperature. Primary antibodies against
mCherry (GeneTex), GFP (Abcam) or FLAG (Cell Signaling Technol-
ogy) were incubated with cells overnight at 4 �C, after which the
secondary antibodies were incubated with cells in the dark at room
temperature for 1 h.

Images of the transfected neurons were captured using a LSM
880 Basic Operation (Carl Zeiss) confocal microscope with the
63 � oil-immersion objective as z series of 41 images taken (aver-
aged 2 times, with 0.25 lm intervals, 1024 � 1024 pixel resolu-
tion). Only the secondary and tertiary dendrites (total length of
60–100 lm) were subjected to morphological analysis. An average
of two dendrites per neuron on more than 20 neurons from each
experimental group were analyzed. Dendritic branches were

traced and measured using the Image-J (http://research.mssm.

edu/cnic/tools-ns.html), and NeuronStudio [54] was used to quan-
tify spine numbers and classify spines as thin, mushroom or stubby
according to previous studies [55,56]. Statistical analyses between
two groups were calculated using two-way ANOVA and two-tailed
t-test.
Fig. 1. The results display for whole genome sequencing data and candidate genes expre
square test. The red lines indicated the cutoff of the FST and Chi-square test. (b) Four gene
value were calculated between OCD and non-psychiatric controls, or OC_mix and non-p
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3. Results

3.1. Behavior tests and whole genome sequencing

Both the BM and KMD dogs were obtained from the Kunming
Police Dog Base. The present study focused exclusively on circling
behavior which manifests in highly similar phenotypes in both the
BM and KMD as described in the methods (Fig. S1 and Movie S1
online). We assigned scores 0, 1, or 2 for each of the three levels
of circling behavior to quantify such phenotype in these dogs. For
each breed, ten subjects whose performances were scored as 1 or
2 for all three levels were selected as cases, i.e., circling subjects,
and ten with behavioral performances scored 0 in all three levels
of the tests were defined as controls. The age and sex were ran-
domly selected in cases and controls. All information of the sam-
ples was presented in Table S1 online.

All 40 subjects included in the current study were sequenced
for an average of 75 Gb (60.36–87.60 Gb). All reads were mapped
to the dog reference genome (CanFam3.1) [33,34] with an average
mapping rate of 99%. Sequencing depth ranged from 17.65 to
27.38-fold coverage (Table S1 online). After genotyping using the
Genome Analysis Toolkit (GATK) [57], strict filtering was carried
out as described in the Methods. Finally, we identified ~ 9.6 million
autosomal SNPs for further analysis.

3.2. Population stratification and differentiation analysis

PCA was performed based on whole-genome SNPs to examine
population structure within each breed. The BM and KMD could
be completely separated by the first and second PCs (Fig. S2a
online), suggesting that they were independent populations.
ssion analysis. (a) The Manhattan figure for –FST values and –log10(P) values of Chi-
s differently expressed between non-psychiatric controls and OCD or OC_mix. The P
sychiatric controls.

http://research.mssm.edu/cnic/tools-ns.html
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Indeed, the divergence between the BM and KMD breeds (average
FST = 0.10, calculated using all autosomal SNPs) is greater than that
between Han Chinese and Europeans estimated using HapMap and
Perlegen samples (average FST = 0.06) [58]. Although our results
indicate that the breeds are independent from each other, and
Guo et al. [59] have shown that the KMD breed is completely sep-
arated from its ancestry (German Shepherd dog), BM and KMD
breeds are believed to share some common ancestry components
[31,32]. Therefore, they are suitable for exploration of genetic basis
underlying circling behavior both as separate populations and one
single cohort (for the shared variants). Cases and controls in the
BM and KMD did not show evident population stratification
(Fig. S2b, c online).

To identify loci associated with circling behavior in both breeds,
a set of 5.8 million informative SNPs were analyzed. We calculated
the sliding window FST values along the genomes between circling
and control subjects in BM (FST (BM)) and KMD (FST (KMD)) popu-
lations, respectively. We also calculated the FST (BM) and FST (KMD)
for randomly-selected subjects in each population. The results
showed that FST values obtained in the case-control setting (Med-
ian FST (BM) = 0, FST (KMD) = 0.001) was similar to that obtained in
randomized settings (Median FST (BM) = 0, FST (KMD) = 0). This sug-
gests that regions with elevated FST values may not be due to ran-
dom fluctuations, but rather be driven by behavior differences
between the cases and controls. Moreover, the kinship analysis
showed that even though the cases and controls had some related-
ness (Table S2 online), they are well matched to each other. The
root mean square of FST (RMS_FST) was then calculated based on
FST (BM) and FST (KMD) as described in the Methods. The values
of RMS_FST were distributed in all sliding windows from 0 to
0.340 (Fig. 1a). 67 genes in the sliding windows with the highest
RMS_FST (top 1‰) were identified (Table S3 online).

The genotype results from both BM and KMD subjects were
then combined to perform a Chi-square test between cases and
controls to validate the results of the FST test. Significant SNPs
(P � 0.001) between distinct behavior groups were used for gene
annotation with ANNOVAR [42], and 190 genes were thereby cho-
sen based on a stringent cutoff (Table S3 online). When combine
the FST and the Chi-Square test, 11 candidate genes were selected
in both tests (Table 1). In order to assess the level of false positive
(FP), the labels for cases and controls were randomly permuted and
a similar analysis was carried out using both tests (Supplementary
Methods online). Across all permutations, we only identified an
average of 2.4 genes, which indicates a reasonably low FP rate in
our analytical procedure. These results suggest that majority of
these 11 genes are likely driving the circling behaviors in both
breeds.
Table 1
The summary list for the candidate genes.

Symbol Gene name

RBM6 RNA binding motif protein 6
RHOU Ras homolog family member U
PPP2R2B Protein phosphatase 2 regulatory subunit Bbeta
PHF2 PHD finger protein 2
NCAM2 Neural cell adhesion molecule 2
MAST4 Microtubule associated serine/threonine kinase family member 4
KCNH5 Potassium voltage-gated channel subfamily H member 5
ESRRB Estrogen related receptor beta
ARHGAP26 Rho GTPase activating protein 26
ADAMTSL3 ADAMTS like 3
ACTN1 Actinin alpha 1

Note: a Number of significant SNPs in WGS analysis of circling dogs. b Number of significa
performed in OCD and OC_mix samples respectively.
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We also examined the previously reported CCD-associated
genes, including neuronal cadherin (CDH2) [22,23,60], catenin
alpha 2 (CTNNA2) [22], ataxin-1 (ATXN1)[22], and plasma gluta-
mate carboxypeptidase (PGCP) [22] in our sample. We found that
SNPs within these genes (22 SNPs in CDH2, 12 SNPs in CTNNA2
and 81 SNPs in PGCP) exhibited significant differences between
cases and controls at nominal P value of 0.05 (Chi-square tests),
and the probability of observing normal significant SNPs in three
of four genes was zero in randomly-selected genes (Supplementary
Methods online). These results suggested the existence of both
shared and distinct genetic mechanisms between subtypes (obses-
sions/checking, contamination/cleaning and eating disorders) of
CCD showing different obsessive behaviors. Moreover, in protein
interaction analysis, the proteins encoded by these 11 candidate
genes showed direct physical protein–protein interactions (PPIs)
with OCD related genes detected in previous studies [22,23,25]
(Detailed information is shown in Methods and Fig. S3 online), sup-
porting a putative role for these genes in the pathogenesis of OCD.

3.3. Significant convergence of the risk genes with human OCD

The similarity in repetitive phenotypes (obsessions/checking,
contamination/cleaning and eating disorders) between CCD and
human OCD suggests that they may share certain common risk
genes. Using data from a recent GWAS for human OCD with 2688
cases and 7037 controls [16], a total of 1,986 human genes respec-
tively contained more than 3 SNPs showing nominal associations
(P � 0.01) were found. Among the orthologous gene pairs between
humans and dogs (a total of 14,313 gene pairs), 9 out of the 11
genes overlapped with the GWAS hits existed in the humans
(Table 1, Fig. S4 online). Using a random sampling based approach
(Supplementary Methods online), we revealed a significant conver-
gence (7.26-fold enrichment, P < 0.0001) on the genetic basis of the
compulsive disorder between humans and dogs.

3.4. Expression analyses of the risk genes in human OCD

We then retrieved gene expression data of human OCD
(GSE60190) [44] from the GEO [45] database. Notably, the expres-
sion of RHOU was not detected in this dataset, and we therefore
examined expression of the other 10 candidate genes as described
above. A total of 102 non-psychiatric controls and 16 patients with
OC_mix were included, among whom 6 patients were pure OCD.
We found that RBM6 (RNA binding motif protein 6), PPP2R2B (pro-
tein phosphatase 2 regulatory subunit Bbeta), PHF2 (PHD finger
protein 2) and ADAMTSL3 (ADAMTS like 3) were differentially
expressed between non-psychiatric controls and OCD or OC_mix
WGSa GWASb OCDc OC_mixc

P FDR P FDR

1 3 0.00688 0.0688 0.00735 0.0735
2 0 - - - -
27 9 0.00705 0.0353 0.07748 0.3870
4 6 0.02069 0.0690 0.00397 0.0132
124 27 0.10319 0.2060 0.11762 0.2350
2 9 0.72227 0.7220 0.61215 0.6120
2 6 0.26850 0.3360 0.84728 1.0600
8 9 0.23523 0.3360 0.27284 0.3900
4 4 0.44058 0.4900 0.47199 0.5240
37 4 0.09233 0.2310 0.00417 0.0104
1 0 0.18359 0.3060 0.04916 0.0819

nt SNPs in GWAS analysis of human OCD. c The differential expression analysis was
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subjects (P � 0.01, Table 1, Fig. 1b). PPP2R2B and ADAMTSL3 were
still differentially expressed even after multiple testing correction
(FDR � 0.05).

The mRNA expression profiles of those genes in dogs are not
available. We noticed, however, that the significant SNPs detected
in cases were in intronic or untranslated regions (UTRs) of the risk
genes (Table S4 online). Functional predictions suggested that
these variants might affect binding affinities of transcription fac-
tors (Table S5 online), especially for the variants within PPP2R2B
and ADAMTSL3. Collectively, the above cumulative data identify
several potential risk genes for OCD, among which PPP2R2B and
ADAMTSL3 are consistently highlighted across dogs and humans.

3.5. Dysregulation of Ppp2r2b or Adamtsl3 in rat neurons leads to
altered dendritic spine density and morphology

Previous studies suggest that OCD pathogenesis is linked with
abnormalities in dendritic spine development and synaptic plastic-
ity [61–67] as well as dysregulation of excitatory synaptic gene
expression in the brain [9]. Moreover, one human OCD relevant
gene (NCAM2), which is not only related to OCD but also responsi-
ble for synapse maturation, stability and dendritic spine develop-
ment [68], was detected by our population stratification and
differentiation analysis. This gene also contained more SNPs signif-
icantly highlighted in our dog circling analysis compared with
other candidate genes (Table 1).

We therefore sought to test whether PPP2R2B and ADAMTSL3
were also associated with spine development using lentiviruses
infection followed by RNA-seq in primary rat cortical neurons.
Given that the Adamtsl3 gene is too long to be successfully overex-
pressed, we used an shRNA to reduce Adamtsl3 expression to
examine its function in neurons. In brief, lentiviral constructs of
Adamtsl3-shRNA, control shRNA, pLV-control and pLV-Ppp2r2b
were established to infect the wild-type rat cortical neurons for
72 h. The expression levels of Adamtsl3 and Ppp2r2b were con-
firmed via RT-qPCR and RNA-seq. The expression of Adamtsl3 was
reduced by 27% in neurons infected with Adamtsl3-shRNA relative
to cells infected with the control shRNA, and the expression of
Ppp2r2b in cells infected with pLV-Ppp2r2b increased 11.7 times
compared with the controls (Fig. S5 online). The differentially
expressed genes (DEGs), after manipulation of the risk genes
(Ppp2r2b and Adamtsl3) in cultured neurons, were identified by
RNA-seq. The 181 DEGs in Ppp2r2b overexpressing neurons
(Table S6 online) and 297 DEGs in Adamtsl3 knockdown neurons
(Table S7 online) were enriched in neurogenesis, synapse and den-
dritic spine relevant function clusters by the DAVID analysis
(Enrichment Score � 1.33, Table S8 online). We thus hypothesized
that expressional changes in Ppp2r2b or Adamtsl3 expression
would lead to changes in the density and morphology of dendritic
spines in neurons.

To test this hypothesis, we examined the dendritic spine density
and morphology in rat cortical neurons transfected with Adamtsl3-
shRNA, control shRNA, pCAG-control and pCAG-Ppp2r2b separately
using confocal imaging analysis. We found that neurons overex-
pressing Ppp2r2b had a significantly lower density of total spines
compared with control neurons (control, 3.16 spines per 10 lm;
overexpression of Ppp2r2b, 2.50 spines per 10 lm; P = 0.0015,
two-tailed t-test; Fig. 2a, b). In a further morphological analysis, a
significant decrease in the density of thin spines was observed after
overexpression of Ppp2r2b (control, 1.26 spines per 10 lm; overex-
pression of Ppp2r2b, 0.80 spines per 10lm; P = 6.76� 10–5, two-way
ANOVA; Fig. 2b), while the density of mushroom or stubby spines
were not altered. Through analyzing proportions of each subtype
of dendritic spines (mushroom, stubby and thin), we saw that over-
expression of Ppp2r2b induced a significant reduction of the propor-
tion of thin spines (P < 0.01) and a concomitant increase in the
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proportion of stubby spines (P < 0.05) (Fig. 2b). We also studied
the effect of Adamtsl3 on dendritic spines using RNA interference.
Plasmids expressing either control shRNA or shRNA targeting rat
Adamtsl3were introduced into neurons at DIV-14. Neurons express-
ing Adamtsl3 shRNA exhibited similar densities of total spines com-
pared with the control neurons, whereas reduction of Adamtsl3
resulted in a significant increase of density and proportion ofmush-
room spines compared with controls (P < 0.05, two-way ANOVA,
Fig. 2c, d). Therefore, Ppp2r2b andAdamtsl3 likely affect the develop-
ment of dendritic spines, and Ppp2r2b may selectively affect spine
formation and Adamtsl3 might play roles in promoting dendritic
spine maturation.

4. Discussion and conclusion

In this study we performed behavior tests for dogs with and
without circling behavior from two independent breeds, and con-
ducted whole genome sequencing in 10 cases and 10 controls from
each breed to decipher the genetic mechanism of circling behavior
as one analogous endophenotype of human OCD. Through popula-
tion genetic analyses, we found 11 highly differentiated genes
between circling and control populations, of which nine contained
independent SNPs showing nominal associations for human OCD.
Statistical analysis revealed a significant convergence (7.26-fold
enrichment, P < 0.0001) on the genetic basis of the compulsive dis-
order between humans and dogs. Meanwhile, we found 4 of 11
genes showed significant differential gene expression between
OCD and non-psychiatric controls in humans (P � 0.01). Interest-
ingly, PPP2R2B and ADAMTSL3 had statistical significance in expres-
sion data after multiple testing correction (FDR � 0.05) and 2 key
variants in them were found to affect transcription factors binding
affinities based on the computational prediction. Subsequently, we
designed a series of functional experiments through lentiviruses
infection, RNA-seq, and confocal imaging analysis. As we found
out, neurons overexpressing Ppp2r2b had a significantly lower den-
sity of total spines, and neurons expressing Adamtsl3 shRNA exhib-
ited a significant increase of density and proportion of mushroom
spines, consistent with the previous observations that OCD patho-
genesis is linked with abnormalities in dendritic spine develop-
ment and synaptic plasticity [61–67] as well as dysregulation of
excitatory synaptic gene expression in the brains of OCD patients
[9]. Taken together, we have identified a strong convergence in
the genetic constitution of OCD in humans and dogs.

Although SNPs in the 11 candidate CCD risk genes did not reach
genome-wide level of statistical significance in the human GWAS,
it is not unexpected given that human OCD is presumed to have
higher phenotypic and genetic heterogeneity than CCD. Indeed,
genome-wide surveys for human OCD have identified only a lim-
ited number of risk genes demonstrating genome-wide level of sta-
tistical significance [16]. Meanwhile, aggregating and polygenic
analyses suggest that there might be true associations among
those markers exhibiting nominal significance in GWAS of complex
diseases [69]. It has been shown that stringent multiple corrections
may preclude the discovery of genuine biological risk-associated
genes when GWAS sample sizes are not large enough, in which
case such genes might only show nominal significance.

The current study revealed that functional manipulation of the
risk genes (Ppp2r2b and Adamtsl3) resulted in differential expres-
sion of genes enriched in neurogenesis, synapse and dendritic
spine relevant function clusters. The experiment further showed
that Ppp2r2b and Adamtsl3 could affect the density and morphol-
ogy of dendritic spines in cultured neurons. These results provide
compelling evidence for the potential link between OCD and den-
dritic spines, and are also in agreement with the recent studies
showing spine and synaptic pathology in OCD [61–67,70,71]. For
example, Vondervoort et al. [64] found that dendritic spine forma-



Fig. 2. Manipulation of Ppp2r2b and Adamtsl3 expression in rat cortical neurons and dendritic spine analysis. (a) Representative figures of dendrites of rat cortical neurons
transfected with pCAG-control and pCAG-Ppp2r2b respectively. (b) The density and percentage of spines for each condition. *P < 0.05, **P < 0.01, ***P < 0.001, and ns,
not significant. n = 25 neurons per condition. (c) Representative figures of dendrites of rat cortical neurons transfected with Adamtsl3-shRNA and control shRNA separately.
(d) The density and percentage of spines for each condition. *P < 0.05 and ns, not significant. n = 23 neurons per condition.
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tion could be regulated through insulin-related signaling and con-
tributed to OCD. In addition, several synaptic proteins such as
SLC1A1, SLITRK5 and SAPAP3 have also been reported to be associ-
ated with OCD or OCD-like behaviors [72–74]. We found that over-
expression of Ppp2r2b in neurons reduced the density of dendritic
spines, especially the thin spines which are immature and plastic
[67,75]. Intriguingly, the thin spines are generally accepted as
learning spines due to their greater potential for strengthening
[76]. Hence, our results suggest that Ppp2r2bmay selectively target
immature spine structures and further affect synaptic plasticity in
OCD pathogenesis, probably through a mechanism similar to that
observed with the OCD risk gene NCAM2 [77], which is also
detected in our population stratification and differentiation analy-
sis. We also found that reduced expression of Adamtsl3 in neurons
led to an increased density of mushroom spines, which are the
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most mature form of all spines and referred to as memory spines
for their pivotal roles in long-term memory [76,78]. Therefore,
Adamtsl3 might play a role in the normal formation and function
for dendritic spines. Taken these results together, we speculate
that dendritic spine development may play a key role in the patho-
genesis of dog and human OCD.

By synthesizing our results and previous studies [22,23,30], we
found that our candidate genes and the CCD genes all contain sig-
nificant SNPs identified in human OCD GWAS, suggesting that dogs
may be an ideal model animal for studying OCD. The multiple
shared risk genes between CCD and human OCD are also in agree-
ment with the previously reported existence of many genes which
have evolved in parallel between dogs and humans, especially for
genes within the neurological system [79]. In addition, previous
studies also found that dogs and humans shared many evolution-
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ary mechanisms of environmental adaptation, such as high altitude
[80] and malaria [81]. Therefore, the canine model of OCD may
reflect similar convergence in humans. However, caution is needed
when applying canine models in the research of human OCD as dif-
ferent genetic variants likely underlie different OCD-related symp-
toms. For example, previously identified CCD genes in Doberman
Pinschers, German shepherd, Jack Russell terrier, and Shetland
sheepdog, which showed flank sucking behavior or tail-chasers
[22,23,30], were not highlighted in the current study after strict
cutoff. Also, only 67 of 119 conserved sites reported in Tang et al.
[22] were detected in our samples, and only 4 of the conserved
sites showed significant association signals (Table S9 online).
Moreover, the previously reported CCD genes (CDH2, CTNNA2,
ATXN1, PGCP) [22,23,60] were not differentially expressed between
non-psychiatric controls and OCD or OC_mix patients (GSE60190)
[44]. However, genes (RBM6, PPP2R2B, PHF2 and ADAMTSL3)
defined in the current study exhibited significant expression differ-
ences between non-psychiatric controls and OCD or OC_mix
patients (GSE60190) [44]. Therefore, potential inconsistencies
should be considered when selecting models of different dog
breeds and behavior types for investigating human OCD.

Our studies suggest that applying stringentbehavior tests indogs
might be a suitable method for identifying phenotypic analogous to
those of humandiseases.Moreover, the reducedgenetic background
and phenotypic heterogeneity of dogs compared with humans may
allow identification of genes underlying biological mechanisms for
abnormal behaviors. These studies can ultimately promote the
understanding of analogical diseases in humans. The current
research focused on SNPs, nevertheless, indels, copy number varia-
tions and epigenetic modifications have also been reported related
to OCD. Therefore, investigating the roles of these types of genetic
variants in CCD is also necessary. Moreover, our behavior tests for
circling behavior were designed according to practical experience
and the trait of the two breeds, so the universality and validity still
should be tested in more different breeds in the future.
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