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Abstract

Background—Obsessive-compulsive disorder (OCD) is a debilitating neuropsychiatric disorder
with a genetic risk component, yet identification of high-confidence risk genes has been
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challenging. In recent years, risk gene discovery in other complex psychiatric disorders has been
achieved by studying rare de novo (DN) coding variants.

Methods—We performed whole-exome sequencing in 222 OCD parent-child trios (184 trios
after quality control), comparing DN variant frequencies to 777 previously sequenced unaffected
trios. We estimated the contribution of DN mutations to OCD risk and the number of genes
involved. Finally, we looked for gene enrichment in other datasets and canonical pathways.

Results—DN likely gene disrupting and predicted damaging missense variants are enriched in
OCD probands (RR 1.52, p=0.0005) and contribute to risk. We identified two high-confidence risk
genes, each containing two DN damaging variants in unrelated probands: CHD8and SCUBEI.
We estimate that 34% of DN damaging variants in OCD contribute to risk, and that DN damaging
variants in approximately 335 genes contribute to risk in 22% of OCD cases. Furthermore, genes
harboring DN damaging variants in OCD are enriched for those reported in neurodevelopmental
disorders, particularly Tourette’s disorder and autism spectrum disorders. An exploratory network
analysis reveals significant functional connectivity and enrichment in canonical pathways,
biological processes, and disease networks.

Conclusions—Our findings show a pathway toward systematic gene discovery in OCD via
identification of damaging DN variants. Sequencing larger cohorts of OCD parent-child trios will
reveal more OCD risk genes and provide needed insights into underlying disease biology.

Keywords
obsessive-compulsive disorder; whole-exome sequencing; CHD8; SCUBEZ; autism; Tourette

INTRODUCTION

Obsessive-compulsive disorder (OCD) is an often-disabling neuropsychiatrie disorder with
onset typically during adolescence or young adulthood and a lifetime prevalence of 1.5-
2.5% (1-5). Obsessions are intrusive thoughts, images, or urges experienced as irrational,
excessive, and accompanied by anxiety or discomfort. Compulsions are behaviors
undertaken to mitigate obsessions or subjective feelings (i.e., the need to relieve a tactile
sensation or achieve a “just right” feeling); they are usually repetitive, stereotyped, and
excessive (6, 7). The anxiety or distress associated with obsessions and compulsions and the
time spent on them are sources of lifelong morbidity in OCD, having profound negative
effects on both patients’ and families’ quality of life. Symptoms can be so disabling that the
World Health Organization has ranked OCD among the 10 most debilitating disorders of any
kind, in terms of lost earnings and diminished quality of life (8, 9). Furthermore, OCD has
been linked to significantly increased mortality, even after controlling for comorbid
psychiatric conditions, which can occur in up to 75% of cases (10, 11). Treatment-refractory
disease is common, with about 40% of patients resistant to current pharmacological and
psychotherapeutic treatments, and untreated OCD generally persists and becomes chronic
(12, 13). The causes and underlying biology of OCD are not well understood, which has
limited the development of new treatments and interventions. For these reasons, there is an
urgent need for more research to elucidate OCD risk factors and disease mechanisms.
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Twin and family studies provide strong evidence for a substantial genetic contribution to
OCD risk, with modern estimates of heritability around 40-50% (14-17), yet progress in
identifying risk genes has been slow. Decades of linkage, common-variant candidate gene
association studies, and more recent genome-wide association studies in OCD (18-20) have
yielded few reproducible associations and therefore have provided limited insights into
disease biology. Further efforts are clearly needed to identify specific OCD risk variants and
to confirm vulnerability pathways by modern genome-wide and comprehensive variant
discovery approaches.

In contrast, genetic research into several other neuropsychiatric disorders has seen
significant advancement in recent years. This progress is partly attributable to increasing
attention toward the contribution of rare genetic sequence variation, especially de novo
variants which arise spontaneously in parental germ cells or in a zygote shortly after
conception. This approach has shown great success for systematic risk gene discovery in
other genetically complex neuropsychiatric disorders (21-25), particularly autism spectrum
disorders (26-29). While an individual rare variant is unlikely to explain a sizeable fraction
of disease risk in the context of a heterogeneous genetic architecture, concurrent
investigations of multiple genes implicated by rare sequence and structural variation
highlight convergence toward a limited number of important underlying biological
mechanisms (30). Therefore, there is a proven and reliable approach toward risk gene
discovery in complex neuropsychiatric disorders that has yet to be fully leveraged in OCD.

Following these previous studies in other disorders and our pilot study suggesting a role for
de novo single nucleotide variants (SNVs) in OCD risk (31), we performed whole-exome
sequencing (WES) in 222 OCD parent-child trios to identify de novo SNVs and insertion-
deletion variants (indels). In 184 OCD trios passing quality control, we find strong evidence
for the contribution of de novo likely gene disrupting (LGD; creation or loss of a stop codon,
canonical splice site, or a frameshift indel) as well as predicted damaging missense (Mis-D)
variants to OCD. Furthermore, we identify two high-confidence candidate risk genes based
on observing gene-level recurrence of de novo damaging (LGD + Mis-D) variants in
unrelated probands: CHD8 (Chromodomain Helicase DNA Binding Protein 8) and SCUBE1
(Signal Peptide, CUB Domain And EGF Like Domain Containing I). We estimate that 22%
of OCD cases will harbor a de novo damaging SNV or indel mediating OCD risk, and that
there are approximately 335 genes affected by such variants contributing to the risk. Finally,
we detect significant overlap between genes with damaging de novo variants in OCD and
those previously reported in Tourette’s disorder and autism.

METHODS AND MATERIALS

Subjects

This study was approved by the local institutional review boards of all participating
institutions, and appropriate informed consent was obtained from participating subjects. 222
parent-child trios (139 male, 83 female), consisting of offspring meeting criteria for the
diagnosis of obsessive-compulsive disorder, as defined by the Diagnostic and Statistical
Manual for Mental Disorders (DSM-1V-TR or DSM-5) (32, 33), and their unaffected
parents, were recruited for DNA sequencing. Trios were recruited at three sites: the
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University of Sao Paulo School of Medicine Obsessive-Compulsive Spectrum Disorders
Program (42 trios), Centre for Addiction and Mental Health and the Frederick W. Thompson
Anxiety Disorders Centre at the Sunnybrook Health Sciences Centre in Toronto (77 trios),
and Yale University School of Medicine (61 trios). Additionally, we included 42 trios with
OCD and chronic tics that were recruited for a separate study by TIC Genetics (25, 34). All
subjects were assessed using the Structured Clinical Interview for DSM Axis | Disorders
(SCID-I) (35). Subjects with a diagnosis of schizophrenia, schizoaffective disorder, autistic
disorder, pervasive developmental disorder not otherwise specified, or intellectual disability
were excluded from the present study. Other diagnostic criteria included: onset of symptoms
prior to age 18 years; no previously diagnosed neurological disorder or OCD occurring
exclusively in the context of depression; no known history of OCD in first degree relatives.
Final diagnostic status was assigned based on the consensus of an experienced interviewer
and a psychiatrist or psychologist after independent review and administration of the SCID.
We prioritized the study of simplex OCD trios to increase the likelihood of detecting de
novo sequence and structural variants. Available phenotype information, including gender
and parental age, is included in Table S1.

Whole-exome sequencing (WES)

Exome capture and sequencing of blood-derived DNA from 222 affected children and their
parents (666 samples total) were performed at the Yale Center for Genomic Analysis
(YCGA), using the NimbleGen SeqCap EZExomeV2 (109 trios) or MedExome (113 trios)
capture libraries (Roche NimbleGen, Madison, WI, USA) and the Illumina HiSeq 2000
platform (74 bp paired-end reads; lllumina, San Diego, CA). We multiplexed six samples
during each capture reaction and sequencing lane, pooling parents and probands when
possible. WES data from 855 unaffected parent-child trios (2565 samples total) were
obtained from the Simons Simplex Collection (SSC) via the NIH Data Archive (https://
ndar.nih.gov/edit_collection.htmlI?id=2042). These control trios are comprised of unaffected
siblings of autism probands from the SSC and their parents; these siblings and their parents
have no evidence of autism spectrum or other neurodevelopmental disorders (36). Like our
OCD samples, control WES was from blood-derived DNA and sequenced on the Illumina
HiSeq 2000 sequencing platform after capture with the NimbleGen SeqCap EZExomeV2
library.

Sequence alignment, quality control, and variant calling

Alignment and variant calling of the sequencing reads followed the latest Genome Analysis
Toolkit (GATK) (37) Best Practices guidelines. Details are provided in Supplemental
Methods.

Mutation rate analysis

Within each cohort, we calculated the rates of de novo and inherited mutations per base pair.
For accurate rate calculation, we first determined the number of “callable” base pairs per
family using the GATK DepthOfCoverage tool. See Supplemental Methods for details. We
compared de novo mutation rates in cases versus controls (burden analysis) using a one-
tailed rate ratio test in R (https://cran.r-project.org/package=rateratio.test), considering only
those variants present with a frequency of <0.01 in the EXAC v0.3.1 database (38). We
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compared inherited mutation rates in a similar manner but considered only those variants
seen once across all cases and controls, and not reported in EXAC. See Supplemental
Methods.

TADA analysis

Prior exome analyses demonstrated that the observation of even a small number of rare de
novo mutations in the same gene among unrelated individuals can provide considerable
statistical power to establish association (39). We used the Transmitted And De novo
Association (TADA) test as a statistical method for risk gene discovery based on gene-level
recurrence of de novo and inherited mutations within the classes of variants that we found
enriched in OCD (29, 40). Parameter calculations and a detailed description of the method
are given in Supplemental Methods.

Estimation of number of risk genes

We first used a maximum likelihood estimation (MLE) method to estimate the number of
genes contributing risk to OCD, based on vulnerability to de novo damaging variants (41).
See Supplemental Methods. Next, we used an alternate method for estimating the number of
risk genes, using a statistical method based on the “unseen species” problem (39). See
Supplemental Methods for details of these calculations.

Estimation of future risk gene discovery

Based on the predicted number of OCD risk genes, we performed simulations to predict the
likely future gene discovery yield as additional OCD trios are investigated by WES. See
Supplemental Methods for details of these calculations.

Gene set overlap

We used DNENRICH (42) (https://psychgen.u.hpc.mssm.edu/dnenrich/) to test whether
OCD genes harboring de novo damaging mutations (89 genes; excluding two genes, 77N
and CACNA1E, found to harbor de novo damaging variants in control subjects) were
significantly enriched among previously reported genes identified in autism (ASD),
schizophrenia (SCZ), developmental disorders (DD), Tourette’s disorder (TD), and
intellectual disability (ID). Details about the gene lists and DNENRICH parameters are
provided in the Supplemental Methods.

Exploratory pathway and network analyses

To determine whether all genes harboring de novo damaging variants in OCD are enriched
for specific biological pathways, we used the same gene list from our gene set overlap
analysis (n=89) to identify the most significant canonical pathways, biological processes,
and diseases suggested by MetaCore (Clarivate Analytics) and Ingenuity Pathway Analysis
(IPA, Qiagen Bioinformatics). Details of the settings used for each of these tools is given in
the Supplemental Methods.

Using the GeNets algorithm (https://apps.broadinstitute.org/genets), we mapped all 89 genes
harboring de novo damaging mutations in OCD onto the GeNets Metanetwork v1.0 to
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determine whether they are functionally connected. Details about the databases and
statistical comparisons are provided in Supplemental Methods.

Damaging de novo SNVs and indels are associated with OCD risk

Exome sequencing was performed on 222 OCD parent-child trios. WES data from 855
unaffected trios, already sequenced from the Simons Simplex Collection, were pooled with
our OCD trios for joint variant calling. After quality control methods, our sample size for a
burden analysis was 184 OCD and 777 unaffected trios (Figure 1, Table 1, Table S1). To
compare the de novo and inherited mutation rates between cases and controls, we limited
our analysis to loci with at least 20x coverage in all members of a trio, as this was our pre-
defined threshold for calling a variant (see Methods). Based on our OCD pilot study (31)
and work in other neurodevelopmental disorders (22, 24, 26, 28, 43), we expected to find an
enrichment of de novo LGD variants (stop codon, frameshift, or canonical splice-site
variants) in OCD probands versus controls. We found a statistically significant increased rate
of de novo LGD variants in OCD cases, confirming our hypothesis (rate ratio [RR] 1.93,
95% Confidence Interval [CI] 1.19-3.09, p=0.01). Furthermore, de novo missense variants
predicted to be damaging by PolyPhen2 (Mis-D; Polyphen2 HDIV score >0.957) were also
over-represented in OCD probands (RR 1.43, Cl 1.13-1.80, p=0.006). Taken together,
damaging de novo coding variants (LGD and Mis-D) occur more often in OCD probands
versus controls (RR 1.52, Cl 1.23-1.86, p=0.0005). We did not detect a difference in
mutation rates for de novo synonymous variants (RR 0.99, Cl 0.75-1.31, p=0.5) (Table 1,
Figure 2A, Table S2). We did not detect a difference in mutation rates for any class of
inherited variants (Tables S3-S4).

Damaging de novo SNVs and indels contribute to OCD risk in 22% of cases

Next, we estimated the fraction of observed de novo mutations that contribute to OCD risk,
based on our dataset. By dividing the de novo mutation rate difference between cases and
controls by the rate in cases, we estimate that 49.2% (Cl 3.4-95.0%) of de novo LGD and
29.5% (Cl 6.0-53.0%) of de novo Mis-D mutations contribute to OCD risk. As a group, we
estimate that 33.9% (Cl 13.3-54.6%) of damaging (LGD + Mis-D) de novo mutations
contribute to OCD risk (Figure 2B).

We also used our data to estimate the proportion of cases harboring a de novo mutation
contributing to OCD risk. By subtracting the percentage of controls from the percentage of
OCD probands with at least one de novo mutation, we estimate that 15.0% (Cl 3.1-26.9%)
have a de novo Mis-D mutation and 7.3% (CI 0.50-14.0%) have a de novo LGD mutation
mediating OCD risk. As a group, we estimate that 22.2% (CI1 8.7-35.8%) of cases have a
damaging de novo mutation contributing to OCD risk (Figure 2B).

Recurrent damaging de novo variants identify two candidate risk genes

Having established that de novo damaging variants occur more frequently in OCD probands,
we next asked whether these variants cluster within specific genes. We identified three genes
with multiple (=2) de novo LGD or Mis-D variants in unrelated probands. Using TADA (40)
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and previously established false discovery rate (FDR) thresholds, two of these genes met
criteria for high-confidence risk genes (0<0.1): SCUBE1 (Signal Peptide, CUB Domain And
EGF Like Domain Containing 1, qg=0.091) and CHD8 (Chromodomain Helicase DNA
Binding Protein 8;q=0.098). A third gene, 77N (T7itin), did not meet this threshold (q=0.63)
(Table 2, Table S5). For SCUBEI and CHDS, we observed one de novo Mis-D variant and
one de novo canonical splice site variant each. Each of the splice site variants decrease
splicing efficiency as predicted by MaxEntScan scores (44) (88% decrease from 9.94 to 1.19
for CHD8; 100% decrease from 7.75 to —0.44 for SCUBEL) (Ingenuity Variant Analysis,
Qiagen Bioinformatics).

Approximately 335 genes contribute to OCD risk

Based on OCD proband vulnerability to de novo damaging variants in our dataset, we used
two methods to estimate the number of genes contributing to OCD risk. Using a maximum
likelihood estimation (MLE) method (41), we determined the most likely number of genes to
be 335 (Figure S2). This agrees with an alternate method based on the “unseen species
problem” (39); the estimated number of OCD risk genes using this alternate method is 317
(95% CI 190-454).

Next, we used the estimated number of OCD risk genes (n=335) to predict the likely future
gene discovery yield as additional OCD trios are investigated by WES. Based upon 10,000
simulations at each cohort size, we predict discovery of the following numbers of risk genes
as we sequence more OCD parent-child trios: 24 probable risk genes, including 11 high-
confidence risk genes (24 / 11 genes) at 500 trios; 77 / 40 genes at 1,000 trios; 202 / 113
genes at 2,000 trios; 323 / 189 genes at 3,000 trios (Figure S3).

Overlap with TD, ASD and CHD8 target genes

Using DNENRICH (42), we found significant overlap between genes harboring de novo
damaging variants in OCD (n=89, excludes occurrences in controls) and several gene sets
from the literature (Table 3, Table S6). Our OCD genes were significantly enriched for genes
harboring de novo nonsynonymous (LGD, missense) variants in Tourette’s disorder (TD)
and autism (ASD), genes achieving TADA g<0.1 in ASD, genes with genome-wide
significant statistical evidence for association with developmental disorders, and genes that
are targets of CHD8 in the developing human brain. There was no significant enrichment for
genes harboring de novo variants in intellectual disability (ID) or schizophrenia (SCZ), and
no enrichment for any class of de novo variation in unaffected siblings in the SSC (Table 3,
Table S6). Overlap between OCD and TD remained significant for all mutational classes,
even when omitting variants from OCD subjects with comorbid tics (Table S6).

Exploratory pathway and network analyses

Using our list of genes harboring de novo damaging variants in OCD (n=89), we performed
exploratory analyses to determine shared underlying canonical pathways and functional
connectivity. Using the GeNets algorithm, OCD genes mapping onto a meta-network
displayed significantly more connectivity than expected by chance (p=0.026) (Figure S6,
Table S7). An additional 68 “tier 1” candidate genes were predicted by the GeNets
algorithm, based on their high network connectivity to our original 89 input genes. These
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candidate genes are provided for reference in Table S7. All GeNets results for this analysis
are also available in interactive form here: https://www.broadinstitute.org/genets#/visualize/
58d9425ea4e00291af652379.

Based on the results from two pathway analysis tools, MetaCore and IPA, our input gene list
is enriched for canonical pathways related to immune response, particularly the complement
system (FDR 0.13). Other enriched canonical pathways include granulocyte-macrophage
colony stimulating factor (GM-CSF) signaling, neurotrophin/tyrosine kinase signaling, B
cell receptor signaling, and focal adhesion kinase signaling (Table S8). With regard to
biological processes, sodium ion homeostasis shows the greatest enrichment using MetaCore
(FDR 3.7 x 1077). With regard to diseases, multiple cancer-related networks show the most
enrichment (FDR ~1078-1079) using MetaCore and IPA.

DISCUSSION

By whole-exome sequencing of OCD parent-child trios, we have demonstrated a strong
association between de novo damaging (LGD and Mis-D) coding variants and OCD cases
(Table 1, Figure 2). As seen in studies of other neurodevelopmental disorders, these results
can be leveraged to systematically identify OCD risk genes. In the current study, two genes,
CHD8and SCUBE1, have an FDR (<0.1, meeting criteria for high-confidence association
with OCD (Table 2).

Of the subjects with predicted damaging de novo mutations in CHDE (Table S2), subject
OCD8015.p1 was diagnosed with OCD and hair-pulling disorder (trichotillomania); subject
OCD8134.p1 was diagnosed with OCD, Tourette’s disorder, ADHD, and separation anxiety
disorder. Of the subjects with predicted damaging de novo mutations in SCUBE, subject
8100.p1 was diagnosed only with OCD, and subject OCD8141.p1 was diagnosed with OCD
and Tourette’s disorder. Based on a structured clinical interview, no subjects in this study
had a diagnosis of autism spectrum disorder or intellectual disability. The presence of
Tourette’s disorder in one subject each with a CHD8and SCUBE1 predicted damaging de
novo mutation raises the question of whether these genes may play a role in the Tourette
phenotype. Clinically, OCD and Tourette have high rates of comorbidity (45), and our
genetic overlap analysis (Table 3, Table S6) supports the likelihood of shared genetic risk.
On the other hand, the largest WES study of 802 Tourette’s disorder parent-child trios
(including 37% with comorbid OCD) (24) did not find evidence for CHD8and SCUBE1 as
risk genes. Continued WES of trios recruited for OCD and for Tourette’s disorder, currently
underway, is likely to clarify the relative contribution of these genes to each disorder. Future
studies should also attempt more extensive phenotyping of these patients with predicted
damaging mutations in CHD8and SCUBEL.

SCUBE1 has not been extensively studied. While it is expressed in the developing brain and
nervous system (46, 47), functional studies to date have focused mostly on its potential role
in platelet activation and adhesion (48, 49). A study in mice has shown downregulated
SCUBE1 expression in response to inflammatory stimuli (47), but this gene has not yet been
implicated in disorders of the brain or nervous system. Interestingly, increased levels of pro-
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inflammatory markers have been reported in several studies of children and adolescents with
OCD (50-53).

On the other hand, there are several recent and ongoing studies of CHDS, a gene that has
emerged as having the strongest association with autism spectrum disorder via the
identification of multiple de novo LGD variants in unrelated parent-child trios (Figure S5)
(39, 54-56). CHD& s highly expressed in the developing brain (57). It encodes an ATP-
dependent chromatin remodeler that binds to tri-methylated histone H3 lysine 4, a post-
translational histone modification present at active promoters (58-60). Loss of CHD8
function appears to contribute to autism pathology by disrupting the expression of its target
genes, which are themselves enriched for high confidence autism risk genes (57). While
OCD subjects with de novo damaging CHD8 variants in our study do not meet any
diagnostic criteria for autism, this finding suggests there may be overlapping biological
mechanisms between the two disorders and leads us to hypothesize that genes regulated by
CHD8 may similarly be enriched for OCD risk genes. Indeed, we see significant overlap
between our OCD genes and ASD genes, as well as CHDS8 gene targets mapped in the
developing human brain (57) (Table 3, Table S6).

While the majority of CHDS8 case reports in the literature do not mention OCD traits,
Talkowski et al. reported the case of a patient diagnosed with ASD, intellectual disability
and OCD in the context of CHD8 disruption by a de novo balanced translocation (61). Three
cases reported by Bernier et al. mention repetitive motor movements, rare repetitive
behaviors, repetitive play, and repetitive/scripted speech; four cases mention problems with
anxiety (55). Repetitive behaviors and increased anxiety have been reported in Cha8
haploinsufficient mice (62). One hypothesis from these observations is that CHD8 may
either directly or indirectly alter sensorimotor gating which underlies multiple phenotypes,
including OCD, ASD, anxiety, and tics (63). Further investigation of CHD8in OCD and
more extensive phenotyping of OCD patients with CHD8 mutations will be important to
gain further insight into the mechanisms underlying association.

Based on data from this study, we estimate that 34% of de novo damaging mutations seen in
OCD carry risk and that 335 genes confer risk in 22% of patients (Figure 2B). Given our
OCD sample size, the 95% confidence intervals around these contribution estimates are wide
and need refinement by continued sequencing of OCD trios.

Mindful of the fact that more than half of genes harboring de novo damaging variants in our
study may not be true risk genes, we consider our pathway and network analyses as
exploratory at this stage. Nevertheless, we see preliminary evidence that genes identified by
de novo damaging variants in OCD are functionally connected to a greater degree than
expected by chance (Figure S6, Table S7). Furthermore, these genes may be enriched in
immunological and complement system canonical pathways (FDR 0.13; Table S8),
consistent with our pilot study of exome sequencing in 20 OCD trios (31). More robust
enrichment is seen for sodium ion homeostasis processes (FDR~10~7) and cancer-related
disease pathways (FDR~1078-109). These analyses should be viewed as preliminary and
should be repeated as more high-confidence OCD risk genes are identified.
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While not rising to the level of a high-confidence risk gene in this study, it is notable that we
identified an OCD de novo damaging (Mis-D) variant in DLGAPI (discs, large homolog-
associated protein 1). In a genome-wide association study by the International OCD
Foundation Genetic Collaborative (IOCDF-GC), the lowest p-values for their case-control
analysis were found for two SNPs located within DLGAPI (2.49x1078, 3.44x1075) (20). A
subsequent GWAS by the OCD Collaborative Genetics Study (OCGAS) identified a SNP
nearby this gene with a prominent signal (p=2.67x10~4) (18). Furthermore, a rare paternally-
inherited duplication in DLGAPI was recently reported in a child with OCD, Tourette
syndrome, and anxiety (64). DLGAP1 is a member of the neuronal postsynaptic density
complex and is in the same family as DLGAP3 (SAPAPS), a gene associated with OCD-like
behaviors in a knockout mouse model (65). Therefore, evidence is beginning to converge on
this gene as one of great interest in OCD genetics.

Successful gene discovery by leveraging gene-level recurrent de novo variation in autism,
where over 65 genes have now been identified (26, 28, 29), and the results presented here for
OCD, strongly reinforce the value of continuing WES in larger cohorts of OCD parent- child
trios. Our models predict that by increasing the sample size of this study to 500 trios, we will
gain 9 additional high-confidence risk genes and 22 probable risk genes. Further increasing
to 1,000 trios will yield a total of 40 high-confidence and 77 probable risk genes.
Discovering risk genes will change the status quo in OCD genetics by allowing new studies
in model systems (e.g. animal models, induced pluripotent stem cells) and network analyses.
Such studies will provide insights into OCD pathophysiology that are critical prerequisites
for the discovery of novel therapeutic targets to alleviate the suffering of those with OCD.
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OCD Sequencing Consortium

Simons Simplex Collection

222 (184) affected trios

855 (777) unaffected trios

Tables S1-S3

Figure 1 —. Study summary.
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We performed whole exome sequencing on 222 OCD and 855 control parent-child trios.
After quality control, 184 OCD and 777 control trios remained for subsequent analyses.
Burden analyses compared the rates of de novo and inherited single nucleotide (SNVs) and
insertion-deletion (indel) variants between cases and controls. Next, we used the TADA
algorithm to assess the significance of gene-level recurrence of damaging variants in our
OCD group, identifying two high-confidence risk genes. Exploratory network, pathway, and
cross-disorder analyses were then performed using genes harboring de novo damaging
variants in our OCD subjects. Finally, based on the number of de novo damaging variants in
OCD versus controls, we estimated the number of genes contributing to OCD risk, and used
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this estimate to predict future risk gene discovery as additional OCD parent-child trios are
studied by exome sequencing.
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Figure 2 —. De novo damaging variants are associated with OCD risk.
(A) Bar chart comparing the rates of de novo mutation types between OCD cases (red) and

controls (blue). Comparisons are between per base pair (bp) mutation rates, considering only
those “callable” loci in each family and cohort that meet required sequencing depth and
quality scores to support high confidence de novo variant calling. Mutation rates were
compared using a one-tailed rate ratio test. Statistically significant comparisons (p<0.05) are
marked with asterisks. Error bars show 95% confidence intervals. (B) For the enriched
classes of de novo variants, we quantified their contribution to OCD risk in two ways. First,
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we estimated the percentage of observed variants carrying risk by dividing the difference in
rates (estimated coding variants per individual, see Table 1 and Methods) by the rate in
OCD. Second, we estimated the percentage of cases with a mutation mediating risk by
subtracting the proportion of controls carrying a mutation from the proportion in OCD
probands carrying a mutation.

Biol Psychiatry. Author manuscript; available in PMC 2021 June 15.



Page 19

Cappi et al.

€602 pue /G6°0> 8409s (AIAH) ZuaydAjod © Yum sjueLiea asusssiw  Buibewrep Ajqissod,, ase n_.m__\,_x

'1G6°0< 8109 (A1AH) zuaydAjod e yim siuelien asuassiw Buibewep Ajqeqold,, ale :Q.m__>_:m

‘SJUBLIRA (]9 PUR 9SUSSSIL [ 8PN[OUl SIUBLIEA :m:o;_én:;wcoz..\M

“JeAouuy Ag ,Umouun,, Se paelouue asoy} pue ‘BIYsaLeIyuou ‘SnoWAUOUASUOU ‘SNOWAUOUAS apnjoul SJUBLIA ..mc_coo..u

"sjueLieA Buipod-uou pue Buipod sepnjoul __<..Q

‘suonulyep auab gTHY bagsay Buisn ‘JeAOUUY YIIM PaJRIouUE B1aM sueLen,

590 (88€-¥1'0) ¥6'0 | (620°0-¥900°0) 5T0'0 [ (0S0'0-2T000°0) ¥10°0 | (E¥0'0-¥600'0) 2200 | (v20°0-5200°0) TZ0'0 8 z Jumowun
vv'0 (82'2.-T2°0) IS'T |omo%%%woo.o (050°0-27000°0) ¥10°0 | (2€0°0—+00°0) ¥T0°0 | (£20°0-G200°0) TZ0'0 S 14 19pul JlysaweyuoN
1€0 (z2'2-€50) 82T (090°0-720°0) 6£0°0 (0T°0-020°0) 6700 (880°0-5€0°0) 2500 (ST°0-620°0) 2L0°0 12 L 19pul Yiysawedj do1
9000 (€67-6€T) ¥9¢C (£80°0-220°0) 2€0°0 (9T°0-€50°0) G600 (#80°0-€£0°0) 550°0 (r2'0-6L00) ¥T°0 0z T ANS a9
G0000 (98T-€2T) 25T (67°0-8€°0) €70 (18°0-€50) 99°0 (€2°0-950) ¥9°0 (6T'1-62°0) 86°0 9€2 G6 (a@-siA + @9) Buibeweq
__ (@)
T00 (60€6TT)€6T (0T°0-¥50°0) ¥20°0 (22'0-880°0) ST'0 (ST°0-080°0) TT'0 (€€'0-€1°0) 220 134 12 Y
Bundnusig suss Ajgx 11
€8°0 (L1'1-09°0) 58°0 (ce'0-€2°0) 220 (2e'0-9T°0) £2°0 (Ly'0-vE0) OV'0 (8°0-€2°0) ¥€0 LT €e SN
9.0 (re'1-€5°0) 98°0 (8T°0-21°0) ST0 (0z0-7200) €T'0 (2z0-LT°0) 220 (62°0-T1°0) 670 6. 8T ydsIN
9000 08TETT)IEV T (T7°0-T€°0) 9€°0 (59°0-T#°0) TS0 (19°0-9%°0) €5°0 (96'0-09°0) 92°0 G6T vl oA SIN
€10 (€€'1-66'0) ZT'T (£8°0-12°0) 820 (02°0-v20) 68°0 (82'1-50'T) 9T'T (S5'1-60'T) TE'T 9Ty 12t (S1N) asusssIN |1V
€00 | (orT=zoTocT (v6'0-82°0) 980 (121-28'0) €0'T (6£1-91'7) L2T (6L1-62T) 25T L9v 8yl pSnowAuoufsuon
¥5°0 (1€'1-62°0) 66°0 (6£°0-62°0) ¥€'0 (v7'0-t20) €0 (£5°0-€¥°0) 050 (59'0-9€0) 670 Z81 8y ANS snowAuouAs
900 (0£'1-66'0) ¥T'T (ze1-e11) 22T (09T-0Z'T) 6€°T (56'T-29'T) 08'T (9£'2-8.'1) 90'C 299 002 ,BuIPoD
170 (1e7-960) 2T'T (Te1-€T1) 22T (95'T-8T'T) LE'T (¥6'7-29T) 08T (tee-sL1) 20T T0L 102 v
_ _ _ _ (LL2=N) (#8T=N)
(££L=N) 1013u0D (¥81=N) @20 (££2=N) 1043u0D (¥87=N) @20 jo13U00) 400
mmna JUBLIBA OAOU 8Q
anjen-d (o) (10 %656) ({12 %s6) da 12d (5_0Tx) 87ed vomEINW SIUN0O JUELIEA
_ 956) Oled ayey [enpiAipul Jad syueriea Buipod pajewnsg : ’

Author Manuscript

$]0J1U0D pUR S8SEI DO Ul SIUBLIBA OAOU 8p JO uolngLisia
— T 9lqeL
Author Manuscript

Author Manuscript Author Manuscript

Biol Psychiatry. Author manuscript; available in PMC 2021 June 15.



Page 20

Cappi et al.

"Wz a1nBi4 0s|e 885 "Pjog Ul pue paulliapun ale (G0'0>d) Juroniubls Ajjeonsiels aie Jeys sanjeA-d pue ‘1D %66 ‘SOIlel a1ey '1S8) Olel 91kl Papis-auo e Buisn pasedwod alam mmam\

'(dg 86.2°828'€E) awoxa Buipod gTOY basiay aui Jo azis ayr Aq a1es uoneinw ayy bulAjdiinw Aq paje|nafes sem |enpiAlpul Jad suoileInWw 0AOU ap JO Jaquinu palewiss ms._u\

‘(spoyia|N 98s) saseq .8]qe|[ea,, piojdey Jo Jaquinu ayl AQ PapIAIP SJUBLIBA JO JBQUINU 8L SE Pale|nojed a1am Sa)eJ UoITeINW 0AOU 8 \
'SJUN0J SNOWAUOUASUOU JO SNOWAUOUAS 8y} Ul Papn|oul Jou aJe SjuelieA ..c>>o§c3..\
"S|apul 1J1ysawel) pue ‘aus ad1jds [ealuoued ‘uopod dois e Bulislje asouy ale sjueLen oo._c

"adAy JueLIeA (SIA) BSUBSSIN 1V,
a1 ul papnjoul a1am Ing ‘zuaydAjod Aq uonaipaid ou pey SjueLIBA 8SUSSSIW [0UO0D dALL PUR SJUBLIBA 3SUSSSIWL ADO OMI "G 0> 3109s (AIAH) ZuaydA|od e yim sjueliea asuassiw ubiuag,, ae m_-m__\,_m

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Biol Psychiatry. Author manuscript; available in PMC 2021 June 15.



Page 21

Cappi et al.

'GS 9|geL ‘€S-2S S9|qel ‘GS 8inbi4 os[e 8aS ‘8)eJ uoleINW 0AoU ap paldadxa ybiy pue azis sbirel sy 01 Buimo ‘auab ysu (£°0>b) ajqeqoid e usns Jo 8auapIsU0d-yBIy e 1o}
BLIS]1IO 193W J0U pIp auab siy1 A/ Ul Slueltea Buibewep oAou ap a1y} Buiniasqo andsaq *(T°0>b) sauab ysi aouapiyuod-ybiy Joy pjoysaiys (HQ4) ares A1aA0ISIp aS[e) syl papasdxe 8gHD pue I7910S
‘sauab 8sau} Jo OM[ ‘S[eNpPIAIpUI paYe[aJun ul sauab 8aiyp ul sjuelien Buibewep 0AOU 8p JO 8uslIndal [9A8]-ausb BUIAIBSTO JO pooy|a 1| 8y} sjewisa 0} (ET0Z “'[e 18 8H) wyiioble wAWL 8y} pasn s\

€90 _ 90000 _ 0T _ 6 _ T _ T _ € _ 0 _ NLL

8600 _ 9-0T x LG°€ _ 0 _ 0 _ 0 _ 0 _ T _ T _ 8AHO

T60°0 | 9-0T x96°C 0 0 0 0 T T | T39nos

(4a4) enfea-b anen-d | @-siAl paniwsuedl-uou # | @-SHA pelliwisueal # | DT pallwsueIl-UoU # | O pallwsuedl # | A-SIAIOAOU P # | DT 0AOU Bp # aus)

ano uil A1an0asip auab ysiy
—¢9dlqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Biol Psychiatry. Author manuscript; available in PMC 2021 June 15.



Page 22

Cappi et al.

'9S pue ZS sajqel os|e 93S "(ST0Z ‘e 18 Asu10D) 8aHD Aq pajehie) siajowoid ylm urelq uewny ul Sauss)

y

'(ST0Z “Ie 19 siapues) saipnis Buiousnbas awoxs ssoJoe elep Bulapisuod ‘vYav.L Aq T°0 > (b) a1ey A1enodsiq asfe ylim sausb sy m@m

‘(2102 ‘ApNis suapiosiq [euswdojanaq Buriaydidaq) siaplosip [eiuswdojanap Yym UOIIRID0SSE 10) 9OUSPIAS [BINISIIRIS Jue

Bis apim-awouab yiim saush m@

'suoneInwad 000'00T Buisn HOIYNING Aqg parenafed 1es auah Jad sty pajoadxe Uey) Ja1esif JO [apoW [eIOUI] © 13pun PapIs-auo si anen-d,

'S19s Usamiaq Buiddepiano sauab Jo Jaquuinu padadxa Aq papIAIp panlasqo ‘3/0

17

(Y102 “1e 18 Jawol4) HOIYNINQG Buisn suoire|nwis 18s uoleInw wopues 000'00T Ag paulwlalap ‘s1as usamiaq Buiddepiano sauab Jo Jaquinu u&umgxm_u

's19s Usamiaq Buiddeyiano sauahb Jo Jaquinu nmiwmn_OQ

'$S B]geL Ul aJe S3duala)al JIay) pue sisi| auas) "(68=u) DO Ul siueLreA (g-siAl 1o ao1) Buibewep Builogley asoyy pue sadAjouayd asayp ul SyueLieA SNOWAUOUAS 10 ‘asusssiw ‘g9
onou ap Buniogley sausf usamiaq are sbulqis paioayeun pue ‘(1) Aujigesip [en1oajjaiul ‘(QL) JapJosip s,anainol ‘(aq) ssepdosip [eiuawdojanap (z2S) eluaydoziyds (ASy) wsine 1oy suostedwo)
b § § (an (av (aq) d (zos) d (asv) dwo,

0€0'0 ¥ST  €0€T 0¢ Qc_mhn 8aHO

. —U —
1200 v 990 € G170~ asv

0700 9L'v  ¥80 ¥ kucmo_tcm_m ad

d 30 dxa  sqo

€60 8y0 0Zv ¢ G60 950 /68 S 6£0 8T SET r4 pa1oagyeun

T 0 €0 0 200 8.0 82T T T 0 670 0 al
6T0 9LT 22 ¥ 6.0  LL0 059 S 110 20 8LT z aa

T 0 #8T 0 620 0T 8£S L €90 00T 00T T Z0S
w0 ITT 808 6 G700 6T V6LT 2 €00 86T  SS¥ 6 asv
P00 22¢ 180 € ¢O0TxT 90T €T +T 0Ix2Z ¢.T 620 S at

d S as auab uosiredwo
d 3/0 dx3 9O d 3/0 dx3 sqo od p0 ,BF 4590 198 BusBLOSLIEAWOD
SNOWAUOUAS ENVESSI] asi
195 auab pue suonelnw Buibewep oAou ap DO usamiaq dejlanQ
—€9|qel

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Biol Psychiatry. Author manuscript; available in PMC 2021 June 15.



	Abstract
	INTRODUCTION
	METHODS AND MATERIALS
	Subjects
	Whole-exome sequencing (WES)
	Sequence alignment, quality control, and variant calling
	Mutation rate analysis
	TADA analysis
	Estimation of number of risk genes
	Estimation of future risk gene discovery
	Gene set overlap
	Exploratory pathway and network analyses

	RESULTS
	Damaging de novo SNVs and indels are associated with OCD risk
	Damaging de novo SNVs and indels contribute to OCD risk in 22% of cases
	Recurrent damaging de novo variants identify two candidate risk genes
	Approximately 335 genes contribute to OCD risk
	Overlap with TD, ASD and CHD8 target genes
	Exploratory pathway and network analyses

	DISCUSSION
	References
	Figure 1 –
	Figure 2 –
	Table 1 –
	Table 2 –
	Table 3 –

