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Clinical symptom response to antipsychotic medications is highly variable. Genome-wide association stud-
ies (GWAS) provide a ‘hypothesis-free’ method of interrogating the genome for biomarkers of antipsy-
chotic response. We performed a systematic review of GWAS findings for antipsychotic efficacy or effec-
tiveness. 14 studies met our inclusion criteria, ten of which examined antipsychotic response using quan-
titative rating scales to measure symptom improvement. 15 genome-wide significant loci were identified,
seven of which were replicated in other antipsychotic GWAS publications: CNTNAP5, GRID2, GRM7, 8q24
(KCNK9), PCDH7, SLC1A1 and TNIK. Notably, four replicated loci are involved in glutamatergic pathways.
Additional validation and evaluation of the biological significance of these markers is warranted. These
markers should also be evaluated for clinical utility, especially in the context of other validated pharma-
cogenomic variants (e.g., CYP450 genes). These findings may generate new avenues for development of
novel antipsychotic treatments.
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The role of antipsychotic medications in mental health treatment continues to grow. Between 1997 and 2007,
the number of antipsychotic prescriptions rose 86% from 17.4 to 32.4 million in the USA (). This increase
is partly related to a rising trend of antipsychotic use for conditions other than psychotic disorders, including
indications as adjunctive therapy for major depressive disorder and off-label usage for a myriad of other psychiatric
conditions. In the treatment of psychosis, response rates range from 47% for individuals who have received prior
treatment to 66% for antipsychotic-naive individuals [2], while 1-year discontinuation rates may be as high as 74%
due to poor tolerability or lack of efficacy (3). Side effects are common and may include sedation, weight gain,
movement disorder, hormone dysregulation and many others [4]. There is significant variability in patients’ response
and tolerability to antipsychotics [5] that often makes it difficult for clinicians to prospectively assess risk—benefit
tradeoffs for individual patients.

Biological predictors of antipsychotic response, regardless of condition, remain elusive. Pharmacogenetic studies
may be useful in examining genetic contributions to variance in drug treatment outcomes. CYP450 variants may
alter drug metabolism and impact serum concentrations, dosing strategies and dose-related outcomes of several
antipsychotic medications [s]. Ultrarapid metabolizers of antipsychotic medications may have subtherapeutic serum
levels of a medication at a given dose, leading to reduced efficacy. Poor metabolism of antipsychotic medications
may increase exposure 30—60% [6]. This may indirectly impact drug efficacy as greater than expected serum levels
may increase the risk for dose-related side effects, ostensibly resulting in lower adherence to the medication.
Pharmacodynamic candidate gene studies have identified several promising associations, although none of these
have been conclusively shown to reliably predict antipsychotic response [5].

Genome-wide association studies (GWAS) provide an unbiased or ‘hypothesis-free’ method of interrogating the
genome for novel markers of antipsychotic treatment outcomes beyond known drug metabolism and pharmaco-

dynamic genes. Though not without their limitations (7], GWAS are nevertheless a powerful hypothesis generating Future .
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Figure 1. Flow chart depicting the selection process of studies included in the review.

tool to gain insights into additional molecular mechanisms or pathways implicated in drug action. In this article,
we review GWAS findings for antipsychotic efficacy or effectiveness and discuss future directions for the field.

Methods

Comprehensive searches of the electronic PubMed database and Google Scholar were performed (2009-July 2018)
using the following search string: (GWAS’or ‘Genome wide association’) and (‘antipsychotic’ OR ‘dopamine
antagonist’), utilizing an English language filter.

Results were manually screened. Studies that were included were those that evaluated antipsychotic efficacy or
effectiveness in humans with schizophrenia or psychosis, excluding studies that evaluated antipsychotic tolerability
or use in other disease states (e.g., bipolar disorder, major depressive disorder, etc.). All studies that performed
genome-wide genotyping and association analyses were included. Studies described as candidate gene analyses and
whole-exome sequencing studies were excluded. Original studies were identified (Figure 1) and manual bibliographic
cross-reference was also performed. This approach yielded one additional full-text article that was accessed, but
did not meet criteria for the review. Studies that utilized standardized quantitative measures of clinical response
(e.g., Positive and Negative Symptom Scale [PANSS]) are reviewed in-depth; studies that used other measures
of clinical response (i.e., clinically defined treatment resistance, neurocognitive measures, optimal antipsychotic
dosage) are briefly discussed. If not specified in the statistical analysis methodology, genome-wide significance was
assumed to be p < 5 x 1078 5.

Results

Fourteen studies met the inclusion criteria with a total sample size of 7366. Studies used a variety of antipsychotics
including aripiprazole (n = 859), clozapine (n = 174), haloperidol n = (288), iloperidone (n = 210), lurasidone
(n=433), olanzapine (n = 1057), perphenazine (n = 312), quetiapine (n = 546), paliperidone (n = 1390), risperidone
(n = 1223), ziprasidone (n = 498) and mixed antipsychotics (n = 418). Duration of observation ranged from 2
weeks to 18 months.

Of the 14 studies, ten (total n = 7108) used quantitative measures of clinical response (Table 1), while four used
alternative measures of response (e.g., neuropsychological performance or clinically defined treatment resistance).
The ten quantitative studies are reviewed in detail below, followed by a brief review of the four additional studies.
Table 2 lists the top SNPs and genes that were identified in each of the reviewed studies.
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Table 2. Top ten associations by study with p < 5 x 107°.

Study Year Dosing: fixed or  Efficacy measure Medication Primary findingst Ref.
fexblel Gene Polymorphism  p (or g)-value
Lavedan et al. (2009) Fixed >20% improvement in  lloperidone NUDT9P1 rs4528226 7.8 x 107 [9]
PANSS total score
lloperidone TNR rs875326 2.1 x 10°
lkeda et al. (2010) Flexible PANSS total score Risperidone ATP2B2 rs2289273 1.60 x 10° [10]
McClay et al. (2011) Flexible PANSS positive, Ziprasidone Intergenic rs17390445 9.8 x 108 [11]
negative and Ziprasidone Intergenic rs888219 2.3 x 107
excitement scores
Risperidone ANKS1B 57968606 3.2 x 107
Olanzapine CNTNAP5 rs17727261 5.4 x 107
Risperidone Intergenic rs11722719 5.4 x 107
Olanzapine Intergenic rs10888501 1.4 x 10°®
Olanzapine Intergenic rs1040994 1.8 x 10°®
Olanzapine Intergenic rs10484256 2.7 x 10°°
Olanzapine Intergenic rs7635839 3.0 x 10
Risperidone Intergenic rs12526186 3.1 x 10
Clark et al. (2013) Flexible CGI-S improvement Olanzapine Intergenic rs8050896 3.9 x 10°® [12]
Risperidone ATP1A2 rs6688363 1.6 x 107
Risperidone Intergenic rs7395555 2.0 x 107
Risperidone TNFRSF11A rs2980976 3.0 x 107
Risperidone PPA2 rs2636697 3.7 x 107
PGl improvement Olanzapine PDE4D rs17382202 4.2 x 108
Quetiapine SPOPL rs10170310 1.0 x 107
Quetiapine PDE4D rs17742120 1.6 x 107
Quetiapine PDE4D rs2164660 1.9 x 107
Risperidone TP1 rs711355 2.3 x 107
Drago et al. (2014) Flexible PANSS total score Haloperidol Intergenic rs7912580 1.4 x 10°® [13]
improvement EIF2AK4 rs2412459 8.9 x 10
Stevenson et al. (2016) Flexible BPRS total score Primarily risperidone GRID2 rs9307122 1.1 x 108 [14]
GRID2 rs1875705 1.1 x 108
APTX rs3824457 1.3 x 10°®
Intergenic rs1992525 1.4 x 10°®
GRID2 rs994011 1.6 x 10°®
MDGAT rs804855 1.8 x 10°®
SMU1 rs2274766 2.5 x 10
LOC727677 rs687279 2.9 x 10
(CASC8)
Intergenic rs2288687 4.8 x 10°®
NPY rs16100 5.2 x 10
Sacchetti et al. (2016) Flexible PANSS positive score Risperidone GRM7 rs2133450 4.3 x 108 [15]
Lietal. (2017) Flexible CGI-S, PANSS total Paliperidone ADCK1 rs56240334 8.0 x 10 [16]
score Intergenic rs12915820 1.2 x 107
Yu et al. (2018) Flexible PANSS total score Aripiprazole, MEGF10 rs72790443 1.4 x 10° [20]
olanzapine, SLC1A1 rs1471786 2.3 x 10?
quetiapine,
risperidone, PCDH7 159291547 3.2 x 10°
ziprasidone, CNTNAP5 rs12711680 2.1 x 10°®
haloperidol,
perphenazine TNIK rs6444970 4.9 x 108
PCDH7 rs77685948 6.7 x 108
SPATA6L rs301440 2.0 x 107
MEGF10 rs150192045 1.7 x 107
CNTNAP5 rs4848939 3.8 x 107
NBEA rs9544382 9.4 x 106

T Genome-wide significant findings (as defined by the source publications) are bolded.
BPRS: Brief Psychiatric Rating Scale; CGI-S: Clinical Global Impression - Severity; PANSS: Positive and negative symptom scale; PGI: Patient global improvement.
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Table 2. Top ten associations by study with p < 5 x 10 (cont.).

Study Year Dosing: fixed or  Efficacy measure Medication Primary findings® Ref.
flexible? Gene Polymorphism p (or q)-value
Lietal. (2018) Fixed PANSS total score Lurasidone KCNK9 rs4736253 4.8 x 108 [18]
DYNC2H1 rs10895475 2.4 x 107
CTNNA2 rs10180106 4.9 x 107
STXBP5L rs511841 2.6 x 107

T Genome-wide significant findings (as defined by the source publications) are bolded.
BPRS: Brief Psychiatric Rating Scale; CGI-S: Clinical Global Impression - Severity; PANSS: Positive and negative symptom scale; PGI: Patient global improvement.

Lavedan et al. (2009): iloperidone response

Lavedan et al. (9] performed a GWAS in patients with schizophrenia from a Phase III clinical trial of iloperidone.
The study enrolled 407 patients total (randomized to iloperidone 12-mg twice daily, ziprasidone 80-mg twice daily
or placebo) and followed them for 28 days. The GWAS analysis was restricted to the 210 individuals who received
iloperidone. Two separate analytical methods were used: a two-phase approach and a single-phase approach. In the
two-phase approach, the study sample was randomly assigned to either a discovery set (n = 106) or a confirmatory
set. In the discovery set, the analysis was restricted to test genotypic differences between ‘extreme responders’
(i.e., patients in the <30% percentile [n = 30] and >70% percentile [n = 32]). The findings from this analysis were
then examined for replication in the full confirmatory set (n = 104). In a separate single-phase approach, the entire
sample was analyzed together. The change in PANSS total score at 28 days from baseline was used as the primary
outcome measure in both analyses.

The primary finding was a genome-wide significant association between iloperidone response in the two-phase
analysis and rs4528226, located near the NUDT9PI pseudogene, approximately 200kb away from the H7R7 gene.
No findings exceeded GWAS significance using the single-phase approach. The authors also generated the top 100
SNPs identified by each method. Five top SNPs were found on both lists, all of which resided in regions with prior
evidence for involvement in psychosis risk or neurotransmitter signaling (Table 2).

Ikeda et al. (2010): risperidone response
Ikeda ez al. [10] performed a GWAS in participants enrolled in an open-label prospective trial of risperidone in 108
antipsychotic-naive, first episode patients with schizophrenia. Subjects were prescribed 0.5-4 mg of risperidone per
day (mean 2.5 mg), and the dose was titrated to response over 8 weeks. Percent change in total PANSS score was
used as the primary end point. The investigators then cross-referenced top genes from the GWAS (i.e., genes with
at least one SNP p < 5 x 10™%) with gene expression data from mice who were exposed to risperidone compared
with an untreated control group. Seven genes were identified that contained a top SNP in humans and also showed
altered expression in risperidone-exposed mice.

No genome-wide significant SNPs were identified. The top hit was rs2289273, a synonymous variant in A7P2B2.

McClay et al. (2011): CATIE trial: analysis of PANSS scores
McClay et al. (1] performed a GWAS in 738 patients with schizophrenia who were enrolled in Phase I of the
Clinical Antipsychotic Trials of Intervention Effectiveness (CATIE). The design of this trial has been described
elsewhere [21. Briefly, individuals with schizophrenia were enrolled from 57 sites and randomized to olanzapine
(7.5-30 mg/day), perphenazine (8-32 mg/day), quetiapine (200-800 mg/day), risperidone (1.5-6 mg/day) or
ziprasidone (40-160 mg/day) and followed for up to 18 months. In this analysis, change in Positive, Negative,
Disorganization, Excitement and Emotional Distress subscales from the PANSS, as well as change in total PANSS
score, were used as end points for the five medications used in Phase I (olanzapine, quetiapine, risperidone,
ziprasidone and perphenazine). Polymorphisms were declared genome-wide significant if they were within the false
discovery rate (FDR) threshold q < 0.10.

According to the FDR threshold for this study, one genome-wide SNP was identified. The rs17390445 SNP
was associated with differential improvement in positive symptoms with ziprasidone, despite being over 1 Mb from
the nearest gene. One of the genes in this general region of chromosome 4p15.1 includes the PCDH7 gene.
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Clark et al. (2013): CATIE trial: analysis of global iliness severity measures

Clark ez al. (12) also performed a GWAS in 738 patients with schizophrenia from Phase I of the CATIE trial. Unlike
the McClay et al. analysis that used the clinician administered PANSS score as the primary end point, this study
used the Clinical Global Impression — Severity (CGI-S) and Patient Global Improvement (PGI) scales to assess
global illness severity as rated by clinicians and patients, respectively. Analyses were stratified by antipsychotic drug.
Polymorphisms were declared genome-wide significant if they were within the FDR threshold q < 0.10. According
to this criterion, 13 genome-wide significant SNPs were identified.

Analysis of PGl-rated effectiveness in the quetiapine subgroup identified three SNPs (all in high linkage disequi-
librium [LD]) in an intron of PDE4D: rs17382202, rs17742120 and rs2164660. Another trio of intronic SNPs in
high LD were identified in 7/PI among risperidone-treated patients: rs711355, rs785423 and rs813676. Finally,
an association was observed in olanzapine users between PGI outcome and rs10170310 in the SPOPL gene.

Analysis of CGI-S in the risperidone subgroup identified two intronic SNPs in high LD within the PPA2
gene, rs2636697 and rs2636719. Other top SNPs for risperidone included two intergenic SNPs: 1s2980976 and
rs8050896. CGI-S-measured response to olanzapine was associated with the intergenic rs6688363 SNP, while
response to ziprasidone was associated with rs7395555, an intergenic SN

The authors attempted to validate findings by identifying significant SNPs that overlapped across the two scales.
Four statistically significant SNPs were identified: rs8050986 and rs785423 with risperidone, and rs6688363 and
rs10170310 with olanzapine. Clark ez a/. also replicated one marker that was associated with the PANSS negative
subscale in the McClay CATIE analysis: rs17727261. The lack of considerable overlap between these three different
measures may be, as the authors noted, due to subjective differences in conceptualization of illness between clinician
and patient, a documented challenge in psychiatric research. It may also indicate false-positive associations.

Drago et al. (2014): haloperidol response

Drago et al. [13] performed a GWAS in 96 acutely psychotic individuals treated with the first-generation antipsychotic
haloperidol (dosing not described). A replication sample of 169 participants was culled from the CATIE trial,
specifically selecting those with a baseline PANSS score >75 in order to match the initial sample (mean baseline
PANSS = 104.78). In both samples, mean percent decrease in PANSS over 1 month was used as the primary end
point.

No SNP achieved genome-wide significance. Two SNPs (57912580 and rs2412459) were nominally associated
with response in both samples; however, the direction of association was opposite in the two samples. The rs7912580
SNP, located in an intergenic region near ARID5B and RTKNZ2, was associated with better response to haloperidol
in the initial sample, but was associated with worsened response to the mix of second-generation antipsychotics and
the first-generation antipsychotic perphenazine that were used in the CATIE trial. Similarly, the rs2412459 SNP,
located in an intron of EIF2AK4, was associated with improved response in the initial sample, and was associated
with worsened response in the CATIE sample. Given that the first sample was treated with haloperidol and the
second sample primarily second-generation antipsychotics, these SNPs may be biomarkers for differential response
to antipsychotic classes. Additional evaluation would be necessary to support this hypothesis. However, the opposite
findings in the two datasets may also indicate that these SNPs represent spurious associations.

Stevenson et al. (2016): first episode psychosis
Stevenson et al. [14] performed a GWAS in 86 individuals with first episode psychosis (primarily schizophrenia
diagnoses). Participants were either antipsychotic-naive or had a limited history of antipsychotic exposure (i.e., <18
weeks lifetime exposure to antipsychotics) and were treated primarily with risperidone monotherapy (mean chlor-
promazine equivalents = 249.2 £ 172.9 standard deviation [SD]) for 6 weeks. Change in the Brief Psychiatric
Rating Scale score was used as the primary end point.

Genome-wide analysis identified two SNPs in the GRID2 gene (rs9307122 and 1s1875705) that were associated
with reduced response according to the Brief Psychiatric Rating Scale change score. Both were in complete LD
with one another. Interestingly, separate genomic imaging data showed that both SNPs were significantly associated
with GRID2 expression in the hippocampus.

Sacchetti et al. (2016): risperidone response
Sacchetti e al. [15] examined 86 European participants in a pharmacogenomic study of early response to risperidone.
Participants had a diagnosis of schizophrenia or schizoaffective disorder and were evaluated for risperidone response
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(3-13 mg/day) using change in PANSS scores after 2 weeks. One SND, rs2133450, located in an intron of the
GRM?7 gene, reached genome-wide significance for association with PANSS positive symptom improvement. C
homozygotes of this SNP showed less improvement in positive symptoms, a finding that was validated in a secondary
analysis of the risperidone arm of the aforementioned CATIE schizophrenia trial.

Li et al. (2017): paliperidone response

Li er al. (16] performed a GWAS in 1390 European individuals from 12 clinical studies of the second-generation
antipsychotic paliperidone. All participants had a DSM-IV diagnosis of schizophrenia and were experiencing an
acute psychotic episode. Participants were divided into three cohorts based on the formulation of paliperidone
used in the trials: paliperidone extended release (ER) oral (3-15 mg/day, n = 4896) and paliperidone palmitate
long-acting injection (25-150 mg, n = 576 and 350). A meta-analysis was performed across these three cohorts.
Primary outcomes analyzed were CGI-S and PANSS total, positive and negative change scores from baseline after
6—13 weeks of treatment.

Two models were used: a general linear model and a mixed linear model. The top SNP, rs56240334, is located
in an intron of ADCK1 and was significantly associated with CGI-S, total PANSS, PANSS positive and negative
subscales using the mixed linear model. The authors also attempted to validate a number of candidate SNPs
in GRM7, GRID2, HTR2A and DRD? from previous risperidone trials, including markers that were previously
identified to be genome-wide significant. All failed to replicate except rs6314 in HTR2A, which was nominally
significant.

Li et al. (2018a & b): lurasidone response

Li et al. performed a GWAS in three Phase I trials of lurasidone (40~160 mg/day). The authors published results
based on a combined analysis of the first two trials in 2018 [17], but did not include the third trial due to differences
in baseline patient characteristics and medication doses. Later in 2018, the authors published a meta-analysis of all
three studies [18]. Both analyses are discussed together.

The combined analysis included 302 (171 of European and 131 of predominantly African ancestry) acutely
psychotic individuals who received 40, 80 or 120 mg of lurasidone. The meta-analysis added 133 (99 European
ancestry, 34 African ancestry) lurasidone-treated patients. In both analyses, the primary outcome was the change
in total PANSS score from baseline after 6 weeks of treatment. In the combined analysis, top hits (defined as
p < 107) in either group included SNPs in the following seven genes: PTCHI, NGLI (aka LRRC4C), RBFOXI,
c180rfb4, NTRK3, CAMTAI and ZNF438. Top hits (defined as p < 10%) for both groups combined included SNPs
in three genes: PTPRD, MAGII and KCNK9. The combined analysis also validated several previously reported
polymorphisms. Two top SNPs from the McClay ¢z al. CATIE analysis, rs17390445 and rs11722719, near PCDH?7,
were nominally associated with change in PANSS Positive Subscale score in the lurasidone study sample.

The meta-analysis identified one genome-wide significant SNP in participants of European Ancestry, rs4736253
in KCNK9 gene. This polymorphism is in partial LD [19] (r* = 0.498, D’ = 0.795) with the rs7017126 SNP
in KCNK9 that had been previously identified in the combined analysis, and demonstrated an association with
KCNKD expression in the temporal cortex in previous imaging genetics studies that were mined by the investigators.
Other top SNPs in Europeans included rs10895475 near DYNC2H1 and rs101895475 in the CTINNA2 gene.
The rs101895475 SNP is significantly associated with the expression of CTNNAZ2 in Europeans. In participants
of African ancestry, rs13394481 was the top SNP in the region of CTNNAZ2. This SNP was also correlated with
lower expression of CTNNA2 mRNA as identified by expression quantitative trait loci analyses (Braincloud) also
performed by the authors. Thus, lower expression of CTINNAZ2 appeared to be associated with reduced response to
lurasidone. The overall top SNP in participants of African ancestry was rs511841, near the 5'-UTR of STXBP5L.
However, none of the identified SNPs in the STXBP5L gene were associated with differential expression in either
European or African ancestry individuals.

Yu et al. (2018): large analysis of multiple drugs

Yu ez al. 120) performed a GWAS in Han Chinese individuals with schizophrenia. The study enrolled 2413 patients
in a discovery cohort and 1379 patients in a validation cohort. Participants were randomized (1:1:1:1:1:1) to
olanzapine (mean 18.7 mg/day), risperidone (mean 4.8 mg/day), quetiapine (mean 646.8 mg/day), aripiprazole
(mean 23.7 mg/day), ziprasidone (mean 118.2 mg/day), haloperidol (mean 13.8 mg/day) or perphenazine (mean
26.5 mg/day). The primary outcome was percent change in PANSS score from baseline after 6 weeks of treatment.
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Three genome-wide significant SNPs were identified in the discovery cohort and subsequently confirmed in the
validation cohort: 1572790443 located in an intron of MEGFI10; rs1471786 located in an intron of SLCIAI and
159291547 located in an intron of PCDH7. When the samples were combined, two additional SNPs achieved
genome-wide significance: rs12711680 located in an intron of CNTNAP5 and rs6444970, located in an intron of
T'NIK gene. Several medication-specific SNPs also achieved genome-wide significance in the combined sample. The
152239063 SNP, located in an intron of the CACNAIC gene was associated with response to olanzapine. Notably,
CACNAIC contains one of the most widely replicated markers of neuropsychiatric dysfunction (rs1006737) [21].
Risperidone treatment response was associated with the intronic rs16921385 SNP of SLC1AI. The rs17022006
SNP, located in an intron of CNTN4, was associated with aripiprazole response.

This study also validated many previously identified polymorphisms and/or genes. These included polymor-
phisms near PCDHY previously identified in the McClay et a/. analysis of the CATIE trial and the Li ez 4/ study.
Additionally, an SNP in CNTNAP5 (p = rs17727261) was previously identified by McClay ez 4/. to be associated
with PANSS negative symptom improvement with risperidone; it is in linkage equilibrium with the aforementioned
1512711680 (r* = 0.0093, D’ = 0.8865). The study also validated previously reported findings in DRD2, HTR2A,
GRM7, CYP2D6, RELN, NRGI and NRXNI, all of which were nominally associated with response.

Other studies

Other measures of response that have been assessed with a GWAS methodology include cognitive performance [22],
clinically defined treatment resistance [23,24] and antipsychotic dosing [25]. None of these studies identified any SNPs
exceeding the established p < 5 x 107® threshold of significance. However, some biologically plausible associations
emerged that were consistent with analyses of symptom response. Most notably, top SNPs associated with working
memory performance in olanzapine-treated subjects in the CATIE study were observed in DRD2.

Discussion

To date, there have been ten GWAS of antipsychotic efficacy or effectiveness for the treatment of schizophrenia
and related disorders that used quantitative measures of symptomatology, and an additional four studies that
used alternative measures that may also provide insight into other aspects of treatment outcomes. In total, these
studies included 7108 participants and examined a number of first- and second-generation antipsychotics. In these
studies, 20 variants, representing 15 genes/genetic loci, exceeded statistical significance thresholds for associations
with response. These included variants in or near the ATPI1A2, CNTNAP5, GRID2, GRM7, KCNK9, MEGFI0,
NUDT9PI, PCDH7, PDE4D, PPA2, SLCIAL, SPOPL, TjP1, TNFRSFI1A and TNIK genes. Of these, several loci
were replicated in multiple independent datasets (Table 3). These loci and their potential relevance to antipsychotic
response are reviewed in further detail below.

CNTNAPS

Variants in the CNTNAPS5 gene were associated with antipsychotic response in three studies using three different
measures of symptom improvement [11,12,20. CNTNAPS, encoding Caspr 5 protein, is located on the long arm
of chromosome 2. Very little is known about the specific function of Caspr 5, although the Caspr family of
proteins are highly expressed in myelinated neurons, and other family members are involved in neuron formation,
myelin stability and neuronal signaling [26]. Variants in CNTNAPS have been identified in prior GWAS of bipolar
disorder [27,28] and a microdeletion in CNTNAP5 was identified in a family study of autism spectrum disorder [29].
Links to disease risk and neuron development from prior studies are consistent with hypotheses that certain
developmental abnormalities related to disease risk may also influence responsiveness to treatment. Additional
studies are needed to elucidate the pharmacological relevance of these relationships.

GRM7

Variants in GRM7 were associated with antipsychotic response in three studies, primarily those involving risperidone
or paliperidone treatment [14,15,26], and one SNP, rs2133450, was further validated in a secondary analysis of
the CATIE dataset (17). However, this SNP failed to replicate in the post hoc analysis by Li ez 4l in their
paliperidone-treated population [18]. GRM encodes the mGluR?7 receptor, a G-protein-coupled receptor that plays
a critical role in glutamate regulation, preventing excitotoxicity presynaptically by inhibiting adenylate cyclase
and postsynaptically by decreasing NMDA receptor activity [30]. GRM7 is located at chromosome 3p26.1, a
region previously identified as being associated with schizophrenia [31-33] and bipolar disorder [34]. It is clear that
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Table 3. Replicated genome-wide significant loci.

Gene Location Gene function/significance SNP p-value Study Ref.
CNTNAP5 2q14.3 e Protein is highly expressed in myelinated neurons rs12711680 2.12 x 108 Yu et al. [26]
. Invo!ved |n.generat|on of act|on‘potentlals 154848939 3.79 x 107 Yu et al. 126]
e Implicated in GWAS of bipolar disorder
rs17727261 5.4 x 107 McClay et al. [11]
GRM7 3p26.1 e Encodes a metabotropic glutamate receptor rs2133450 433 x 108 Sacchetti et al., [17]
o Plays a critical role in glutamate regulation CATIE trial
o Implicated in schizophrenia and bipolar disorder rs2069062 <0.04 Stevenson et al. [16]
rs1532544 <0.04 Stevenson et al. [16]
rs1156328 4.50 x 10° Yu et al. [26]
TNIK 3q26.2 e Encodes a kinase that also has scaffolding properties rs6444970 4.85 x 108 Yu et al. [26]
o Modulates Foncentratlons of GRIA.1 at the .ceII}JIar surface 152088885 0.035 Xu et al. [36]
e Interacts with DISC1, a known schizophrenia risk marker
PCDH7 4p15.1 e Encodes a membrane-bound protein involved in cell adhesion rs9291547 3.24 x 10° Yu et al. [26]
e Modulates signal transduction of the dopamine D1 receptor 1577685948 6.69 x 108 Yu et al. 126]
rs17390445 9.8 x 108 McClay et al. [11]
rs17390445 0.02 Lietal. [20]
rs11722719 5.4 x 107 McClay et al. [11]
rs11722719 0.0015 Li etal. [20]
GRID2 4q22.2 e Encodes an ionotropic glutamate receptor rs9307122 1.10 x 108 Stevenson et al. [16]
. Med}ates excitatory synaptic transmission 1s1875705 1.10 x 10°8 Stevenson et al. 16l
o Implicated in risk for OCD and psychosis
rs768006591  5.10 x 10" Yu et al. [26]
rs3775003 2.20 x 10 Ikeda et al. [9]
KCNK9 8qg24.3 e Encodes a leak potassium channel rs4736253 4.78 x 108 Lietal. [20,21]
o Plays :a .CrItICa| role in setting resting membrane potential and 152288687 479 x 10° Stevenson et al. [6]
repolarizing neurons
8024 region has been heavily implicated in neuropsychiatric rs1992525 1.41 x 10 Stevenson et al. [16]
disorders rs6981424 1.04 x 10 Stevenson et al. [16]
rs687279 2.89 x 10°® Stevenson et al. [16]
SLC1A1 9p24.2 e Encodes the glutamate reuptake transporter rs1471786 2.33 x 10° Yu et al. [26]
. In)plicated.in risk for OCD, antipsychotic-induced OCD and 153014408 2.03 x 107 Yu et al. 126]
schizophrenia
o Expression is decreased following chronic antipsychotic rs10974671 0.0035 Stevenson et al. [16]
treatment in animals
Replication defined as exceeding GWAS significance in one study and achieving at least nominal significance in a second.
TIn perfect LD with rs1875705.
Sacchetti et al. validated this finding in a secondary analysis of the CATIE dataset.
§1n the nearby SPATA6L gene.
CATIE: Clinical antipsychotic trials of intervention effectiveness; GWAS: Genome-wide association studies; LD: Linkage disequilibrium; OCD: Obsessive—compulsive disorder.
GRM7 plays a role in the etiology of neuropsychiatric disorders and antipsychotic treatment response, and that
this may involve mechanisms related to glutamate signaling in the brain. This may indicate that pharmacological
manipulation of mGIuR7 or other glutamate receptors may provide further insights into the development of new
treatments. Additionally, whether GRM variants are useful as biomarkers for response to existing therapies warrants
further assessment.
TNIK
SNPs in the 7NIK gene were associated with antipsychotic response in one GWAS [26]. Variants in this gene were
previously associated with clozapine response in a large candidate gene study of 995 Han Chinese patients with
schizophrenia 35]. TIVIK, located at chromosome 3q26.2, may modulate concentrations of GRIA1 at the cellular
surface (36]. It also interacts with DISC1 (a known schizophrenia risk marker) to regulate synapse function [37],
which itself has an impact on glutamate synaptic spine formation [38] and glutamate metabolism [39].
PCDH7
SNPs in PCDH7 were associated with antipsychotic response in three studies comprised of a number of different
second-generation antipsychotics (11,17,26l. The PCDH7 gene is located on the short arm of chromosome 4.
Protocadherin inhibits PP1a (40], a key component of the signal transduction pathway used by the dopamine D1
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receptor [41]. Overexpression of protocadherin 7 inhibits neuronal survival (42]. As corroborating data to support
findings from their GWAS analyses, Li et a/. reanalyzed two independent gene expression datasets and found
decreased expression levels of PCDH7 in postmortem tissue of the dorsolateral prefrontal cortex in patients with
schizophrenia (17). More data are needed to evaluate the genetic architecture of PCDH7 and the surrounding region,
identify causative variants and elucidate their biological significance for antipsychotic response.

GRID2

Four SNPs in or near GRID2 were highly associated with response to risperidone, two intronic variants exceeding
GWIAS significance in the study by Stevenson ez a/. [14], a different intronic GRID2 SNP in the secondary analysis
of subjects receiving risperidone in the study by Yu ez 4/. [26], and finally a SNP approximately 2 Mb downstream
of GRID2 was associated in the study by lkeda er af. [10]. The three SNPs identified by the Stevenson and Yu
groups are in nearly perfect LD [19]. However, the GRID2 SNPs identified by Stevenson et al. failed to replicate
in the post hoc analysis by Li ez al. in their paliperidone-treated population [18]. GRID2, located at chromosome
4q22.1, encodes the GluD2 receptor, which mediates excitatory synaptic transmission [43]. Dysfunction in GluD2
is associated with a host of psychiatric phenotypes including obsessive—compulsive disorder [44], schizophrenia
endophenotypes [45] and psychosis secondary to Huntington’s disease [46]. Stevenson ez /. noted that the rs1875705
SNP was also associated with lower hippocampal expression in a publicly searchable brain expression quantitative
trait loci database [47]. The GRID2 associations with risperidone in these three studies are compelling. However, an
SNP in partial LD [19] with both SNPs identified by Stevenson ez a/. was not associated with haloperidol efficacy
or in a candidate gene analysis of 101 acutely ill patients with schizophrenia [48].

SLC1A1

Three separate SNPs in SLCIAI or the nearby SPATAGL gene exceeding or approaching genome-wide significance
were identified in the studies by Yu ez @l [26] and Stevenson ez @l [14). The two SNDPs identified by Yu ez 4l
appear to be in modest LD [22] and may thus represent a link to a region relevant to response. SLCIA1, located at
chromosome 9p24.2, is one of a family of amino acid transporters with a high affinity for glutamate. It is expressed
in neurons throughout the brain, primarily at postsynaptic terminals, where it is involved in glutamate reuptake [49].
It is considered one of the top candidate genes for obsessive compulsive disorder [50], and antipsychotic-induced
obsessive compulsive disorder [51-55]. SLCIAI has also been implicated in schizophrenia risk (56-62], and decreased
expression following chronic antipsychotic treatment has been observed in animal models (63]. The findings by Yu
et al. require validation, but provide additional evidence for the role of glutamate system genes in schizophrenia
etiology and treatment response.

824 region (KCNK9)

While there are compelling genes discovered in GWAS of antipsychotic response, another broader pattern of
association was observed across variants identified in genes harbored within the chromosome 8q24 region. The
primary gene in this region is KCNK9, with SNPs associated with lurasidone response in the studies by Li
et al. (17,18]. The KCNK9 gene is located at chromosome 8q24.3 and is a member of the two pore-domain
potassium channel subfamily — a group of widely expressed potassium channels that play a critical role in setting
the resting membrane potential and repolarizing neurons [64]. Variants in KCNK9 are associated with Birk—Barel
syndrome, a paternally imprinted genetic disorder characterized by facial dysmorphism, intellectual disability,
hyperactivity and hypotonia [65]. Approximately 10 Mb upstream, Stevenson ez a/. [14] identified several intergenic
SNPs that approached genome-wide significance, plus two more located in the nearby CASCS gene. Notably,
another potassium channel, KCNQ3, is located approximately 3 Mb downstream from the SNPs identified by
Stevenson ez al. Variants in KCNQ3 have been associated with bipolar disorder (66,67 and this is a site of action
for several anticonvulsants, including gabapentin [68]. In fact, the 8q24 region as a whole has been the subject of
considerable interest for psychiatric genetic research. GWAS and linkage analyses have associated this region with
bipolar disorder [69-76] and psychosis [77-79]. As a result, it is unclear if the KCNK9 finding suggests a causative role
for KCNKJ9 in antipsychotic response, linkage with a causative gene elsewhere in the region or part of a phenotypic
or mechanistic interaction. Nevertheless, this finding confirms an intriguing role for this region in the etiology of
neuropsychiatric disease and psychopharmacologic response.
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Challenges in GWAS of antipsychotic response

Across ten studies, 15 genome-wide significant genes/genomic regions were identified. Of these, seven were
replicated in at least one study. However, only three specific SNPs (rs1875705 in GRID2 and rs17390445 and
1511722719 near PCDH7) were replicated. While the replication of loci enables further research regarding the
etiology of psychotic disorders and may identify new drug-able genes, the lack of extensive replication of specific
SNPs limits the development of pharmacogenomic tests that may assist providers in treatment selection. Elucidation
of the causative SNPs of the identified genomic loci without replicated SNPs via fine mapping or other techniques
is warranted.

Heterogeneity across studies was high and presents challenges reconciling differential findings, and lack of repli-
cation of some associations. For example, there was heterogeneity in participants’ prior duration of illness, exposure
to previous treatments and how treatment outcomes were measured. Two studies exclusively enrolled first-episode
patients [10,14], three studies exclusively enrolled patients with a longer standing diagnosis of schizophrenia [11,12,16]
and the remainder either enrolled a mixture or did not specify. With respect to medication efficacy or effectiveness,
some studies defined treatment outcomes using clinician-rated assessments, while others used patient-rated surveys
and others used measures such as treatment resistance. Heterogeneity was also seen in dosing protocols. Three out
of the ten studies used fixed dosing, while the other seven allowed flexible dosing. As it relates to genetic variation
related to drug exposure, flexibly dosed protocols are less likely to identify associations with drug metabolism genes
or other genes related to dose sensitivity. Consistent with this, no drug metabolism genes were identified in the top
hits in the studies reviewed here. We did not observe robust patterns indicating differential likelihood of detecting
GWAS significant SNPs in studies utilizing different dosing strategies.

Studies reviewed herein used a wide variety of both typical and atypical antipsychotics. While some studies only
enrolled patients taking one particular medication, others randomized patients to one of several medications. These
latter studies often evaluated treatment response using all patients, performing subanalyses within each medication
group. While grouping all antipsychotic medication arms together can increase sample size and may be helpful to
identify biomarkers of general antipsychotic responsiveness, it is less helpful for identifying markers that can aid
in the pharmacotherapy decision-making process. Conversely, biomarkers for individual drugs may represent the
most clinically useful markers, but are likely the most difficult to identify due to limitations in sample size.

Opportunities in GWAS of antipsychotic response

While the dopamine dysfunction hypothesis of schizophrenia remains consistent with the common pharmacody-
namic characteristic of all currently approved antipsychotic drugs, evidence has also pointed to a role for dysfunction
in the glutamate system, the primary excitatory neurotransmitter in the CNS (so]. This is further supported by
the identification of genome-wide significant variants in four glutamatergic genes: GRID2, GRM7, SLCI1AI and
TNIK in relation to treatment response. Promising targets such as these require additional research to validate their
association with antipsychotic response. While not the specific focus of this review, secondary pathway analyses
performed as part of some of these studies further support the hypothesis that polymorphisms in glutamate system
genes account for variability in antipsychotic response. Drug development efforts targeting the glutamate system
have failed in Phase II or III studies [81]. However, these studies have targeted other receptors or transporters. Genetic
associations identified in discovery GWAS reinforce the importance of continuing to examine targets within the
glutamate system for further drug development. Though not strictly necessary for clinical implementation, research
that helps to elucidate the biological significance of systems or pathways further our understanding of the etiology
of psychotic illness and determinants of treatment response.

It is important to re-emphasize the need for clinical validation of reported findings. The GWAS done to date
have largely not replicated candidate gene studies that have been conducted over the course of a number of
years. Variants in many pharmacodynamic genes such as ANKK1/DRD2, CACNAIC and HTR2A are included in
clinically available pharmacogenetic test panels [5], yet none of these variants appeared among the top hits in any
of the identified GWAS. Moreover, the association status of these previously identified variants was rarely reported
in any of the reviewed papers, which complicates the evaluation of the validity of these markers. We suggest that
future studies explicitly report on the association status of these markers until their relevance can be conclusively
determined.

Although significant strides have been made in recent years, enrollment numbers in antipsychotic GWAS remain
low. Four out of ten studies using quantitative trait rating scale measures had sample sizes of less than 200. The most
recent study published, which included nearly 4000 participants, identified disproportionately more genome-wide
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significant findings than all of the other studies combined. Similar large-scale individual efforts and other efforts
using combined datasets are encouraged.

Conclusion

We reviewed GWAS studies that used quantitative measures of antipsychotic response. Although these studies
identified a total of 20 genome-wide significant SNPs, only two (rs11722719 near PCDH7 and rs1875705 in
GRID?2), replicated across independent datasets. While perhaps the most parsimonious conclusion that can be
drawn from these findings is largely a failure in replication, there is some room for optimism. Despite significant
heterogeneity in study design and medications, seven genes/genomic regions showed independent replication,
indicating regions of high interest that require further study. The findings also continue to support a role for
glutamate system genes in treatment response to drugs with primary pharmacodynamic effects on D2 receptors.
This reinforces the importance of glutamate neurotransmission in the pathophysiology of schizophrenia, and further
highlights pathways beyond dopamine for investigating novel molecules to treat psychosis.

Future perspective in GWAS of antipsychotic response

Evolutions in our understanding of the genomic underpinnings of antipsychotic response will be driven by two
primary factors: sample size and technological advancement. With greater sample sizes, we expect the field to
move beyond individual SNP associations to polygenic algorithms that more accurately describe the biological
reality of antipsychotic response. Machine learning and artificial intelligence are likely to be powerful tools to aid
our understanding of interactions within a genomic network — a key limitation of the genome-wide association
approach. Polygenic algorithms are also likely to include other forms of genetic variation (e.g., copy number
variations, epigenetics) that may be informative. In this regard, we anticipate a move beyond single SNP predictors
to a holistic view of genomic contributors and environmental exposures that may be used to improve the precision
with which we can match medications to patients. We also expect that these efforts will help to better describe the
etiology of psychotic disorders and the mechanisms by which our present medications help to alleviate symptoms
of these conditions (albeit imperfectly). Advancements in our understanding of the molecular subtypes of cancer
have enabled the development of highly effective therapies that target those molecular mechanisms. In the same

Executive summary

Genome-wide association studies of antipsychotic response

e Ten genome-wide association studies (GWAS) of antipsychotic efficacy or effectiveness were identified, including
a total of 7108 participants (7366 including participants from qualitative studies).

Replicated findings

e Seven replicated genes/genomic regions were identified (CNTNAP5, GRID2, GRM7, 8924 [KCNK9], PCDH7, SLC1AT1
and TNIK), although replication of individual SNPs was rare.

e Genes involved in glutamatergic pathways were overrepresented among replicated findings, comprising four of
the seven replicated loci.

Challenges in GWAS of antipsychotic response

e Heterogeneity across studies was high, with considerable differences in duration of illness among participants,
medication selection, dosing schedule, period of observation and outcome measures.

e Many studies had small-sample sizes. Larger studies were better powered to identify genome-wide significant
markers.

Opportunities in GWAS of antipsychotic response

e Replicated loci affirm the role of glutamate in schizophrenia pharmacotherapy and support continued efforts to
develop novel therapeutic approaches targeting this system.

e A number of genomic regions were replicated, but few specific polymorphisms were identified that were
consistently associated with antipsychotic efficacy or effectiveness. Additional biological work is necessary to
examine the functional relevance of specific gene variants.

e Clinical validation and assessment of biological function of replicated SNPs is also required, and these markers
should also be assessed for clinical utility in prospective trials alongside other validated markers (e.g., CYP450
variation).

Future perspective in GWAS of antipsychotic response

e Evolutions in our understanding of the genomic underpinnings of antipsychotic response will be driven by two
primary factors: increasing sample sizes in studies and technological advancement (e.g., machine learning,
enhanced genomic-sequencing techniques).

302

Pharmacogenomics (2019) 20(04) future science group



Antipsychotic response GWAS review

way, we hope that a better elucidate the molecular mechanisms of psychotic disorders will drive further innovation
in antipsychotic drug development, leading to more effective treatment for our patients.
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