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Objective Clinical response to the atypical antipsychotic
paliperidone is known to vary among schizophrenic
patients. We carried out a genome-wide association study
to identify common genetic variants predictive of
paliperidone efficacy.

Methods We leveraged a collection of 1390 samples from
individuals of European ancestry enrolled in 12 clinical
studies investigating the efficacy of the extended-release
tablet paliperidone ER (n1= 490) and the once-monthly
injection paliperidone palmitate (n2= 550 and n3= 350). We
carried out a genome-wide association study using a
general linear model (GLM) analysis on three separate
cohorts, followed by meta-analysis and using a mixed linear
model analysis on all samples. The variations in response
explained by each single nucleotide polymorphism (h2SNP)
were estimated.

Results No SNP passed genome-wide significance in the
GLM-based analyses with suggestive signals from
rs56240334 [P= 7.97× 10− 8 for change in the Clinical
Global Impression Scale-Severity (CGI-S); P= 8.72× 10− 7

for change in the total Positive and Negative Syndrome
Scale (PANSS)] in the intron of ADCK1. The mixed linear
model-based association P-values for rs56240334 were
consistent with the results from GLM-based analyses and
the association with change in CGI-S (P=4.26× 10− 8)
reached genome-wide significance (i.e. P< 5× 10− 8). We
also found suggestive evidence for a polygenic contribution

toward paliperidone treatment response with estimates of
heritability, h2SNP, ranging from 0.31 to 0.43 for change in the
total PANSS score, the PANSS positive Marder factor score,
and CGI-S.

Conclusion Genetic variations in the ADCK1 gene may
differentially predict paliperidone efficacy in schizophrenic
patients. However, this finding should be replicated in
additional samples. Pharmacogenetics and Genomics
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Introduction
Identification of the factors influencing variation in

response to pharmacological therapy has important health

and economic implications. Predicting which individuals

will respond positively to a medication before the

administration of a therapeutic compound, or those who

can avoid adverse effects, can lead to more targeted

treatment and thereby potentially improve health out-

comes and reduce healthcare costs.

Genomic sequence variation has been shown to influence

response to particular pharmacotherapies. For example,

warfarin and clopidogrel are two widely prescribed drugs

that exert considerable pharmacogenetic effects [1–3]. In

the case of warfarin, variants at seven different genetic loci

affect optimal dosing [4]. Thus, the determination of an

individual’s genetic profile before warfarin administration

is essential as improper dosing can lead to thrombosis or

bleeding. Similarly, genetic variants in the CYP2C19 gene

are associated with rare, yet potentially catastrophic clotting

and stent closure in individuals prescribed clopidogrel.

Despite these and similar observations for other medica-

tions, responses to currently prescribed pharmaceuticals

have rarely been subjected to rigorous genetic analyses and

for those that have, the results are generally less conclusive

than those found for warfarin and clopidogrel.
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In the field of psychiatric genetics, few pharmacogenetic

genome-wide association studies (GWAS) have been

published on antipsychotic efficacy using clinical scales as

outcome measurements. Lavedan et al. [5] examined the

total Positive and Negative Syndrome Scale (PANSS) score

in 407 patients from an iloperidone phase 3 clinical trial.

Their top finding identified rs11851892 (14q12–q13) in the

neuronal PAS domain protein 3 gene (NPAS3) as a potential
mediator of the pharmacologic effect on PANSS treatment

response (discovery P=8.6×10−5; confirmatory P=0.099,

n=210). This locus was in close proximity to a translocation

breakpoint site observed previously in a family with schi-

zophrenia. McClay et al. [6] examined PANSS and the

PANSS five-factor structure [7] in schizophrenic patients

enrolled in the Clinical Antipsychotic Trial of Intervention

Effectiveness (CATIE) and identified the intergenic marker

rs17390445 (4p15) as a potential mediator of the effect of

ziprasidone on the PANSS positive factor (P=9.82×10−8,

n=160). In addition, the study by Clark et al. [8], which also

used data generated from the CATIE study, identified

PDE4D (5q12.1) as a potential mediator of the effect of

quetiapine on patient-reported severity (P=4.2×10−8,

n=238) as measured by a patient global impression of ill-

ness. A recent study by Sacchetti et al. [9] identified GRM7
as a potential predictor for risperidone treatment response

using Emsley’s positive domain derived from PANSS

(n=86; replicated in CATIE, n=97). Another recent study

by Stevenson et al. [10] identified GRM7 and GRID2 as

potential predictors for risperidone treatment response using

the Brief Psychiatric Rating Scale total score in first-episode

psychotic patients (P=1.10×10−8 for GRID2 variant

rs9307122, n=86). However, in each of these studies, the

sample size and effects were relatively small partially

because of stratification by compound. In the last example

([10]), it is unclear whether these results would generalize

beyond a first-episode population.

One reason why genetic analyses of pharmacotherapeutic

responses may not yield findings as striking as those for

warfarin and clopidogrel is that such responses might be

influenced by the combined effect of many loci and not

necessarily by a large effect from a single locus. Such

polygenic or multifactorial influences on pharmaceutical

responses are consistent with a growing appreciation

among geneticists that an emphasis on the ‘common

disease/complex trait’ hypothesis is limited and flawed.

This has motivated a shift toward the discovery and

interpretation of the likely polygenic nature of pheno-

typic variation [11,12]. Some proponents of polygenic

modeling hypothesize that assumptions on selective

pressures on various human diseases and traits are most

consistent with a polygenic origin. They argue that sin-

gular deleterious genetic factors that contribute toward a

disease are likely related to survival and are thus unlikely

to persist in the population. However, genetic variants

that contribute toward pharmacotherapeutic efficacy and

adverse drug reactions are less likely to be under similar

selective forces as the introduction and exposure to

pharmaceuticals in the population at large has been

recent, and therefore, responses to them are likely not to

have been shaped by selection simply because not

enough time has elapsed since their introduction for

selection to have shown its effects. It remains an impor-

tant open question whether genetically associated

pharmaceutical-response traits are, in part, because of a

small number of genetic variants that contribute a major

effect toward patient outcome or whether they are attri-

butable to a large number of genetic variants, each con-

tributing a minor effect toward the overall observed

phenotype. Importantly, each therapeutic and each out-

come (e.g. efficacy versus adverse response) may have its

own unique characteristics.

To address this question, we explored the pharmacoge-

netic determinants of response to paliperidone in schi-

zophrenic patients of European ancestry. The sample

studied represented data pooled from 12 clinical studies.

Paliperidone is an atypical antipsychotic medication used

to treat symptoms in patients with schizophrenia. The

compound can be administered once-daily through the

OROS extended-release tablet or once-monthly through

paliperidone palmitate long-acting injectable formula-

tion. Unlike many psychiatric medications, paliperidone

is mostly excreted unchanged and is thus not extensively

metabolized in the liver. We focused on the change in

the severity of symptoms of schizophrenia between

baseline measurements before therapeutic administration

and those at the end of the clinical trial. To explore

different hypotheses surrounding the genetic basis of

response to paliperidone, we implemented a two-step

approach. This consisted of (a) a traditional GWAS ana-

lysis that identified individual loci with an appreciable

singular effect on response and (b) estimation of the

outcome variation explained by all genetic markers by

polygenic modeling. Our results identify a number of loci

that may harbor variants that influence paliperidone

response. It was anticipated that treatment response was

polygenic in origin. Our polygenic modeling analyses

suggest a polygenic basis for paliperidone response, but

are inconclusive because of our limited sample size. We

discuss the overall limitations of our findings as well as

potential ways of designing future clinical trials on the

basis of these results.

Methods
Characteristics of study participants

Study participants were enrolled in one of 12 trials [13–26]

(Supplementary Table 1, Supplemental digital content 1,

http://links.lww.com/FPC/B114) who fulfilled all of the fol-

lowing inclusion criteria: have a Diagnostic and Statistical
Manual of Mental Disorders, 4th ed. (DSM-IV) diagnosis of

schizophrenia (295.10, 295.20, 295.30, 295.60, or 295.90)

for at least 1 year and experienced an acute episode of

schizophrenia with a total PANSS score between 60 and
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120 or 70 and 120 at screening depending on the trial.

Additional inclusion and exclusion criteria can be found at

http://clinicaltrials.gov. The present study only included

participants who were genetically determined to be of

European ancestry (methods described below) and who

received treatment with paliperidone ER or paliperidone

palmitate. Baseline clinical and demographic character-

istics were collected on each participant (Table 1). At the

end of the acute treatment phase of each trial (except

NCT00210717, where response at day 92 last observation

carried forward rather than at the end of 53 weeks treat-

ment was used to ensure a treatment duration more

comparable with the other studies that were short-term

treatment studies), endpoint scores were obtained for the

primary outcomes in the present study: total PANSS,

positive and negative Marder factor scores, and Clinical

Global Impression-Severity (CGI-S). The clinical studies

were carried out in accordance with the ethical principles

outlined in the Declaration of Helsinki, Good Clinical

Practices guidelines, and applicable regulatory require-

ments. Participation in the genetic study was optional and

all participants provided written informed consent before

enrollment.

Genotyping

Samples from 11 out of the 12 clinical studies were

included previously in a candidate gene study using a

custom-designed CNS chip [27]. Genotyping in this

study was performed using either the Human1M-Duov3

or PsychArray (Illumina Inc., San Diego, California,

USA). Genetic markers that showed high missingness

(>0.05), failed Hardy–Weinberg equilibrium (P< 10− 6),

or had exceedingly rare alternative alleles [minor allele

frequency (MAF)< 0.01] were excluded. For samples

genotyped using Human1M-Duov3, the degree of

European ancestry for each study participant was calcu-

lated using a supervised clustering analysis [28] from

publicly available European reference panels (n= 1335).

Participants estimated to be of less than 90% ancestrally

European were excluded from downstream analyses.

Among the remaining participants, relatedness was

assessed using pairwise identity by descent estimation in

PLINK [29]. Participants were excluded such that the

estimated proportion of identity by descent between any

two remaining individuals was less than 0.1. In addition,

individuals enrolled in more than one clinical study and

with genetically inferred sex discrepant from sex from

case report form were excluded. Following these proce-

dures, 1072 unrelated participants of European ancestry

remained for analysis. For samples genotyped using

PsychArray, the same QC criteria were applied, except

that smartpca [30,31] was used to remove outliers from

self-reported European ancestry participants. Using these

criteria, 350 participants genotyped using PsychArray

were retained for further analysis.

Imputation

Genomic data were prephased [32] and genome-wide

imputation was performed on the resulting haplotypes

separately for samples genotyped using the Human1M-

Duov3 or PsychArray beadchip and the default para-

meters in IMPUTE v2.3 [33–35]. The 1000 Genomes

Phase 1 integrated variant set haplotypes were used as

the reference panel [36]. Genomes were divided into

approximately 5Mbp segments (avoiding chromosome

and centromere boundaries), with phasing and imputa-

tion performed on each. GTOOL v0.7.5 was used to

convert imputed genotype posterior probabilities into

calls. Genotypes were considered to be missing if the

posterior probability of any genotype was not greater than

0.90. The best-guessed imputed genotypes for all sam-

ples were merged into a single dataset and additional QC

criteria [such as single nucleotide polymorphism (SNP)-

wise missing rate> 0.05, Hardy–Weinberg equilibrium

P< 10− 6 and MAF< 0.01] were applied.

GWAS

GLM-based genome-wide association analyses were

carried out on three cohorts of study participants: patients

receiving paliperidone ER (n= 496 genotyped using

Illumina Human1M-Duov3, effective sample size

n= 488 for PANSS score endpoints and 489 for CGI-S)

and patients receiving paliperidone palmitate (n1= 576

genotyped using Illumina Human1M-Duov3, effective

sample size n= 550; and n2= 350 genotyped using

PsychArray, effective sample size n= 350). A meta-

analysis across the three cohorts was used to summarize

the association statistics. Four primary outcomes were

analyzed: the change in the total PANSS score from

Table 1 Characteristics of the study participants

Cohort 1
(n=496)a

Cohort 2
(n=576)b

Cohort 3
(n=350)

Genotype platform 1M-Duov3 1M-Duov3 PsychArray
Formulation ER Palmitate Palmitate
Female [n (%)] 230 (46) 214 (37) 149 (43)
Age at diagnosis
[median (range)]

25 (9–71) 25 (6–66) 26 (11–57)

Baseline CGI-S 4.69 (0.71) 4.41 (0.74) 4.23 (0.66)
Baseline PANSS 93.9 (11.4) 86.0 (11.5) 84.2 (11.4)
Baseline Marder
(positive)

26.9 (4.3) 24.8 (5.1) 23.6 (4.8)

Baseline Marder
(negative)

23.5 (5.0) 21.8 (5.3) 22.1 (4.6)

Decrease in CGI-S 0.98 (1.09) 0.63 (1.08) 0.89 (0.96)
Decrease in PANSS 20.0 (18.7) 11.7 (18.0) 17.0 (16.1)
Decrease in Marder
(positive)

6.9 (6.2) 3.9 (5.9) 5.5 (5.5)

Decrease in Marder
(negative)

4.4 (5.3) 3.2 (5.3) 3.7 (4.4)

Values are expressed in mean (SD) unless otherwise noted. Decrease in scores
measured as the difference in scores between baseline and conclusion of clinical
trial (i.e. baseline− final score).
CGI-S, Clinical Global Impression Scale-Severity; ER, extended-release; PANSS,
Positive and Negative Syndrome Scale.
aIncluding six participants with missing age at diagnosis, one participant with
missing CGI-S, and two participants with missing PANSS data.
bIncluding one participant with missing age at diagnosis and 25 participants with
missing CGI-S and PANSS data.
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baseline, the change in the positive and negative Marder

factor scores of the PANSS from baseline, and the change

in the CGI-S scale from baseline. On the basis of step-

wise regression procedures, the following covariates were

included as fixed-effects covariates: the respective base-

line measurement, sex, and age at diagnosis. The first 10

principal components were calculated within each

grouping, and were likewise included as fixed-effects

covariates in GLM. Genetic association was performed

using allelic dosage probability at each common

(MAF> 0.01) autosomal marker that passed genotype

and imputation quality control greater than 0.3 using an

additive model in PLINK. Haplotype markers based on

directly genotyped markers from the top hit locus were

also associated with the endpoint.

In addition to the respective baseline measurement, sex,

and age at diagnosis, drug received (paliperidone ER or

paliperidone palmitate) was also included in the MLM

analysis using all samples (three cohorts combined). An

MLM-based genome-wide analysis (both univariate and

multivariate) using best-guessed imputed genotypes with

imputation quality control greater than 0.5 was carried

out using studentized residuals for each endpoint after

adjusting the clinical covariates in GEMMA [37].

Estimation of h2SNP

The proportion of phenotypic variance explained by

autosomal markers (h2SNP) was calculated for each of the

primary outcomes using GCTA [12] and GEMMA in all

samples. Like the MLM analysis, studentized residuals

for each endpoint and best-guessed imputed genotype

were used as the phenotype and genotype, respectively,

in both heritability estimation analyses. Genetic rela-

tionship matrices were calculated using genotype data on

all patients making up the cohorts. No pairs of partici-

pants showed an estimated relatedness greater than 0.1.

The variance explained by markers used to estimate the

genetic relationship matrices was calculated using

restricted maximum likelihood. Twenty principal com-

ponents derived from GCTA were also included as cov-

ariates in the GCTA analysis.

Gene set enrichment analysis

INRICH is a pathway analysis tool for GWAS, designed

for detecting enriched association signals of linkage dis-

equilibrium (LD)-independent genomic regions within

biologically relevant gene sets [38]. Reference gene sets

used in the INRICH analysis include KEGG, Gene

Ontology, and Molecular Signature Database (v5.0). Top

variants from GLM-based change in the total PANSS

score analysis with a nominal association P-values less

than 0.0005, 0.0001, 0.00005, and 0.00001 were sepa-

rately fed into PLINK to clump the variants into LD-

independent genomic intervals (r2 threshold using 0.2,

0.3, and 0.5, respectively), and then LD-independent

genomic regions were used for INRICH (version 1.0)

analyses. No multiple testing corrections were applied for

running INRICH against multiple reference gene sets or

for using multiple parameters (P-value cutoff and LD

threshold).

Cross-reference between the top association results

with GTEx, BRAINEAC, and EnigmaVis findings

To examine tissue expression patterns and explore possible

functional evidence for the associated variants, such as their

being a known eQTL or having been found to be associated

with neural imaging-derived phenotypes, the top associated

genes and variants were queried in the GTEx portal (http://
www.gtexportal.org/), Data Source: GTEx Analysis Release

V6 (dbGaP Accession phs000424.v6.p1) [39], BRAINEAC

(http://braineac.org/) [40], and EnigmaVis (http://enigma.ini.usc.
edu/) [41]. These resources include GWAS results for a few

imaging genetics studies for human hippocampal and

intracranial volumes (ICVs) [42], lentiform nucleus volume

[43], temporal lobe [44], and caudate [45]. Furthermore, the

GWAS results from ENIGMA2 (seven subcortical regions

and the ICV derived from magnetic resonance images of

30 717 individuals from 50 cohorts) [46] were downloaded

and used to intersect with the association results from

this study.

Results
The study participants from 12 clinical trials designed to

elucidate efficacy of paliperidone ER and paliperidone

palmitate are characterized in Table 1. All participants

included in the present study were determined to be of

European ancestry through the use of genetic markers.

For GLM-based association analysis, participants were

stratified into three cohorts on the basis of the ther-

apeutic treatment received during the clinical trials and

the chip used for the genotyping: extended-release

paliperidone genotyped using Illumina Human1M-

Duov3 (n= 490), paliperidone palmitate genotyped

using Illumina Human1M-Duov3 (n= 550), or paliper-

idone palmitate genotyped using PsychArray (n= 350).

All analyses were carried out independently on each

cohort using changes from baseline in each of the primary

outcomes as the phenotypic endpoint or the dependent

variable in our analyses: total PANSS score, positive and

negative Marder factor scores, and CGI-S score.

GLM-based association analyses

Following quality control procedures, 913 899 and

288 712 genotyped markers were used to impute unob-

served genotypes and ∼ 9M polymorphic imputed mar-

kers remained for downstream analyses. Controlling for

covariates, genome-wide association analyses of these

markers followed by meta-analysis across three cohorts

showed four regions with somewhat rare variants (MAF

between 1 and 5%) reaching genome-wide significance

(P< 5× 10− 8, Supplementary Fig. 1, Supplemental

digital content 2, http://links.lww.com/FPC/B115 and

Supplementary Fig. 2, Supplemental digital content 3,
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http://links.lww.com/FPC/B116 for Manhattan and

quantile–quantile plots for the total PANSS score, the

positive Marder factor score, the negative Marder factor

score, and CGI-S, respectively) and 20+ regions

including aarF domain containing kinase 1 (ADCK1) that
showed a trend toward association (P< 1.0× 10− 6).

Table 2 provides only those indexed variants with MAF

greater than or equal to 10% in the 1000 Genomes

Project. Rs56240334 (P= 7.97× 10− 8 for CGI-S;

P= 8.72× 10− 7 for total PANSS; P= 2.09× 10− 7 for the

PANSS positive Marder factor; and P= 0.003 for the

PANSS negative Marder factor) in the intron of ADCK1
(14q24.3) was identified as a potential associated variant

of paliperidone efficacy. Other suggestive association

signals included rs12915820 (P= 1.28× 10− 7 for total

PANSS score) in the intergenic region (15q25.1–25.2)

between transmembrane channel-like 3 (TMC3) and

mex-3 RNA-binding family member B (MEX3B). The

full list of variants with P< 1× 10− 5 in either the meta-

analysis or any of the three cohorts is available in

Supplementary Table 2 (Supplemental digital content 4,

http://links.lww.com/FPC/B117). The association of rela-

tively rare variants must be interpreted with caution as

the sample sizes for rare genotype groups are small and

imputation tends to be less accurate. Among the common

variants showing suggestive associations, the strongest

signal came from variants in ADCK1, which showed lar-

gely a consistent trend for symptom severity measure-

ments across the three cohorts (Table 3). Overall, each

additional copy of the rs56240334-G allele was associated

with an average of a 5.9 point reduction in the total

PANSS score, a 2.1 point reduction in the positive

Marder factor score, a 1.0 point reduction in the negative

Marder factor score, and a 0.38 point reduction in CGI-S.

The common homozygote genotype group was asso-

ciated with greater therapeutic efficacy (i.e. a greater

decrease in the symptom severity score from baseline;

Fig. 1). Rs56240334 was imputed and not genotyped

directly in both Human1M-Duov3and PsychArray plat-

forms, although the imputation confidence info scores

from Impute2 are high (0.959 and 0.894, respectively, for

Human1M-Duov3 and PsychArray platforms, respec-

tively). A nearby intronic SNP rs10147707 in LD with

rs56240334 (r2= 0.86, D′= 0.99) was genotyped directly

in Human1M-Duov3, but not in PsychArray (Imputation

confidence info score is 0.816). In cohort 1, the common

homozygote rs10147707 C/C (n= 402), heterozygote C/T

(n= 89), and the rare homozygote T/T (n= 3) had an

average of 21.22, 14.47, and 27.67 point reductions in the

total PANSS score, respectively. Similarly, the common

homozygote C/C (n= 461), heterozygote C/T (n= 84),

and the rare homozygote T/T (n= 6) had an average of

12.76, 7.43, and − 6.17 point reductions in the total

PANSS score, respectively, in cohort 2. The sample size

for the rare homozygote T/T genotype group was too rare

to have a robust estimate of group mean. There was also a

synonymous variant rs34272020 (S188S) in ADCK1 in Ta
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strong LD (r2= 0.87, D′= 1) with rs56240334. The LD in

the associated regions spanned a few neighboring genes,

although the strongest association signal came from

ADCK1 (Fig. 2). Haplotype association for markers from

ADCK1 region was also available from Supplementary

Text S1 (Supplemental digital content 5, http://links.lww.
com/FPC/B118). If we relax the criteria by requiring var-

iants with P-value less than 0.01 in all three primary

cohorts and the effect size is consistent across all three

cohorts, the only variant surviving is rs2532643 (first var-

iant in Table 2) for the CGI-S endpoint (P1= 0.001259,

P2= 0.009209, P3= 0.009618, β1=− 2.5666, β2=− 2.2791

and β3=− 2.3803).

As paliperidone is an active metabolite of risperidone, we

took a close look for replication evidence among variants

reported to be associated with risperidone in the literature.

Variants from GRM7 [9,10], GRID2 [10], DRD2 (including

rs2514218, a genome-wide significant variant for schizo-

phrenia disease susceptibility reported by PGC [47] and

subsequently reported to be related to treatment response

[48] and others implicated in candidate gene studies [49]),

Table 3 GWAS results of the top common variant finding among all cohorts

Cohort 1 Cohort 2 Cohort 3

Endpoint β SE P β SE P β SE P Pmeta

Total PANSS score −5.7684 2.2047 0.009169 −7.6361 1.9438 9.67E−05 −4.0138 2.1509 0.0629 8.72E−07
Positive Marder factor score −2.1233 0.7165 0.003197 −2.5202 0.629 7.03E−05 −1.3674 0.7235 0.05961 2.09E−07
Negative Marder factor score −0.646 0.5918 0.2756 −1.4789 0.534 0.00581 −0.6818 0.5649 0.2282 0.003
CGI-S −0.4492 0.1253 0.000372 −0.4223 0.1157 0.0002884 −0.2572 0.1288 0.04658 7.97E−08

β, regression coefficient for the rs56240334-A allele for symptom measurement quantitative traits; CGI-S, Clinical Global Impression Scale-Severity; ER, extended-
release; P, P-value for association tests; PANSS, Positive and Negative Syndrome Scale.

Fig. 1

Changes in outcome measurements stratified by genotype for rs56240334 in ADCK1, G/G homozygotes (i.e. A-noncarriers), and A-carriers
correspond to 0 and 1 genotypes in the graph. CGI-S, Clinical Global Impression Scale-Severity; PANSS, Positive and Negative Syndrome Scale.
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and DRD3 were not replicated (P> 0.05) in the meta-

analysis of paliperidone response (Supplementary Table 3,

Supplemental digital content 6, http://links.lww.com/FPC/
B119), except rs6314 of HTR2A, where it was nominally

associated with changes in CGI-S (P= 0.01), Marder

negative factor score (P= 0.08), and total PANSS score

(P= 0.1), with G allele being the better response allele.

MLM-based association analyses

Both univariate and multivariate MLM were fitted using

GEMMA (Supplementary Fig. 3, Supplemental digital

content 7, http://links.lww.com/FPC/B120 and Supplementary

Fig. 4, Supplemental digital content 8, http://links.lww.com/
FPC/B121 for Manhattan and quantile–quantile plots for the

total PANSS score, the positive Marder factor score, the

negative Marder factor score, and CGI-S univariate analyses

and multivariate analysis, respectively) and SNPs with

unadjusted P-value less than 1×10−6 are shown in Table 4.

The GEMMA univariate mixed linear model results were

largely consistent with the GLM-based results, although

association P-values could still differ by 1–2 orders of mag-

nitude. Using the same P-value threshold cutoff (i.e. 10−6),

there were few independent groups of associated variants

from the MLM-based analysis compared with the GLM-

based analysis, primarily because of a few rare variants

showing stronger associations in the MLM-based analysis.

MLM-based association P-values for rs56240334 from

ADCK1 (in LD with rs56374507, r2=0.86 and rs34272020,

r2=0.87) for univariate CGI-S, total PANSS, PANSS posi-

tive Marder factor, PANSS negative Marder factor, and

multivariate analysis are 4.26×10−8, 9.56×10−7,

4.74×10−7, 1.12×10−3, and 1.39×10−6, respectively,

which are consistent with the results from general linear

model-based analyses, whereas the association with change

in CGI-S reached genome-wide significance. The full list of

variants with association P-values less than 1×10−5 in any

of univariate or multivariate MLM analyses is shown in

Supplementary Table 4 (Supplemental digital content 9,

http://links.lww.com/FPC/B122).

Estimation of h2
SNP

The proportion of variance explained by autosomal

markers, or marker-based heritability (h2SNP), in the

combined therapeutic grouping was calculated for each of

the primary outcomes using the best-guessed imputed

markers (Table 5). The proportion of variance explained

by genotyped markers was the largest in the PANSS

positive Marder factor score (h2SNP= 0.42, SE= 0.14),

followed by the total PANSS score (h2SNP= 0.34,

SE= 0.15) and CGI-S (h2SNP= 0.32, SE= 0.14) on the

basis of estimates from GEMMA. The SE estimates from

GCTA were larger in general compared with GEMMA,

Fig. 2

Regional plot for ADCK1. Association results [− log10(P)] are plotted for all single nucleotide polymorphisms (SNPs) passing quality control.
Chromosome position is plotted with reference to the NCBI build 37. Recombination rate as estimated from the HapMap Project is plotted in light
blue. SNPs are color coded according to the linkage disequilibrium measure (r2) with reference SNP based on the reference panel of CEU population
from the 1000 Genome Project (March 2012 release). SNP annotation for all 1000GP SNPs are represented by the annotation categories:
nonsynonymous (inverted triangle), synonymous (square), UTR (square), TFBScons (star), MCS44 Placental (square with diagonal lines), and none of
the above (filled circle).
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making the probabilistic significance of the polygenic

heritability estimates inconclusive.

Gene set enrichment results

INRICH enrichment analysis using total PANSS score

GLM analysis showed nominal enrichments of immune-

related Biocarta IL-2 pathway (Pcorr= 0.1), hallmark tumor

necrosis factor α (TNFα) signaling by NFκβ (Pcorr= 0.09),

and the Biocarta TCR pathway (Pcorr= 0.03–0.08). The

genes from the genomic intervals driving the enrichment

and common to at least two of three gene sets above were

lymphocyte-specific protein tyrosine kinase (LCK),
mitogen-activated protein kinase 8 (MAPK8), and

mitogen-activated protein kinase kinase 1 (MAP2K1), and
Jun_proto-oncogene (JUN). The complete list of nomin-

ally enriched pathways with Pcorr less than 0.1 is shown in

Supplementary Table 5 (Supplemental digital content 10,

http://links.lww.com/FPC/B123) and the genes driving the

enriched pathways are listed in Supplementary Table 6

(Supplemental digital content 11, http://links.lww.com/FPC/
B124).

Cross-reference results

ADCK1 is expressed in multiple brain regions including

the cortex and pituitary. Intriguingly, variant rs144082574

in the same genomic region, not in LD with the top

associated variant rs56240334 from this study (r2= 0.004,

D′= 1), had a significant eQTL relationship with

expression levels of ADCK1 in blood (P= 1.2× 10− 15).

Another variant rs9323656 in ADCK1 in LD with the top

variant rs56240334 (r2= 0.83, D′= 0.99) had a nominal

association (P= 0.007) with ICV [42] in healthy indivi-

duals. The association P-values for rs9323656 with total

PANSS, Marder positive factor score, Marder negative

factor score, and CGI-S were 0.0002, 3.9× 10− 5, 0.037,

and 5.3× 10− 5, respectively (in GLM-based models,

Supplementary Fig. 5, Supplemental digital content 12,

http://links.lww.com/FPC/B125), whereas rs56240334 was

not captured in the Stein et al. association study. Other

candidate genes with subtle eQTL relationships with

rs56240334 in the ADCK1 genomic region shown by

BRAINEAC are listed in Supplementary Table 7

(Supplemental digital content 13, http://links.lww.com/FPC/
B126) and their tissue expression patterns are described inTa

bl
e
4

S
um

m
ar
y
of

M
LM

G
W
A
S
an

al
ys
es

–
S
N
P
s
w
ith

an
un

co
rr
ec

te
d
P
<
1
×
10

–
6

A
na

ly
si
sa

S
N
P
b

C
H
R

B
P
c

A
1

A
2

Fu
nc

tio
n

G
en

e
M
A
F

P
_W

al
d A

P
_W

al
d B

P
_W

al
d C

P
_W

al
d D

P
_W

al
d E

E
rs
9
81

57
3
8

3
88

20
4
73

3
T

C
In
tr
on

ic
C
3o

rf3
8

0.
12

8
0.
00

3
48

70
63

0.
19

73
52

1
0.
53

41
26

9
0.
15

4
05

12
7.
26

E
−
07

E
rs
8
00

52
78

0
4

13
9
26

8
12

3
T

G
nc

R
N
A
_i
nt
ro
ni
c

LI
N
C
00

49
9

0.
01

3
0.
02

28
70

4
8

0.
22

14
5
65

0.
05

83
3
06

1
0.
87

39
96

9
3.
92

E
−
07

A
|E

rs
13

85
3
87

19
5

15
6
00

5
16

6
A

C
In
tr
on

ic
S
G
C
D

0.
0
42

6.
63

E
−
09

0.
00

0
69

6
00

6
2.
02

E
−
08

0.
00

01
33

96
5

5.
27

E
−
08

C
rs
62

3
80

86
7

5
15

6
04

6
24

6
G

A
In
tr
on

ic
S
G
C
D

0.
03

7
1.
18

E
−
07

0.
00

01
15

13
2

1.
47

E
−
08

0.
00

01
87

5
44

1.
0
9E

−
07

B
|E

rs
61

85
48

20
10

5
8
05

4
64

2
T

C
In
te
rg
en

ic
M
TR

N
R
2L

5
(d
is
t=

69
4
15

5)
,Z

W
IN
T
(d
is
t=

62
55

7)
0.
01

8
0.
01

01
9
83

5
6.
43

E
−
0
8

2.
0
6E

−
05

0.
01

26
28

3
4

3.
9
8E

−
07

D
rs
6
44

93
9

12
10

1
45

3
98

9
A

G
In
tr
on

ic
A
N
O
4

0.
21

9
3.
14

E
−
05

0.
01

93
84

86
6.
74

E
−
05

5.
63

E
−
07

3.
0
4E

−
05

A
rs
8
00

80
02

14
75

86
5
68

3
T

C
In
te
rg
en

ic
LO

C
73

12
23

(d
is
t=

10
2
57

2)
,J
D
P
2
(d
is
t=

28
82

6)
0.
3
87

7.
6
4E

−
07

0.
08

04
40

18
2.
8
4E

−
05

0.
00

3
97

83
85

6.
15

E
−
0
6

A
|D

rs
5
97

21
55

6
14

78
11

2
39

3
A

G
In
te
rg
en

ic
S
P
TL

C
2
(d
is
t=

29
28

3)
,A

LK
B
H
1
(d
is
t=

26
35

6)
0.
18

6
1.
33

E
−
07

0.
00

45
98

27
8

4.
22

E
−
06

2.
61

E
−
07

1.
6
8E

−
0
6

A
|E

rs
74

0
65

82
7

14
78

36
9
28

5
T

G
In
tr
on

ic
A
D
C
K
1

0.
0
8

1.
01

E
−
07

0.
00

12
41

5
5.
28

E
−
07

4.
47

E
−
08

6.
5
0E

−
07

C
rs
3
42

72
02

0
14

78
37

4
17

2
T

C
Ex
on

ic
A
D
C
K
1

0.
0
85

2.
12

E
−
07

0.
00

0
65

44
94

2.
73

E
−
07

5.
3
0E

−
08

1.
21

E
−
0
6

D
rs
5
63

74
50

7
14

78
38

0
53

3
G

T
In
tr
on

ic
A
D
C
K
1

0.
0
86

2.
21

E
−
07

0.
00

11
79

90
8

3.
16

E
−
07

2.
9
8E

−
08

6.
63

E
−
07

To
p
va
ria

nt
s
w
er
e
cl
um

pe
d
us
in
g
pa

ra
m
et
er
s:

P
1
=
0.
00

00
01

;
P
2
=
0.
05

;
r2
=
0.
2.

A
1
,f
irs
ta

lle
le
co

de
;A

2
,s
ec

on
d
al
le
le
co

de
;B

P,
ba

se
pa

ir
po

si
tio

n;
C
H
R
,c
hr
om

os
om

e;
C
G
I-S

,C
lin
ic
al
G
lo
ba

lI
m
pr
es
si
on

S
ca

le
-S
ev
er
ity
;M

A
F,
m
in
or

al
le
le
fre

qu
en

cy
;G

W
A
S
,g

en
om

e-
w
id
e
as
so

ci
at
io
n
st
ud

y;
PA

N
S
S
,P

os
iti
ve

an
d

N
eg

at
iv
e
S
yn
dr
om

e
S
ca

le
;
S
N
P,

si
ng

le
nu

cl
eo

tid
e
po

ly
m
or
ph

is
m
.

a A
na

ly
si
s
A
,u
ni
va
ria

te
an

al
ys
is
us
in
g
re
si
du

al
s
fro

m
th
e
M
ar
de

rp
os

iti
ve

fa
ct
or

sc
or
e;

B
,u
ni
va
ria

te
an

al
ys
is
us
in
g
re
si
du

al
s
fro

m
th
e
M
ar
de

rn
eg

at
iv
e
fa
ct
or

sc
or
e;

C
,u
ni
va
ria

te
an

al
ys
is
us
in
g
re
si
du

al
s
fro

m
th
e
to
ta
lP

A
N
S
S
sc
or
e;

D
,

un
iv
ar
ia
te

an
al
ys
is

us
in
g
re
si
du

al
s
fro

m
C
G
I-S

;
E,

m
ul
tiv
ar
ia
te

an
al
ys
is

us
in
g
re
si
du

al
s
fro

m
th
e
M
ar
de

r
po

si
tiv
e
fa
ct
or

sc
or
e,

M
ar
de

r
ne

ga
tiv
e
fa
ct
or

sc
or
e,

to
ta
lP

A
N
S
S

sc
or
e,

an
d
C
G
I-S

.
b
In
de

xe
d
S
N
P
s
w
ith

un
co

rr
ec

te
d
P
<
1
×
10

–
6
in

an
y
of

th
e
un

iv
ar
ia
te

or
m
ul
tiv
ar
ia
te

G
W
A
S

an
al
ys
es
.

c B
ui
ld

37
,a

ss
em

bl
y
hg

19
.

Table 5 Proportion of variation explained by genotyped, autosomal
markers (h2SNP)

Outcomes h2SNP SE Method N P-value

CGI-S 0.318 0.135 GEMMA 1389 0.019
0.372 0.220 GCTA 1389 0.041

PANSS 0.338 0.146 GEMMA 1388 0.021
0.432 0.227 GCTA 1388 0.029

Marder (positive) 0.419 0.138 GEMMA 1388 0.002
0.305 0.225 GCTA 1388 0.089

Marder (negative) 0.183 0.159 GEMMA 1388 0.250
0.432 0.223 GCTA 1388 0.026

CGI-S, Clinical Global Impression Scale-Severity; PANSS, Positive and Negative
Syndrome Scale; SNP, single nucleotide polymorphism.
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Supplementary Fig. 6 (Supplemental digital content 14,

http://links.lww.com/FPC/B127). None of these candidate

genes neighboring ADCK1 is a more likely candidate than

ADCK1 to explain the association of rs56240334 with

paliperidone association, although we cannot rule them

out completely.

Discussion
Our results suggest that candidate genomic regions that

harbor variants that influence paliperidone efficacy

among patients with schizophrenia may exist, although

there is no genetic locus with large effect size predictive

of paliperidone efficacy. The most strongly associated

SNP, rs56240334, from ADCK1 was consistently asso-

ciated with each of the three cohorts and efficacy out-

come measurements [all consistent direction-wise; most

are significant at the P< 0.1 in individual cohorts, except

for cohort 1 (P= 0.28) and cohort 3 (P= 0.23) with respect

to the negative Marder factor score]. This suggests that

these markers contribute toward paliperidone efficacy

irrespective of the mode of administration (i.e. oral

extended-release or long-acting injectable palmitate),

which is expected if the polymorphism reflects the

underlying mechanism of action of paliperidone. The

association signal is stronger with respect to the positive

Marder factor score and the total PANSS score compared

with the negative Marder factor score, which probably

reflects the fact that antipsychotics in general are known

to be more effective in treating positive symptoms rather

than negative symptoms and that change in positive

symptoms tends to drive the change in the overall

PANSS scores in antipsychotic medication trials. The

association signals were also independent of the statistical

models used (i.e. GLM-based or MLM-based models).

The biological relationship between variants in ADCK1
and paliperidone is unknown, except for the imaging

genetics relationship with ICV. On the basis of data from

2028 individuals with schizophrenia and 2540 healthy

controls from the ENIGMA consortium, patients with

schizophrenia had smaller hippocampus (Cohen’s

d=− 0.46), amygdala (d=− 0.31), thalamus (d=− 0.31),

accumbens (d=− 0.25), and ICVs (d=− 0.12), as well as

larger pallidum (d= 0.21) and lateral ventricle volumes

(d= 0.37) compared with healthy controls. No group

differences were identified for putamen and caudate

volumes [50]. The volumes of the subcortical regions

included in the basal ganglia were reported to be pre-

dictive of/associated with treatment response to anti-

psychotic drugs (APDs), although those studies were

small in sample size, did not control for other factors that

could also be used to explain variance in treatment

response [51–53], and some did not normalize the brain

region volumes by ICV [51,53]. However, APDs could

also impact the volumes of brain regions such as the

caudate nucleus and putamen in patients with schizo-

phrenia [53,54] and could complicate interpretation of

results unless studying APD-naive patients. In a small

(n= 23) yet well-controlled 6-week risperidone treatment

study in unmedicated schizophrenic patients, basal

ganglia volumes including the bilateral caudate, putamen,

and pallidum were normalized by ICV and the caudate

volume showed the strongest correlation with treatment

response even when controlling for baseline symptom

severity and duration of illness [55]. The relationships

between rs9323656 and other brain regions are unknown,

except those examined in EnigmaVis and ENIGMA2

[46]. Given the results with risperidone, it is noteworthy

that the ADCK1 variant influences both ICV and pali-

peridone response, especially as paliperidone (9-hydro-

xyrisperidone) is the active metabolite of risperidone.

Risperidone is metabolized by cytochrome p450 (CYP)

enzymes and polymorphisms in the CYP genes may

influence risperidone efficacy, whereas paliperidone is

not further metabolized by CYP enzymes. Variants

reported to be associated with risperidone treatment

response were largely not replicated in our paliperidone

response analysis.

It is intriguing to observe the nominal enrichment of several

immune-related gene sets in the INRICH analysis.

Although the hypothesis of the interplay between immune

and nervous system was postulated a century ago, there has

been increasing evidence to support this hypothesis in the

past 20 years [56,57]. Notably, cytokines could affect the

CNS by modulating the activity of several monoaminergic

systems, which are the primary targets of psychotropic

therapies. Elevation in cytokine levels could inhibit dopa-

mine synthesis and reduce dopaminergic signaling and ser-

otonin bioavailability [58,59]. Antipsychotics including

risperidone were reported to decrease TNFα [60,61]. It is

therefore of interest to observe the nominal enrichment of

‘Hallmark TNFα Signaling via NFκβ’ and other immune-

related gene sets in the gene set enrichment analysis. Other

variants with a suggestive association signal for paliperidone

response are discussed in the Supplementary Text S2

(Supplemental digital content 15, http://links.lww.com/FPC/
B128).

Our main finding, that a common homozygous genotype

for ADCK1 was associated with greater therapeutic effi-

cacy, is of interest, although it is important to note that the

candidate regions that we identified each explain only a

small fraction of the variance in therapeutic response.

Therefore, the clinical utility of these markers for use as

classifiers to guide treatment decisions is limited.

However, these results seem to rule out the existence of

common variants with very large genetic effect sizes as

such variants should have been detectable in this study.

Our discovery of multiple candidate markers provides

some evidence that efficacy may be influenced by

polygenic factors. This observation was partially sup-

ported in our estimations of h2SNP, the proportion of

therapeutic response attributable to the combined effects

of genetic variants throughout the genome. For at least
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some of the outcome measurements (CGI-S, positive

Marder factor score, and total PANSS score), our

GEMMA results suggested that a modest proportion of

phenotypic variance can be explained by imputed

genetic markers. This relationship is less evident in

negative Marder factor responses, which tend to respond

less to antipsychotic medication treatment. However, the

estimates remain uncertain because of sample size limita-

tions. It is unclear why the SE estimates from GCTA and

GEMMA varied considerably, with GCTA having larger

SEs than GEMMA. Although not described in this

manuscript, we also estimated h2SNP in a larger cohort that

combined the White patients with schizophrenia with non-

Caucasians and/or bipolar patients receiving paliperidone.

The resulting estimates of h2SNP were 0.217 in total

PANSS and 0.274 in CGI-S (SE= 0.130 and 0.166,

respectively; positive and negative Marder factor scores

were not analyzed) using GCTA. These results are con-

sistent with a polygenic model of therapeutic efficacy, and

yet population stratification and dissimilar disease etiology

may be a confounding factor in these analyses.

Nevertheless, these estimates of h2SNP present a potential

upper bound on the predictive capacity of the collective

effect of genetic markers that could be imputed using

common genotyping platforms. Ideally, findings and

interpretations from pharmacogenetic studies can be

applied to guide clinical decision-making by identifying

patients who will most benefit from a particular treatment

or avoid an adverse reaction before administration. This

observation may be explained by the fact that although

attempts were made to control for heterogeneity in this

cohort (e.g. by taking into consideration ethnicity, com-

pound, diagnosis, etc.), other factors could not be con-

trolled. Variation in the dosage of the drugs administered to

the participants presents a particularly challenging form of

heterogeneity. Although some study participants received

a set dosage, a large proportion of the study population was

enrolled into ‘flexible’ dosage arms designed to optimize

treatment response. Hence, dosage was nonuniformly

altered to reach a target response, although there was a lack

of a clear PK–PD relationship on the basis of unpublished

PK modeling and the dose–response relationship was not

always observable from the fixed-dose studies. Other likely

sources of heterogeneity include suboptimal dosing

potentially because of a suboptimal injection site and

needle length (with possible injection into fatty tissue

rather than muscle) in the case of paliperidone palmitate,

unknown adherence over time to oral paliperidone ER,

and variable trial length across the clinical studies. The

variable length of studies was somewhat mitigated by the

fact that therapeutic response reached a plateau as early as

6 weeks after the initiation of paliperidone treatment [17].

Such heterogeneity may have limited estimation of phar-

macogenetic effects in a cohort that is small for genetic

association evaluations.

The issues of heterogeneity and limitation of the study

sample size identified here are not unique to this study.

To address this, the Psychiatric Genomic Consortium

involving academic and pharmaceutical companies has

been formed to address these challenges by sharing data

to increase sample size and contribute analytic methods

[47,62,63]. However, at present, only examination of

disease susceptibility is within the scope of consortium

activities perhaps because of the scarcity of controlled

clinical studies. The field has witnessed growing success

in identifying safety-related genetic associations derived

from clinical trial studies, but less success in attempts to

identify efficacy biomarkers. Finding efficacy genetic

associations for psychiatric disease has proven to be par-

ticularly challenging, even with access to large number of

samples in clinical trials. For greater success in finding

genetic markers for efficacy in complex disorders such as

schizophrenia, pharmaceutical companies, regulatory

bodies, and academic groups should continue to share

data. In addition, clinical trial study design must consider

disease heterogeneity. Finally, in our clinical studies

described in the paper, DNA sampling was optional

among study participants. After selecting samples of

European ancestry and patients treated with study drug,

the sample size became small. Future clinical studies

might consider willingness to consent for DNA sampling

as a potential inclusion criterion to increase the sample

size for pharmacogenomics study.
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