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ATAD3B and SKIL polymorphisms associated with antipsychotic-
induced QTc interval change in patients with schizophrenia: a
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QTc interval prolongation is one of the most common antipsychotic-induced side effects which could lead to ventricular
tachycardia or Torsade de Pointes, even cardiac arrest. There is very limited understanding on the genetic factors that associated
with antipsychotic-induced QTc interval change. We conducted a genome-wide association study (GWAS) of antipsychotic-induced
QTc interval change among patients with schizophrenia. A total of 2040 patients with schizophrenia were randomly assigned to six
groups (olanzapine, risperidone, quetiapine, aripiprazole, ziprasidone, and first-generation antipsychotics; first-generation
antipsychotics including haloperidol or perphenazine were also assigned randomly) and received 6-week antipsychotic treatment.
We identified two novel loci (rs200050752 in ATAD3B and rs186507741 in SKIL) that were associated with antipsychotic-induced QTc
interval change at a genome-wide significance level. The combination of polygenic risk score (PRS), based the GWAS of myocardial
infarction from BioBank Japan project, and clinical data (sex, heart rate and QTc interval at baseline) could be applied to predict
whether patients with schizophrenia have QTc interval prolongation (10 ms was applied as threshold, P < 0.001, area under the
curve [AUC] was 0.797), especially for the first episode patients (P < 0.001, AUC was 0.872). We identified two loci located within
genes related to mitochondrial function and cell growth and differentiation, which were both associated with schizophrenia and
heart function. The combination of PRS and clinical data could predict whether patients with schizophrenia have the side effect of
QTc interval prolongation, which could fundamentally guide the choice of antipsychotic in patients with schizophrenia, especially
for the first-episode patients.
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INTRODUCTION
Schizophrenia is a severe mental disorder, with the lifetime
prevalence of around 1% worldwide, which is characterized by a
range of perception, sensation, cognitive, behavioral, and emo-
tional dysfunction [1]. Antipsychotics are the first-line therapy in
the clinical management of schizophrenia. While many patients
benefited from the antipsychotics, approximate 75% of patients
discontinue treatment due to lack of efficacy, low compliance or
side effects, which prolongs the optimum treatment time and
influences the prognosis [2, 3].
Persons with schizophrenia are at a higher risk of mortality rate

than the general population [4]. Sudden cardiac death is a
significant concern in patients with schizophrenia, which can occur
due to cardiac arrhythmias like Torsade de Pointes (TdP) resulting
from an increased cardiac repolarization time. The QTc interval and T

wave abnormalities reflect increased repolarisation duration [5].
Some kinds of antipsychotics could induce the QTc prolongation,
which might lead to ventricular tachycardia or TdP [6]. Furthermore,
most guidelines apply the QTc interval prolongation as an indicator
to predict the risk of antipsychotic-induced serious cardiac
arrhythmias. Several antipsychotics were restricted in the clinical
management because of the QTc prolongation. For example,
amisulpride, ziprasidone and quetiapine seem to prolong the QTc
interval more than other antipsychotics [7].
Evidence suggested that genetic factors played a consequential

role in the QTc interval [8]. A meta-analysis of genome-wide
association study (GWAS) in 76,061 European ancestry individuals
were conducted by the QT Interval-International GWAS Consortium
identified 35 loci related to QT interval, which highlighted the
importance of calcium regulation in myocardial repolarization [9].
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The recent transethnic GWAS on long QT syndrome identified
three genome-wide significant loci near NOS1AP (rs12143842),
KCNQ1 (rs179405), and KLF12 (rs17061696) [10]. However, little was
known about genetic factors on antipsychotic-induced QTc interval
prolongation at the genome-wide level. Previous GWAS of
iloperidone-induced QTc interval prolongation identified 6 loci,
but these loci were not at genome-wide statistical significance [11].
Another five-antipsychotic-specific GWAS including 738 patients
with schizophrenia identified one locus near SLC22A23 (rs4959235)
associated with quetiapine-induced QTc prolongation, while it
neither at genome-wide statistical significance [12].
The results of previous studies on antipsychotic-induced QTc

interval change were unsatisfactory, which may result from the
small sample size. Besides, there was no similar study on the
Chinese Han population. To improve the understanding of genetic
factors on antipsychotic-induced QTc change, we conducted the
GWAS of antipsychotic-induced QTc interval change, including
2040 participants, in a 6-week randomized controlled clinical trial
evaluating the efficacy, safety, and tolerability of seven anti-
psychotics (included olanzapine, risperidone, quetiapine, aripipra-
zole, ziprasidone, haloperidol, and perphenazine), in patients with
schizophrenia.

METHODS
Subjects
The cohort was from the Chinese Antipsychotics Pharmacogenomics
Consortium (CAPOC), including five research centers, leading a total of 32
psychiatric hospitals in China. This study was compliant with the
Declaration of Helsinki. The protocol was approved by the Clinical
Research Ethics Committee at each site, and written informed consent
was obtained.

Inclusion criteria
(1) Diagnosed with schizophrenia based on the Structured Clinical
Interview of the Diagnostic and Statistical Manual of Mental Disorders,
fourth edition (DSM-IV); (2) Aged from 18 to 45 years; (3) Han Chinese
ancestry; (4) Total scores of the Positive and Negative Syndrome Scale
(PANSS) were more than 60, and three positive items scored more than
four at least; (5) Physically healthy with all laboratory parameters within
normal limits; (6) Could be treated with oral medication; (7) Provide
informed consent.

Exclusion criteria
(1) Diagnosed with other mental disorders met the criteria of DSM-IV; (2)
With unstable physical diseases, malignant syndrome or acute dystonia,
well-documented histories of epilepsy and hyperpyretic convulsion; (3)
Required long-acting injectable antipsychotics; (4) Regularly toke with
clozapine during the past month; (5) Treated with electroconvulsive
therapy during the last month; (6) Had previously attempted suicide, or
had experienced the symptoms of severe excitement and agitation; (7)
Abnormal liver or renal function; (8) without legal guardian; (9) Had QTc
prolongation, a history of congenital QTc prolongation, or myocardial
infarction within the past 6 months; (10) Pregnant or breastfeeding; (11)
Had a contraindication to any of the drugs to which they could be
assigned.

Randomization
Eligible patients were randomly assigned (1:1:1:1:1:1) to six groups
(aripiprazole, olanzapine, quetiapine, risperidone, ziprasidone, or one of
the first-generation antipsychotics [haloperidol or perphenazine]). Those
randomly assigned to the first-generation antipsychotics group were
subsequently randomly assigned (1:1) to haloperidol or perphenazine.

Clinical Procedure
Within 2 weeks of randomization, psychiatrists from the study adjusted the
dosages on the basis of treatment effectiveness, in keeping with the study
protocol. The dosage of antipsychotics then remained unchanged
throughout the study. If the psychiatrists decided that a patient’s response
was not adequate or the patient decided to drop out of the study,

treatment was discontinued and the last observation was carried forward
to represent treatment response. Patients with adequate responses
continued treatment until the end of the study.

Genotyping
The samples were genotyped with Illumina Human Omni ZhongHua-8
Beadchips (Illumina, San Diego, CA, USA), which were designed for Chinese
populations. Quality control was done before the association analysis.
Genotype imputation for the sample was done with the pre-phasing
imputation stepwise approach implemented in IMPUTE2 and SHAPEIT
(Version 2.r727). Haplotypes derived from phase I of the 1000 Genomes
Project (release version 3) were used as references.
Detailed randomization, masking, clinical and genotyping procedures

had been described in the previous CAPOC study [13] and enclosed in the
appendix.

QTc interval
Twelve-lead electrocardiography was measured at baseline and the end of
the 6th week. The QT interval needs to be corrected for heart rate to make
it more clinically meaningful. Bazett’s formula is the most common method
used to correct QT interval for heart rate. However, the Bazett’s formula
overestimates QTc interval at heart rates higher than 60 and under-
estimates at rates lower than 60. The International Council for Harmoniza-
tion of Technical Requirements for Pharmaceuticals for Human Use (ICH)
recommended using Fridericia’s formula which is less influenced by
extremes of heart rate to correct the QT interval. In our study, QTc interval
was calculated based on Fridericia’s formula [14].

Statistical analysis
We did the linear regression in PLINK (version 1.9) to assess the
associations between allele and QTc interval change [15]. Sex, age,
research centers, type of antipsychotics, the dosage of antipsychotics
(chlorpromazine equivalent dose equivalence [16]), course of schizophre-
nia at baseline and the first five principal components of population
structure (PCA) were set as covariates. Briefly, we hypothesized that the
effect of different antipsychotics on QTc interval change was on the
general pathways, and assessed the associations between genotype and
QTc interval change across the whole sample. Then we examined the
antipsychotic-specific effect on QTc interval change. The accepted
genome-wide significance threshold of a P value of less than 5 × 10−8

were adopted [17], and the associations with a P less than 1 × 10−5 were
set as findings of interest.
Furthermore, multiple several secondary analyses were carried out on

the genome-wide association results. Firstly, the expression patterns of
certain genes in human tissues were explored, mainly focus on brain, heart
and artery tissues, with the Genotype-Tissue Expression database [18]. The
protein expression pattern was searched in the Human Protein Atlas
(https://www.proteinatlas.org/). And we searched the eQTL effect of the
identified single-nucleotide polymorphisms (SNPs) in three database
including GTExPortal (https://www.gtexportal.org/), BRAINEAC (http://
www.braineac.org/) and Blood eQTL browser (https://www.genenetwork.
nl/bloodeqtlbrowser/).Then we used the suggested SNPs to conduct the
pathways and diseases enrichment analysis on the Metascape website
(http://metascape.org/).[19]
Finally, the polygenic risk scores (PRS) were calculated based on the SNP

effect sizes of the myocardial infarction (MI) from the GWAS included 1,666
individuals with MI and 3,198 referents from BioBank Japan project [20],
and we combined the PRS (Sex, age, research centers, type of
antipsychotics, the dosage of antipsychotics, course of schizophrenia,
and the first five principal components of PCA were defined as covariates)
and some clinical data including sex, heart rate, QTc interval at baseline to
distinguish whether patients with schizophrenia have the QTc interval
prolongation after antipsychotics treatment. Prolongation more than
10ms after 6-week antipsychotic treatment was as the threshold.

RESULTS
Total 2040 patients had the complete data of QTc interval change
and passed the quality control. The flow chart of the study was
described by the Fig. 1, and demographic and clinical character-
istics were displayed in the Table 1. The difference of sex, age and
CHL-equivalent dose among seven groups were significant, while
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there were no significant differences in rate of first-episode, course
of schizophrenia and baseline QTc interval. Supplementary Figure
1 showed the Manhattan and quantile–quantile plots of the whole
sample. Total 68 SNPs were modest associated with change of QTc
interval (P < 1 × 10−5). Part of 68 SNPs did in linkage disequili-
brium, and the 68 SNPs were clumped in PLINK with a cutoff r² of
0.2 within a 250-kb window, 35 clumps formed from 68 top
variants (We showed the LD block plot in Supplementary Fig. 2).
There were two SNPs showed genome-wide significant

associations with change of QTc interval (P < 5 × 10−8), in ATAD3B
(rs200050752, missense) and SKIL (rs186507741, intronic) (Supple-
mentary Fig. 3, Table 2). The QTc interval change was significantly
different across seven antipsychotics (F= 7.086, P < 0.001). In the
post hoc analyses (Bonferroni test), patients given quetiapine or
ziprasidone had the most QTc interval prolongation (Table 3). QTc
interval change of quetiapine and ziprasidone were more than
aripiprazole and risperidone, and the change of QTc interval in the
olanzapine subgroup was more than aripiprazole subgroup. The
post-hoc test showed that the difference of QTc interval change
between the two kinds of first-generation antipsychotics and the
differences between the five second-generation antipsychotics
and the two first-generation antipsychotics were not significant.
The two genes with genome-wide significance were both

remarkably expressed in brain tissues, heart tissues and artery
tissues (Supplementary Fig. 4). The protein expression of ATAD3B
gene was at medium level in the brain and cardiomyocytes, while
the protein expression of SKIL gene was at low level in the brain
and was not detected in cardiomyocytes. We tried to search the
eQTL effect of the two SNPs based on the GTExPortal, BRAINEAC
and Blood eQTL browser, however, both the two SNPs were not
associated with gene expression.
In the pathway analysis, 68 SNPs were annotated to 20 genes,

and then the 20 genes were enriched in two pathways: positive
regulation of cell development and spermatogenesis (Supple-
mentary Table 1). In the enrichment analysis in DisGeNET (http://
www.disgenet.org), the 20 genes were enriched in seven diseases
or clinical traits: creatinine measurement, glomerular filtration rate,
malignant head and neck neoplasm, cardiac arrest, scoliosis, and
mood disorders (Supplementary Table 1).
We calculated the PRS based on the GWAS of MI from BioBank

Japan project, the threshold was 0.4957, included 55623 SNPs (P
= 0.021, PRS_R2= 0.003) (Supplementary Fig. 5). The positive
association between QTc interval change after 6-week-
antipsychotic treatment and the best PRS was significant (r=
0.067, P= 0.003) (Fig. 2A). Moreover, patients with QTc interval
prolongation (applied 10ms as threshold [21, 22]) had the higher
level of PRS (t= 2.865, P= 0.004) (Fig. 2B). We applied the PRS to
predict whether patients with schizophrenia have the QTc interval

Fig. 1 Trial profile for the cohort. CAPOC Chinese Antipsychotics
Pharmacogenomics Consortium, SNP single-nucleotide polymorphism.
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prolongation after antipsychotic treatment (applied 10ms as
threshold), the area under the curve (AUC) was 0.567 and the P
value was 0.004 (Fig. 2C). Then we performed the Path analysis to
detect some clinical indicators which could affect the QTc interval
change, including sex, age, course of schizophrenia, blood
pressure, heart rate, weight, body mass index, abdominal
circumference, PR interval, QRS interval and QTc interval at
baseline. The result showed that only the sex, heart rate and QTc
interval at baseline had a significant direct effect on antipsychotic-
induced QTc interval change. Furthermore, there were indirect
effect between sex and baseline QTc interval, as well as baseline
QTc interval and baseline heart rate (Supplementary Fig. 6). And
then we did a Logistic analysis using PRS and the clinical data (sex,
heart rate and QTc interval at baseline) to distinguish whether
patients with schizophrenia have the QTc interval prolongation
after antipsychotic treatment. The result showed that the
combination of PRS, sex, heart rate and QTc interval at baseline
could significantly distinguish whether patients with schizophre-
nia have the QTc prolongation at the threshold of 10 ms (P <
0.001, AUC was 0.797, Fig. 2D). When we conducted stratified
Receiver Operating Characteristic (ROC) analysis by patients were
first episode or not, the result indicated that the distinguish ability
of PRS and clinical data was more powerful at first-episode
subgroup (AUC of the first-episode subgroup: 0.872; AUC of
relapse subgroup: 0.778) (Fig. 2E, F).

DISCUSSION
In our study, we found the QTc interval increased in the
olanzapine, quetiapine and ziprasidone subgroups after 6-week
treatment, while it decreased in the aripiprazole subgroups, the
QTc interval change was not significant in risperidone, perphena-
zine and haloperidol subgroups. Moreover, the QTc change of
quetiapine and ziprasidone were more than aripiprazole and
risperidone subgroups. The results in olanzapine, quetiapine,
ziprasidone and aripiprazole were comparable to the meta-
analysis of 32 antipsychotics [7], while the QTc interval change
in the risperidone and haloperidol subgroups were inconsistent.
The inconsistent result might result from the short follow-up
duration. The antipsychotics, which have a larger effect on QTc
interval, have shown the significant change after the 6-week
treatment such as ziprasidone.
Based on the literature, this study is so far the largest genome-

wide association study of antipsychotic-induced QTc interval
change. We identified two loci associated with antipsychotic-
induced QTc interval change, which located within genes related
to mitochondrion functions and regulation of cell growth and
differentiation.
The missense SNP rs200050752 is located within the ATPase

Family AAA Domain Containing 3B (ATAD3B) gene. The protein,
encoded by ATAD3B localizes to the mitochondrial inner
membrane, may involve in the mitochondrial function, which
was characterized by reduced mitochondrial metabolism, low
mitochondria DNA (mtDNA) copies and fragmented mitochondrial
network. The mtDNA encodes a series of critical subunits of the
oxidative phosphorylation as well as tRNAs and rRNAs essential to
their synthesis, and plays a substantial role in innate immune
responses and inflammatory pathology [23, 24]. Each cell carries

hundreds of mtDNA copies, which is packaged by a series of
proteins, including TFAM, POLG, prohibitins, and ATAD3, to form
an mtDNA-protein complex called the nucleoid [25]. Damage of
the mtDNA occurs in response to a series of physiological stresses,
so the mtDNA is susceptible to damage by oxygen reactive
species [26]. These mechanisms contribute to the very high
mutation rate of the mtDNA, which is about 10- to 17-fold higher
than that in the nuclear DNA [27, 28]. The mtDNA mutations and
mitochondrial dysfunction are associated with various human
diseases, ranging from severe inherited disorders to common late-
onset diseases, such as mitochondrial encephalopathy [29]. The
heart is mainly composed of cardiomyocytes containing a large
quantity of mitochondria [30], an impaired energy balance from
mitochondria can be generally recognized as both a cause and an
effect of heart dysfunction [31, 32]. Recent studies have increased
the understanding of mitochondrial genetics, providing an insight
into the correlations between mitochondrial mutations and
cardiac manifestations including hypertrophic or dilated cardio-
myopathy, arrhythmia (including QTc interval prolongation),
autonomic nervous system dysfunction, heart failure, or sudden
cardiac death [33]. The ATAD3 gene family in humans positioned
on chromosome 1p36.33 and includes three paralogs (ATAD3A,
ATAD3B and ATAD3C). ATAD3 cluster deletions could lead to
cerebellar dysfunction associated with altered mtDNA and
cholesterol metabolism [34] whose clinical manifestation is the
phenotypic spectrum covering developmental delay, hypotonia,
optic atrophy, peripheral neuropathy, and hypertrophic cardio-
myopathy, epilepsy. Brain energy metabolism, mitochondrial
functions, and redox balance are also associated with psychiatric
disorders. It is possible that they are implicated in the etiology and
progression of psychiatric disorders [35, 36]. Moreover, we also
searched allele frequencies of the SNP rs200050752 with reference
to the 1000 Genomes Project Phase 3, and found that the allele
frequencies in East Asian populations were 4%, while it was zero in
other populations. The participants in previous studies were all
European ancestry, so it is necessary to conduct the GWAS in the
Chinese population.
The intronic SNP rs186507741 is located within SKI like proto-

oncogene (SKIL). The protein encoded by SKIL is a component of
the SMAD pathway, playing a role in the regulation of cell growth
and differentiation through transforming growth factor-beta (TGF-
β) [37]. The cytokine TGF-βmediates tissue fibrosis associated with
inflammation and tissue injury, fibroblast-specific TGF-β-SMAD2/
3 signaling underlies cardiac fibrosis [38]. Moreover, persons with
TGFβR2 mutations carried a high prevalence of ventricular
repolarization abnormalities [39], and the TGF-β inhibitor therapy
could decrease fibrosis and stimulates cardiac improvement [40].
A recent RNA sequencing study identified two microRNAs (miR)
involved in infarction (MI), miR-30-5p downregulated and miR-
142a-5p upregulated respectively in MI, and the vitro experiment
demonstrated that miR-30-5p is anti-apoptotic and miR-142a-5p is
pro-apoptotic; then their luciferase assays displayed that the
Picalm and Skil (apoptotic genes), and the Ghr and Kitl (anti-
apoptotic genes) are direct targets of miR-30-5p and miR-142a-5p,
respectively [41]. Another study demonstrated that, both in vitro
and in vivo, inhibiting miR-155 expression and Ski/SnoN signaling
could lead to aggravated cardiac fibrogenesis response after MI,
which was through the TGF-β pathway [42]. As for the association

Table 2. Genome-wide association results of QTc interval change.

CHR SNP Position Minor allele Major allele MAF Functional
annotation

Nearby gene β SE P value

1 rs200050752 1414070 T C 0.01 Missense ATAD3B 36.02 5.535 3.559 × 10−8

3 rs186507741 170088226 C A 0.01 Intronic SKIL 24.03 5.477 4.909 × 10−8

CHR Chromosome, SNP single-nucleotide polymorphism, MAF frequency of minor allele.
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between the SKIL and schizophrenia, a previous study used the
network coexpression analysis in three microarray datasets, and
established a miRNA-TF-gene network related to schizophrenia,
including the EGR1-miR-124-3p-SKIL feed-forward loop. Their real-
time quantitative PCR analysis illuminated patients with schizo-
phrenia have the overexpression of miR-124-3p, the under
expression of SKIL and EGR1 in the blood compared with controls,
and after a 12-week treatment, the direction of change of miR-
124-3p and SKIL mRNA levels were reversed [43].
The antipsychotic-specific analyses suggested that GRM1 and

USP44 was associated with QTc change to risperidone, KDM2B,
LINC00469 and EBF2 with QTc change to olanzapine, ADK and
OTOGL with QTc change to quetiapine, CACNA1C, URGCP,
SNORA2B, KANSL2, BLVRA, PPM1H, DAB1, ASB2, and KAT2B with
QTc change to aripiprazole, CRK, LINC01237, LINC00907, RALYL, and
GAB1 with QTc change to ziprasidone, while there were no
genome-wide significant SNPs associated with QTc change to
perphenazine and haloperidol (Supplementary Table 2). And we
conducted the pathway and disease enrichment by the Metas-
cape, these genes could be enriched in the pathway of actin
filament-based process (GO: 0030029) and heart development
(GO: 0007507); moreover, these genes could be enriched in the
diseases of viral myocarditis (C0276138) and cardiac arrest
(C0018790). Furthermore, genes (including GRM1, ADK, CACNA1C,
CRK and GAB1) which the most significant SNPs of the five first-
generation antipsychotics specific analyses are located within
were both associated with the schizophrenia and heart diseases
[44–52]. For instance, CACNA1C is an important gene for
schizophrenia, encoding the L-type calcium channel Cav1.2, which
is a target of available schizophrenia drugs, as well as the heart
repolarization function. However, there was no overlap among
identified genome-wide loci affecting the specific effect on the
QTc interval for each of the five drugs. There were two probable
possibilities. First, antipsychotic drugs may work via common
pathways, which can be mediated by only a small number of
genes. Second, different antipsychotics act via different mechan-
isms, for example, olanzapine is a broad-spectrum receptor
antagonist, risperidone is a dopamine receptor D2 (DRD2) and
serotonin (5HT) 2 receptor antagonist, while aripiprazole is the
agonist of DRD2 and 5HT1A receptors but can also antagonize
5HT2A receptor.
The guideline provided by ICH suggested that the study should

conduct the further electrocardiographic follow-up if the QTc
interval exceeds 10ms from baseline [21, 22]. The aim of our study
was to guide the treatment choice. Therefore, we applied the PRS
and three clinical indicators (sex, heart rate and QTc interval at
baseline) to distinguish whether patients with schizophrenia have
the QTc interval prolongation after 6-week antipsychotic therapy
(10 ms as threshold). The ROC analysis showed that the
combination of PRS and clinical indicators could significantly
distinguish whether patients with schizophrenia have QTc
prolongation after antipsychotic treatment in the thresholds
10ms. Besides, the distinguish ability was more powerful in the
first-episode subgroup. It indicated that the combination of PRS
and clinical indicators might help clinicians to predict whether the
patients with schizophrenia have the QTc interval prolongation
after antipsychotic treatment and choose the most appropriate
antipsychotic for patients with schizophrenia, especially for the
first-episode patients.
There were several limitations in our study. Although our study

comprised seven antipsychotics, some antipsychotics which could
significantly prolong the QTc interval, such as amisulpride were
not taken consideration, genetic effect on more kinds of
antipsychotics induced QTc interval prolongation should be
analyzed in the future study. Furthermore, although we identified
two susceptibility loci associated with antipsychotic-induced QTc
interval change in the samples of Han Chinese ancestry, and these
identified variants might not be as significant in other ethnicTa
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groups. It is necessary to conduct validation studies in other
ethnicities and to identify new susceptibility loci for antipsychotic-
induced QTc interval change. The result of QTc interval change is
still insufficient given the short antipsychotic in the cohort. The
QTc interval over a longer treatment period or within a multi-
antipsychotic treatment should also be concerned about.
In conclusion, we identified two loci associated with the response

to antipsychotic-induced QTc interval change, and the results of ROC
analysis indicated that the combination of PRS and clinical data
could be applied to predict whether patients with schizophrenia
have the side effect of QTc interval prolongation, especially for first-
episode patients. Future research should extend these findings to
larger samples and different populations to confirm. For the coming
study, a larger sample size should be investigated. The extendibility
of these findings should be confirmed among different populations.
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