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Abstract

Major depressive disorder (MDD) is one of the most common psychiatric disorders worldwide. Doctors must prescribe antidepressants based on educated guesses due to the fact that the effectiveness of any particular antidepressant in an individual is difficult to predict. In the recent advent of scientific research, the genome-wide association study (GWAS) is widely utilized to examine hundreds of thousands of single nucleotide polymorphisms (SNPs) by high-throughput genotyping technologies. In addition to the candidate-gene approach, the GWAS approach has recently been employed to study the determinants of antidepressant response to therapy. In this study, we reviewed GWAS studies, their limitations, and future directions with respect to the pharmacogenomics of antidepressants in MDD. 
Keywords: antidepressants, genome-wide association study, major depressive disorder, pharmacogenomics, single nucleotide polymorphisms.
Introduction 
Major depressive disorder (MDD) is a serious health concern worldwide and is predicted to be the second leading cause of disability by 2030 [1]. Antidepressants are currently the first line of medication for lifting MDD. However, doctors can only prescribe antidepressants based on a trial and error approach because the effectiveness of medical treatments for MDD in individual patients is unknown beforehand. Single nucleotide polymorphisms (SNPs) can be used in clinical association studies to determine the contribution of genes to drug efficacy, as evidence is accumulating to suggest that the combined effects of a number of genetic variants such as SNPs contribute about 50% or more to antidepressants response [2-4]. Although there are not enough data currently available to prove this hypothesis, more and more genetic variants associated with antidepressant response are being discovered [2-4]. In this paper, we reviewed the pharmacogenomics of the drug efficacy of antidepressants in MDD. 
The completion of the Human Genome Project has led to a new era of scientific research such as the revolutionary genome-wide association study (GWAS), which is an alternative to the candidate-gene approach [5]. Unlike the candidate-gene approach, there is no a priori hypothesis about the involved genes in the GWAS studies, which examine common genetic variations across the entire human genome in an attempt to identify genetic associations with observable traits by using high-throughput genotyping technologies to assay hundreds of thousands of SNPs [6, 7]. A typical GWAS study utilizes 500,000 to 2 million SNPs in cases and controls and usually has four parts including (1) selection of a large number of participants with the disease or trait of interest and a suitable control group for comparison; (2) DNA isolation, array platforms and data review to ensure high genotyping quality; (3) statistical tests for associations between SNPs and the disease and/or trait; and (4) replication of identified associations in an independent population or experiment of functional studies [8]. This GWAS approach presents several challenges, such as the issue of multiple comparisons and how to account for ethnic and geographic differences in the prevalence of SNPs [9, 10]. The situation of multiple comparisons refers to the probability that SNP frequencies in cases and controls would differ simply because chance naturally increases when there are hundreds of thousands of comparisons. The issue is usually resolved by requiring a very large sample size or by detecting a SNP with a very low P-value for strong evidence of association [11, 12].
First, we surveyed the SNPs and genes identified as genetic markers that were correlated and associated with the drug efficacy of antidepressants in the GWAS studies for MDD patients. Furthermore, we investigated some potential candidate genes that were tested in a GWAS study and were shown to be associated with adverse drug reactions for antidepressant medications. In addition, we reviewed the genetic markers assessed in a GWAS study that may identify patients who have an increased risk of treatment-emergent suicidal ideation. Finally, we summarized the limitations and future perspectives with respect to the pharmacogenomics studies in the GWAS studies. Independent replications in large sample sizes are needed to confirm the role of the genes and SNPs found in the GWAS studies in antidepressant treatment response. 
Method
In this paper, we identified recent studies on pharmacogenomics studies of antidepressants after a comprehensive search of the electronic PubMed database (2009-present). Key words used in the search were “gene,” “polymorphism,” “pharmacogenomics,” “antidepressants,” “response,” “adverse drug reactions,” “genome-wide association study,” and “GWAS” [2-4]. The use of generic key words was intentional in order to capture as many published papers as possible. In addition, we carried out a manual search of bibliographical cross-referencing. The papers obtained were manually screened, aiming at identifying original articles, reviews, and case reports focusing on pharmacogenomics studies of antidepressants.
Results
Table 1 summarizes the relevant SNPs and genes associated with antidepressant response and adverse drug reactions in the GWAS studies. This is by no means a comprehensive review of all potential markers reported in the literature. As mentioned previously, increasing numbers of markers are being identified as researchers continue to pay attention to pharmacogenomics of antidepressants.

GWAS by Ising and colleagues
In a GWAS, Ising and colleagues studied genetic variation as a predictor of antidepressant drug treatment in depression [13]. They genotyped 339 inpatients from the Munich Antidepressant Response Signature (MARS) trial using the Human 610-quad BeadChip® (Illumina, CA, USA) [13]. In the MARS project, there were three outcome phenotypes: early partial response, derived from a 25% or greater reduction in Hamilton Depression Rating Scale (HAM-D) score after 2 weeks of treatment [13]. The responder phenotype, that required a 50% or greater reduction in HAM-D score after 5 weeks of treatment and the remission phenotype, defined by a score of 10 or less on HAM-D after 5 weeks or before discharge [13].
In the GWAS by Ising and colleagues, they revealed two biomarkers as predictors of antidepressant drug treatment in depression [13]. The first one is the rs6989467 SNP in the cadherin-17 gene (CDH17) that was associated with early partial response (P = 7.6 × 10(-7)) [13]. The second one is the rs1502174 SNP (P = 8.5 × 10(-5)) in the Ephrin type-B receptor 1 (EPHB1) gene that was associated with all three phenotypes including early partial, response and remission [13]. 
The encoded protein by the CDH17 gene is a cell adhesion molecule highly expressed in human hepatocellular carcinoma and may play a role in therapeutic intervention for liver malignancy [14, 15]. 
The protein encoded by the EPHB1 gene is a receptor for ephrin-B family members, which mediate numerous developmental processes, particularly in the nervous system [16]. In a GWAS study of schizophrenia, Sullivan and colleagues found an association with the EPHB1 gene in the CATIE study [17]. In addition, the association of the EPHB1 gene with schizophrenia has received support from an independent GWAS in a Japanese population [16]. Xu and colleagues also detected a rare de novo CNV overlapping with the EPHB1 gene [18]. However, Kushima and colleagues found that there was no association between the EPHB1 gene and schizophrenia in re-sequencing analysis [19].
GWAS by Garriock and colleagues
In a similar GWAS for antidepressant response to therapy, Garriock and colleagues studied the Sequenced Treatment Alternatives to Relieve Depression (STAR*D) study that was representative of the diverse ancestry of patients in the United States [20]. The STAR*D study, where all participants were treated with citalopram, is the largest antidepressant trial conducted to date with 1,953 participants who provided DNA samples [20]. There were two main phenotypes derived in the STAR*D study. One phenotype is response, which was defined by a 50% or greater reduction in the Quick Inventory of Depressive Symptomatology-Self Report (QIDS-SR) score from baseline to final visit [20]. The other is remission, which was defined by score of 5 or less on QIDS-SR at follow-up. In their study, they utilized the Affymetrix 500K and 5.0 Human SNP Arrays with data for 430,198 SNPs [20]. 
The STAR*D study is a large prospective and randomized clinical trial of outpatients with nonpsychotic MDD who were treated with the antidepressant citalopram, an SSRI antidepressant [21]. The study enrolled 4,000 ethnically diverse adults (aged 18-75 years) and implemented a standard study protocol at 14 regional centers (41 clinical sites) across the United States [21]. Study participants were enrolled without regard to race or ethnicity [22]. Participants self-reported their race as Caucasian, African-American, or other, and the Caucasian sample was further divided into Hispanic or non-Hispanic [22]. It was found that subjects who consented to DNA collection were more likely to be older, be better-educated, be married, be retired, and be Caucasian, and were also more likely to come from a primary care clinic, have more episodes and greater comorbidity, and report a greater length of time elapsed since their first major depressive episode [23]. 
In their report, three SNP including rs6966038 in the Ubiquitin protein ligase E3C (UBE3C) gene (P = 4.65 × 10(-7)), rs6127921 in the Bone morphogenic protein 7 (BMP7) gene (P = 3.45 × 10(-6)), and a third intronic rs809736 SNP in the RAR-related orphan receptor alpha (RORA) gene (P = 8.19 × 10(-6)) were shown to be associated with response status [20]. These same SNPs were also found to be associated with remission [20]. However, none of these findings reached genome-wide significance [20].
Adkins and colleagues re-assessed Garriock and colleagues’ data by applying three well-established psychometric methods [24]. Their analysis identified 15 SNPs instead of 7 SNPs by the former analysis [24].
The UBE3C gene is indicated in the ubiquitin-proteasome pathway, which is associated with immune responses to inflammation [25]. Lee and colleagues indicated that the UBE3C gene is significantly involved in the risk of aspirin-intolerant asthma. [25]. Furthermore, Pasaje and colleagues suggested that the UBE3C gene may be a potent genetic marker of nasal polyps in asthma-related diseases in Korean asthmatics [26]. In addition, Jiang and colleagues showed that the UBE3C gene is a candidate gene linked with the pathogenesis of hepatocellular carcinoma [27].
The protein encoded by the BMP7 gene is a member of the transforming growth factor-β superfamily, which has unique developmental and neurotrophic effects on catecholaminergic neurons [28]. Esaki and colleagues suggested further evidence of an association between the BMP7 gene and treatment response to selective serotonin reuptake inhibitors in major depressive disorder [29].
The protein encoded by the RORA gene is a member of the NR1 subfamily of nuclear hormone receptors, which is involved in a variety of processes including neuroprotection, brain development, and the regulation of steroid hormones and circadian rhythms [30]. There was evidence for a significant association between the RORA gene and depression from a candidate gene study [31] and a GWAS [32] that found the significant SNPs to be located in the RORA gene.
GWAS by Uher and colleagues
Similarly, in the third GWAS for the drug efficacy of antidepressant, Uher and colleagues conducted the Genome-based Therapeutic Drugs for Depression (GENDEP) study, where the subjects (n = 706) were either treated with escitalopram (n = 394) or nortriptyline (n = 312) [33]. They utilized High-quality Illumina Human610-quad chip genotyping data [33]. This study used a percentage change in Montgomery–Asberg Depression Rating Scale (MADRS) score from baseline to week 12 as their outcome [33].
Uher and colleagues revealed that the rs2500535 SNP (P = 3.56 × 10(-8)) in the uronyl 2-sulphotransferase (UST) gene was associated with nortriptyline response and the rs1126757 SNP (P = 2.83 × 10(-6)) in the interleukin-11 (IL11) gene was associated with citalopram response [33].
The protein encoded by the UST gene is an enzyme that catalyzes the transfer of a sulfate group to dermatan or chondroitin sulfate, which forms an abundant subtype of proteoglycans in the extracellular matrix of nervous system [34]. Sulkava and colleagues showed the statistical evidence for the UST gene to be associated with job-related exhaustion in a GWAS study [35].
The protein encoded by the IL11 gene is a member of the gp130 family of cytokines, which has been found to induce potent inhibitory effects on serotonin signaling [36]. Powell and colleagues investigated the IL11 gene at the transcriptional level and found it to be expressed at a lower level in responders compared with that in nonresponders after escitalopram treatment [37]. Further, DNA methylation in the IL11 gene might be useful in predicting those patients likely to respond to antidepressants in the GENDEP project [38].
GWAS by Hunter and colleagues
Very recently, Hunter and colleagues performed the fourth GWAS among 1116 subjects with Major Depressive Disorder from the STAR*D trial to screen for genetic determinants of response to 12 weeks of citalopram therapy [39]. In their replication analyses, there were 585 subjects from the GENDEP trial [39].

Hunter and colleagues found that the strongest association with sustained as opposed to unsustained response was detected for the rs10492002 SNP (P = 4.5×10(-6)) in the acyl-CoA synthetase short-chain family member 3 gene (ACSS3) gene [39]. However, this SNP did not meet the threshold for genome-wide significance [39]. The protein encoded by the ACSS3 gene is an enzyme that catalyzes the fundamental and initial reaction in fatty acid metabolism [40].
GWAS by Murphy and colleagues
In a recent GWAS, Murphy and colleagues considered the STAR*D data to examine independent contributions of self-reported race and genetic ancestry as a predictor of antidepressant drug treatment [41]. They estimated genetic ancestry by multidimensional scaling analyses of about 500,000 SNPs [41]. Their results indicated that poorer outcomes among African American participants were explained by the perspective of genetic ancestry rather than race after correcting for socioeconomic and baseline clinical factors [41].
GWAS by Clark and colleagues
In a GWAS, Clark and colleagues investigated the STAR*D study to find SNPs affecting the susceptibility to antidepressant side-effects [42]. Their study sample consisted of 1,439 participants who were genotyped for 421,789 SNPs using the Affymetrix Human Mapping 500k Array Set and the Affymetrix Genome-Wide Human Array 5.0 [42]. There were four indicators of side-effects including general side-effect burden, sexual side-effects, dizziness, and vision/hearing-related side-effects [42]. 

In their report, 10 SNPs spanning ~25 kb in the SAC1 suppressor of actin mutations 1-like (SACM1L) gene (P = 4.98 × 10(-7)) were shown to be genome-wide significant and associated with bupropion’s effect on sexual adverse reactions [42]. In addition, these 10 SNPs were found to be in very high linkage disequilibrium (LD) with one another [42].
GWAS by Perroud and colleagues
Suicidal ideation or suicidal plans that emerge during the course of antidepressant treatment have received considerable public attention [43, 44]. A small subset of patients with MDD develops this uncommon adverse event [43, 44]. In another GWAS, Perroud and colleagues conducted the GENDEP study to identify SNPs involved in increasing suicidal ideation during antidepressant treatment, where the subjects (n=706) were either treated with escitalopram (n=394) or nortriptyline (n=312) [45]. They utilized High-quality Illumina Human610-quad chip genotyping data [45]. There were 244 subjects who experienced an increase in suicidal ideation during follow-up[45].

Perroud and colleagues revealed that the rs11143230 SNP (P = 8.28 × 10(-7)) in the guanine deaminase (GDA) gene was significantly associated with increasing suicidality [45]. The GDA gene encodes an enzyme responsible for the hydrolytic deamination of guanine and found to be differentially expressed in thalami from patients with schizophrenia [46].
Discussion
Limitations in GWAS
With respect to the aforementioned GWAS studies, there were several limitations. First, most of the loci found in the GWAS studies are not immediately informative because they are noncoding variants, which have incomplete annotation and unknown mechanisms [47]. Therefore, extensive experimental work is needed to uncover the molecular mechanisms responsible for antidepressant response. Further, the GWAS studies did not replicate across studies or populations, causing us to question the validity of novel associations, especially when the loci found are non-coding [48].
In addition, the small size of the sample does not allow drawing definite conclusions. Small sample size can result in none of the findings reaching genome-wide significance due to insufficient statistical power [49]. In future work, independent replications in large sample sizes are needed to confirm the role of the polymorphisms found in these GWAS studies.
In the outpatient population for some cohorts, another issue was the lack of a standard measure of adherence such as serum level monitoring, which could also have affected the results [2]. The wide range of treatment period also may bias the results [2]. Furthermore, the definitions of response, remission, intolerance, and suicidal ideation may affect the findings [2]. Moreover, these findings may not be generalizable to other antidepressant medications due to the fact that participants were treated only with specific antidepressants [2]. Another limitation involves the effects of population stratification such that true associations may be hid by the population substructure due to the wide differences in allele frequencies among self-reported ethnic groups [50]. In the STAR*D study, because the subjects providing DNA may not represent all subjects, this would affect the generalizability of the results [23]. In addition, the STAR*D cohort consisted of individuals with many comorbidities [23]. 

It has been suggested that gene variants with relatively large effects on drug efficacy or side effects are rare rather than common ones because of additively effects of significant loci [51]. Rare variants can only be discovered through whole-exome and whole-genome sequencing or family-based studies, instead of GWAS studies [52]. Whole genome sequencing represents a new era of scientific research and provides the most comprehensive collection of an individual's genetic variation by massively parallel sequencing [53]. Exome sequencing, which selectively sequences the nucleotides of protein-coding exons in an individual, has recently been introduced as an alternative and efficient approach for Mendelian disorders and common diseases [54].
Finally, the possibility of gene–gene or gene–environment interaction was not considered. It is essential to address these interactions in order to describe complex traits in pharmacogenomics [2]. Epistasis analysis for gene–gene and gene–environment interactions has been advocated for deciphering complex mechanisms, particularly when each involved factor only demonstrates a minor marginal effect [55, 56]. Association studies based on individual SNPs or haplotypes, using a locus-by-locus or region-by-region approach, may overlook associations that can only be found when gene–gene and gene–environment interactions are investigated [57].
Conclusions
In this study, we reviewed several recent GWAS findings and relevant studies for the drug efficacy of antidepressants in MDD patients. The work also underscores the power of large-scale genetic studies, such as GWAS, to investigate a greater diversity of populations in the clinical expression of mental diseases and their treatments. Now we have a major new piece in the puzzle after some pieces fitting the puzzle for pharmacogenomics of antidepressants have been examined. To improve and personalize MDD treatment and prevention worldwide, the future effort will has to link these findings to other pieces until the picture of MDD treatment and prevention is sufficiently clear. Furthermore, these findings suggested that modeling tools may allow patients and doctors to make more informed decisions based on clinical factors such as SNP genotyping data.
It is highly desirable, clinically and economically, to establish tools based on genetic markers to distinguish responders from non-responders and to predict the possible outcomes of antidepressant treatment. Future research using machine learning approaches is needed in order to model associations between gene variants and antidepressant response, as well as to evaluate the epistasis among genes and clinical factors [58-61]. These machine learning techniques may provide tools for clinical association studies and assist in finding genes and SNPs involved in responses to therapeutic drugs and adverse drug reactions [58-61]. Over the next few years, novel machine learning methods could be employed to develop molecular diagnostic and prognostic tools with big data technology, which manages massive genomics, pharmacogenomics, and clinical datasets [59-61]. However, the results of SNP-based studies can be integrated into routine clinical practice only after we overcome a number of important challenges [58-61]. Personalized therapy for MDD will become a reality after prospective large clinical trials have been conducted to validate clinical factors and genetic markers.
Future perspective
A major drawback for traditional antidepressants (such as serotonin re-uptake inhibitors) in MDD is that current therapies usually take weeks to reach efficacy [62]. Therefore, faster-acting antidepressants are needed, especially for suicide-risk patients. It has been suggested that NMDA receptor is involved in the pathophysiology of depression [63]. Both NMDA enhancer and blocker improve MDD quickly [63]. Ketamine is an antagonist of NMDA receptor and shows a rapid and sustained antidepressant effect up to two weeks [62-64]. Sarcosine is a glycine transporter-1 inhibitor that blocks the reuptake of glycine, a coagonist of N-methyl-D-aspartate (NMDA) receptor, and enhances NMDA function. Sarcosine also showed potential to improve depression promptly [65]. Future studies in the NMDA-related genes are needed to find genes and SNPs that are relevant to treatment outcome for depression.

Commercial pharmacogenomic tests have been approved by the Food and Drug Administration (FDA), and pharmacogenomics in the context of personalized medicine may provide the appropriate applications to global primary care [66, 67]. It has been suggested that performing genetic testing before prescribing antidepressant treatment may lead to greater numbers of patients experiencing remission early in treatment [68]. There are several companies offering psychiatric genetics testing including suicidality risk from antidepressants [69]. It has been reported that barriers to pharmacogenetic implementation includes the following issues such as lack of knowledge about pharmacogenomic testing, medical mistrust, clinical usefulness of genetic data, and insufficient education [70].

In future work, it will be indispensably necessary to identify a panel of candidate genes that are reproducibly associated with antidepressant response. At this point, no genetic markers listed in the previous GWAS studies would really qualify to enter the panel due to the limitations as described above. There are several selection criteria for genetic markers to enter such a panel. One criterion is independent replications in GWAS studies to confirm associations using dense genotyping chips and a multistage approach [71, 72]. Moreover, as mentioned in the previous section, whole-exome and whole-genome sequencing is needed to identify rare variants [52]. Other potential criteria may include sampling source, diagnostic systems, observation length, compliance, response criteria, and environmental factors [73]. 

In future research, models will be established to predict the probability of drug efficacy to guide clinicians in choosing medications. In order to establish models for predicting drug efficacy, machine learning techniques such as the artificial neural network approach may provide a plausible way to predict drug efficacy in antidepressant therapy [74, 75]. Finally, machine learning techniques such as the artificial neural network approach may provide a plausible way to assess gene–gene and gene–environment interactions [57, 58, 76].
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Table 1. Genes and SNPs in GWAS studies.                                   

	Reference
	Study
	Gene
	Polymorphism
	p-value
	Results

	Ising and colleagues [13]
	MARS
	CDH17
	rs6989467
	7.6 × 10(-7)
	Association with early partial response

	
	
	
	
	
	

	
	
	EPHB1
	rs1502174
	8.5 × 10(-5)
	Association with early partial, response and remission

	
	
	
	
	
	

	Garriock and colleagues [20]
	STAR*D
	UBE3C
	rs6966038
	4.65 × 10(-7)
	Association with response status

	
	
	
	
	
	

	
	
	BMP7
	rs6127921
	3.45 × 10(-6)
	Association with response status

	
	
	
	
	
	

	
	
	RORA
	rs809736
	8.19 × 10(-6)
	Association with response status

	
	
	
	
	
	

	Uher and colleagues [33]
	GENDEP
	UST
	rs2500535
	3.56 × 10(-8)
	Association with nortriptyline response

	
	
	
	
	
	

	
	
	IL11
	rs1126757
	2.83 × 10(-6)
	Association with citalopram response

	
	
	
	
	
	

	Hunter and colleagues [39]
	STAR*D;
GENDEP
	ACSS3
	rs10492002
	4.5×10(-6)
	Association with response status

	
	
	
	
	
	

	Murphy and colleagues [41]
	STAR*D
	NA
	NA
	NA
	Genetic ancestry as a predictor for treatment response

	
	
	
	
	
	

	Clark and colleagues [42]
	STAR*D
	SACM1L
	rs2742417
	4.98 × 10(-7)
	Association with sexual adverse reactions

	
	
	
	rs2742417
	4.98 × 10(-7)
	Association with sexual adverse reactions

	
	
	
	rs2251954
	4.98 × 10(-7)
	Association with sexual adverse reactions

	
	
	
	rs2742421
	5.48 × 10(-7)
	Association with sexual adverse reactions

	
	
	
	rs2742423
	4.98 × 10(-7)
	Association with sexual adverse reactions

	
	
	
	rs1969624
	4.98 × 10(-7)
	Association with sexual adverse reactions

	
	
	
	rs2673057
	4.98 × 10(-7)
	Association with sexual adverse reactions

	
	
	
	rs2742431
	5.54 × 10(-7)
	Association with sexual adverse reactions

	
	
	
	rs2742435
	2.12 × 10(-6)
	Association with sexual adverse reactions

	
	
	
	rs2245705
	4.98 × 10(-7)
	Association with sexual adverse reactions

	
	
	
	rs2742390
	5.43 × 10(-7)
	Association with sexual adverse reactions

	
	
	USP44
	rs7136572
	2.80 × 10(-7)
	Association with sexual adverse reactions

	
	
	NA
	rs13432159
	9.00 × 10(-8)
	Association with general side-effect

	
	
	
	
	
	

	Perroud and colleagues [45]
	GENDEP
	GDA
	rs11143230
	8.28 × 10(-7)
	Association with increasing suicidality


ACSS3: acyl-CoA synthetase short-chain family member 3; BMP7: Bone morphogenic protein 7; CDH17: cadherin-17; EPHB1: Ephrin type-B receptor 1; GDA: guanine deaminase; GENDEP: Genome-based Therapeutic Drugs for Depression; GWAS: genome-wide association study; IL11: interleukin-11; MARS: Munich Antidepressant Response Signature; NA: not available; RORA: RAR-related orphan receptor alpha; SACM1L: SAC1 suppressor of actin mutations 1-like; SNP: single nucleotide polymorphism; STAR*D: Sequenced Treatment Alternatives to Relieve Depression; UBE3C: Ubiquitin protein ligase E3C; USP44: ubiquitin specific peptidase 44; UST : uronyl 2-sulphotransferase.
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