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Abstract

Recent rodent models of antidepressant response implicate a novel set of genes in mechanisms 

of antidepressant action. The authors examined variants in four such genes (KCNK2 (TREK1), 

SLC18A2 (VMAT2), S100A10, and HDAC5) for association with remission in a large 

effectiveness trial of antidepressant treatments. Subjects were drawn from the Sequenced 

Treatment Alternatives to Relieve Depression (STAR*D) study, a multicenter, prospective, 

effectiveness trial in major depressive disorder (MDD). Outpatients with nonpsychotic MDD were 

initially treated with citalopram for up to 14 weeks; those who did not remit with citalopram 

were sequentially randomized to a series of next-step treatments, each for up to 12 weeks. 

Single-nucleotide polymorphisms in four genes were examined for association with remission, 

defined as a clinician-rated Quick Inventory of Depressive Symptomatology (QIDS-C16) score 

≤5. Of 1554 participants for whom DNA was available, 565 (36%) reached remission with 

citalopram treatment. No association with any of the four genes was identified. However, among 

the 751 who entered next-step treatment, variants in KCNK2 were associated with treatment 

response (Bonferroni-corrected, gene-based empirical p<0.001). In follow-up analyses, KCNK2 
was also associated with effects of similar magnitude for third-step treatment among those with 

unsatisfactory benefit to both citalopram and one next-step pharmacotherapy (n=225). These 

findings indicate that genetic variation in KCNK2 may identify individuals at risk for treatment 
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resistance. More broadly, they indicate the utility of animal models in identifying genes for 

pharmacogenetic studies of antidepressant response.
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INTRODUCTION

Individual response to antidepressant treatment is highly variable, and is influenced by 

such factors as adequacy of dose, adherence, and sociodemographic features (Trivedi et al, 

2006b). Genetic variation has also been suggested to influence antidepressant response, in 

terms of both symptomatic improvement and tolerability (Malhotra et al, 2004; McMahon 

et al, 2006; Murphy et al, 2003; Perlis, 2007). However, the ability to identify suitable 

candidate genes for study has been hindered by the relatively limited understanding of 

antidepressant mechanism of action, as well as a lack of large prospective cohorts of patients 

receiving homogeneous antidepressant treatment.

Most antidepressant pharmacogenetic studies have therefore focused on monoaminergic 

genes, particularly those related to the proximal action of selective serotonin reuptake 

inhibitors (SSRIs) (Schafer, 1999). While some such studies have yielded evidence of 

association, the implicated genes account for only a small proportion of the observed 

variation in response (McMahon et al, 2006; Serretti et al, 2006).

Recently, mouse models of depression and antidepressant response have provided 

compelling evidence implicating four genes in the biology of antidepressant response 

(Crowley et al, 2006; Heurteaux et al, 2006; Svenningsson et al, 2006; Tsankova et 

al, 2006). KCNK2 (also referred to as TREK1) is a neuronal background potassium 

channel that is widely expressed in the brain (Honore, 2007). TREK1 is inhibited by 

therapeutic doses of SSRIs, and mice lacking the TREK1 gene exhibit a depression-resistant 

phenotype that mimics treatment with antidepressants (Heurteaux et al, 2006). These mice 

are insensitive to treatment with SSRI antidepressants, suggesting that the therapeutic effects 

of SSRIs are mediated through TREK1. The monoamine transporter VMAT2 (encoded 

by SLC18A2) also plays a key role in pathways relevant to antidepressant action by 

loading monoaminergic neurotransmitters into presynaptic vesicles. A quantitative trait locus 

underlying citalopram response in mice has been mapped to a region containing VMAT2, 

and two missense polymorphisms in mouse VMAT2 were identified (Crowley et al, 2006). 

Similarly, p11 (encoded by S100A10) was strongly implicated in the biology of depression 

and antidepressant effects through its dynamic modulation of 5HT1B receptors. The p11 

protein, which enhances the signaling efficacy of 5HT1B receptors and increases the 

number of 5HT1B receptors on neuronal cell surfaces, is downregulated in rodent models 

of depression and in brain tissue from depressed patients, but upregulated in response to 

antidepressants and electroconvulsive therapy. Mice lacking p11 exhibit a depression-like 

phenotype and are resistant to antidepressant treatment (Svenningsson et al, 2006). Finally, 

a histone deacetylase, HDAC5, has been implicated in the antidepressant-like effects of 
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imipramine mediated via brainderived neurotrophic factor in a mouse depression model 

(Tsankova et al, 2006). Despite this compelling evidence of involvement in antidepressant 

mechanisms from mouse models, none of these four loci have been examined as genetic 

predictors of human antidepressant response.

Most antidepressant pharmacogenetic studies to date have focused on response to a single 

trial of a single agent, typically an SSRI. However, in clinical practice, most patients will 

not achieve remission after an initial antidepressant trial (Fava and Davidson, 1996; Trivedi 

et al, 2006b). As a result, there has been increasing emphasis on clinical implications 

and management of treatment resistance, that is, failure to remit despite two adequate 

antidepressant trials. Treatment-resistant depression has been associated with poor prognosis 

and substantial economic costs (Souery et al, 2006).

The Sequenced Treatment Alternatives to Relieve Depression (STAR*D) study, a large 

multicenter, multistep series of randomized, controlled treatments given to outpatients 

with nonpsychotic major depressive disorder (MDD), has demonstrated that a substantial 

proportion of depressed patients do not achieve remission of MDD even after sequential 

treatment trials (Fava et al, 2003; Rush et al, 2004; Trivedi et al, 2006b). As the largest 

study of its kind, STAR*D provides a unique opportunity to study treatment resistance. 

Here, we report that a genetic analysis of candidate loci derived from mouse models of 

antidepressant treatment demonstrates association between KCNK2 and treatment resistance 

in the STAR*D cohort.

PATIENTS AND METHODS

Clinical Methods

In the STAR*D multicenter trial, patients were initially treated with the SSRI citalopram. 

Those who were intolerant of citalopram, or who did not achieve remission, were then 

randomized to a next-step treatment option. The methods of the STAR*D study are 

described in detail elsewhere (Fava et al, 2003; Rush et al, 2004; Trivedi et al, 2006b) 

and are summarized below.

Study Organization

The STAR*D study, overseen by 14 regional centers (RCs), provided treatment at 41 clinical 

sites (18 primary care and 23 psychiatric care settings) across the United States.

Research outcomes were collected by telephone interviews conducted by a small team of 

trained research outcome assessors (ROAs) masked to treatment, and by telephone-based 

interactive voice response. ROAs received extensive training in the administration of efficacy 

measures, with inter-rater reliability assessed periodically.

Study Population

This report primarily presents data from the 1554 citalopram-treated participants for whom 

DNA was available to us and who met STAR*D entry criteria requiring HAM-D-17≥14, 

as well as a subset of 751 participants who entered the second-step (level 2) treatment. 

Exploratory analysis also considered the 225 participants who entered level 3 treatment. As 
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the study was designed to represent real-world clinical practice, only individuals who sought 

treatment at the clinical sites were recruited and advertising was not permitted. Participants 

were informed of all risks, benefits, and adverse events associated with each study treatment, 

and they provided written informed consent prior to study entry at each level, as well as for 

the genetic study. Participants could decline participation in the genetic protocol, which was 

initiated about 12 months after the clinical study initiation. The study protocol was approved 

by institutional review boards at all participating RCs, the National Coordinating Center, and 

the Data Coordinating Center. The study was overseen by an NIMH DSMB.

Participants met broadly inclusive and minimally exclusive criteria to enroll a representative 

sample. Men and women outpatients, age 18–75 years, with a DSM-IV diagnosis of 

nonpsychotic MDD, a baseline score ≥14 on the 17-item Hamilton Rating Scale for 

Depression (HRSD) (Hamilton, 1960) by the Clinical Research Coordinator (CRC), and 

for whom the treating clinician had determined that outpatient antidepressant treatment 

was safe and appropriate were enrolled. Exclusion criteria included a well-documented 

history of nonresponse or intolerability in the current major depressive episode to adequate 

doses (Fava, 2003) of one or more medications utilized in the first two treatment steps; 

lifetime diagnosis of MDD with psychotic features, schizophrenia, schizoaffective disorder, 

or bipolar disorder; a current primary diagnosis of eating disorder or obsessive-compulsive 

disorder; presence of severe, unstable concurrent psychiatric conditions likely to require 

hospitalization within 6 months (eg, severe alcohol dependence with recent detoxification 

admissions); presence of concurrent medical or psychiatric conditions or concomitant 

medications that contraindicate a protocol treatment; and pregnancy or intent to conceive 

within the 9 months subsequent to study entry.

Research Outcome Assessments

The CRC at each study site completed the HRSD17 at baseline, reviewed inclusion/exclusion 

criteria, and completed the 16-item Quick Inventory of Depressive Symptomatology (QIDS-

C16) (Rush et al, 2000, 2003, 2006a; Trivedi et al, 2004)—a clinician-rated scale that 

assesses nine diagnostic symptoms/domains of MDD—at each treatment visit. The QIDS-

C16 was used to guide treatment implementation and dose adjustment (Rush et al, 2006c; 

Trivedi et al, 2006a).

The ROA conducted a telephone interview with study participants within 72 h of the 

baseline and subsequent visits to complete the baseline HRSD17 and the 30-item Inventory 

of Depressive Symptomatology—Clinician-Rated (IDS-C30) (Rush et al, 1996).

Intervention

Details of the STAR*D measurement-based care approach have been described elsewhere 

(Trivedi et al, 2006b). Following citalopram treatment at doses up to 60 mg for up to 

14 weeks, participants who did not achieve remission (QIDS-C≤5) and/or who could 

not tolerate citalopram were encouraged to proceed to next-step treatments. Participants 

could discontinue citalopram before 12 weeks in the event of intolerable side effects 

requiring change in medication, inability to increase to an optimal dose because of side 

effects or patient preference, or presence of significant depressive symptoms (defined 
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as QIDS-C16≥9) after 9 weeks at maximum tolerated dose. Available options at level 2 

included four treatment switches (discontinuation of citalopram with initiation of bupropion-

sustained release, sertraline, venlafaxine-extended release, or cognitive therapy) and three 

augmentation strategies (continuation of citalopram with addition of bupropion-sustained 

release, buspirone, or cognitive therapy). To better mimic clinical practice, on entry into the 

second-step (level 2) treatment, participants could indicate which strategies were acceptable 

to them, and were randomized among these options (Lavori et al, 2001). Similarly, those 

who did not remit, or could not tolerate, the second-step treatment were encouraged to enter 

the third medication step (level 3) treatment. Available options included augmentation with 

lithium or thyroxine and switch to mirtazapine or nortriptyline.

Concomitant treatments for current general medical conditions, for associated symptoms of 

depression, including insomnia, anxiety, and agitation, and for antidepressant-associated side 

effects were permitted based on clinical judgment. However, stimulants, anticonvulsants, 

antipsychotics, alprazolam, nonprotocol antidepressants other than ≤200 mg trazodone 

at bedtime for insomnia, and psychotherapies targeted at depressive symptoms were not 

permitted (Trivedi et al, 2006b).

Genotyping Methods

We initially identified single-nucleotide polymorphisms (SNPs) in these four genes and 

10 kb flanking regions (395.9 kb in all) using the International HapMap Project Phase II 

database (http://www.hapmap.org), which yielded a total of 374 SNPs. The Tagger program 

(http://www.broad.mit.edu/mpg/tagger/) (de Bakker et al, 2005), which examines pairwise 

and multiallelic linkage disequilibrium to determine the minimum set of SNPs necessary to 

capture all common genetic variation in a region, identified 50 tagging SNPs sufficient to 

capture all HapMap SNPs with minor allele frequency greater than 5% among Caucasian 

Europeans in these genes with a minimum r2 of 0.8 (or 0.5 in KCNK2, where the number of 

HapMap SNPs was substantially greater and resource limitations precluded more complete 

coverage) (Supplementary Table 1). Any putative functional SNPs, that is, those in the 

promoter or exons, according to dbSNP, were ‘forced’ to be selected as tags. The tagging 

approach has been shown to be efficient and powerful for association studies (de Bakker et 

al, 2005).

Genotyping was performed using the methods described previously (Sklar et al, 2002). 

Primers were designed using SpectroDESIGNER software (Sequenom, San Diego, CA, 

USA). Polymerase chain reaction was performed followed by homogeneous MassEXTEND 

reaction. Samples were analyzed in automated mode by a MassARRAY RT mass 

spectrometer (Sequenom) (Buetow et al, 2001). The resulting spectra were analyzed by 

SPECTROTYPER software (Sequenom) after baseline correction and peak identification. 

SNPs successfully genotyped in fewer than 85% of subjects, with minor allele frequency 

less than 5% or deviating significantly from the Hardy–Weinberg equilibrium (HWE) 

(p<0.0001), were excluded (the latter threshold was selected because of the possibility 

that these genes could represent liability genes for MDD itself and diverge from HWE). 

Likewise, participants with less than 80% successful genotypes (n = 28) were excluded 

from further analysis. For the remaining 41 SNPs, successful genotyping rates were >95%, 
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and rates of missingness were not significantly different (p<0.05) between remitters and 

nonremitters. Concordance for duplicate DNAs (n = 4) was 100%. Tagging performance 

for these SNPs in CaucasianEuropean and Yoruban cohorts in HapMap is presented in 

Supplementary Table 1.

Analytic Methods

For clinical predictors of treatment response, even subtle differences in response definitions 

have been shown to markedly influence results (Tedlow et al, 1998). For primary 

analyses, we utilized protocol-specified definitions of treatment remission. Tolerability 

was determined according to an algorithm developed by the principal investigator and 

statistician of the STAR*D study as well as the principal investigators of the ancillary 

genetic studies prior to analysis (McMahon et al, 2006). This algorithm assigns tolerability 

status based upon willingness to continue current treatment at level completion (ie, to 

pursue augmentation), reported reasons for exiting study level, duration of treatment prior 

to discontinuation, and patientreported global rating of side effect burden. Remission was 

defined as QIDS-C16≤5 at final visit for a given level, and contrasted with nonremission 

(QIDS-C16>5). As an effectiveness study, STAR*D did not include detailed measures of 

adherence, although significant nonadherence could be recorded as a reason for exiting 

treatment.

Two sets of primary analysis were performed, examining two related but distinct 

phenotypes. First, we examined remission with citalopram treatment. However, we also 

focused on level 2 treatment outcomes because a substantial proportion of response to an 

initial antidepressant trial may be placebo-like or nonspecific (Walsh et al, 2002). Therefore, 

while this cohort is smaller than that available in level 1, we hypothesized that elimination 

of placebo responders would improve power to detect true associations. To further maximize 

power, we pooled the level 2 treatment arms. For loci that showed evidence of association, 

follow-up comparisons between specific treatments were conducted as described below. 

Finally, as the primary motivation for these analyses was to evaluate pharmacotherapy, 

individuals who received cognitive therapy (either alone or in combination with citalopram) 

at level 2 were excluded from analysis.

Gene-Based Analyses

As suggested by Neale and Sham (2004) for analysis of association studies, we considered 

the unit of analysis in this study to be the single gene, rather than single SNP. Therefore, 

primary analysis screened for association using the set-based test, implemented in PLINK 

(Purcell et al, 2007) (http://pngu.mgh.harvard.edu/~purcell/plink/) for each gene. Where 

multiple SNPs within a gene influence a given phenotype, this test may offer better power to 

screen for associations than single-SNP tests. In brief, this test, analogous to that proposed 

by Ott and Hoh (2003), computes the test statistics (χ2 for dichotomous outcomes) for each 

individual SNP within a gene, then calculates the average test statistic for the best single 

SNP per region, for the best two SNPs per region, and for the best three SNPs per region. 

The significance of these set statistics is then estimated by permutation, which allows a 

determination of gene-wise significance, allowing for correlation between SNPs and tests, 

while controlling type 1 error at the singlegene level. For these analyses, significance of SNP 
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combinations, including between 1 and 3 SNPs, was estimated, using 10 000 permutations. 

To further control type 1 error, permutation was used to account for all tests in all genes 

(yielding experiment-wide p-values), and then further Bonferroni correction was applied 

for the number of primary phenotypes (2, corresponding to level 1 and level 2 outcomes). 

Where a gene met this threshold (ie, experiment-wide permuted p<0.025), all single-SNP 

associations in that gene were then examined. For illustrative purposes, a Kaplan–Meier 

survival curve was generated for one of these significant SNPs.

To examine possible confounders or modifiers of effect, we performed a series of planned 

follow-up analyses for any SNPs in genes with nominal evidence of association. First, 

to address the possible confounding effects of intolerance, in which individuals appear to 

be nonresponders because they drop out early in treatment or are bothered by significant 

adverse effects, we examined associations with the intolerance phenotype described above, 

and with time in level 2 treatment. Second, we repeated analyses omitting the 44 subjects 

who were discontinued from level 2 treatment because of nonadherence. Third, we adjusted 

for adjunctive benzodiazepine use among 175 patients (23%).

We also examined possible sources of heterogeneity of effect. As individuals opting for 

switch vs augmentation differed in clinical characteristics (Trivedi et al, 2006a; Wisniewski 

et al, in press), we tested for heterogeneity in the odds ratio of association between the 

subset of individuals who received a ‘switch’ and those who received ‘augmentation.’ 

Likewise, we tested for heterogeneity in the odds ratio of association between those who 

received serotonergic interventions and those who received (in addition) dopaminergic or 

noradrenergic interventions. The latter analysis considered switch to sertraline and buspirone 

augmentation as one stratum, and switch to venlafaxine-XR or bupropion-SR or bupropion-

SR augmentation as another stratum. Examination of gene-by-treatment interactions utilized 

the Breslow–Day test for heterogeneity of odds ratios, also conducted using PLINK. Where 

this test was significant at p<0.1, rejecting homogeneity of odds ratios, we planned analyses 

of association within each stratum. For any gene associated with level 2 outcome, we also 

examined its impact in level 3, hypothesizing that we should see similar effects.

For consistency with previous STAR*D pharmacogenetic reports (McMahon et al, 2006), 

primary analyses pooled subjects from all ethnicities to maximize power to detect 

associations. To address the possibility that racial admixture could lead to spurious 

association, we repeated the primary analyses using the Caucasian-only cohort and 

examined heterogeneity of effect between Caucasian and non-Caucasian cohorts. For 

descriptive purposes, we also include analyses of the second-largest ethnic group, those 

individuals of African-American origin. We also examined single-SNP associations after 

adjusting for ethnic origin using a panel of ancestry-informative markers, as described in a 

previous report (McMahon et al, 2006).

RESULTS

The STAR*D genetic sample was broadly similar to the total STAR*D population in 

sociodemographic and clinical features, as described elsewhere (McMahon et al, 2006). For 

the treatment outcome cohort, DNA was available for 1554 citalopram-treated subjects who 
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met protocol-specified entry criteria. Of these individuals, 565 (36%) reached remission with 

citalopram treatment. Among nonremitters, 751 received a pharmacotherapeutic intervention 

at level 2, of whom 264 (35%) reached remission. Sociodemographic and clinical features 

of these individuals are summarized in Table 1 (additional details of the genetics cohort are 

presented by McMahon et al (2006) and Perlis (2007)).

Table 2 shows results from the set-based test for the level 1 outcomes, indicating that we 

did not observe evidence of association with any of the four loci. Table 3 likewise shows 

results from the set-based test for association with protocol-defined remission at level 2. One 

gene, KCNK2, met the threshold for further examination. Four SNPs in KCNK2 showed 

nominal p≤0.01 for association with remission; none of these diverged significantly from 

HWE (p>0.05) (see Figure I). Covarying by sex, age, or presence or absence of comorbid 

anxiety disorder yielded similar results (data not shown). Confining the analyses only to 

Caucasian subjects yielded similar effect sizes, as did adjusting for ancestry-informative 

markers in a regression analysis (Table 4). Overall, odds of remission were 60–90% greater 

among individuals carrying risk alleles at any of the four SNPs.

To address the possibility that remission was confounded by medication intolerance, 

we further examined these individual SNPs for evidence of association with medication 

tolerability. No significant associations were found with tolerability or total time-in-

treatment, suggesting that the observed association with efficacy is not mediated by 

differences in time on protocol (Supplementary Table 2). Including presence or absence 

of sedative/hypnotic (benzodiazepine or trazodone) cotreatment as a covariate likewise did 

not change results meaningfully (Supplementary Table 2), nor did excluding 44 individuals 

identified as non-adherent (Supplementary Table 2).

We then examined the KCNK2 SNPs for heterogeneity of association across treatment strata 

(Supplementary Table 2). Among SNPs with evidence of association in the entire cohort at 

level 2, no evidence of heterogeneity of odds ratios was observed between augmentation and 

switch strategies (p> 0.2). This indicates that the association between SNP and remission 

was similar in the augmentation and switch arms. Likewise, for the comparison of primarily 

serotonergic with noradrenergic/dopaminergic interventions, the Breslow-Day test was not 

significant for any SNPs, indicating no evidence of heterogeneity of effects between the two 

strata. That is, association between SNP and remission was similar in the serotonin-only 

and the serotonin-plus-dopamine/norepinephrine arms. (Of note, no evidence of association 

of KCNK2 with treatment response was observed among the 71 successfully genotyped 

patients who received cognitive therapy with or without citalopram at level 2 and who were 

omitted from primary analyses (Supplementary Table 2).)

As an exploratory analysis, we examined the SNPs in KCNK2 for association with 

remission among the 225 participants who entered a level 3 treatment and who met entry and 

genotyping quality criteria. Odds ratios for remission at level 3 were consistent with those 

observed at level 2 for the KCNK2 SNPs; that is, the direction and magnitude of effect for 

all of these SNPs was generally similar (Table 4).
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DISCUSSION

We observed association between genetic variants in the KCNK2 (TREK1) locus and 

resistance to multiple antidepressant classes. To our knowledge, this study is one of 

the first to examine candidate genes derived from mouse models of antidepressant 

response, validating the utility of such models for understanding the genetic basis of 

human antidepressant response. In addition, this study is one of the first to examine the 

pharmacogenetics of treatment resistance in MDD, an area of significant clinical importance 

(Fava, 2003).

Specifically, we identified association between four SNPs in KCNK2 and differential 

response to next-step treatment among individuals who did not remit with citalopram 

treatment. Associations of similar magnitude were also observed with nonremission 

after a third treatment trial. These effects appeared to be independent of treatment 

arm (augmentation vs switch) or primary treatment target (serotonin alone or with 

norepinephrine/dopamine) in level 2. These associations also did not appear to arise as a 

result of differences in depression severity, overall treatment tolerability, or benzodiazepine 

use.

The KCNK2 gene represents a compelling candidate for influencing antidepressant 

treatment response based on data from animal models. KCNK2 codes for a potassium 

background channel whose activity is regulated by a diverse array of cellular signals, notably 

including receptors of the serotonergic (5HT4) and glutamatergic (mGluR1 and mGluR5) 

systems (Fink et al, 1996; Honore, 2007; Lopes et al, 2005; Murbartian et al, 2005). It 

is expressed in brain areas implicated in MDD, including prefrontal cortex, hippocampus, 

and other limbic system structures (Fink et al, 1996; Honore, 2007; Talley et al, 2001). It 

was recently demonstrated that mice lacking the KCNK2 gene are resistant to developing 

a depressive phenotype in five different stressor models, and display a blunted cortisol 

response to stress (Heurteaux et al, 2006). Moreover, they exhibit behaviors similar to those 

seen in wild-type mice treated with standard antidepressants on tasks such as the forced 

swim test and novelty-suppressed feeding (Porsolt et al, 1977; Santarelli et al, 2003).

The bulk of evidence to date implicates KCNK2 in serotonergic antidepressant effect 

(Gordon and Hen, 2006). In the TREK1-knockout mouse, firing rates of serotonergic 

neurons in the dorsal raphe nucleus are increased compared to wild-type mice; depletion 

of serotonin in these mice eliminates the antidepressant-like phenotype (Heurteaux et al, 

2006). Most directly, KCNK2 is known to be directly inhibited by fluoxetine and other 

SSRIs (Kennard et al, 2005). However, the impact of other antidepressant classes is less 

well-studied. Our results suggest that KCNK2 may be involved in a final common pathway 

of antidepressant response, at least among those with monoaminergic effects.

We did not identify an association between KCNK2 and outcome of citalopram treatment at 

level 1 of STAR*D after correction for multiple comparisons. This may be a consequence of 

the prevalence of drug-nonspecific response during initial treatment; that is, many patients 

considered remitters at level 1 actually would have remitted with a placebo, or perhaps with 

no treatment (Walsh et al, 2002). Such misclassification would substantially diminish power 
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to detect associations. Eliminating placebo responders should yield a more homogeneous 

subgroup for analysis in level 2 treatment, and consequently improve power to detect true 

associations.

As well, we detected no association either with citalopram response or with treatment 

resistance for other genes implicated in mouse models of antidepressant response, including 

SLC18A2 (VMAT2), S100A10, and HDAC5. Tagging efficiency for these genes was quite 

good (Supplementary Table 1), suggesting that we were able to capture the majority of 

common variation in these genes, but we cannot exclude the possibility that less common 

variations in these genes would contribute to differential treatment outcome.

The central caveat in considering our findings, as with most previous reports, is the 

substantial risk of spurious association (Sullivan, 2007). The STAR*D genetics cohort 

is being studied independently by multiple groups, using both candidate-based and 

genome-wide approaches. While we focused on a limited number of hypotheses and used 

permutation to control error at the experiment-wise level, which accounts for examining 

multiple SNPs in multiple genes, replication is essential before clinical application could be 

contemplated. We also cannot fully account for effects of population stratification, although 

we found no evidence of confounding using subgroup analyses or ancestry-informative 

markers. Our analyses were restricted to a single cohort because we could identify 

no adequately powered cohort of SSRI nonresponders available for comparable study. 

Given the high clinical significance of treatment resistance, collection of such cohorts for 

pharmacogenetic studies is sorely needed. In addition, as the SNPs in KCNK2 were selected 

to capture common variation rather than because any have an obvious function, further study 

will be required to identify ‘causal’ SNPs. We note that significant evidence of association 

was detected for one promoter SNP, with more modest evidence for a synonymous coding 

SNP.

In the absence of a placebo arm, we also cannot determine whether the observed 

associations are truly treatment-specific. Indeed, the tests for heterogeneity of odds ratios 

across strata indicate that the associations are not limited to individual treatment strategies. 

However, the absence of association in level 1 does suggest some degree of specificity; if 

KCNK2 SNPs were associated with shorter episode duration, for example, we would have 

expected to see effects at level 1 as well.

Clinically, treatment-resistant depression, typically defined as the failure to respond to 

at least two antidepressant trials of adequate dose and duration (Souery et al, 2006), 

is prevalent (Fava and Davidson, 1996) and has important and worrisome implications 

(Fava, 2003). Treatment-resistant MDD contributes substantially to the costs and disability 

associated with MDD (Crown et al, 2002). In the STAR*D clinical cohort as a whole, 

individuals who did not adequately benefit from the first two treatments had less than a 

15% likelihood of responding to subsequent interventions (Rush et al, 2006b). If these 

high-risk individuals could be identified by combining previously reported tests associated 

with poorer SSRI response (McMahon et al, 2006; Serretti et al, 2006), with one based on 

the present findings, they might be stratified to more aggressive or intensive early treatment.
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More broadly, these results suggest the utility of animal models of antidepressant treatment 

in identifying candidate genes for study in humans. Particularly, in the context of previous 

animal studies implicating KCNK2 in antidepressant response, our results further highlight 

the potential importance of this gene in understanding antidepressant response in humans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure I. 
Location of SNPs in KCNK2/TREKI and extent of linkage disequilibrium between them. 

The figure shows the relative location of individual tagging SNPs in KCNK2/TREKI, 

as well as the extent of linkage disequilibrium between them in the cohort as a whole, 

plotted using Locusview (http://www.broad.mit.edu/mpg/locusview/). Nominal significance 

values for individual SNPs for association with level 2 outcomes are plotted for illustrative 

purposes.

Perlis et al. Page 16

Neuropsychopharmacology. Author manuscript; available in PMC 2023 March 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.broad.mit.edu/mpg/locusview/


A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Perlis et al. Page 17

Ta
b

le
 1

C
lin

ic
al

 a
nd

 S
oc

io
de

m
og

ra
ph

ic
 F

ea
tu

re
s 

of
 C

oh
or

ts
 U

se
d 

fo
r 

A
na

ly
se

s 
of

 L
ev

el
 1

, 2
, a

nd
 3

 O
ut

co
m

es

L
ev

el
 1

L
ev

el
 2

a
L

ev
el

 3

n
M

ea
n/

%
SD

n
M

ea
n/

%
SD

n
M

ea
n/

%
SD

N
15

54
75

1
22

5

Se
x

 
Fe

m
al

e
96

0
62

%
44

3
59

%
11

6
52

%

R
ac

e

 
C

au
ca

si
an

12
09

78
%

59
9

80
%

18
2

81
%

A
ge

 a
t s

tu
dy

 e
nt

ry
 (

ye
ar

s)
15

54
42

.7
13

.1
75

1
42

.9
12

.8
22

5
45

.0
12

.2

A
ge

 a
t i

lln
es

s 
on

se
t (

ye
ar

s)
15

40
25

.8
14

.7
74

3
25

.3
14

.4
22

3
26

.3
14

.4

E
pi

so
de

 le
ng

th
 (

m
on

th
s)

15
44

24
.7

54
.1

74
6

28
.3

62
.3

22
3

27
.8

62
.3

H
A

M
-D

-1
7 

at
 s

tu
dy

 e
nt

ry
14

51
21

.7
5.

2
70

1
22

.4
5.

2
20

8
23

.6
5.

1

Q
ID

S-
C

16
 a

t s
tu

dy
 e

nt
ry

15
50

16
.8

3.
3

74
9

17
.2

3.
2

22
5

17
.7

3.
1

Q
ID

S-
C

16
 a

t l
ev

el
 e

nt
ry

15
50

16
.8

3.
3

75
1

12
.7

4.
2

22
5

13
.6

4.
0

R
em

is
si

on
56

5
36

%
26

4
35

%
40

18
%

Su
m

m
ar

y 
of

 c
lin

ic
al

 a
nd

 s
oc

io
de

m
og

ra
ph

ic
 f

ea
tu

re
s 

fo
r 

th
e 

ge
ne

tic
s 

co
ho

rt
 a

s 
a 

w
ho

le
 (

le
ve

l 1
),

 a
nd

 th
e 

su
bs

et
s 

us
ed

 f
or

 th
e 

le
ve

l 2
 a

nd
 3

 a
na

ly
se

s.

a E
xc

lu
di

ng
 in

di
vi

du
al

s 
ra

nd
om

iz
ed

 to
 c

og
ni

tiv
e 

th
er

ap
y.

Neuropsychopharmacology. Author manuscript; available in PMC 2023 March 23.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Perlis et al. Page 18

Table 2

Set-Based Test of Association with Remission in Level 1

Gene SNP χ 2 P_gene P_experiment

S100A10 rs11204922 0.93 0.74 1.00

rs1552607 0.71 0.71 0.99

rs12083193 0.62 0.65 0.98

KCNK2 (TREK1) rs10779646 3.92 0.17 0.53

rs17546779 3.05 0.14 0.47

rs2841608 2.65 0.09 0.33

SLC18A2 (VMAT2) rs14240 2.96 0.28 0.73

rs1860404 2.83 0.16 0.50

rs363226 2.78 0.07 0.26

HDAC5 rs8065686 1.42 0.59 0.97

rs228769 0.99 0.58 0.97

rs3815076 0.74 0.57 0.96

P_gene refers to empirical p-value for that SNP or set of SNPs, adjusted for all other 1-, 2-, or 3-SNP sets in that gene.

P_experiment refers to empirical p-value for that SNP or set of SNPs, adjusted for all tests in all genes.

Results of applying a set-based test, which examines χ2 for association between each individual SNP and the phenotype of interest (here remission 

in level 1 of STAR*D). P-values are then calculated by permutation examining the mean χ2 of each 1-, 2-, and 3-SNP combination. In the table, P 
(gene) refers to empirical p-value adjusted for all other SNPs or sets of SNPs in the gene. P (experiment) refers to empirical p-value adjusted for all 
SNPs or sets of SNPs in the four genes in this experiment. See text for details.
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Table 3

Set-Based Test of Association with Remission in Level 2

Gene SNP χ 2 P_gene P_experiment

S100A10 rs12128371 0.28 0.9419 1.0000

rs2999528 0.18 0.9475 1.0000

rs6587640 0.15 0.9380 1.0000

KCNK2 (TREK1) rs12136349 9.02 0.0115 0.0480

rs2841616 9.01 0.0024 0.0096

rs2841608 8.98 0.0002 0.0009

SLC18A2 (VMAT2) rs4752045 4.65 0.1091 0.3698

rs1860404 3.23 0.1003 0.3454

rs2255321 2.71 0.0664 0.2376

HDAC5 rs228769 1.20 0.6501 0.9848

rs8065686 1.15 0.5248 0.9491

rs3815076 0.88 0.4973 0.9369

P_gene refers to empirical p-value for that SNP or set of SNPs, adjusted for all other 1-, 2-, or 3-SNP sets in that gene.

P_experiment refers to empirical p-value for that SNP or set of SNPs, adjusted for all tests in all genes.

Results of applying a set-based test for association with remission in level 2 of STAR*D.
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