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The influence of genetic variations in SLC6A4 (serotonin trans-

porter gene) on citalopram treatment of depression using the

Sequenced Treatment to Relieve Depression (STAR*D) sample

was assessed. Of primary interest were three previously studied

polymorphisms: 1) the VNTR variation of the second intron, 2)

the indel promoter polymorphism (5HTTLPR or SERT), and 3) a

single nucleotide polymorphism (SNP) rs25531. Additionally,

SLC6A4 was resequenced to identify new SNPs for exploratory

analyses. DNA from 1914 subjects in the STAR*D study were

genotyped for the intron 2 VNTR region, the indel promoter

polymorphism, and rs25531. Associations of these variants with

remission of depressive symptoms were evaluated following

citalopram treatment. In white non-Hispanic subjects, varia-

tions in the intron 2 VNTR (point-wise P¼ 0.041) and the indel

promoter polymorphism (point-wise P¼ 0.039) were associated

with remission following treatment with citalopram. The hap-

lotype composed of the three candidate loci was also associated

with remission, with a global p-value of 0.040 and a maximum

statistic simulation p-value of 0.0031 for the S-a-12 haplotype,

under a dominant model. One SNP identified through re-

sequencing the SLC6A4 gene, Intron7-83-TC, showed point-wise

evidence of association, which did not remain significant after

correction for the number of SNPs evaluated in this exploratory

analysis. No associations between these SLC6A4 variations and

remission were found in the white Hispanic or black subjects.

These findings suggest that multiple variations in the SLC6A4

gene are associated with remission in white non-Hispanic de-

pressed adults treated with citalopram. The mechanism of action

of these variants remains to be determined. � 2008 Wiley-Liss, Inc.
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INTRODUCTION

Antidepressant medications are among the most widely prescribed

drugs in both psychiatric and general medical practice [Zineh et al.,

2006]. Despite the wide use of antidepressant medications, meta-

analyses of outcome studies of antidepressant treatment have

concluded that less than 50% of depressed subjects treated in

clinical trials experience a complete remission of their symptoms

[Thase et al., 2005]. One objective of pharmacogenomic testing is to

identify subjects who will respond to a specific medication.

Variations in the promoter region of SLC6A4 (serotonin trans-

porter gene) have been reported to be associated with differential

remission rates following selective serotonin reuptake inhibitor

(SSRI) medication treatment [Serretti and Artioli, 2004; Serretti

et al., 2007]. The long form (L allele) of the indel promoter variant

has 43 or 44 more nucleotides than the short form (S allele) [Hu

et al., 2006] and has been shown to drive transcription levels to more

than twice the level of the S allele [Lesch et al., 1996]. In some

previous studies, European subjects homozygous for the L allele of

the indel promoter variant have been reported to benefit more from
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treatment with medications that block serotonin reuptake than

subjects without the L allele [Serretti and Artioli, 2004]. More

recently, two subtypes of the long allele have been described [Hu

et al., 2005]. The long variant with an adenosine at SNP rs25531 (LA)

has been reported to have higher activity than the long variant with a

guanine at rs25531 (LG) [Hu et al., 2006]. It has also been demon-

strated that the variable number of tandem repeats (VNTR) region

within intron 2 is a transcriptional regulatory domain that enhances

activity [Lovejoy et al., 2003]. The nine copy allele appears to be

associated with a higher level of expression than the 10- or 12-copy

VNTR alleles.

The multi-site clinical trial entitled ‘‘Sequenced Treatment

Alternatives to Relieve Depression’’ (STAR*D) aimed to determine,

prospectively, the effectiveness of different sequential treatment

algorithms for patients with Major Depressive Disorder (MDD).

Pharmacogenomic studies of subjects in the STAR*D level 1 sample

have included analyses of the serotonin transporter with respect to

remission and response following citalopram treatment

[McMahon et al., 2006; Hu et al., 2007; Kraft et al., 2007]. Kraft

et al. [2007] genotyped nine tagging SNPs and two previously

studied variants, but failed to detect an association with citalopram

response. McMahon et al. [2006] selected 768 markers in 68

candidate genes and reported an association between a specific

variant in the serotonin 2A receptor gene and remission. In a

subgroup of white Hispanics and white non-Hispanics they found

subjects with the ‘‘A’’ allele of a SNP at rs7997012 in the second

intron of HTR2A had a 16–18% reduction in absolute risk of being a

‘‘non-responder’’ to citalopram. This association with rs7997012

was not demonstrated in the black subjects. McMahon et al. [2006]

did not detect an association between remission and any of the four

SLC6A4 markers they investigated. A recent paper by Hu et al.

[2007], analyzed side effect burden associations with the triallelic

HTTLPR locus. They reported that subjects carrying the low-

expression S or Lg alleles were more likely to experience citalopram

adverse effects. They found no associations between remission or

response and the promoter variant.

This report presents the relationships between variations in the

sequence of SLC6A4 and remission of depressive symptoms in

white non-Hispanic subjects treated with citalopram, based on

analyses of the STAR*D level 1 sample. This paper also reports the

results of the resequencing of informative segments of SLC6A4,

which identified 18 haplotype tag SNPs. Exploratory analyses of the

possible association of these SNPs with remission are described.

METHODS

Study Design and Participants
The rationale and design of the STAR*D study have been described

in detail by Fava et al. [2003], Rush et al. [2004], and Trivedi et al.

[2006]. In summary, all participants provided written informed

consent, were between 18 and 75 years of age and met DSM-IV

criteria for non-psychotic MDD. Symptomatic status was measured

using the QIDS-C16, which rates all nine criterion symptom do-

mains of MDD [Rush et al., 2003, 2006; Trivedi et al., 2004]. Our

analyses of the STAR*D study data were approved by the Mayo

Clinic Institutional Review Board.

The three major outcomes of the STAR*D trial were (1) remis-

sion of depression, (2) response to treatment and (3) tolerance of

the patient to citalopram. The definitions for all three outcomes

were established in advance of these analyses after discussion with a

team of collaborators involved in subsequent pharmacogenomic

investigations using data derived from the STAR*D study.

The analyses reported here focus exclusively on the remission of

depression as this is the primary goal of treatment. Remission was

defined as a score of �5 on the 16-item Quick Inventory of

Depressive Symptomatology—Clinician Rating (QIDS-C16) scale

at the last clinic visit [Rush et al., 2003, 2006; Trivedi et al., 2004].

Blood samples were collected from 1,953 of the 4,041 enrolled

subjects in the STAR*D Study. Previous papers have documented

differences between the subjects who contributed DNA and those

who did not [Rush et al., 2006]. Subjects in the genetics sample were

more likely to be white, married, older, have more years of educa-

tion and come from primary care clinics. They also had more

depressive episodes with longer time of illness [McMahon et al.,

2006; Kraft et al., 2007]. One thousand nine hundred twenty-six of

these 1,953 DNA samples were received from Rutgers Cell Reposi-

tory and genotyped at the Mayo Clinic. Twelve subjects were

dropped from analyses due to missing and discrepant data. Conse-

quently, the ‘‘valid genotyped sample’’ contained 1,914 subjects as

shown by the CONSORT (Consolidated Standards of Reporting

Trials) diagram in Figure 1.

An analysis plan was determined a priori to maximize the power

of finding an effect on remission that was attributed to genetic

variation. Our inclusion/exclusion criteria for analysis were similar

to those used in the previous publications [McMahon et al., 2006;

Kraft et al., 2007]. Specifically, 312 subjects did not meet the criteria

necessary to assess remission and were excluded for the following

reasons: (1) 33 subjects did not have sufficient depressive symptoms

to meet the severity criteria for inclusion in the study at baseline

which was defined a priori as having a baseline QIDS-C16 of greater

or equal to 10, (2) 218 subjects did not have an adequate trial as

defined as discontinuing citalopram treatment within the first

6 weeks, (3) 61 subjects were determined to be non-compliant

with taking the medication based on a global rating of compliance.

Additionally, 99 ethnically diverse subjects consisting of Asian,

multi-racial, Pacific Islander and unspecified racial subgroups were

excluded from the genetic association analyses.

The STAR*D study adherent sample (n¼ 1,503) was analyzed in

racially homogenous categories based on subject self-report. Racial

categories were designated as white, black, and other. Additionally,

Hispanic ethnicity was determined by self-report. Using these

responses three groups were defined for analysis: white non-

Hispanic, white Hispanic, and black.

Demographic characteristics of the study sample are summa-

rized in Table I. Means and standard deviations are reported for

continuous variables and percentages for categorical variables. The

observed distributions of these demographic variables concur with

previously published reports based on the STAR*D sample [Hu

et al., 2006; McMahon et al., 2006; Kraft et al., 2007]. Groups of

subjects were compared using Kruskal–Wallis tests for continuous

variables and chi-square tests for categorical variables. The

Kruskal–Wallis test was used to compare age, education, and

household income between racial and ethnic groups because
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Shapiro–Wilk tests for normality showed that these variables were

not normally distributed. Results in Table I reveal significant

differences between ethnic groups in terms of age, education,

household income, gender, employment status, medical insurance,

and marital status.

Demographic variables presented in Table I were also compared

between the 1,503 subjects in the study adherent sample and the

411 subjects excluded from the remission analyses. The excluded

subjects had a significantly lower number of years of education

(P< 0.0001), lower household income (P¼ 0.0004), and were

FIG. 1. CONSORT diagram of study sample. Initial samples dropped from the genotype analysis included: (1) five subjects with missing clinical data;

(2) three subjects were duplicates and (3) four subjects with DNA results that did not match reported gender. To define the study adherent sample,

411 additional subjects were excluded for the following reasons: (1) 61 were medication non-compliant, (2) 33 had a baseline QIDS-C16< 10,

(3) 218 dropped out within the first 6 weeks, and (4) 99 were part of an ethnically diverse group. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]

TABLE I. Demographic Characteristics of Subjects in the study adherent sample

White non-Hispanic, N¼ 1,074 White Hispanic, N¼ 196 Black, N ¼ 233 P
Mean (�SD) age (years) 42.7 � 13.4 41.9 � 12.75 44.2 � 12.6 <0.0001
Mean (�SD) education (years) 14.3� 2.8 11.3 � 4.3 13.0 � 2.6 <0.0001
Mean (�SD) household income (months) 3,067 � 3,867.3 1,656 � 1,823.8 1,609� 1,679.9 <0.0001
Gender <0.001

Female 58.8% 78.6% 61.8%
Male 41.2% 21.4% 38.2%

Employment <0.001
Employed 61.1% 50.5% 45.1%
Retired 7.4% 3.1% 6.0%
Unemployed 31.5% 46.4% 48.9%

Medical insurance <0.001
No insurance 29.7% 33.9% 41.0%
Private 60.5% 39.6% 36.2%
Public 9.8% 26.5% 22.7%

Marital status <0.001
Divorced 23.7% 25.5% 31.8%
Married 46.1% 45.4% 33.0%
Never 26.9% 23.5% 29.6%
Widowed 3.3% 5.6% 5.6%
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more likely to be unemployed (P¼ 0.0054). Subjects who discon-

tinued treatment prior to the sixth week were excluded from

analyses as they had not been treated long enough to know whether

they would ultimately achieve remission. When early drop out is

non-random and is related to a potential predictor and the study

outcome, excluding patients that dropout early can introduce bias.

Among the white non-Hispanic subjects, there was no significant

association between the indel promoter genotype or the rs25531

SNP genotype and exclusion from the remission analysis. However,

there was a significant association between the VNTR genotype and

exclusion from the remission analysis (P¼ 0.01), with a higher early

dropout rate observed among subjects carrying the 9/12 VNTR

genotype. The difference in early response (QIDS-C16 scores during

the first 6 weeks of treatment) between those that dropped out early

and those that continued treatment beyond 6 weeks did not reach

statistical significance (P¼ 0.075 for a repeated measures analysis).

Nonetheless, to test the robustness of our findings to the effects of

excluding the subset of patients with an inadequate treatment trial,

we performed an intent-to-treat analysis that included all subjects

that had been genotyped. We further address this issue in the

discussion section when considering the results of this study.

Initial SLC6A4 Resequencing
The SLC6A4 gene was resequenced to identify novel polymor-

phisms and study the frequencies of their occurrence in four ethnic

groups. DNA samples were obtained from the Coriell Cell Reposi-

tory. Subjects analyzed were 60 Caucasian-American (CA), 60

African-American (AA), 60 Han Chinese-American (HCA), and

60 Mexican-American (MA). These DNA samples had been ob-

tained and anonymized by NIGMS prior to deposit. PCR ampli-

fications were performed on each of 240 DNA samples in the areas

which were to be resequenced. The sequences of all primers used to

perform these amplifications are available upon request.

DNA Analysis and Resolution of the STAR*D Sample
Genotyping of the indel promoter region of the STAR*D sample

was performed using two independent methods. Discrepant and

failed results were further analyzed by sequencing in both direc-

tions. Ten samples continued to yield ambiguous data after

sequencing, and these were dropped from the analysis. PCR am-

plification was initially performed using an Agilent microfluidics

1,000 base pair kit. As a measure of quality control, the indel in the

5’-FR was further analyzed using an ABI 3730XL DNA sequencer

and GeneMapper software to detect the fragment length poly-

morphisms. An internal size standard was used to calibrate each

capillary. This method was also used to determine the length of the

VNTR in intron 2. The single nucleotide polymorphisms, with

exception of rs25531, were genotyped using the SNPstream

method. Multiplex PCR and SBE were carried out following the

SNPstream protocol [Denomme and Van Oene, 2005]. Primer sets

for PCR and tagged SBE reactions were designed using the web-

based design site http://www.autoprimer.com. The SNPstream tag

array plates were imaged using the SNPstream Imager. The raw

image data were analyzed automatically through SNPstream Soft-

ware Suite. The genotype calls were made based on the relative

fluorescent intensities of each spot and were reviewed by graphical

cluster and Hardy–Weinberg equilibrium analysis before upload-

ing to the SNPstream database. Individual sample genotype data

were generated on the basis of the relative fluorescent intensities for

each SNP and computer processed for graphical review. Controls

included two genomic DNAs, each with eight replicates per 384 well

plate and 6 no DNA template wells. When SNPstream analysis

failed, the samples were genotyped using Pyrosequencing. Single

stranded DNA was purified using the Pyrosequencing vacuum

workstation. Genotyping of rs25531 was performed by DNA se-

quencing of the repeat region in the 50FR (5HTTLPR) in the

forward direction [Kraft et al., 2005].

Statistical Analysis
Genetic association tests were performed within three ethnic

groups: white non-Hispanic, white Hispanic, and black. Allele

frequencies were compared between ethnic sub-groups using chi-

square tests (or Fisher’s exact tests for rare alleles). Chi-square tests

of Hardy–Weinberg Equilibrium were carried out for all genetic

variants within the ethnically homogeneous sub-groups. For the

three SLC6A4 genetic variants of primary interest, remission rates

were compared across genotypes for each of the ethnic groups using

Fisher’s exact tests. In the case of an overall significant group effect,

pair-wise comparisons were performed between groups. P-values

were corrected for the number of pair-wise comparisons performed

for each polymorphism using a Bonferroni correction for the

number of independent genotype tests. More detailed analyses

were limited to the white non-Hispanic subgroup. Logistic regres-

sion models were used to assess the effects of polymorphisms on

remission after accounting for the effects of other significantly

associated variants in the region, as well as to assess genetic effects on

remission while accounting for potentially important covariate

effects. Score tests proposed by Schaid et al. [2002] were used to

assess haplotype effects.

Based on the results of a meta-analysis performed by Seretti et al.

[2007], remission rates following SSRI treatment are higher among

Caucasian patients with LL and LS genotypes at the 5HTTLPR

polymorphism. Using the pooled results of the studies evaluated in

this meta-analysis, we estimated that with our study adherent

sample of 1,074 Caucasians, we had >99.9% power to detect the

dominant effect of the L allele. For this power analysis we used a

significance level of 0.025 to adjust for the fact that both dominant

and recessive effects of the two alleles at 5HTTLPR would be

investigated. Power analyses for the other ethnic subgroups and

other polymorphisms were not carried out since reliable estimates

of the genetic effects in these populations were not available a priori.

Exploratory analyses of each of the additional 18 tag SNPs were

also conducted using the white non-Hispanic patient subset. An

Armitage trend test and a Fisher’s exact test of genotype frequencies

were performed for each of these SNPs.

RESULTS

SLC6A4 Gene Resequencing
The resequencing of the SLC6A4 gene involved the analysis of

approximately 13,284 base pairs for each of the 240 DNA samples
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from the Coriell Cell Repository. All of the resequencing data for

SLC6A4 have been deposited in the NIH-supported database

PharmGKB with accession number PS206433. A total of 51 poly-

morphisms were observed, including 49 SNPs and two insertion-

deletion events.

There were large ethnic variations in both allele frequencies and

types with 31 polymorphisms in the AA DNA, 21 polymorphisms in

the CA DNA, 10 polymorphisms in the HCA DNA, and 19 poly-

morphisms in the MA DNA. Eighteen polymorphisms were ob-

served only in AA subjects, 4 in HCA subjects, 5 in MA subjects, and

9 in CA subjects. Of the polymorphisms identified, 40 had not been

reported previously and 19 were ‘‘common’’, having an allele

frequency of greater than 1% in at least one ethnic group. All

polymorphisms observed were in Hardy–Weinberg equilibrium.

Five nonsynonymous SNPs, polymorphisms that altered the

encoded amino acids, were observed: Gly41Ala, Gly56Ala, Phe465-

Leu, Val488Met, and Lys605Asn. Two of these polymorphisms,

Gly41Ala and Lys605Asn, were observed only in the HCA samples.

The Phe465Leu and Val488Met polymorphisms were observed

only in AA samples and the Gly56Ala polymorphism was observed

in only CA samples. Two were common with frequencies of greater

than 1%, including Gly56Ala in CA samples (3.3% frequency) and

Lys605Asn in HCA samples (2.5% frequency). The gene resequenc-

ing data demonstrated large allele (Table II) and variant allele

frequency differences between ethnic groups, supporting the deci-

sion to analyze ethnic subgroups separately.

Of the polymorphisms identified through the sequence analysis,

18 haplotype tag SNPs were chosen for exploratory analysis in the

STAR*D sample. The locations of these 18 variants and three

previously reported polymorphisms (the indel promoter variant,

the intron 2 VNTR and the rs25531 SNP) are shown in Figure 2.

SLC6A4 polymorphisms within exons and in the 50 and 30 untrans-

lated regions were numbered by designating the ‘‘A’’ in the trans-

lation initiation codon for the cDNA encoding the 70-kDa isoform

as position (þ1). cDNA nucleotides located 50 to that position were

assigned negative numbers, whereas those located 30 were assigned

positive numbers. Positions within introns were numbered relative

to splice junctions, with the initial 50 nucleotide in the intron

designated (þ1).

Allelic and Genotype Distributions
Departures from Hardy–Weinberg Equilibrium (HWE) were as-

sessed using all genotyped subjects within the white non-Hispanic,

white Hispanic, and Black sub-groups. In the white non-Hispanic

and Black groups, no deviations from HWE were detected for the

three polymorphisms. In the white Hispanic subset, the VNTR and

indel promoter polymorphism genotypes conformed to HWE

expectations, but genotypes at the rs25531 SNP showed some

deviation from HWE (P¼ 0.042).

The remission analysis subset (n¼ 1,503), was determined prior

to genotyping and consisted of subjects who had an initial QIDS-

C16 that indicated depression was evident at the time of enrollment,

remained in the study for at least 6 weeks, and complied with the

medication regime.

TABLE II. Frequency of Variant Allele Among Ethnic Groups for the Resequencing Subjects

Location Nucleotide Sequence change

Frequency of variant allele

African-American Caucasian Han Chinese American Mexican American
50FR �3,745 T! A 0.042 0.000 0.000 0.000
50FR �3,636 T! C 0.110 0.000 0.000 0.000
50FR �3,631 G! A 0.025 0.050 0.000 0.042
50FR �2,063 to �1,714 44 bp deletion 0.377 0.404 0.712 0.644
50FR �1,090 A! T 0.017 0.000 0.000 0.000
50FR �1,089 A! T 0.373 0.067 0.060 0.050
50FR �859 A! C 0.083 0.000 0.000 0.000
50FR �482 T! C 0.083 0.075 0.150 0.058
50FR �469 C ! T 0.000 0.042 0.000 0.000
Intron 1b �45 C ! A 0.475 0.800 0.900 0.868
Intron 1b �25 G! A 0.000 0.025 0.000 0.000
50UTR �185 A! C 0.325 0.200 0.108 0.125
50UTR �149 C ! A 0.108 0.000 0.000 0.025
Intron 1a 28 G! A 0.000 0.033 0.000 0.000
Exon 2 303 T! C 0.025 0.008 0.000 0.000
Intron 2 VNTR-9 0.000 0.018 0.000 0.000

VNTR-10 0.319 0.436 0.070 0.276
VNTR-12 0.681 0.545 0.930 0.724

Intron 4 �100 G! A 0.108 0.000 0.000 0.008
Intron 7 83 C ! T 0.017 0.025 0.000 0.008
Exon 8 1,149 C ! T 0.000 0.000 0.000 0.033
Intron 11 �131 C ! T 0.066 0.000 0.000 0.000
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In the first set of analyses, the three polymorphic sites previously

reported to be associated with response to SSRIs were analyzed. Of

the 1,503 subjects in the study adherent sample, valid genotypes

were obtained for the VNTR variation in the second intron of

SLC6A4 for 1,467 subjects, for the indel promoter polymorphism

for 1,494 subjects, and for the rs25531 single nucleotide polymor-

phism for 1,502 subjects. The allelic distributions of the racial

groups are summarized in Table III. Significant variations in allele

frequency among races/ethnic groups were observed for the intron

2 VNTR (P< 0.0001), indel promoter polymorphism region

(P< 0.0001) and the rs25531 single nucleotide polymorphism

(P< 0.0001).

Two instances of the rare intron 2 VNTR 11 repeat allele [Lesch

et al., 1994] were identified. The subjects having an 11 repeat allele

were heterozygous 10/11 and 11/12 and were both white non-

Hispanic. These subjects were excluded from the statistical analysis

of remission. Genotyping of the indel promoter region revealed the

common long and short variants as well as 13 instances of extra long

variants [Nakamura et al., 2000]. These extra long variants were

observed in 11 black subjects, 1 Pacific Islander subject and 1 Asian

subject and were classified as long alleles.

Association of Remission With the Intron 2 VNTR
Among white non-Hispanic subjects in the study adherent sample,

the VNTR genotype was associated with rate of remission

(P¼ 0.041). Pair-wise comparisons were performed for each geno-

type compared to the remaining pooled genotypes. P values were

FIG. 2. Schematic structure of the SLC6A4 gene showing LD haplotype tag SNPs as well as the indel promoter, the intron 2 VNTR, and rs25531. SNPs

are enclosed in rectangles and exons are designated by orange rectangles and are numbered.

TABLE III. Distribution of Allelic Variation by Race/Ethnicity

White non-Hispanic, n ¼ 1,074 White Hispanic, n¼ 196 Black, n ¼ 233
Distribution of alleles N¼ 1503

VNTR
9 1.6% (34) 0.5% (2) 0% (0)
10 38.5% (803) 32.6% (127) 28.3% (129)
11 0.1% (2) 0% (0) 0% (0)
12 59.8% (1,249) 66.9% (261) 71.7% (327)

Indel promoter polymorphism
L 58.2% (1,242) 51.8% (203) 78.9% (363)
S 41.8% (894) 48.2% (189) 21.1% (97)

rs25531
A 92.9% (1,995) 93.9% (368) 74.6% (346)
G 7.1% (153) 6.1% (24) 25.4% (118)
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corrected for the fact that multiple pair-wise comparisons were

performed. These pair-wise comparisons revealed that subjects

with the 12/12 genotype had a remission rate of 44.1% as compared

to 51.9% of the subjects with the remaining genotypes (P¼ 0.017,

pcorrected ¼ 0.069). Subjects who had one copy of the 9 allele

[Lovejoy et al., 2003], and the 12 allele had a remission rate of

70.6% as compared to 48.7% for those subjects with any other

VNTR genotype (P¼ 0.088, pcorrected ¼ 0.353) (see Table IV). There

were no statistically significant associations between VNTR geno-

types and remission in either the Black or the White Hispanic

groups.

Association of Remission With the Indel
Promoter Variant
White non-Hispanic subjects in the remission analysis subset had a

significantly greater likelihood of remission when carrying two

copies of the more active long form of the indel variation (P¼ 0.012,

pcorrected ¼ 0.024). Subjects who were homozygous for the more

active long form of this variant had a remission rate of 53.7% as

compared to 45.5% of subjects with either the homozygous short

form or the heterozygous long form/short form of this genotype

(see Table IV). No significant associations between remission and

the indel promoter genotypes were found in either the Black or the

White Hispanic groups.

Association of Remission With the rs25531 SNP
We found no evidence of association between genotype at the

rs25531 SNP and remission in any of the three ethnic groups

(Table IV).

Exploratory Analyses of Multi-Locus Association
Further exploratory analyses using the white non-Hispanic sub-

sample focused on multi-locus effects. Logistic regression models

were used to assess the joint effects of the three candidate poly-

morphisms. As shown in Table IV, post-hoc analysis of the indel

promoter variant association with remission suggested that the S

allele had a dominant effect on remission, where carriers of the S

allele had a lower remission rate. Further analysis also showed that

the 12 allele of the VNTR appears to have an additive effect on

remission. Logistic regression analysis of the combined effects of the

indel promoter variant and the intron 2 VNTR revealed that the

dominant effect of the indel promoter variant was not significant

after accounting for the additive effect of the VNTR 12 allele

(P¼ 0.10), while the additive effect of the VNTR 12 allele remained

significant even after accounting for the dominant effect of the S

indel allele (P¼ 0.04). Thus, these results are not able to confirm

independent contribution of these two variants to the likelihood of

remission. However, they suggest that the observed effect of the

indel promoter variant may be attributable to the linkage disequi-

librium (LD) between the indel promoter variant and the VNTR.

Next, association of remission with haplotypes composed of the

three candidate polymorphisms was evaluated. Consistent with

earlier reports [Kraft et al., 2005] we observed that the ‘‘g’’ allele of

rs25531 occurs very rarely on haplotypes with the S version of the

indel promoter variation. We also found that, contrary to the results

of Hu et al. [2005] LG haplotypes did not show effects similar to

haplotypes carrying the S indel promoter allele.

For the haplotype composed of all three variations, the additive

model global score statistic [Schaid et al., 2002] simulation P-value

was 0.064. The most strongly associated haplotype was S-a-12, with

TABLE IV. Genotype Analyses in Relation to Remission Defined by QIDS-C16 � 5

White non-Hispanic White Hispanic Black

Remission N P-valuea P-valueb Remission N P-valuea P-valueb Remission N P-valuea P-valueb

Intron 2 VNTR
9/10 52.9% 17 0.810 1.000 0% 1 1.000 1.000
9/12 70.6% 17 0.088 0.353 100% 1 0.374 1.000
10/10 55.7% 158 0.070 0.282 29.2% 24 0.500 1.000 35.3% 17 1.000 1.000
10/12 49.9% 469 0.619 1.000 38.5% 78 0.880 1.000 37.9% 95 1.000 1.000
12/12 44.1% 381 0.017 0.069 38.5% 91 0.882 1.000 37.9% 116 1.000 1.000

Global P-valuec 0.041 0.670 1.000
Indel promoter

L/L 53.7% 369 0.012 0.024 31.7% 60 0.267 0.533 37.8% 143 0.780 1.000
L/S 45.2% 504 0.058 0.115 39.8% 83 0.656 1.000 41.6% 77 0.567 1.000
S/S 46.2% 195 0.527 1.000 41.5% 53 0.512 1.000 30% 10 0.744 1.000

Global P-valuec 0.039 0.490 0.787
rs25531

A/A 47.6% 925 0.134 0.267 38.5% 174 0.644 1.000 38.9% 126 0.893 1.000
A/G 54.5% 145 0.129 0.259 35% 20 1.000 1.000 38.3% 94 1.000 1.000
G/G 50% 4 1.000 1.000 0% 2 0.528 1.000 33.3% 12 1.000 1.000

Global P-valuec 0.287 0.752 0.975

aFisher’s exact test comparing each genotype versus all others in a 2� 2 table; not corrected for multiple testing.
bCorrected for multiple testing by multiplying Fisher’s P-value by the number of independent genotype tests.
cFisher’s exact test comparing remission rates across all genotypes.
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a simulation P-value of 0.0024 and a maximum statistic simulation

P-value of 0.021. Under a dominant model (Table V) the corre-

sponding maximum statistic simulation P-value was 0.0031, and

the global test P-value was 0.04. These results indicate that carriers

of the S-a-12 haplotype have significantly lower probability of

remission when treated with citalopram than non-carriers of this

haplotype. Since SNP rs25531 did not appear to have much effect on

remission, and did not appear to vary on haplotypes carrying the S

allele, we also considered haplotypes composed only of the indel

promoter variant and VNTR variations. Consistent with the above

results, the haplotype was significantly associated with remission in

the white non-Hispanic patient population. Under an additive

model, the global score statistic P-value was 0.023, and the maxi-

mum statistic simulation P-value of 0.028 indicated that the S-12

haplotype was associated with significantly lower chances of remis-

sion. Under the dominant model the global test P-value was 0.029,

while the maximum statistic P-value for the S-12 haplotype was

0.0076.

Exploratory Analysis of SLC6A4 Tag SNPs
Exploratory analyses of the 18 tag SNPs revealed that nine had a

minor allele frequency (MAF) greater than 0.01 and only two had

MAF> 0.05. Thus, association analyses of these SNPs had limited

power. There were no significant deviations from HWE for any of

these SNPs. Except for SNP 5FR-469-TC which showed deviation in

the white subset (P< 0.0001). Only one of the 18 polymorphisms,

the intron 7-83-TC SNP, showed some evidence of association with

remission (P¼ 0.018 for a Fisher’s exact test of genotypes; not

corrected for multiple testing). This association may be due to LD

between this SNP and the intron 2 VNTR. Logistic regression

models were therefore used to assess the joint effects of these

polymorphisms.

The intron 7-83-TC genotype was not significantly associated

with remission after accounting for the effect of the intron 2 VNTR

(P¼ 0.11), whereas the intron 2 VNTR effect showed a trend for

association with remission even after accounting for the effect of

intron 7-83-TC (P¼ 0.06). Thus, although the effects of these two

polymorphisms on remission are strongly related and may not be

easily disentangled, it seems plausible that the intron 7-83-TC SNP

is associated with remission only as a result of the LD between this

SNP and the intron 2 VNTR.

DISCUSSION

These analyses provide additional insight into the association of

genetic variation and remission of depression in the citalopram

treatment phase of the STAR*D sample. Although one of the tag

SNPs, intron 7-83-TC, showed evidence of association with remis-

sion at the 0.05 significance level, this association is not significant

after correction for the fact that 18 tag SNPs were tested in this

exploratory portion of our analyses. In the white non-Hispanic sub-

sample, the intron 2 VNTR and the indel promoter polymorphism

were both associated with remission following citalopram treat-

ment (point-wise P¼ 0.041 and 0.039 for the intron 2 VNTR and

indel promoter variant, respectively). Remission rates were lower

among individuals homozygous for the 12 allele of the VNTR and

those carrying at least one copy of the S allele at the indel promoter

variant. The relationship between response to SSRIs and allelic

variation at the indel promoter has been studied fairly extensively,

and several studies have addressed the association between the

intron 2 VNTR and SSRI response. However, there have been no

reported investigations of the relationship between haplotypes

composed of these two polymorphisms and antidepressant re-

sponse. Results presented in this paper suggest that consideration

of these haplotypes may be informative as a predictor of SSRI

response. Notably, the haplotype composed of the indel promoter

variant and VNTR variations was associated with remission, with

carriers of the S-12 haplotype having significantly lower rates of

remission (maximum statistic simulation P-value¼ 0.0076 under

dominant model).

Our analysis of the white non-Hispanic subset revealed that

patients with the LL indel promoter genotype had higher odds of

remission compared to carriers of the S allele, with an odds ratio of

1.39 (95% CI 1.07–1.80). Our odds ratio estimate agrees very well

with the OR of 1.37 (95%CI 0.93–2.0) for the same comparison

reported by Serretti et al. [2007] based on a meta-analysis of studies

in Caucasian populations. However, Serretti et al. [2007] also

reported a larger OR of 2.37 (95% CI: 1.56–3.58) for the compari-

son of carriers of the L allele (homozygous LL and heterozygous LS

combined) with SS homozygotes, which we did not detect in the

STAR*D sample.

Given the modest genetic effect sizes detected here and in a recent

meta-analysis [Serretti et al., 2007], it is not surprising that studies

of the association between variation in SLC6A4 and response to

SSRIs have been somewhat inconsistent. McMahon et al. [2006] did

TABLE V. Haplotype Analyses of Remission in White Non-Hispanic Subset Under a Dominant Model

Haplotype

Haplotype frequency

Haplotype simulation P-value Maximum statistic simulation PWNH WNH non-remitters WNH remitters
S-a-12 0.330 0.363 0.297 0.0007 0.0031
L-a-12 0.215 0.215 0.213 0.98
L-g-12 0.052 0.048 0.057 0.32
S-a-10 0.085 0.074 0.097 0.23
L-a-10 0.291 0.279 0.304 0.14

Only haplotypes with frequency >1% are shown.
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not identify an association between SLC6A4 variants and remission

in their analyses of the STAR*D sample. However, as they noted

[McMahon et al., 2006], their split-sample analysis of 768 SNPs,

including four markers in SLC6A4, may have been underpowered

to detect association with this gene.

Genetic analyses of the STAR*D sample conducted by Kraft et al.

[2007], specifically included an analysis of variations in SLC6A4.

These analyses differed in several ways from the analyses in this

report. First, a different method was used to determine remission.

In the study by Kraft et al. [2007], subjects were categorized as

remitters if they achieved at least a 50% reduction in symptoms at

study exit and went into remission at any point in the study. This

included early remitters who subsequently developed higher

depression scores. The remission analysis group, as defined by

Kraft et al. [2007], included a small number of subjects who had

baseline QIDS-C16 score of less than ten, as well as a few medication

non-compliant subjects. In the analyses in this report, subjects were

classified as remitters only if they remained in remission at study

exit. This resulted in 93 white non-Hispanic subjects who tempo-

rarily achieved QIDS-C16 scores of 5 or less to be classified as

remitters in the Kraft et al. [2007] study. In our analysis, these

subjects with only temporary improvement were included in the

non-remitter group. Secondly, the white non-Hispanic sub-sample

was not studied separately in the Kraft et al. [2007] paper. Instead,

all white subjects were analyzed as a single group. There was no

association between SLC6A4 variation and remission when white

Hispanic and white non-Hispanic subjects were combined into one

group. The pooling of these two ethnic groups had the effect of

obscuring the positive association in the white non-Hispanic sub-

sample. A third difference is that Kraft et al. [2007] used a self report

measure (QIDS-SR16) rather than a clinician specified measure

(QIDS-C16). While these two measures are highly correlated,

clinician assessment provides a more standardized method of

assessing symptom severity. Finally, a fourth difference was that

the alpha threshold for significance was set at 0.01 by Kraft et al.

[2007] as many comparisons were conducted.

Further analyses of SLC6A4 using the STAR*D sample were

conducted by Hu et al. [2007]. Associations between side effect

burden and SLC6A4 indel promoter variants were reported for the

entire sample and for the white non-Hispanic sub-sample. How-

ever, no association between the indel variants and remission was

detected. In these analyses, subjects were excluded if their QIDS-C16

study exit score fell between 6 and 9, which they defined as

‘‘undetermined.’’ Additionally, subjects who were rated as intoler-

ant or probably intolerant were not included in the non-remission

group. The specific results of the analyses of the SLC6A4 indel

promoter variant and remission for the white non-Hispanic group

were not reported.

The analyses reported in this paper focus primarily on the white

non-Hispanic sub-sample. Due to the potential for spurious asso-

ciations in genetic studies of ethnically mixed populations, ethnic

groups are often analyzed separately. In this analysis, the white

patient population was subdivided based on Hispanic ethnicity.

Our analyses of Coriell samples demonstrated differences in

SLC6A4 allele and haplotype frequencies between the Caucasian-

American and Mexican-American populations. Allele frequencies

at SLC6A4 polymorphisms also differed between the white non-

Hispanic and white Hispanic patients in the STAR*D sample, and

some departure from HWE was detected at the rs25531 SNP in the

Hispanic sample. Furthermore, previous studies have suggested

that genetic predictors may vary in different racial or ethnic groups.

For instance, some studies of Asian populations have reported that

the S allele of the indel promoter polymorphism was associated with

a better clinical response to SSRIs [Serretti and Artioli, 2004]. In

previous research, subjects of European origin have generally done

better when treated with SSRIs than other races. This difference has

been appropriately discussed within environmental and cultural

contexts as well as considering genetic variations. In reviewing the

STAR*D results reported in this paper, this finding is replicated,

despite the considerable variability within the cohort that identified

themselves as white non-Hispanic. Due to the differences in allele

frequencies and remission rates between the different ethnic

groups, separation of the sample into ethnically homogenous

subgroups was important to avoid potentially spurious association

findings as a result of population stratification. Previous studies

that included groups of African Americans, European Americans

and Hispanics, have shown that self-reported ethnicity corresponds

closely to genetic marker-based classifications, and that self-re-

ported ethnicity can play an important role in controlling for

population stratification [Tang et al., 2005; Liu et al., 2006].

It is expected that important covariates, such as initial depression

severity, length of treatment (days in study) and dose may play an

important role in remission. We therefore repeated our genetic

association analyses while adjusting for potentially important

covariates using logistic regression models (detailed results not

shown). We found that age and gender were not significantly

associated with remission, while baseline QIDS-C16, days in study,

and final dose were. With adjustment for the effects of these

covariates, the genetic effects of the indel promoter variant and

the intron 2 VNTR remained statistically significant (P< 0.05).

These findings must be interpreted cautiously given the sample

selection criteria. Specifically, the sample may have an unspecified

shift towards patients who may be more likely to respond to

citalopram treatment, because some patients who had been unsuc-

cessfully treated with citalopram in the past were excluded. Also, the

main analyses in this paper were based on a subset of patients that

completed at least 6 weeks in the study for whom there was no

evidence of non-compliance. Because of the study exclusion criteria

and the exclusion of subjects from analysis, absolute remission rates

in the analyzed subset may be higher than what could be achieved in

the general population of patients with MDD. However, this

sampling bias should not significantly bias measures of genotype-

remission association unless probability of early drop out is related

to remission, and the genotype itself is related to early dropout. To

test the robustness of our findings we subsequently performed an

intent-to-treat analysis (detailed results not shown) that included

all white non-Hispanic subjects that initiated citalopram treatment

and were available for genotyping. In the intent-to treat analyses we

again compared genotype and allele frequencies between remitters

and non-remitters, and performed logistic regression analyses to

assess genetic effects while taking into account potentially impor-

tant covariates, including baseline QIDS-C16, days in study, and

final citalopram dose. Analysis of the whole set of white non-

Hispanic subjects did not show significant association between
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remission and the indel promoter polymorphism or SNP rs25531,

whether we adjusted for covariates or not (with covariate adjust-

ment, P¼ 0.11 for indel promoter, P¼ 0.17 for rs25531). Although

without adjusting for covariates, association with the VNTR was

not statistically significant (P¼ 0.09), association with remission

became evident after accounting for initial depression severity

(baseline QIDS-C16), days in study, and final dose (P¼ 0.031).

Furthermore, in this full set of white non-Hispanic subjects, we still

detected association with SLC6A4 haplotypes. Again, the S-a-12

haplotype was found to be associated with lower rates of remission

(maximum statistic simulation P-value¼ 0.038).

One weakness of this study relates to the fact that the full patient

cohort was not genotyped, and therefore only about half the

patients were included in the genetic analyses. Although the subset

of patients that provided blood samples for genotyping were similar

to the entire STAR*D cohort, there were also slight differences that

reached statistical significance because of the large sample size (see

‘‘methods’’ for details). As McMahon et al. [2006] noted, these

differences are unlikely to affect the genetic association results that

are based on the genotyped sample. However, they may limit the

generalizability of the findings. Other limitations of the STAR*D

study include the fact that analyses did not adjust for certain

potential confounders, such as medication use prior to study entry,

concomitant medication use, medication compliance, and Axis II

Disorders. Data on the use of antidepressant medications prior to

study entry were not available. Although concomitant medications

were allowed in this study, subjects could not be taking other

antidepressant, antipsychotic or mood stabilizing medications.

Data on concomitant medications and Axis II Disorders were not

available. Serum levels were not obtained from subjects and com-

pliance was not rigorously monitored. However, a global measure

of compliance that was available for most subjects was used to

exclude non-compliant patients from the primary analyses.

CONCLUSION

These analyses demonstrate an association between remission of

depressive symptoms and both the VNTR12/12 genotype in intron

2 and the indel promoter variant in white non-Hispanic subjects

who have been treated with citalopram. These findings support

previously reported positive associations between variations of

SLC6A4 and positive response to other SSRIs in subjects of Euro-

pean origin.
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