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Citalopram (CT) and escitalopram (S-CT) are among the most widely prescribed
selective serotonin reuptake inhibitors used to treat major depressive disorder
(MDD). We applied a genome-wide association study to identify genetic factors that
contribute to variation in plasma concentrations of CT or S-CT and their metabolites
in MDD patients treated with CT or S-CT.

Our genome-wide association study was performed using samples from 435 MDD
patients. Linear mixed models were used to account for within-subject correlations of
longitudinal measures of plasma drug/metabolite concentrations (4 and 8 weeks
after the initiation of drug therapy), and single-nucleotide polymorphisms (SNPs)
were modelled as additive allelic effects.

Genome-wide significant associations were observed for S-CT concentration with
SNPs in or near the CYP2C19 gene on chromosome 10 (rs1074145, P = 4.1 X 10°°) and
with S-didesmethylcitalopram concentration for SNPs near the CYP2D6 locus on
chromosome 22 (rs1065852, P = 2.0 X 107'°), supporting the important role of these
cytochrome P450 (CYP) enzymes in biotransformation of citalopram. After
adjustment for the effect of CYP2C19 functional alleles, the analyses also identified
novel loci that will require future replication and functional validation.

In vitro and in vivo studies have suggested that the biotransformation of CT to
monodesmethylcitalopram and didesmethylcitalopram is mediated by CYP isozymes.
The results of our genome-wide association study performed in MDD patients treated
with CT or S-CT have confirmed those observations but also identified novel genomic
loci that might play a role in variation in plasma levels of CT or its metabolites during
the treatment of MDD patients with these selective serotonin reuptake inhibitors.

© 2014 The British Pharmacological Society
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Introduction

Citalopram (CT) and escitalopram (S-CT) are among the
most widely prescribed serotonin reuptake inhibitors
(SSRIs) used to treat patients with major depressive disor-
der (MDD) [1, 2]. Unfortunately, a large proportion of MDD
patients do not respond or fail to respond adequately to
treatment with these drugs [3]. This large individual varia-
tion may reflect, to some extent, variation in the disposi-
tion of these drugs as well as the complex nature of MDD
and our incomplete understanding of SSRI action at the
molecular level.

In vitro and in vivo studies performed with CT and S-CT
indicated that the biotransformation of these drugs is
catalysed primarily by three human hepatic cytochrome
P450 (CYP) enzymes, specifically, CYP2C19 and CYP2D6,
with a minor contribution to the initial step by CYP3A4
[4-7]. CYP2C19 appears to play a major role in the con-
version of CT to monodesmethylcitalopram (DCT), while
CYP2D6 is thought to catalyse the conversion of DCT
to didesmethylcitalopram (DDCT; see Figure 1). There is
an increase in plasma levels of CT (S-CT) during the
co-administration of fluvoxamine [8], and the relatively
minor role played by CYP3A has been verified clinically by
studies showing no effect on CT or S-CT plasma levels
during the co-administration of strong CYP3A inhibitors
[9-11]. Citalopram is a racemic mixture of S- and R-
enantiomers, but most or all of its therapeutic effect is
thought to be mediated by the effect of the S-enantiomer
[12]. The R-isomer (R-CT) undergoes biotransformation
similar to that of the S-enantiomer during in vitro assays
performed with human hepatic microsomes or recombi-
nant CYP enzymes [6, 13]. However, R-CT appears to
have a longer half-life than that of S-CT in clinical
pharmacokinetic studies, suggesting stereoselective
disposition [8, 14, 15]. Based on these studies of CT
biotransformation, genotyping of the genetically poly-
morphic CYP2C19 and CYP2D6 genes has been included in
previous CT and S-CT pharmacogenetic studies [16, 17].

The present study was performed in an attempt
to characterize the contribution of genetic variation to

individual variation in plasma concentrations of S-CT and
its metabolites, S-DCT and S-DDCT, but to do so across the
entire genome by applying a genome-wide association
study (GWAS). The application of GWAS would make it
possible not only to verify, in patients, the results of can-
didate gene studies but also to move beyond candidate
genes to identify novel loci that might contribute to
pharmacokinetic variation. The present GWAS identified,
as anticipated, genome-wide significant associations for
plasma S-CT and S-DDCT concentrations within regions
containing the CYP2C79 and CYP2D6 genes, respectively.
In addition, novel associations were observed either after
adjusting for the effect of CYP2C79 functional alleles or by
performing the analyses using ratios of metabolites over
their precursor substrates (i.e. S-DCT/S-CT and S-DDCT/S-
DCT ratios). These observations serve to increase our
understanding of the contribution of genetics to indi-
vidual variation in the biotransformation of these very
widely prescribed SSRI antidepressant medications.

Methods

Study subjects

The Mayo Clinic NIH-Pharmacogenomics Research
Network-Antidepressant Medication Pharmacogenomic
Study (PGRN-AMPS) is an 8 week, outpatient SSRI clinical
trial performed at the Mayo Clinic in Rochester, MN, USA.
Both CT and S-CT were used to treat these patients
because the Mayo Pharmacy Formulary Committee
required that prescribing physicians be given a choice of
these medications. This trial has been described in detail
elsewhere [18, 19]. A brief description of the trial is
included in Appendix S1.

Assay of blood drug and drug metabolite
concentrations

Plasma concentrations of S-CT, CT and their metabolites
were determined using liquid chromatography tandem
mass spectrometry (LC-MS/MS). A chiral LC column was
used to assay CT and CT metabolites in patients treated
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with that drug. Drugs and drug metabolites were quanti-
fied using the ratio of peak area to the peak area of the
internal standard, and calibration curves were constructed
using known concentrations of analytes added to blank
plasma. The limit of quantification was 1 ng ml™' for R- and
S-citalopram as well as for R-and S-DCT, and 5 ng mI™' for
R- and S-DDCT. The interday and intraday coefficients
of variation were <15% for R- and S-CT and their
monodemethylated metabolites and <20% for R- and
S-DDCT. Additional details of these assays can be found in
Appendix S1.

Genotyping, genome-wide imputation and
quality control

Genotyping of genome-wide single-nucleotide polymor-
phisms (SNPs) and quality control procedures have been
described previously [18]. Genotyping was performed
at the RIKEN Center for Integrative Medical Science
(Yokohama, Japan) using lllumina Human610-Quad
BeadChips (lllumina, San Diego, CA, USA). Details of the
genotyping quality control and imputation can be found
in Appendix S1. More than 97% of study participants
reported their race/ethnicity as white non-Hispanic.
Further evaluation of genetic ancestry by use of SNPs for
ancestry clustering using the STRUCTURE software [20]
provided estimates of the probability of European ancestry
[18]. Restricting subjects to those having >75% European
ancestry and also having drug in their plasma resulted in
435 subjects who qualified for inclusion in the analysis.

Genome-wide association study

statistical analysis

Linear mixed models (LMMs) were used to account for
within-subject correlations of longitudinal measures of
plasma drug/metabolite concentrations (4 and 8 weeks).
Specifically, plasma drug/metabolite concentrations
were log-transformed, and clinical/demographic variables,
including drug, gender, age and other demographic vari-
ables, were evaluated for their association with plasma
drug concentrations. An association with a P value of 5 x
10® was considered genome-wide significant. Associa-
tions of plasma drug/metabolite concentrations with
clinical/demographic variables were evaluated with an
LMM, as described subsequently in greater detail in the
Results. The following variables were found to be statisti-
cally significant: age at study entry, gender, drug and pre-
scribed dose (see Appendix S1, Table ST for Pvalues).
These variables were used as adjusting covariates when
evaluating the association of SNPs with plasma drug/
metabolite concentrations. The random within-subject
component was modelled by nesting week of measure-
ment within subjects. The genotype of each SNP was
coded as the ‘dose’ of the minor allele, so the effects of
SNPs were modelled as additive allelic effects in the LMM.
The 4 week dose was sometimes changed by the patients’
physician based on tolerance, side-effects or inadequate

Plasma citalopram genome-wide association study BJCP

response. Our statistical model included the actual pre-
scribed dose as a time-dependent covariate to reflect
these changes.

Given that CYP2C19 is known to catalyse the
demethylation of CT, we also included known functional
alleles of CYP2C19 as covariates in some analyses, classify-
ing patients into ‘poor, ‘intermediate’ or ‘extensive’
metabolizer phenotypes based on the *2 (SNP rs4244285)
and the *77 alleles (SNP rs12248560). No CYP2C19*3
(rs4986893) alleles were observed in our patients.

Database mining and informatics analyses
Details with regard to the tools that were used for data-
base mining and informatic analyses can be found in
Appendix S1.

Results

Plasma drug and metabolite concentrations
Plasma samples from 435 MDD patients enrolled in the
Mayo Clinic PGRN-AMPS were used to measure plasma
concentrations of CT, S-CT and their respective metabo-
lites in blood samples drawn after 4 weeks of therapy, but
prior to dose escalation, and at the end of the trial at 8
weeks. Demographic and clinical characteristics of the
patients enrolled in the study are listed in Table 1. Among
the 435 patients studied, 303 were treated with S-CT and
132 with CT. Given that the S-enantiomers for the parent
drug and metabolites are thought to play the major role in
their clinical effect [12], we focused our statistical analyses
on S-enantiomers.

Statistical modelling of plasma drug and
metabolite concentrations

Plasma drug and metabolite concentrations were meas-
ured at 4 and 8 weeks. Of the 435 patients studied, 379 had
drug levels at both 4 and 8 weeks, while 56 had only a
single assay (51 at 4 weeks and five at 8 weeks), resulting in
a total of 814 drug and metabolite measurements. To
account for the different number of observations per
patient, as well as within-subject correlations of the 4 and
8 week values, we used an LMM, a traditional statistical
approach to longitudinal data [21], an approach similar to
the nonlinear mixed models that have often been applied
for pharmacokinetic analyses [22].

The following variables were found to be statistically
significant for most metabolites (see Appendix S1,
Table ST for Pvalues), each variable adjusted for the
others: age at study entry (increasing concentrations of
metabolites with increasing age), gender (women had
higher metabolite concentrations), drug (S-CT had higher
metabolite concentrations than did CT) and prescribed
dose (CT/2 was equated with the dose of S-CT), with
increasing doses, not surprisingly, being associated with
higher drug and metabolite concentrations. The effect of

Br ] Clin Pharmacol / 78:2 / 375



BJCP Y. Jietal.

Table 1

Demographic and clinical characteristics as well as plasma drug and drug metabolite concentrations for the major depressive disorder patients studied

Plasma concentrations at week 4 (ng ml~")

n
Mean (95% Cl)
Range

n
Mean (95% Cl)
Range

n
Mean (95% Cl)
Range

Plasma concentrations at week 8 (ng ml~")

300
243 (22.5, 26)
(1.6-119.7)

300
6.4 (6.1, 6.7)
(1.0-20.1)

300
0.9 (0.8, 0.9)
(0.0-4.3)

130
16.8 (14.5, 19)
(2.2-62.9)

130
8.2(7.1,9.2)
(0.0-29.7)

130
0.2 (0.2, 0.3)
(0.0-1.8)

Age at consent
n 303 132
Mean (95% Cl) 41.4(39.8, 42.9) 37.9 (35.6, 40.2)
Range (19.0-84.7) (18.7-82.4)
Gender
Female 188 (62.0%) 89 (67.4%)
Male 115 (38.0%) 43 (32.6%)
QIDSC total score at baseline
n 303 132
Mean (95% Cl) 15.2 (14.8, 15.5) 14.8 (14.2, 15.4)
Range (7.0-25.0) (9.0-22.0)
QIDSC depression category at baseline
Mild 27 (8.9%) 10 (7.6%)
Moderate 140 (46.2%) 67 (50.8%)
Severe 114 (37.6%) 46 (34.8%)
Very severe 22 (7.3%) 9 (6.8%)

n 264 120 120
Mean (95% Cl) 33.2(30.3, 36.1) 22.8 (18, 27.5) 64.1 (54.5, 73.7)
Range (1.5-135.0) (1.3-161.3) (7.8-294.8)

n 264 120 120
Mean (95% Cl) 8.5(8,9) 10.5 (8.8, 12.2) 10.3 (8.5, 12.2)
Range (0.8-25.9) (0.0-52.8) (0.7-48.2)

n 264 120 120
Mean (95% Cl) 1(0.9, 1.1) 0.4 (0.2, 0.5) 1.8 (1.3, 2.3)
Range (0.0-5.1) (0.0-9.0) (0.0-19.5)

130
46.4 (41.4,51.5)
(0.0-153.3)

130
7.6 (6.5, 8.7)
(1.2-41.4)

130
1.2(1,1.5)
(0.0-10.5)

Abbreviations are as follows: Cl, confidence interval; CT, citalopram; DCT, desmethylcitalopram; DDCT, didesmethylcitalopram; S-CT, escitalopram. QIDSC refers to the Quick
Inventory of Depressive Symptomatology (QIDS), clinician rated.

increasing age on plasma levels of CT has been reported
previously [23]. All of these clinical/demographic variables
were used as adjusting covariates during the GWAS analy-
ses described in subsequent paragraphs.

Genome-wide association study for

concentrations of parent drug and metabolites
Our current understanding of the sequential, stepwise

biotransformation of citalopram is shown schematically in
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Genome-wide association study (GWAS) analyses for S-citalopram (S-CT) and S-didesmethylcitalopram (S-DDCT) plasma concentrations. (A) Manhattan plot
for S-CT plasma concentration GWAS after 1000 Genomes imputation. (B) Manhattan plot for S-DDCT plasma concentration GWAS after 1000 Genomes
imputation. Red dots represent single-nucleotide polymorphisms (SNPs) with P values <10~ and blue dots represent SNPs with P values <107, Associations

with P values of 5 x 1078 or less were considered genome-wide significant

Figure 1. As explained in the preceding paragraph, to
make it possible to take advantage of all of the data avail-
able for each subject, we used values adjusted for clinical
variables within the LMM model as GWAS phenotypes.

The GWAS analyses were performed in two ways. In the
first set of analyses, we treated each of the drug or
metabolite concentrations as dependent variables in the
LMM. However, because the ratio of the product of each
biotransformation reaction over the substrate for that
reaction might be more meaningful biochemically than
the concentrations themselves, we also performed GWAS
analysis for the ratios of product/substrate, that is S-DCT/
S-CT and S-DDCT/S-DCT. Log transformations of the ratios
were used in the analyses. The GWAS analyses described
subsequently were performed based on a total of 545 115
SNPs that were genotyped in DNA samples from each of
our 435 patients, followed by imputation using ‘1000
Genomes Project’ data as a reference, resulting in a total of
7 537 437 SNPs that were used in the GWAS analyses after
imputation.

The Manhattan plot for the GWAS analysis of S-CT con-
centration in Figure 2A shows the strong association of
SNPs in and near the CYP2C19 gene locus on chromosome
10 with concentrations of S-CT. The rs1074145 SNP (P=4.1
x 107 displayed genome-wide significance, which re-
quired a Pvalue of <5.0 x 1078, Very strong associations
with S-DDCT plasma concentrations were observed in or
near the CYP2D6 locus on chromosome 22, with the
nonsynonymous SNP, rs1065852 (Pro34Ser, P=2.0x 1079),
as one of the SNPs with a very low P value (Figure 2B).

A plot of regional associations of plasma S-CT concen-
tration for SNPs in and near the CYP2C19 locus is shown in
Figure 3A. Genome-wide significant associations (P values
<5 x 1078) were observed across this region, a region that
includes CYP2C18, CYP2C19 and CYP2(C9. After adjusting
for the effect of CYP2C19 ‘metabolizer phenotypes’
defined on the basis of CYP2C19 functional alleles (*2 and
*17) to determine whether we could identify any addi-
tional loci that might be associated with plasma S-CT con-
centrations, we observed two novel loci, SNP rs55734731
on chromosome 20 (P=3.9x 1077) and rs1722229 SNP on
chromosome 7 (P = 9.9 x 1077; Table 2). Neither of these
two SNPs reached genome-wide significance. In addition,
neither of the genes near these SNPs, HSPEPT (heat shock
10 kDa protein 1 pseudogene) and MYL10 (myosin re-
gulatory light chain 10 gene), respectively, have been
reported to play a role in citalopram biotransformation or
transport.

The strongest associations for S-DCT level (Appendix
S1) were observed in a region 3’- of the chromobox homo-
logue 4 gene, CBX4, on chromosome 17 (rs9747992,P=1.6
x 107) and in an intron of a PDZ domain-containing
protein gene, PDZD2, on chromosome 5 (rs2059865, P =
2.6 X 1077). The SNP associations with S-DCT concentra-
tions were less striking than were those observed with
either S-CT or S-DDCT levels, with none reaching genome-
wide significance. Adjusting for CYP2C79 metabolizer
status did not appear to have a major impact on the
strongest associations that we observed for S-DCT and
S-DDCT concentrations (Appendix S1).

Br ) Clin Pharmacol / 78:2 /[ 377
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Figure 3

Plasma citalopram genome-wide association study BJCP

Locus Zoom [31] regional association plots for plasma S-CT and S-DDCT concentrations. (A) The CYP2C19-CYP2C9 locus and the S-CT concentration
phenotype. (B) The CYP2D6 locus and the S-DDCT concentration phenotype. Diamond shapes represent imputed SNPs, while circles represent
genotyped SNPs. Colours of the points represent linkage equilibrium relationships for the plotted markers with the rs1074145 SNP for the CYP2C19-
CYP2C9 locus in (A) and the rs1065852 SNP for the CYP2D6 locus in (B), respectively. Associations with Pvalues of 5 x 107 or less were considered
genome-wide significant
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Table 2

Top 10 associations for the GWAS for S-CT concentration and the GWAS for the S-desmethylcitalopram/S-citalopram (S-DCT/S-CT) ratio

P value

Genotype

Chromosome

Chromosome

position

Gene location

Distance to
gene (bp)

S-CT concentration

rs1074145 4.07 x 107° AG
rs2181097 4.51 x 1079 AIG
rs12569735 8.65 x 1072 G/A
rs12573074 8.66 x 107 (@4}
rs4589212 8.83 x 1072 T/A
rs35709381 9.04 x 1072 T/G
rs12763230 9.54 x 107° AG
rs17882066 1.15x 1078 AIG
rs12773342 1.18 x 1078 cm
rs12571421* 1.24 x 1078 G/A
S-CT concentration, adjusted for CYP2C19 alleles
rs55734731 3.91x 107 T/C
rs62212409 412 x 107 G/C
rs12479736 5.87 x 1077 G/A
rs1722229 9.90 x 1077 G/T
rs1619382 1.07 x 1077 (@2)
rs848648 1.15%x 10 AG
rs4727506 1.22 x 107 AIG
rs7799319 1.22 x 107 AG
rs848645 1.24 x 107° T/C
rs4727504 1.28 x 107° AG
S-DCT/S-CT ratio
rs1074145 2.00 x 10716 A/G
rs2181097 2.00 x 10716 AG
rs12569735 2.00 x 10716 G/A
rs12573074 2.00 x 10716 (@43
rs4589212 2.00 x 1071® T/A
rs35709381 2.00 x 10716 T/G
rs12763230 2.00 x 10716 AG
rs17882066 2.00 x 10716 AG
rs12773342 2.00 x 10716 (@4)
rs12571421* 2.00 x 10718 G/A
S-DCT/S-CT ratio, adjusted for CYP2C19 alleles
rs71607999 7.08 x 107° AG
rs11736476 3.28x 1078 AIG
rs11725970 4.94 x 1078 G/A
rs9790703 8.90 x 1078 T/C
rs11934750 1.49 x 107 T/A
rs13115076 2.22 x 1077 T/C
rs13129087 2.81x 107 T/C
rs111874200 3.56 x 1077 AG
rs10024857 3.92 x 107 AIG
rs13121835 6.02 x 1077 AG

0.162
0.162
0.160
0.161
0.159
0.160
0.161
0.073
0.119
0.164

0.124
0.125
0.122
0.034
0.031
0.031
0.030
0.030
0.030
0.031

0.162
0.162
0.160
0.161
0.159
0.160
0.161
0.073
0.119
0.164

0.165
0.277
0.224
0.373
0.160
0.228
0.232
0.188
0.136
0.351

10
10
10
10
10
10
10
10
10
10

20
20

NN N NN NN

10
10
10
10
10
10
10
10

B T s

96681846
96681000
96621103
96626202
96628105
96614725
96629341
96523073
96523083
96541982

38572414

38576752

38584590

101286177
101284857
101274653
101270780
101269515
101272926
101269939

96681846
96681000
96621103
96626202
96628105
96614725
96629341
96523073
96523083
96541982

189191111
189191166
189189463
189203711
27964405

189194478
189196141
189188713
189188765
189195068

CYP2C19/CYP2C9
CYP2C19/CYP2C9
CYP2C19/CYP2C9
CYP2C19/CYP2C9
CYP2C19/CYP2C9
CYP2C19
CYP2C19/CYP2C9
CYP2C19
CYP2C19
CYP2C19

HSPEP1
HSPEP1
HSPEP1
MYL10
MYL10
MYLT0
MYL10
MYLT0
MYLT0
MYLT0

CYP2C19/CYP2C9
CYP2C19/CYP2C9
CYP2C19/CYP2C9
CYP2C19/CYP2C9
CYP2C19/CYP2C9
CYpP2C19
CYP2C19/CYP2C9
CYP2C19
CYpP2C19
CYP2C19

TRIML1
TRIML1
TRIML1
TRIML1
AC007106.1
TRIML1
TRIML1
TRIML1
TRIML1
TRIML1

Intergenic
Intergenic
Intergenic
Intergenic
Intergenic
3’-Downstream
Intergenic
Intronic
Intronic
Intronic

5’-Upstream intergenic
5’-Upstream intergenic
5’-Upstream intergenic
5’-Upstream intergenic
5’-Upstream intergenic
5’-Upstream

Intronic

Intronic

5’-Upstream

Intronic

Intergenic
Intergenic
Intergenic
Intergenic
Intergenic
3’-Downstream
Intergenic
Intronic
Intronic
Intronic

3’-Downstream intergenic
3’-Downstream intergenic
3’-Downstream intergenic
3’-Downstream intergenic
3’-Downstream

3’-Downstream intergenic
3’-Downstream intergenic
3’-Downstream intergenic
3’-Downstream intergenic
3’-Downstream intergenic

68829/16569
67983/17415
8086/77312
13185/72213
15088/70310
1708/83690
16324/69074
0

0

0

10533
14871
22709
13601
12281
2077

350

68829/16569
67983/17415
8086/77312
13185/72213
15088/70310
1708/83690
16324/69074
0

0

0

122214
122269
120566
134814
4940

125581
127244
119816
119868
126171

Abbreviations are as follows: DCT, desmethylcitalopram; DDCT, didesmethylcitalopram; GWAS, genome-wide association study; MAF, minor allele frequency; S-CT, escitalopram.
Associations with P values of 5 x 1072 or less were considered genome-wide significant. *Indicates genotyped SNPs; otherwise, imputed SNPs.
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Genome-wide association study for
concentration of metabolite over

precursor ratios

To determine whether analyses performed using the ratio
of metabolite over precursor for the reactions shown sche-
matically in Figure 1 might provide additional biological
insight, the GWAS analyses were repeated using the ratio
of metabolite/precursor as a phenotype. The strongest
signals for the ratio of S-DCT/S-CT once again mapped to
the region of CYP2C19, but with a highly significant P value
(P=2.0x 107 for rs1074145; see Figure 4A). In addition,
after adjusting for the effect of the CYP2C19 signal, a novel
genome-wide significant association was found on chro-
mosome 4 for the S-DCT/S-CT ratio with SNPs in the vicinity
of the tripartite motif family-like 1 gene, TRIMLT, with the
lowest Pvalue for the rs71607999 SNP (P = 7.1 x 10™%;
Figure 4B). The SNP signal near the TRIMLT locus is shown
graphically in the Locus Zoom plot shown in Figure 4C. It
should be emphasized that it cannot be assumed that a
gene close to a SNP signal is necessarily related to the
observed association. The function of the TRIMLT gene is
unclear, but, on the basis of sequence homology, it may be
an E3 ubiquitin-protein ligase. There is currently no evi-
dence linking TRIMLT to citalopram metabolism or trans-
port. However, data in the Mouse Phenome Database show
a significant association between Trim/T mRNA expression
in the mouse liver and urinary creatinine concentration
(rvalue = —-0.83, P = 2.1 x 107 [24]. The possible mecha-
nism for the relationship of Trim/1 to the circulating S-DCT/
S-CT ratio will have to be the subject of future studies.

Genome-wide association analyses for the S-DDCT/S-
DCT ratio, representing the second biotransformation step
shown in Figure 1, continued to show very strong associa-
tions in a region proximal to CYP2D6 (166 SNPs with
Pvalues <1.0 x 107'9). After adjusting for the effect of
CYP2C19 functional alleles, no additional signals were
observed for this phenotype (see Table 2 and Appendix ST,
Figure S1A and B).

The top 10 SNPs in terms of Pvalues for associations
with S-CT concentration before or after adjustment for
CYP2C19 functional alleles or for the S-DCT/S-CT ratio
before or after adjusting for CYP2C19 functional alleles are
listed in Table 2, while the top 10 SNPs for associations
with S-DCT and S-DDCT concentrations and the S-DDCT/
S-DCT ratio are listed in Appendix S1, Tables ST and S2.

v

Figure 4

Genome-wide association study analysis results for the S-DCT/S-CT ratio.
(A) Manhattan plot for S-DCT/S-CT plasma concentration ratio GWAS
after 1000 Genomes imputation. (B) Manhattan plot for S-DCT/S-CT
plasma concentration ratio GWAS after 1000 Genomes imputation,
adjusted for the effect of CYP2C19 functional alleles. (C) Locus Zoom
regional association plot for the SNP signal on chromosome 4 observed
for the S-DCT/S-CT ratio GWAS, adjusted for the effect of CYP2CT19 func-
tional alleles. Associations with P values of 5 x 107 or less were consid-
ered genome-wide significant
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Discussion

Citalopram and escitalopram were developed to inhibit
the serotonin transporter (SERT) with specificity, efficacy
and tolerability superior to previous SSRIs, and they are
currently included among the SSRIs that are most fre-
quently prescribed for the treatment of MDD [1, 2].
Although inheritance is thought to play a role in individual
variation in response to antidepressant therapy, most
pharmacogenetic studies of SSRIs have tended to focus on
candidate genes or candidate pathways [16, 17]. Those
studies have usually included polymorphic genes encod-
ing known components of the SSRI metabolic pathway,
e.g. CYP enzymes, or the drug target, the serotonin trans-
porter encoded by the SLC6A4 gene [16, 171].

CYP2C19 has previously been reported to catalyse the
biotransformation of CT to form its monodesmethyl
metabolite (DCT), and CYP2D6 has been reported to
play a major role in the conversation of DCT to the
didesmethyl metabolite, DDCT [4-7]. Both S- and
R-enantiomers of citalopram share similar biotrans-
formation pathways [6, 13]. Monodesmethylcitalopram, an
active metabolite, displays pharmacological properties
similar to those of CT in terms of its affinity for the seroto-
nin transporter, while S-CT has a much higher affinity for
SERT than does the racemic mixture [12]. Didesmethyl-
citalopram, in contrast, appears to play a minor role in
SERT inhibition and is only present in vivo at very low con-
centrations [25]. Given that the number of subjects who
were treated with CT in our study was relatively small
(n = 130), we focused our GWAS analyses on the
S-enantiomer and its metabolites (i.e. S-CT, S-DCT and
S-DDCT) measured in plasma obtained from MDD patients
at two different treatment time points (4 and 8 weeks). Not
surprisingly, the top associations for S-CT and for S-DDCT
were observed in genomic regions proximal to CYP2C19
and near the CYP2D6 gene locus on chromosomes 10 and
22, respectively. Those results provide strong evidence in
support of previous citalopram biotransformation studies
performed with human liver microsomes or recombinant
CYP enzymes as well as in vivo candidate gene studies
performed with smaller patient populations [4-9, 14,
25-27]. For example, the top SNP associated with S-CT
concentration, rs1074145 (P = 4.1 x 107°), was located in a
region on chromosome 10 between the CYP2C79 and
CYP2(C9 genes and was in tight linkage equilibrium with
the rs4244285 SNP (> = 0. 93) that defines the most
common CYP2C19 loss-of-function allele, *2, resulting in
the creation of an aberrant splice site by a synonymous
alternation in exon 5 of the gene [28]. The CYP2C19
rs4244285 SNP also reached genome-wide significance in
our GWAS, with a P value of 1.6 x 107, Included among the
SNPs with lowest P values in the GWAS for S-DDCT concen-
trations (Figure 2B and Appendix S1, Table S2) were two
nonsynonymous SNPs located within the CYP2D6 gene,
rs1065852 and rs1058172, which altered the encoded
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amino acids at Pro34Ser and Arg345His, respectively.
Both of these SNPs were predicted to have deleterious
function based on Sift and Polyphen predictions [29]. The
rs1065852 SNP occurs in CYP2D6*4, *10 and *14 variant
allozymes, all of which are associated with reduced
CYP2D6 activity and ‘poor metabolizer phenotypes
(http://www.cypalleles.ki.se). The rs1058172 SNP has not
been associated with any CYP2D6 haplotype.

Included among the preliminary findings from our
study were associations in or near CBX4 on chromo-
some 17 and in the PDZD2 gene on chromosome 5, both
of which were associated with plasma S-DCT concentra-
tions. As mentioned previously, S-DCT has efficacy similar
to that of S-CT, at least in terms of its ability to block the
SERT. Therefore, these novel genes could be of functional
importance. For example, there is evidence that a PDZ
scaffold network might facilitate the organization of trans-
porters on epithelial cell membranes [30]. As neither of
these signals was genome-wide significant, they obviously
have to be regarded as preliminary, requiring future repli-
cation and functional genomic validation.

We also performed GWAS analyses using the ratio of
each metabolite to its precursor as phenotypes and
observed even more highly significant associations with
SNPs located in the chromosome 10 region near the
CYP2C19 gene for the S-DCT/S-CT ratio (rs1074145, P =
2.0 x 107%). In addition, after adjustment for CYP2C19
metabolizer status, novel associations in genes beyond the
CYP2C19region on chromosome 10 were found to be asso-
ciated significantly with S-DCT/S-CT ratio. One of the most
intriguing of those observations was a genome-wide sig-
nificant association for the rs71607999 SNP (P=7.1 x 107°)
on chromosome 4, a SNP that maps to an intergenic region
3’ of TRIML1, an association that also requires replication.

In summary, assay of plasma citalopram and citalopram
metabolites made it possible for us to perform the GWAS
described here. We believe that this study is the first GWAS
for plasma concentrations of S-CT and its metabolites. By
analysing parent drug and metabolite concentrations as
well as ratios of each metabolite over its precursor in the
sequential biotransformation pathway shown in Figure 1,
we were able to observe associations in loci that include
the CYP2C19 and CYP2D6 genes, genes encoding enzymes
previously shown in vitro to catalyse citalopram biotrans-
formation. The results of our GWAS not only confirmed
those reports but also demonstrated that SNPs in or near
these genes are the major genetic factors that contribute
to variation in plasma concentrations of both S-CT and
S-DDCT. However, several novel genes and loci were also
identified. Future functional and mechanistic studies of
those novel loci may provide additional insight into the
biotransformation and pharmacokinetics of these impor-
tant SSRI drugs, just as the present studies have confirmed
the importance of the results of previous in vitro studies,
placed them within a larger genome-wide context and
identified novel candidate loci for future study.
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