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Dysregulation of the hypothalamic-pituitary-adrenal axis, one of the stress-response systems, is one of the key neurobiological features of
major depression (MDD). Data supporting the notion that glucocorticoid-mediated feedback inhibition is impaired in MDD come from a
multitude of studies demonstrating nonsuppression of cortisol secretion following administration of the synthetic glucocorticoid
dexamethasone. We examined whether genetic variations in the glucocorticoid receptor gene (Nuclear Receptor Subfamily 3, Group C,
Member |; NR3C/) could be associated with increased susceptibility for MDD using a whole gene-based association analysis of single
nucleotide polymorphisms (SNPs). Four SNPs were identified in NR3C/ and genotyped in two well-diagnosed samples of patients with
MDD ascertained in Belgium and northermn Sweden, and matched control samples. In total, 314 MDD patients and 354 control individuals
were included in the study. In the Belgian sample, we observed significant allele (p =0.02) and genotype (p = 0.02) association with an
SNP in the promoter region (NR3CI-1); in the Swedish sample, we observed significant allele (p=0.02) and genotype (p =0.02)
association with the R23K SNP. The haplotype association studies showed modest evidence for an involvement of the 5’ region of the
NR3C| gene in the genetic vulnerability for MDD. This study suggests that polymorphisms in the 5 region of the NR3C| gene may play a

role in the genetic vulnerability for MDD.

INTRODUCTION

Hyperactivity of the hypothalamic-pituitary-adrenal (HPA)
axis in patients with major depression (MDD) is one of the
most consistent findings in biological psychiatry. Specifi-
cally, patients with MDD were shown to exhibit increased
concentrations of cortisol in plasma, urine, and cerebro-
spinal fluid (CSF); an exaggerated cortisol response to
adrenocorticotrophic hormone (ACTH); and an enlarge-
ment of both the pituitary and the adrenal glands (Gold
et al, 1988; Holsboer and Barden, 1996; Holsboer, 2000;
Nemeroff, 1996; Owens and Nemeroff, 1993; Plotsky et al,
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1998). Moreover, depressed patients exhibit increased
concentrations of CRH in the CSF, increased CRH
messenger RNA (mRNA) and protein in the paraventricular
nucleus (PVN) of the hypothalamus, and a blunted ACTH
response to a CRH challenge (Gold et al, 1988; Nemeroff,
1996). A major hypothesis that has been proposed for the
pathogenesis of MDD is the corticosteroid receptor
hypothesis, which focuses on the impaired corticosteroid
receptor signaling as a primary factor in the pathogenesis,
leading to a reduced negative feedback of cortisol,
an increased production of CRF, and hypercortisolism
(Holsboer, 2000).

Corticosteroid signaling by glucocorticoids is mediated
through two distinct intracellular receptor subtypes referred
as the mineralocorticoid receptor (MR) and the glucocorti-
coid receptor (GR) (Reul and de Kloet, 1985). The MR has a
high affinity for endogenous corticosteroids and is believed
to play a role in the regulation of circadian fluctuations
in these hormones. In contrast to the MR, the GR has a
high affinity for dexamethasone and a lower affinity for



endogenous corticosteroids. The GR is believed to be more
important in the regulation of the response to stress, when
endogenous levels of glucocorticoids are high. Spencer et al
(1998) and de Kloet et al (1998) have clarified that GR
activation is necessary for the HPA feedback regulation
when levels of glucocorticoids are high (response to stress,
circadian peak), but that the MR also plays an important
role by modulating GR-dependent regulation. Because
patients with MDD exhibit impaired HPA negative feedback
in the context of elevated circulating levels of cortisol
and because altered HPA axis responsiveness has been
characterized with dexamethasone, which selectively binds
GR in vivo, studies investigating corticosteroid receptors in
MDD have logically focused on the expression and function
of GR.

Three major possibilities have been considered regarding
the mechanism(s) of GR resistance in MDD. These include
(1) GR downregulation secondary to persistent hypercorti-
solism, (2) a primary alteration in the genetic structure of
the GR, and (3) a decrease in GR function secondary to
alterations in ligand-independent pathways that regulate the
GR (Bamberger et al, 1996; Boyle et al, 2005; Juruena et al,
2003; Pariante and Miller, 2001).

The human gene coding for the GR is most frequently
referred to as Nuclear Receptor Subfamily 3, Group C,
Member 1 (NR3CI) and is located on chromosome 5q31-
q32. The gene comprises nine exons (Nobukuni et al, 1995).
Exon 1 and part of exon 2 contain the 5’UTR, exons 2-9 the
coding sequences, and part of exon 9 the 3’UTR (Nobukuni
et al, 1995). Recently, two additional alternative first exons
(designated exons 1A and 1B) were identified upstream of
exon 1 (now exon 1C) (Breslin et al, 2001). At least three
promoters regulate the transcriptional activity of NR3CI
(Breslin et al, 2001).

In a recent review, DeRijk et al (2002) described more
than 30 genetic variants in NR3CI. Most were confined to
one or a few families, and were mutations associated with
glucocorticoid resistance and metabolic and cardiovascular
function. Some were found to influence basal cortisol levels,
the negative HPA axis feedback, and the stress-induced
activation of the system. Moutsatsou et al (2000) investi-
gated the coding sequences of the two GR isoforms, GRo
and GRp, in 15 patients with bipolar affective disorder
and 12 normal control individuals; they did not find
NR3C1 mutations in the coding sequences. However, this
study was not designed to look at association at the
haplotype level, and therefore a possible role of SNPs
outside the coding regions was not assessed. Feng et al
(2000) found no evidence for association between five SNPs
in the region coding for the N-terminal domain of the
protein NR3Cl and puerperal bipolar or depressive
psychosis or schizophrenia. Wiist et al (2004) investigated
the impact of three GR gene polymorphisms (Bcll RFLP,
N363S, ER22/23EK) on cortisol and ACTH responses to
psychosocial stress in normal healthy males; they found that
363S carriers were associated with markedly larger cortisol
responses, whereas the mean response in Bcll G homo-
zygotes was attenuated. A thorough haplotype-based
association analysis of the role of NR3CI has not yet been
reported, to our best knowledge.

This paper is a part of a systematic evaluation of the
possible role of a number of HPA axis-related genes in the
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genetic vulnerability for MDD. Previously, our group
published reports on the genes encoding for the CRF
receptor 2, the CRF binding protein, and the AVP receptor
1B (Claes et al, 2003; van West et al, 2004; Villafuerte et al,
2002).

The aim of this study was therefore to examine whether
genetic variations in NR3CI might contribute to the liability
to develop MDD. Here, we identified SNPs in NR3CI and
subsequently analyzed them in a genetic association study
in two geographically different samples of patients with
MDD and healthy control individuals.

MATERIALS AND METHODS

Patient-Control Samples

Belgian sample. The Belgian patient sample consisted of
180 unrelated MDD patients. The gender ratio was 132 F/48
M, and mean age at inclusion was 53.1 years + 13.5. Patients
were diagnosed by a semistructured interview (Mini
International Neuropsychiatric Interview, MINI) (Sheehan
et al, 1998) by a trained psychiatrist and diagnoses were
made according to the Research Diagnostic Criteria (RDC).
All patients had at least two well-defined episodes of MDD
as defined by DSM-IV (American Psychiatric Association,
1994). Family data were assessed using the Family History
RDC instrument (Andreasen et al, 1977). When available,
family data were also collected from relatives. All indivi-
duals were ascertained at the Department of Psychiatry of
the Erasme Hospital in Brussels, Belgium.

In the Belgian control group (n =173), individuals with a
positive personal history of psychiatric disorder were
excluded using the Schedule for Affective Disorders and
Schizophrenia-Lifetime Version (SADS-LA40). The gender
ratio was 109 F/64 M, and mean age was 51.6 years + 13.0.
Family history of psychiatric disorders was assessed using
the Family History RDC instrument (Andreasen et al, 1977),
and individuals with first-degree relatives showing mood
disorders were excluded. There were no statistically
significant differences between patient and control indivi-
duals for age and ethnicity; a borderline significant
difference between patient and control individuals was
found for gender.

Swedish sample. The Swedish patient sample consisted of
134 unrelated MDD patients. The gender ratio was 87 F/47
M, and the mean age at inclusion was 68.6 years+ 15.0.
Patients were diagnosed using a semistructured interview
(MINTI) (Sheehan et al, 1998) by a trained psychiatrist and
diagnoses were made according to the RDC. All patients had
at least two well-defined episodes of MDD as defined by
DSM-IV (American Psychiatric Association, 1994).

The Swedish control individuals (n=181) were selected
from a random population-based study. Individuals with a
lifetime history of psychotic disorders according to a
clinical interview were excluded. This means that no
individuals with a lifetime history of schizophrenia or of
bipolar disorder were included in the Swedish control
population, but it is not excluded that a small minority of
these individuals has suffered from MDD without psychotic
features.
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Individuals with a lifetime history of psychotic disorders
according to a clinical interview were excluded. The gender
ratio was 117 F/64 M, and the mean age 71.6 years+11.6.

There were no statistically significant differences between
patient and control individuals for age, gender, and
ethnicity. All originated from the same geographical region
in the north of Sweden (County of Viserbotten), and were
ascertained at the Department of Psychiatry of the
University of Umea, Sweden.

All patients and control individuals had grandparents of
Swedish or Belgian nationality. respectively. The Medical
Ethical Committees of the Universities of Umea, Brussels,
and Antwerp approved the research project, and patients
were included after having signed an informed consent.

SNP Detection by Sequencing

Genomic DNAs extracted from whole blood of 24 unrelated
Belgian affective disorder patients were used to detect SNPs
in NR3CI. This allows to detect all SNPs with a frequency of
the minor allele of 2% or more.

The use of DNA of patients is expected to increase the
likelihood that rare SNPs, enriched in patients, are detected.
Approximately 10 ng of genomic DNA and 10 pmol of each
primer were used in a standard PCR reaction. More
information on the sequencing primers is shown in Table 1
(GenBank acc. no. NM_000176).

Direct sequencing of PCR products was performed using
the Big Dye terminator cycle sequencing kit v3.0 (Applied
Biosystems, PE) according to the manufacturer’s protocol.
Sequencing reactions were run on an ABI 3700 automated
sequencer. Data were collected and analyzed using the ABI
DNA sequencing software version 3.6. SNPs were identified
using the SeqManll software version 4 (DNASTAR Inc.).
PCR products where purified using Exo-SAP-It (Amersham
Bioscience) as described by the manufacturer. Purified
fragments were bidirectional sequenced.

SNP Analysis by Pyrosequencing

Biotinylated PCR products were immobilized onto strepta-
vidin-coated paramagnetic beads (Dynal AS, Oslo, Norway).
Biotinylated ssDNA was obtained by incubating the
immobilized PCR product in 50pl of 0.5M NaOH for
5 min followed by two sequential washes in 100 pl of 10 mM
Tris-acetate pH 7.6. Primer annealing was obtained by
incubation at 80°C for 2 min and then at room temperature
for 5min. Pyrosequencing was performed on the PSQ96
pyrosequencer (Pyrosequencing AB, Uppsala, Sweden).

Statistical Analysis

The GENEPOP program (Raymond and Rousset, 1995) was
used to compare overall allele and genotype distributions
for each SNP in MDD patients and controls and to test
Hardy-Weinberg equilibrium. GENEPOP estimates exact p-
values using the Markov chain method; for all four analyses,
the dememorization number used was 1000, with 1000
batches and 10000 iterations per batch. The corresponding
exact p-values were not corrected for multiple testing. To
estimate SNP haplotype frequencies in patients and control
individuals, the expectation maximization (EM) algorithm
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Table | Primers Used for SNP Detection

Location Orientation Primer Tm
Prom A F CTCCTTTCTCAGGACGGACCAC 64
R CGGCGCATACGTACTTTGG 63
Prom B F TGGGTTCTGCTTTGCAACTTCTC 65
R CACACACGCGCTCCCACT 65
Prom C F CTTTTATTAGCCTCGGGGAGTGG 64
R GCGAGGTTAAAAGAGAAGTACGTCCA 65
Exon | F GGATTCTGTGGGTGGAAGGAGAC 65
R CCTGCGGAGGGAGAGGAAG 65
Exon 2a F AAAGGTTCATTTAACAAGCTGCCTCT 64
R CAGCAGTGGATGCTGAACTCTTG 65
Exon 2b F AGGGCCAAATCAGCCTTTCCT 65
R CCCCAGGGGTGCAGAGTTC 65
Exon 2c F GGATAATGGAGATCTGGTTTTGTCA 62
R TTTCCTACTTTCAAAAGGCCACTTA 62
Exon 3 F CTGCTAGCACTTGAAGCCAGAG 62
R TGTTTTAAATACTTTCCTGCCCATT 6l
Exon 4 F CAGTTTGTTGAACAGAAAAAGGGAGA 64
R CAGTGTGTGTAAGAAGAACTGGTGGA 64
Exon 5 F TTCTCCTTTTCCATGTCACTTTATCA 62
R GTCCCCAGAACTAAGAGAAACAAGA 6l
Exon 6 F CAAGAGGGTTTGTGAGTCTTAAAGTG 62
R CATGTCCTGGGACAGTAATAATGC 62
Exon7 F TTGCAGTAGTTGTTTTTCTTTATGA 57
R CTATGCAGCTCATATACCTCTCTGT 58
Exon 8 F CCTTTTAGTTCCTAAGGACGGTCTGA 64
R CTCAAGCTATCACCAACATCCACA 63
Exon 9a F TTTTTCATCTGGGGAATTCCAGT 63
R TCAGGTTTCCATGCATAAATCAAA 63
Exon 9b F TGGATGAAATTTTCTAGACTTTCTG 58
R TCAGTAGCTGAGCTTTCCTGTACCA 64
Exon 9¢ F AATATGGCAAAAATGGCTAGACACC 63
R TGTAAAGCTGCAGTAGCCCTTCC 64
Exon 9d F CAGGAGACAGGAAGGTGGTGCT 65
R GCCAAGATTGTTGGGATGAAAATC 65
Exon 9e F TTGGTGCCTAAGAAAACTGCTTGA 64
R CCCCAAAAGTGTTATGTCCTAAGTGC 65
Exon 9f F TAAACCCTTTGGGTGGAGTTTCG 65
R ACAGTCTGACATTTCACTGCGTAGGT 64

F: forward; R: reverse; T, melting temperature.

provided by the STATA statistical package was applied
(http://www-gene.cimr.cam.ac.uk/clayton/software/stata). A
two-tailed significance level of 5% was used for each test.

RESULTS
SNP Detection and Genotyping

Validation of publicly available SNPS. Existing databases
were consulted for known SNPs within NR3CI. The NCBI
SNP database (http://www.ncbi.nlm.nih.gov/SNP/) and
the HGBase variation database (http://www.hgbase.de/)



contained 14 SNPs. Three of the 14 database SNPs were
polymorphic (HGBASE reference 6633, 6664, and 6656) by
PCR amplification in 24 patients. These SNPs are R23K,
N363S, and N766N, respectively.

Detection of novel SNPS. Subsequently, primer pairs were
designed to amplify all exons and flanking intron
sequences. PCR products were analyzed for sequence
variations using sequencing. This resulted in the one
additional SNP in the promoter sequence, which we labeled
NR3CI-1. The location and exact nomenclature of the four
NR3C1 SNPs are shown in Table 2 and schematically
represented in Figure 1. Two SNPs in exon 2 of NR3CI
predict amino-acid substitutions.

The four NR3C1 SNPs were subsequently genotyped by
pyrosequencing in two patient-control samples ascertained
in northern Sweden and Belgium (Table 3). In both control
populations, the allele and genotype distributions of all four
SNPs were in Hardy-Weinberg equilibrium (p>0.05).
Minor allele frequencies of the four SNPs varied from 2 to
24% in northern Swedish, and from 3 to 14% in Belgian
control individuals (Table 3).

SNP Association Analysis

In the Belgian patient-control sample, a significant
difference in allele distribution between patients and
controls was observed for NR3CI-1 (p=0.02) (Table 3),
with the minor allele C more frequently present in controls.
For the Swedish patient-control sample, a significant
difference in allele distribution between patients and
controls was observed for R23K (p =0.02) (Table 3), with
the minor allele A more frequently present in patients. In
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the genotype distributions, this is reflected by a significant
increase of CT heterozygotes of NR3CI-1 in the Belgian
controls (p=0.02) and of AG heterozygotes of R23K
(p=0.02) in the Swedish patients (Table 3).

SNP Haplotype Analysis

We estimated the SNP haplotype frequencies in patients and
control individuals using the EM algorithm embedded in
the program STATA. In the Belgian patient-control sample,
six haplotypes represented >99% of the total haplotype
diversity present in patients and control subjects. The
overall distribution of the six haplotypes was significantly
different between patients and controls (p=0.04). In the
Swedish patient-control sample, five haplotypes repre-
sented >98% of the total haplotype diversity present in
patients and control subjects. Also here, the overall
distribution of these five haplotypes was significantly
different between patients and controls (p = 0.03).

When looking at the sliding window of respectively two,
three, and four SNPs (Table 4), in the Swedish sample all
haplotypes in which SNP NR3CI-1 or R23K are included
show a significant difference in haplotype distribution
between patients and controls. The main haplotype driving
the significant finding is the CAAT haplotype, which was
found in 5% of MDD patients and in 1% of control
individuals. Only the two-SNP window containing N363S-
N766N vyields no evidence for association. In the Belgian
sample, all windows including SNP NR3CI-1 show a
significant difference in haplotype distribution between
MDD and control individuals. Here, the positive association
is most probably due to haplotype CGAT with a frequency
of 7% in MDD patients and 11% in controls.

Table 2 Location, Nomenclature, and Primers of Four SNPs in NR3C|

Genomic Nucleotide Amino-acid dbSNP
Name location change change reference PCR primers SNP primers
NR3CI-1 Promoter  g—-3211T>C — rs10482605 F-GAGCTCCCGAGTGGGTCT CCAACACCCAGGAAAA
R-GAACGATGCAACCTGTTGGT
R23K Exon 2 c68G>A Arg23Lys rs6190 F-CAAGCTGCCTCTTACTAATCG CCCAGGTCATTTCCCATCAC
R-CCCAGGTCATTTCCCATCAC
N363S Exon 2 c.1088A>G Asn363Ser rs1800445 F-ACCGGACACTAAACCCAAAA GATCCTTGGCACCTA
R-TCAGAGTCCCCAGAGAAGTCA
N766N Exon 9alfa  ¢2298T>C — rs6196 F-GGGAATTCCAGTGAGATTGG AGAAG GATA
R-CAACTGCTTCTGTTGCCAAG
F: forward; R: reverse.
NR3C1-1 R23K N363S N766N
ATG
N ] V j
SUTR gy Ex2 Ex3 Ex4 Ex5 Ex6 Ex7 Ex8 Ex9 Ex9p 3 UTR
Figure | Schematic representation of the genomic localization of four SNPs of NR3C/ (Table ).
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Table 3 Genotypic and Allelic Distribution (%) of NR3C| SNPs in MDD Patients and Control Individuals (CO)

Genotypic differentiation

Allelic differentiation

SNP Sample 1-1 (%) 1-2 (%) 2-2 (%) p-value 1 (%) 2 (%) p-value
NR3CI-1 Belgian MDD 86 I3 I 92 8

Belgian CO 75 23 2 0.02 87 I3 0.02

Swedish MDD 76 23 I 88 12

Swedish CO 84 I5 I 0.19 91 9 0.17
R23K Belgian MDD 94 6 0 97 3

Belgian CO 95 5 0 082 97 3 0.82

Swedish MDD 89 10 I 94 6

Swedish CO 96 4 0 0.02 98 2 0.02
N363S Belgian MDD 91 9 0 96 4

Belgian CO 95 5 0 022 97 3 0.22

Swedish MDD 91 8 I 95 5

Swedish CO 95 4 I 023 97 3 0.20
N766N Belgian MDD 74 22 4 85 I5

Belgian CO 73 25 2 076 86 14 0.75

Swedish MDD 58 41 I 78 22

Swedish CO 57 37 6 0.50 76 24 0.52
GENEPORP estimates exact p-values using the Markov chain method. The SNP alleles were coded as follows: NR3CI-I: | =T, 2=C; R23K' | =G, 2=A; N363S:

| =A2=G; N766N: | =T,2=C
P-values <0.05 are indicated in bold.

In all samples, strong LD was observed between NR3CI-1
and R23K. However, there was no significant evidence for
LD for all other SNP combinations. This could be due to the
low frequency of the minor allele of SNPs R23K and N363S.

In principle, it is possible to translate the positive
haplotype association findings into odds ratios. For
example, the CA haplotype for SNPs NR3CI-1/R23K, which
was associated with the Swedish population (cf Table 4),
results in an increased risk for MDD with an odds ratio of
4.58 (CI 1.48-14.21). However, given the uncertainty as to
which haplotype specifically increases the risk, it did not
seem particularly useful to calculate odds ratios for all
positive association findings.

DISCUSSION

This study offers a systematic detection of SNPs in NR3CI
and subsequent association analysis in two clinically well-
defined samples of MDD patients and matched control
individuals ascertained in northern Sweden and Belgium.
We compared allele and genotype frequencies of four SNPs
in the Belgian and Swedish MDD patients and control
individuals. In the Belgian sample, one SNP in the promoter
region showed a significant association with MDD; in the
Swedish sample, one SNP in exon 2 showed a significant
association with the disorder.

By evaluating haplotypes rather than single loci, the loss
of information attributable to biallelic rather than multi-
allelic loci can be compensated, potentially resulting in
increased informativity in the association analysis. The
haplotype analysis shows that in both populations, haplo-
types containing SNPs NR3CI-1 and/or R23K show evidence
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for association. SNPs NR3CI-1, R23K, and N363S are located
relatively close together, whereas SNP N766N is separated
by about 100kb from SNP N363S. According to HAPMAP
(www.hapmap.org), the GR gene contains several haplotype
blocks. This is the case using the four-gamete approach;
other approaches, including the conservative approach of
Gabriel, suggest that HAPMAP data indicate a large region
of LD in this area. This is also generally borne out by newer
Perlegen data. The data are compatible with an associated
haplotype spanning part of the promoter region and of the
5' region of the gene.

SNP N363S causes an asparagine-to-serine change in
codon 363 of the NR3C1 protein. This polymorphism has
been related to an altered sensitivity to glucocorticoids
(Huizenga et al, 1998). In a group of 216 elderly persons,
they identified 13 heterozygotes for the asn363-to-ser
polymorphism by PCR/SSCP analysis. Thus, they found
the polymorphism in 6.0% of the studied population.
Huizenga et al (1998) concluded that individuals carrying
this polymorphism were clinically healthy, but had a higher
sensitivity to exogenously administered glucocorticoids,
with respect to both cortisol suppression and insulin
response. Huizenga et al (1998) further speculated that
lifelong exposure to the mutated allele may be accompanied
by an increased body mass index and a lowered bone
mineral density in the lumbar spine with no effect on blood
pressure. However, it is improbable that in our study the
codon 363 SNP drives the association at the haplotype level,
since it does not show evidence for association in the single
SNP association approach. SNP R23K leads to an Arg23Lys
mutation, which has been associated with (relative)
resistance to glucocorticosteroids (van Rossum et al,
2002). This polymorphism shows evidence for association
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Table 4 Haplotype Analyses Using a Sliding Window of Two, Three, and Four SNPs

Swedish sample

Belgian sample

Window SNP NR3CI Alleles MDD (%) CO (%) P-value MDD (%) CO (%) P-value
2 SNP NR3CI-I TG 088 091 0.01 091 087 0.02
R23K CG 007 008 007 0.11

CA 005 00l 00l 002
TA 00l 0.00
R23K GA 090 095 0.03 093 095 0.54
N363S GG 004 003 004 003
AA 005 002 003 002
AG 00l 000
N363S AT 0.74 073 03I 0.80 0.84 035
N766N AC 022 024 0.16 0.14
GT 004 003 004 002
3 SNP N3RCI-I TGA 083 088 0.02 087 0.84 0.02
R23K TGG 005 003 004 003
N363S CGA 007 008 007 0.1
TAA 00l 0.00
CAA 005 00l 00l 002
R23K GAT 068 072 0.0l 078 08l 058
N363S GAC 022 024 0.16 0.14
N766N GGT 004 003 004 003
AAT 006 00l 002 002
4 SNP N3RCI-| TGAT 061 0.64 0.03 071 070 0.04
R23K TGAC 022 024 0.16 0.14
N363S TGGT 005 003 004 003
N766N CGAT 007 008 007 0.11
CAAT 005 00l 00l 002
TAAT 00l 0.00

The expectation maximization (EM) algorithm provided by STATA statistical package was applied.

P-values <0.05 are indicated in bold.

in the Swedish sample, but not in the Belgian one. It is
impossible to conclude from our study whether this SNP is
responsible for the association seen at the haplotype level.
However, Russcher et al (2005) postulated that a higher
expression of the less transcriptionally active GR-A iso-
forms, and thus a lower expression of the more transcrip-
tionally active GR-B isoforms mainly cause a decrease in
glucocorticoid sensitivity. This shift in GR-A/GR-B expres-
sion ratio is evoked by the ER22/23EK polymorphism,
possibly by changing the secondary structure of the mRNA
of the GR, causing more translation initiation from the first
AUG start site.

A first point of concern might be that the association at
the haplotype level is mainly driven by rare haplotypes, with
frequencies around 5%, and that the estimation of rare
haplotypes with EM algorithms might be less reliable.
However, in a recent study, Adkins (2004) showed that the

estimation of haplotypes with a frequency of 1% or more
is highly reliable using an EM approach. Furthermore, the
accuracy of the haplotype estimation method in this study
can be appreciated by comparing the estimated number of
homozygotes for the major haplotype with the actually
counted number of homozygotes. For the Belgian popula-
tion, the frequency of the major haplotype was 71% in both
patients and control individuals, implying a homozygosity
frequency of 50% in both groups. Actual counting showed
frequencies of 53 and 52%, respectively, in patients and
control individuals. In the Swedish population, the major
haplotype had an estimated frequency of 61% in patients
and 63% in control individuals. This implies that the
homozygosity frequency for this haplotype was 37 and 40%,
respectively, assuming that the haplotype distribution in the
population is in Hardy-Weinberg equilibrium. Actual
counting of homozygotes showed a frequency of 38% in
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patients and 40% in controls. These data support the
accuracy of the haplotype estimations.

A second point of concern is the risk of false positive
findings due to multiple comparisons. After Bonferroni
correction for multiple testing, the significance of the SNP
association findings will be reduced. However, in the sliding
window haplotype association analysis, eight out of 12
distribution comparisons showed p <0.05, specifically these
analyses containing one or more SNPs located at the 5
end of the gene. This is unlikely to be caused by chance.
Furthermore, the six haplotype distribution comparisons in
each sample are all strongly dependent upon each other,
implying that a correction for six independent tests would
be much too conservative. Therefore, the significance of the
haplotype association findings would survive appropriate
correction for multiple testing.

To summarize, the results of this study imply that a
genetic variation in the promoter region or the 5’ end of the
NR3CI gene plays a role in the vulnerability for MDD in the
general population. However, the results obtained in both
populations are quite different, and no corrections were
made for multiple testing; therefore, these results should be
interpreted cautiously. Other genetic factors may also lead
to a dysfunction of the GR. Recently, Binder et al (2004)
found that an intronic polymorphism in FKBP5, a GR-
regulating cochaperone of hsp-90, was highly associated
with increased response to antidepressant treatment and
postulated a central role of genes regulating the HPA axis in
the causality of depression and the mechanism of action of
antidepressant drugs. Clearly, the function of the HPA axis
and the clinical appearance of MDD are complex pheno-
types, influenced by many genes and environmental con-
ditions, most single genes probably accounting for only a
small proportion of phenotype variability.

A next logical step would be to sequence the whole
associated 5’ region in all patients and controls, in order to
reveal all the genetic variation present there. Subsequently,
functional studies would be needed to determine the impact
of each SNP on the expression of the GR gene, and to
identify the SNP that underlies the association.
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