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Context: The human glucocorticoid receptor � (GR�) is a nuclear hormone receptor that regulates

multiple physiological and pathophysiological processes. There are large variations in both phys-

iological and therapeutic response to glucocorticoids. Multiple previous studies suggested that

genetic polymorphisms in GR� (NR3C1) might play an important role.

Objective: The aim of the study was to identify and determine the functional implications of

common genetic variation in NR3C1.

Design: We resequenced the NR3C1 gene using 240 DNA samples from four ethnic groups, fol-

lowed by functional characterization of the effects of selected polymorphisms.

Results: A total of 108 polymorphisms were identified in GR�, including nine nonsynonymous

coding single nucleotide polymorphisms (cSNPs) and four synonymous cSNPs with a minor allele

frequency greater than 5%. Functional studies showed that SNPs encoding Phe(65)Val and

Asp(687)Glu displayed slightly increased levels of protein compared with WT, and Asp(687)Glu also

caused increased GR� receptor number. In addition, Ala(229)Thr and Ile(292)Val showed slightly

decreased ligand binding affinity in COS-1 cells. A genotype-phenotype association study of

NR3C1 gene expression in 240 lymphoblastoid cell lines identified one SNP, Cm746T�C, located

5�-upstream of noncoding exon 1C, and one haplotype, Cm237delC/Cm238C�T/Cm240G�C in

exon 1C of the gene that were associated with GR� mRNA expression and a trend with GR�

number.

Conclusions: These results represent a step toward understanding the functional role of common

sequence variation in the GR� gene (NR3C1) and the potential application of those SNPs in trans-

lational studies. (J Clin Endocrinol Metab 94: 3072–3084, 2009)

The glucocorticoid receptor (GR), encoded by NR3C1, be-

longs to the nuclear hormone receptor superfamily. GR� is

the predominant alternatively spliced product of the NR3C1

gene and is expressed in the cytoplasm of most cells (1). GR� is

another alternatively spliced product of NR3C1 differing only in

the final exon, exon 9. In this paper, we focused mainly on the

GR�, realizing that the same single nucleotide polymorphisms

(SNPs) could also play a role in GR� function. GR� can influence

gene transcription through glucocorticoid response elements

(GRE) upon binding glucocorticoid (2). Synthetic glucocorti-

coids such as dexamethasone and prednisone have a variety of

actions (3). However, serious side effects can occur after long-term

treatment with these agents (4). In addition, GR� might influence

drug-drug interactions by altering drug metabolism through the
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regulation of cytochrome P450 gene expression (5). Therefore,

GR� pharmacogenomics might be medically important.

NR3C1 encodes a 94-kDa protein that includes three classical

domains: the N-terminal domain, the central DNA binding do-

main, and the C-terminal ligand binding domain (6). It contains

eight coding exons (exon 2–9) and at least nine tissue-specific

noncoding exon 1s with alternative splice sites (7, 8). Previous

studies have shown that polymorphisms in the coding and reg-

ulatory regions are associated with disease risk and response to

glucocorticoids (9–18). To characterize further the genetic vari-

ation within this important gene, we resequenced NR3C1 using

240 DNA samples from four ethnic groups, followed by func-

tional genomics. We also performed genotype-phenotype asso-

ciation studies with GR� expression levels in the same lympho-

blastoid cell lines from which DNA used to resequence NR3C1

was obtained. These studies represent a step toward determining

the functional implications of common genetic variation in GR�

and their possible role in disease pathophysiology and drug treat-

ment response.

Materials and Methods

DNA samples and lymphoblastoid cell lines

DNA samples and lymphoblastoid cell lines from 60 Caucasian-Amer-

ican (CA), 60 African-American (AA), 60 Han Chinese-American (HCA),

and 60 Mexican-American (MA) subjects (sample sets HD100CAU,

HD100AA, HD100CHI, and HD100MEX) were purchased from the Co-

riell CellRepository (Camden,NJ).Thesesampleshadbeenanonymizedby

the National Institute of General Medical Sciences, and all subjects had

provided written consent for their experimental use. This study was re-

viewed and approved by the Mayo Clinic Institutional Review Board.

GR� gene (NR3C1) resequencing

NR3C1 (NT_029289.10) was resequenced for coding exons 2–9

(GR�), nine upstream noncoding exons, approximately 1000 bp up-

stream of exons 1A and 1D and intron sequence between the remainder

of the noncoding exon 1s. We also resequenced exon-intron splice junc-

tions, a portion of the 3�-untranslated region (UTR), and two regions in

introns 1A3 and 7 with high sequence homology among primates. Prim-

ers used for gene resequencing are listed in Supplemental Table 1 (pub-

lished as supplemental data on The Endocrine Society’s Journals Online

web site at http://jcem.endojournals.org). Amplicons were sequenced

on both strands with an ABI 3730 DNA sequencer (Applied Biosys-

tems, Foster City, CA). Independent amplifications were performed

for samples in which a SNP was observed only once or any sample with

an ambiguous chromatogram. The chromatograms were analyzed

with Mutation Surveyor (SoftGenetics, State College, PA).

NR3C1 expression and exon array analysis

Expression array analyses were performed using Affymetrix U133

Plus 2.0 GeneChips as described previously (19). Exon array analysis was

performed with Affymetrix Human Exon 1.0 ST Array chips using total

RNA extracted from eight lymphoblastoid cell lines, two from each eth-

nic group. Expression array data were normalized by GC Robust Multi-

array Average background adjustment (20).

Expression constructs

The wild-type (WT) plasmids, pRShGR� expressing human GR

(hGR) � (NM_000176) and pRShMR expressing the mineralcorticoid

receptor (NM_000901), were provided by Dr. Ronald Evans (Salk In-

stitute, La Jolla, CA). Variant nucleotides were introduced by site-di-

rected mutagenesis with pRShGR� as template. WT and variant open

reading frames (ORFs) were cloned into pcDNA3.1/V5-His-TOPO� (In-

vitrogen, San Diego, CA) and were used in the following transfections.

The primers used to perform site-directed mu-

tagenesis are listed in Supplemental Table 1. We

also obtained a pMMTV-luc plasmid (American

Type Culture Collection, Manassas, VA) that con-

tainsaGREupstreamofafirefly luciferaseORF.The

phRL-CMV vector encoding Renilla luciferase and

the pSV40-�-galactosidase encoding �-galactosi-

dase were purchased from Promega (Madison, WI).

Cell culture

COS-1 cells and lymphoblastoid cells were cul-

tured as described previously (21). Human Raji

and Jurkat cells were cultured in RPMI 1640 me-

dium containing 10% heat-inactivated fetal bo-

vine serum.

Western blot analyses

COS-1 cells in 12-well plates were trans-

fected with 5 �g expression constructs together

with 1 �g pSV40-�-galactosidase as a control for

transfection efficiency using 7 �l Lipofectamine

2000 (Invitrogen). Cell supernatants, after cor-

rection for �-galactosidase activity, were loaded

on 12% sodium dodecyl sulfate gels. Proteins

were detected with anti-GR P20 (1:200) poly-

clonal antibody (Santa Cruz Biotechnology,

Santa Cruz, CA) and secondary antibody. Re-

sults were quantified with the AMBIS Radioana-

lytic Imaging System (Ambis, Inc., San Diego,

CA). Data were expressed as percentages of the

intensity of the WT GR� protein band.

FIG. 1. hGR� gene (NR3C1) structure and polymorphisms. Schematic representation of hGR� gene

(NR3C1). Exons are represented as rectangles, with black rectangles indicating the ORF and white

rectangles indicating UTRs. Arrows indicate the locations of polymorphisms, with colors representing

minor allele frequencies. Red arrows indicate polymorphisms with frequencies of more than 10%,

whereas blue arrows and black arrows indicate polymorphisms with frequencies from 1 to 10% and of

less than 1%, respectively.

J Clin Endocrinol Metab, August 2009, 94(8):3072–3084 jcem.endojournals.org 3073

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jc
e
m

/a
rtic

le
/9

4
/8

/3
0
7
2
/2

5
9
7
5
0
3
 b

y
 g

u
e
s
t o

n
 0

5
 A

u
g
u
s
t 2

0
2
1



TABLE 1. Human GR� gene (NR3C1) resequencing

No. Location Nucleotide SNPs

Ancestra3variant

sequence change

Amino acid

change

Minor allele frequencies

rs (dbSNP)AA CA HCA MA

1 5�FR of exon 1A1 �1141 Am1141 G3C 0.000 0.000 0.008 0.000

2 5�FR of exon 1A1 �1133 Am1133 G3A 0.008 0.075 0.092 0.225 rs41400245

3 5�FR of exon 1A1 �968 Am968 A3T 0.008 0.000 0.000 0.000

4 5�FR of exon 1A1 �857 Am857 Deletion of A 0.108 0.000 0.000 0.008 rs61757424

5 5�FR of exon 1A1 �438 Am438 C3T 0.075 0.000 0.000 0.000 rs6868190

6 5�FR of exon 1A1 �226 Am226 C3T 0.000 0.000 0.017 0.000

7 Exon 1A1 �176 Am176 G3T 0.000 0.000 0.017 0.000

8 Exon 1A1 �175 Am175 Deletion of G or SNP of T 0.017 0.008 0.000 0.000 rs60488854

9 Exon 1A1 �112 Am112 T3C 0.008 0.000 0.000 0.000

10 Exon 1A2 �16 Am16 T3G 0.008 0.000 0.000 0.000

11 Exon 1A3 �607 Am607 G3A 0.000 0.000 0.025 0.017 rs61757433

12 Exon 1A3 �603 Am603 T3G 0.000 0.000 0.017 0.017 rs61757434

13 Exon 1A3 �101 Am101 G3A 0.000 0.000 0.017 0.000 rs61757436

14 Intron 1A3 35 p35 G3A 0.017 0.000 0.000 0.008

15 5�FR of exon 1-D �988 to�987 Dm988 Deletion of AT 0.008 0.000 0.000 0.000

16 5�FR of exon 1-D �987 Dm987 T3C 0.000 0.000 0.025 0.000

17 5�FR of exon 1-D �925 Dm925 A3G 0.042 0.000 0.025 0.000

18 5�FR of exon 1-D �742 Dm742 C3T 0.000 0.000 0.000 0.017

19 5�FR of exon 1-D �693 Dm693 A3G 0.000 0.000 0.008 0.000

20 5�FR of exon 1-D �531 Dm531 T3C 0.000 0.000 0.008 0.000

21 5�FR of exon 1-D �459 Dm459 C3G 0.000 0.000 0.017 0.000

22 5�FR of exon 1-D �317 Dm317 G3C 0.008 0.000 0.000 0.000

23 Exon 1-D �140 Dm140 A3T 0.025 0.000 0.000 0.000

24 Exon 1-D �33 Dm33 G3C 0.025 0.000 0.000 0.000 rs35722527

25 Intron 1-D 102 p102 G3A 0.000 0.017 0.017 0.008 rs10482603

26 Intron 1-D 157 p157 G3A 0.000 0.017 0.000 0.000 rs61759003

27 5�FR of exon 1-E �139 Em139 G3A 0.008 0.000 0.000 0.000 rs61759005

28 5�FR of exon 1-E �133 Em133 A3G 0.000 0.000 0.008 0.000

29 5�FR of exon 1-E �58 Em58 Insertion of A 0.042 0.000 0.000 0.000

30 5�FR of exon 1-B �237 Bm237 A3G 0.000 0.000 0.025 0.000

31 5�FR of exon 1-B �189 Bm189 T3G 0.164 0.175 0.058 0.050 rs3806855

32 5�FR of exon 1-B �187 Bm187 T3C 0.164 0.175 0.058 0.050 rs3806854

33 5�FR of exon 1-B �174 to�172 Bm174 Deletion of GCC 0.034 0.000 0.017 0.000

34 Exon 1-B �10 Bm10 Insertion of C 0.083 0.075 0.175 0.017 rs5871845

35 Exon 1-B �9 Bm9 G3A 0.000 0.000 0.017 0.000 rs36208514

36 5�FR of exon 1-F �208 Fm208 C3G 0.000 0.000 0.008 0.000

37 5�FR of exon 1-F �175 Fm175 T3C 0.008 0.000 0.000 0.000

38 5�FR of exon 1-F �137 Fm137 G3A 0.000 0.017 0.000 0.000 rs36208517

39 Exon 1-F �52 Fm52 A3G 0.042 0.000 0.025 0.000 rs10482604

40 5�FR of exon 1-C �746 Cm746 T3C 0.075 0.183 0.000 0.133 rs10482605

41 5�FR of exon 1-C �710 Cm710 G3A 0.000 0.000 0.008 0.000

42 5�FR of exon 1-C �475 Cm475 C3T 0.008 0.000 0.000 0.000 rs61759010

43 Exon 1-C �312 Cm312 T3G 0.000 0.017 0.017 0.008 rs10482609

44 Exon 1-C �240 Cm240 G3C 0.058 0.000 0.000 0.017

45 Exon 1-C �238 Cm238 C3T 0.058 0.000 0.000 0.017 rs10482611

46 Exon 1-C �237 Cm237 Deletion of C 0.058 0.000 0.000 0.017

47 5�FR of exon 1-H �455 Hm455 C3T 0.008 0.000 0.000 0.000 rs61759017

48 5�FR of exon 1-H �371 Hm371 T3A 0.008 0.000 0.000 0.000 rs61759019

49 5�FR of exon 1-H �338 Hm338 T3C 0.000 0.000 0.008 0.000

50 5�FR of exon 1-H �236 Hm236 G3A 0.167 0.167 0.058 0.050 rs10482614

51 Exon 2 66 E2p66 G3A 0.008 0.017 0.000 0.008 rs6189

52 Exon 2 68 E2p68 G3A Arg (23) Lys 0.008 0.017 0.000 0.008 rs6190

53 Exon 2 72 E2p72 A3G 0.000 0.000 0.008 0.000

54 Exon 2 193 E2p193 T3G Phe (65) Val 0.042 0.000 0.000 0.000 rs6192

55 Exon 2 295 E2p295 G3A Gly (99) Arg 0.008 0.000 0.000 0.000

56 Exon 2 624 E2p624 G3A 0.008 0.000 0.000 0.000

57 Exon 2 685 E2p685 G3A Ala (229) Thr 0.000 0.008 0.000 0.000

58 Exon 2 804 E2p804 C3T 0.000 0.000 0.008 0.000 rs6199

59 Exon 2 874 E2p874 A3G Ile (292) Val 0.000 0.000 0.008 0.000

60 Exon 2 879 E2p879 G3A 0.092 0.000 0.000 0.017 rs10482622

61 Exon 2 885 E2p885 G3A 0.000 0.000 0.000 0.008

62 Exon 2 897 E2p897 A3G 0.000 0.000 0.025 0.000 rs13306588

63 Exon 2 973 E2p973 A3G Ser (325) Gly 0.000 0.000 0.000 0.008

64 Exon 2 1088 E2p1088 A3G Asn (363) Ser 0.000 0.058 0.000 0.017 rs6195

65 Exon 3 1242 E3p1242 A3G 0.000 0.000 0.025 0.000

66 Intron 3 �57 I3m57 T3G 0.000 0.000 0.025 0.000 rs3822376

67 Intron 3 �46 I3m46 G3C 0.000 0.008 0.000 0.000 rs61753484

68 Intron 4 �16 I4m16 G3T 0.300 0.350 0.083 0.175 rs6188

69 Intron 4 �9 I4m9 T3A 0.008 0.000 0.000 0.000

70 Exon 5 1510 E5p1510 A3T Thr (504) Ser 0.000 0.000 0.008 0.000

(Continued )
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Intact cell dexamethasone binding assays

COS-1 cells transfected with 1 �g GR� expression construct were

incubated for 1 h at 37 C with seven different concentrations (0.8 to 50

nM) of [1,2,4,6,7-H3]-dexamethasone (Amersham Pharmacia Biotech,

Little Chalfont, UK) with or without a 500-fold excess of nonradioactive

dexamethasone. Binding assays were also performed with lympho-

blastoid cells in 96-well plates with six different dexamethasone con-

centrations (0.8 to 25 nM). After washing with PBS, the cells were

harvested, and radioactivity was measured. Specific binding was cal-

culated by subtracting nonspecific binding after correction for the

empty vector background signal. Scatchard analysis was performed,

and apparent dissociation constants (Kd) and receptor number were

calculated.

Transactivation assays

COS-1 cells in 24-well plates were transfected with 0.2 �g GR� WT,

variants, or empty vector, together with 5 �g pMMTV-luc and 0.6 pg

phRL-CMV. Twenty-four hours later, cells were treated for an addi-

tional 24 h with 0, 0.1, 0.3, 1, and 500 nM dexamethasone (Steraloids,

Newport, RI). Cells were lysed, and luciferase activities were measured

using the Dual-Luciferase Reporter Assay System (Promega).

EMSA

Nuclear extracts fromRaji and Jurkat cellswere isolated (21)andquan-

tified by the method of Bradford. Biotin-labeled oligonucleotides

were used to perform EMSA. Probe sequences are listed in Supple-

mental Table 2. EMSAs were performed with the LightShift Chemi-

luminescent EMSA Kit (Pierce, Rockford, IL). A 400-fold excess of

unlabeled probe was added for the competition assays.

Data analysis

Linkage disequilibrium (LD) was determined by calculating D� and

r2 values for all possible pairwise combinations of polymorphisms (22).

LD plots for all SNPs with minor allele frequencies (MAFs) higher

than 0.001 were generated using Haploview version 4.1 (23). Hap-

lotypes were “inferred” computationally (24). The association be-

tween SNPs and GR� mRNA expression array data was determined

with PLINK (http://pngu.mgh.harvard.edu/purcell/plink/) (25). Least

square regression was used to perform the association analysis. Kd values

were calculated by nonlinear regression analysis using a one-site binding

model, and differences between groups were determined by Student’s t

test with unequal variance using the Prism program (GraphPad Software

Inc., San Diego, CA).

TABLE 1. Continued

No. Location Nucleotide SNPs

Ancestra3variant

sequence change

Amino acid

change

Minor allele frequencies

rs (dbSNP)AA CA HCA MA

71 Intron 5 89 I5p89 A3T 0.008 0.000 0.000 0.000

72 Intron 5 123 I5p123 A3G 0.000 0.008 0.000 0.000

73 Intron 5 �124 I5m124 T3C 0.008 0.000 0.000 0.000 rs10482684

74 Intron 5 �71 I5m71 C3A 0.008 0.000 0.000 0.000

75 Exon 6 1764 E6p1764 C3T 0.000 0.000 0.058 0.000 rs6194

76 Intron 7 7384 I7p7384 G3A 0.000 0.000 0.000 0.008

77 Intron 7 7446 I7p7446 G3A 0.000 0.000 0.000 0.008

78 Intron 7 7470 I7p7470 G3C 0.025 0.000 0.000 0.008

79 Exon 8 2034 E8p2034 C3T 0.167 0.000 0.058 0.000 rs258751

80 Exon 8 2061 E8p2061 T3G Asp (687) Glu 0.000 0.000 0.017 0.000

81 Intron 8 244 I8p244 T3C 0.292 0.367 0.083 0.175 rs258750

82 Intron 8 �236 I8m236 C3G 0.042 0.000 0.000 0.000 rs9324911

83 Intron 8 �184 I8m184 C3T 0.000 0.000 0.008 0.000

85 Intron 8 �158 I8m158 T3C 0.000 0.000 0.025 0.000

86 Intron 8 �157 I8m157 G3T 0.000 0.017 0.000 0.008 rs10482704

87 Intron 8 �146 I8m146 G3A 0.008 0.000 0.000 0.000 rs10482705

88 Intron 8 �43 I8m43 G3C 0.008 0.000 0.000 0.000 rs61628130

89 Intron 8 �9 I8m9 C3G 0.000 0.000 0.025 0.000

90 Exon 9 � 2250 E9p2250 C3T 0.000 0.000 0.025 0.000

91 Exon 9 � 2298 E9p2298 T3C 0.167 0.183 0.058 0.050 rs6196

92 3�UTR � 2352 pA2352 G3A 0.008 0.000 0.000 0.000

93 3�UTR � 2624 pA2624 A3C 0.000 0.000 0.025 0.000

94 3�UTR � 2744 pA2744 Deletion of T 0.025 0.000 0.000 0.025 rs10482707

95 3�UTR � 3170 pA3170 C3A 0.008 0.000 0.000 0.000 rs61753502

96 3�UTR � 3271 pA3271 C3A 0.008 0.000 0.000 0.000

97 3�UTR � 3559 pA3559 T3C 0.008 0.000 0.000 0.000 rs6197

98 3�UTR � 3560 pA3560 Insertion of ACTGAT 0.000 0.000 0.025 0.000

99 3�UTR � 3583 pA3583 Insertion of ATGT 0.000 0.017 0.000 0.008 rs10482710

100 3�UTR � 3808 pA3808 T3C 0.008 0.000 0.000 0.000

101 3�UTR � 3940 pA3940 A3G 0.000 0.000 0.000 0.008

102 3�UTR � 4214 pA4214 A3G 0.042 0.000 0.000 0.000 rs10043662

103 3�UTR � 4265 pA4265 C3T 0.000 0.000 0.008 0.000

104 3�UTR � 4332 pA4332 G3T 0.000 0.000 0.008 0.000

105 3�UTR � 4376 pA4376 C3T 0.000 0.000 0.025 0.000 rs13306586

106 3�UTR � 4378 pA4378 G3C 0.008 0.000 0.000 0.000 rs61753505

107 3�UTR � 4522 pA4522 A3G 0.083 0.000 0.000 0.000 rs6193

108 3�UTR � 4633 pA4633 A3T 0.025 0.000 0.000 0.000

Locations of polymorphisms, alterations in nucleotide and amino acid sequences, as well as observed minor allele frequencies of each SNP in four different ethnic

groups are listed. The numbering for polymorphisms in individual noncoding exon 1s and upstream 5�-FRs is based on their distance from the 3�-splice junction for that

exon. Negative or positive numbers are located 5� or 3� from this position, respectively. Letters represents individual noncoding upstream exon. Numbering for

polymorphisms in coding exons 2–9� and downstream of the 3�-UTR begins from the A of the translation initiation codon in exon 2. Variants in introns are numbered

based on their distance to the nearest splice site, with positive numbers for 3� and negative numbers for 5� splice site. rs numbers are listed when they have been

assigned. SNPs used to perform functional studies are highlighted by shading. For SNP designation, m or p indicates minus or plus. The least common allele in AA

subjects was defined as the �minor allele.�
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TABLE 2. hGR� gene (NR3C1) haplotypes with frequencies �1%

AA CA HCA MA Am1141 Am1133 Am857 Am175 Am607 Am603 Am101 Dm925 Dm742 Dm531

*1A 0.44577 0.52277 0.60201 0.47831 G G I G G T G A C T

*1B 0.04353 — — — G G I G G T G A C T

*1C 0.02613 0.01511 0.08956 0.01667 G G I G G T G A C T

*1D 0.02554 — — — G G I G G T G A C T

*1E 0.025 — — — G G I G G T G A C T

*1F 0.01701 0.12015 — 0.075 G G I G G T G A C T

*1G 0.01667 — — 0.00833 G G I G G T G A C T

*1H 0.01667 — — — G G I G G T G A C T

*1I 0.01649 — — — G G D G G T G A C T

*1J 0.00833 — — 0.025 G G I G G T G A C T

*1K — 0.11395 — 0.04167 G G I G G T G A C T

*1L — 0.01755 — — G A I G G T G A C T

*1M — 0.01667 0.01667 0.00833 G G I G G T G A C T

*1N — 0.01337 — — G G I G G T G A C T

*1O — 0.01066 — — G G I G G T G A C T

*1P — 0.00833 0.02458 — G A I G G T G A C T

*1Q — — 0.05875 0.18002 G A I G G T G A C T

*1R — — 0.02925 — G G I G G T G A C T

*1S — — 0.01667 — G G I G G T A A C T

*1T — — 0.00979 0.01667 G G I G A G G A C T

*1U — — — 0.01667 G A I G G T G A C T

*1V — — — 0.01336 G G I G G T G A T T

*2A 0.00833 — — — G G D G G T G A C T

*2B — 0.00878 — 0.00833 G G I G G T G A C T

*3 — 0.00789 — — G G I G G T G A C T

*4A 0.00407 — — — G G I G G T G G C T

*4B 0.00393 — — — G G D G G T G G C T

*4C 0.00361 — — — G G I G G T G G C T

*4D 0.00319 — — — G G I G G T G G C T

*4E 0.00303 — — — G G D G G T G G C T

*4F 0.00292 — — — G G I T G T G G C T

*4G 0.00284 — — — G G I T G T G G C T

*4H 0.00239 — — — G G I T G T G G C T

*4I 0.00226 — — — G G I G G T G G C T

*4J 0.00182 — — — G G I G G T G G C T

*4K 0.00163 — — — G G I G G T G G C T

*4L 0.00122 — — — G G I G G T G G C T

*4M 0.00112 — — — G G I G G T G G C T

*4N 0.00111 — — — G G I G G T G G C T

*4O 0.00103 — — — G G I G G T G G C T

*4P 0.001 — — — G G I G G T G G C T

*4Q 0.00093 — — — G G I G G T G G C T

*4R 0.00086 — — — G G D G G T G G C T

*4S 0.00074 — — — G G I G G T G G C T

*4T 0.00061 — — — G G I G G T G G C T

*4U 0.00046 — — — G G I G G T G G C T

*4V 0.00035 — — — G G I G G T G G C T

*4W 0.00034 — — — G G D G G T G G C T

*4X 0.00018 — — — G G I T G T G G C T

*5 0.00833 — — — G G I G G T G A C T

*6 — 0.00833 — — G G I G G T G A C T

*7 — — 0.00833 — G G I G G T G A C C

*8 — — — 0.00833 G A I G G T G A C T

*9A — 0.02633 — 0.01667 G G I G G T G A C T

*9B — 0.00833 — — G A I G G T G A C T

*9C — 0.00833 — — G G I D G T G A C T

*9D — 0.00745 — — G A I G G T G A C T

*10 — — 0.00833 — C G I G G T G A C T

*11 — — 0.01667 — G G I G G T G A C T

(Continued )
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TABLE 2. Continued

p102 Em58 Bm189 Bm187 Bm174 Bm10 Fm208 Fm137 Fm52 Cm746 Cm312 Cm240 Cm238 Cm237

G D T T I D C G A T T G C I

G D G C I D C G A T T G C I

G D T T I I C G A T T G C I

G D T T I D C G A T T G C I

G D T T I D C G A T T C T D

G D T T I D C G A C T G C I

G D G C I D C G A T T G C I

G D T T I D C G A T T G C I

G D T T I D C G A T T G C I

G D T T I D C G A T T G C I

G D G C I D C G A T T G C I

G D G C I D C G A T T G C I

A D T T I D C G A T G G C I

G D G C I I C G A T T G C I

G D T T I D C A A T T G C I

G D T T I I C G A T T G C I

G D T T I D C G A T T G C I

G D G C I D C G A T T G C I

G D T T I D C G A T T G C I

G D T T I D C G A T T G C I

G D T T I D C G A T T G C I

G D T T I D C G A T T G C I

G D T T I D C G A C T G C I

G D T T I D C G A C T G C I

G D T T I D C G A C T G C I

G I G T D D C G G T T G C I

G I T T D D C G G T T G C I

G I T T D D C G G T T G C I

G I T T D D C G G T T G C I

G I G T D D C G G T T G C I

G I T C D D C G G T T G C I

G I T T D D C G G T T G C I

G I G C D D C G G T T G C I

G I T C D D C G G T T G C I

G I T C D I C G G T T G C I

G I G T D D C G G T T G C I

G I T C I I C G G T T G C I

G I G T I I C G G T T G C I

G I G C I I C G G T T G C I

G I G C D I C G G T T G C I

G I G C D D C G G T T G C I

G I T T I I C G G T T G C I

G I T C D D C G G T T G C I

G I G T D I C G G T T G C I

G I T C D D C G G T T G C I

G I G C D D C G G T T G C I

G I T T D I C G G T T G C I

G I G C D D C G G T T G C I

G I G T D D C G G T T G C I

G D G C I D C G A T T G C I

G D T T I D C G A C T G C I

G D T T I D G G A T T G C I

G D T T I D C G A T T G C I

G D T T I D C G A T T G C I

G D T T I D C G A C T G C I

G D G C I D C G A T T G C I

G D G C I D C G A T T G C I

G D G C I D C G A T T G C I

G D T T I D C G A T T G C I

(Continued )
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Results

NR3C1 gene resequencing

NR3C1 was resequenced as described in Materials and Meth-

ods using 240 DNA samples obtained from four ethnic groups.

These resequencing data have been deposited in PharmGKB

(www.pharmgkb.org) with submission no. PS207914. Figure 1

shows locations of the polymorphisms observed, and individual

polymorphisms are listed in Table 1. A total of 108 polymor-

phisms, 57 not found in public databases (www.ncbi.nlm.nih.

gov), were identified, including 21 coding SNPs (cSNPs), nine of

TABLE 2. Continued

AA CA HCA MA Hm236 E2p66 E2p68 E2p193 E2p295 E2p624 E2p685 E2p874 E2p879 E2p973 E2p1088

*1A 0.44577 0.52277 0.60201 0.47831 G G G T G G G A G A A

*1B 0.04353 — — — A G G T G G G A G A A

*1C 0.02613 0.01511 0.08956 0.01667 G G G T G G G A G A A

*1D 0.02554 — — — G G G T G G G A G A A

*1E 0.025 — — — G G G T G G G A G A A

*1F 0.01701 0.12015 — 0.075 G G G T G G G A G A A

*1G 0.01667 — — 0.00833 A G G T G G G A G A A

*1H 0.01667 — — — G G G T G G G A G A A

*1I 0.01649 — — — G G G T G G G A A A A

*1J 0.00833 — — 0.025 G G G T G G G A G A A

*1K — 0.11395 — 0.04167 A G G T G G G A G A A

*1L — 0.01755 — — A G G T G G G A G A A

*1M — 0.01667 0.01667 0.00833 G G G T G G G A G A A

*1N — 0.01337 — — A G G T G G G A G A A

*1O — 0.01066 — — G G G T G G G A G A A

*1P — 0.00833 0.02458 — G G G T G G G A G A A

*1Q — — 0.05875 0.18002 G G G T G G G A G A A

*1R — — 0.02925 — A G G T G G G A G A A

*1S — — 0.01667 — G G G T G G G A G A A

*1T — — 0.00979 0.01667 G G G T G G G A G A A

*1U — — — 0.01667 G G G T G G G A A A A

*1V — — — 0.01336 G G G T G G G A G A A

*2A 0.00833 — — — G A A T G G G A A A A

*2B — 0.00878 — 0.00833 G A A T G G G A G A A

*3 — 0.00789 — — G A A T G G G A G A G

*4A 0.00407 — — — A G G G G G G A G A A

*4B 0.00393 — — — G G G G G G G A A A A

*4C 0.00361 — — — G G G G G G G A A A A

*4D 0.00319 — — — A G G G G G G A G A A

*4E 0.00303 — — — G G G G G G G A A A A

*4F 0.00292 — — — G G G G G G G A G A A

*4G 0.00284 — — — G G G G G G G A G A A

*4H 0.00239 — — — G G G G G G G A G A A

*4I 0.00226 — — — G G G G G G G A A A A

*4J 0.00182 — — — G G G G G G G A G A A

*4K 0.00163 — — — G G G G G G G A A A A

*4L 0.00122 — — — G G G G G G G A G A A

*4M 0.00112 — — — G G G G G G G A G A A

*4N 0.00111 — — — G G G G G G G A G A A

*4O 0.00103 — — — G G G G G G G A G A A

*4P 0.001 — — — G G G G G G G A A A A

*4Q 0.00093 — — — G G G G G G G A G A A

*4R 0.00086 — — — G G G G G G G A A A A

*4S 0.00074 — — — G G G G G G G A G A A

*4T 0.00061 — — — A G G G G G G A G A A

*4U 0.00046 — — — A G G G G G G A G A A

*4V 0.00035 — — — G G G G G G G A G A A

*4W 0.00034 — — — G G G G G G G A A A A

*4X 0.00018 — — — G G G G G G G A G A A

*5 0.00833 — — — A G G T A A G A G A A

*6 — 0.00833 — — G G G T G G A A G A A

*7 — — 0.00833 — G G G T G G G G G A A

*8 — — — 0.00833 G G G T G G G A G G A

*9A — 0.02633 — 0.01667 G G G T G G G A G A G

*9B — 0.00833 — — G G G T G G G A G A G

*9C — 0.00833 — — A G G T G G G A G A G

*9D — 0.00745 — — A G G T G G G A G A G

*10 — — 0.00833 — G G G T G G G A G A A

*11 — — 0.01667 — G G G T G G G A G A A

(Continued)

All haplotypes with frequencies of 1% or greater in at least one group are listed. Haplotypes containing a variant amino acid sequence were also included in the table

even if their frequencies were less than 1%. Nucleotide locations are numbered as described in the legend for Table 1. Haplotypes (*1, *2� *11) were designated on

the basis of variant amino acids, beginning at the N terminus and proceeding to the C terminus of the encoded protein, with the WT as *1. Subsequent letter

designations were based on haplotype frequencies. Variant nucleotides compared with �reference sequence� (i.e. the most common sequence in AA subjects) are

highlighted by shading. Dashes represent lack of that haplotype in the population indicated.
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which were nonsynonymous (Table 1). Five of the nonsynony-

mous cSNPs were reported previously, with Arg(23)Lys and

Asn(363)Ser studied widely (9–16, 26, 27). MAFs for all of the

nonsynonymous cSNPs were less than 5% in any of the four

ethnic groups, except for Asn(363)Ser, which had a MAF of

5.8% in CAs (Table 1). Among the 12 synonymous cSNPs, four

had MAFs greater than 5% in at least one ethnic group:

879G�A, 1764C�T, 2034C�T, and 2298T�C. All poly-

morphisms were in Hardy-Weinberg equilibrium except

for A2744delT in AAs (P � 0.02521) and Cm240G�C,

TABLE 2. Continued

I4m16 E5p1510 I5m71 E6p1764 I7p7470 E8p2034 E8p2061 I8p244 I8m236 I8m157 I8m43 E9p2298 pA2744 pA3271 pA3583 pA4214 pA4522

G A C C G C T T C G G T I C D A A

T A C C G T T C C G G C I C D A G

G A C C G C T T C G G T I C D A A

G A C C G T T T C G G T I C D A A

G A C C G C T T C G G T I C D A A

T A C C G C T C C G G T I C D A A

T A C C C C T C C G G C I C D A A

T A C C G T T C C G G C I C D A A

G A C C G C T T C G G T I C D A A

G A C C G C T T C G G T D C D A A

T A C C G C T C C G G C I C D A A

T A C C G C T C C G G C I C D A A

G A C C G C T T C G G T I C D A A

T A C C G C T C C G G C I C D A A

G A C C G C T T C G G T I C D A A

G A C C G C T T C G G T I C D A A

G A C C G C T T C G G T I C D A A

T A C T G T T C C G G C I C D A A

G A C C G C T T C G G T I C D A A

G A C C G C T T C G G T I C D A A

G A C C G C T T C G G T I C D A A

G A C C G C T T C G G T I C D A A

T A C C G C T C C G G T I C D A A

T A C C G C T C C T G T I C D A A

T A C C G C T C C T G T I C D A A

T A A C G C T C G G G T I A D G A

T A C C G C T C G G G T I C D G A

T A C C G C T C G G G T I C D G A

T A A C G C T C G G G T I A D G A

T A C C G C T C G G G T I C D G A

T A C C G C T C G G G T I C D G A

T A C C G C T C G G G T I C D G A

T A C C G C T C G G G T I C D G A

T A C C G C T C G G G T I C D G A

T A C C G C T C G G G T I C D G A

T A C C G C T C G G G T I C D G A

T A C C G C T C G G G T I C D G A

T A C C G C T C G G G T I C D G A

T A C C G C T C G G G T I C D G A

T A C C G C T C G G G T I C D G A

T A C C G C T C G G G T I C D G A

T A C C G C T C G G G T I C D G A

T A C C G C T C G G G T I C D G A

T A C C G C T C G G G T I C D G A

T A A C G C T C G G G T I A D G A

T A A C G C T C G G G T I A D G A

T A C C G C T C G G G T I C D G A

T A C C G C T C G G G T I C D G A

T A C C G C T C G G G T I C D G A

T A C C G C T C C G C C I C D A A

T A C C G C T C C G G T I C D A A

G A C C G C T T C G G T I C D A A

G A C C G C T T C G G T I C D A A

G A C C G C T T C G G T I C D A A

T A C C G C T C C G G T I C I A A

T A C C G C T C C G G C I C D A A

T A C C G C T C C G G C I C D A A

T T C T G T T C C G G C I C D A A

G A C C G C G T C G G T I C D A A
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Cm238C�T, Cm237delC in MAs (P � 0.0084). Large dif-

ferences were observed among ethnic groups in polymor-

phisms and allele frequencies (Table 1).

We also calculated “nucleotide diversity,” a quantitative

measure of genetic variation, adjusted for the number of alleles

studied (28). As shown in Supplemental Table 3, DNA from AA

subjects showed greater apparent “diversity” in sequence than

did that from other ethnic groups, probably reflecting the greater

antiquity of these sequences. In addition, Tajima’s D, a test of the

“neutral” mutation hypothesis (29), was also estimated for each

population. Under conditions of neutrality, Tajima’s D should

equal zero. Only the HCA samples had a value that differed

significantly from zero (P � 0.014) (Supplemental Table 3).

NR3C1 haplotype and LD analysis

Haplotypeanalysiswasperformed,andit identified59haplotypes,

11 observed and 48 inferred, with frequencies greater than 1% (Table

2).Haplotypefrequenciesalsoshowedsignificantethnicdifferences.A

totalof31,8,5,and3haplotypeswerespecific forAA,CA,HCA,and

MAsubjects,respectively.However,wedidnotobserveclearlydefined

haplotypeblocksinanyoftheethnicgroupsexcepttheHCAs,inwhich

a small block was detected (Supplemental Fig. 1).

PairwiseLDanalysis forall theSNPswasperformedbycalculating

D� and r2 values (22). Among the cSNPs, pairwise analysis indicated

strong LD between 66G�A and Arg23Lys in the AA, CA, and MA

groups(D��1;r2
�1;P�0.001).HCAsamplesdidnotcontainthese

two SNPs. We also observed strong LD between two synonymous

cSNPs,2034C�Tand2298T�CinHCA(D��1; r2
�1;P�0.001)

and AA subjects (D� � 0.685; r2
� 0.469; P � 0.001).

Functional studies of cSNPs

Nine nonsynonymous cSNPs and four common synonymous

cSNPs with MAFs greater than 5% were identified. Gly(99)Arg

and Ala(229)Thr were located in the transactivation domain of

the NR3C1 gene (30). Thr(504)Ser was in the region that interacts

with activator protein-1/nuclear factor-�B, whereas Asp(687)Glu

and three synonymous cSNPs, 1764C�T, 2034C�T, and

2298T�C, were in the ligand binding domain, a region that is also

important for protein-protein interaction (6). To determine the po-

tential functional impact of common cSNPs in NR3C1, we per-

formed functional assays using COS-1 cells. Sixteen mammalian

expression constructs were created, including WT, nine nonsyn-

onymous, and four common synonymous cSNPs. We also created

constructs for SNPs that were tightly linked with each other, 66G�A/

Arg(23)Lys, and 2034C�T/2298T�C. After transient expression in

COS-1 cells, protein expression level, whole cell receptor binding af-

finity (Kd), and the transactivation activity of GR� were evaluated.

Representative quantitative Western blots for GR� expres-

sion constructs are shown in Fig. 2A. Previous studies identified

eight GR� isoforms that result from alternative translation ini-

tiation in COS-1 cells overexpressing hGR� using antibodies

directed against the N (amino acids 346-367) and C (amino acids

755-771) terminals (31). In the present study, we used a poly-

clonal antibody targeting amino acids 720 to 770 using lysates

from COS-1 cells transfected with different constructs, after cor-

rection for transfection efficiency. The same GR� isoforms were

observed with all of the constructs (Fig. 2A). Because of low

intensity, we only quantified the bands for the GR�-A and -B

isoforms (Fig. 2B). Levels of protein for GR� variants, expressed

as a percentage of WT, ranged from 106 to 125%. Levels for the

Phe(65)Val and Asp(687)Glu variants were slightly higher than

WT (P � 0.022 and 0.020). Because previous results showed that

66G�A/Arg(23)Lys can alter GR�-A/-B (12), we also quantified

the ratio between the two isoforms. No significant difference was

FIG. 2. Functional studies of cSNPs in hGR� gene (NR3C1). Level of transcriptional

activity, binding affinity, and immunoreactive protein of the recombinant human

NR3C1 variants are shown in the bar graphs. The numbers on the x-axis indicate

recombinant WT or coding variant constructs for GR� gene (NR3C1): zero for empty

vector as a negative control, 1 for WT, 2 for Arg(23)Lys, 3 for Phe(65)Val, 4 for

Gly(99)Arg, 5 for Ala(229)Thr, 6 for Ile(292)Val, 7 for Ser(325)Gly, 8 for Asn(363)Ser,

9 for Thr(504)Ser, 10 for Asp(687)Glu, 11 for E2p879G�A, 12 for E6p1764C�T, 13

for E8p2034C�T, 14 for E9p2298T�C, 15 for E2p66G�A/Arg(23)Lys, and 16 for

E8p2034C�T/E9p2298T�C. The value for WT was set to 100%, and other

constructs are expressed relative to the WT value. Each bar represents the average of

at least nine independent transfections for luciferase assay and Western blots or

three binding assays (mean � SEM). *, P � 0.05; **, P � 0.01 compared with WT of

GR�. A, A representative Western blot for NR3C1 variants in COS-1 cell. B,

Immunoreactive protein levels and GR� numbers of NR3C1 variants in COS-1 cell. C,

Representative binding assay for WT GR� and Kd (binding affinity) values for NR3C1

variants in COS-1 cell. WT-specific binding was calculated by subtracting nonspecific

binding of empty vector from WT total binding. D, Transcriptional activities of NR3C1

variants at dexamethasone, 0.3 nM in COS-1 cell.
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found, perhaps due to high expression levels and the close po-

sition of the two bands on the gel. To determine the effects of

these SNPs on Kd and GR� number, we also performed whole-

cell dexamethasone binding studies. Although the assay has been

used in previous studies (32), we used mineralcorticoid receptor

as a positive control to make sure that the assay was adequately

sensitive (SupplementalFig.2,AandB).Arepresentativewhole-cell

dexamethasone binding assay is shown in Fig. 2C. The Kd for GR�

WT was 19.9 � 5.5 nM (mean � SD), and Ala(229)Thr and

Ile(292)Val showed significantly lower Kd values (P � 0.019 and

0.006) (Fig. 2C). Ser(325)Gly, Thr(504)Ser, and Asp(687)Glu dis-

played elevated GR� number (Bmax) (P � 0.039, 0.037, 0.011)

(Fig.2B).Tovalidate theseresults fromCOS-1overexpressionstud-

ies, we selected several cell lines to perform whole-cell dexameth-

asone binding assays, based on NR3C1 genotype for significant SNPs

from the 240 lymphoblastoid cell lines from which the DNA used for

resequencing was extracted, including Phe(65)Val, Ser(325)Gly,

Ala(229)Thr, Ile(292)Val, Thr(504)Ser, and Asp(687)Glu as well as a

widely studied SNP and haplotype, 66G�A/Arg(23)Lys and

Asn(363)Ser. Only Ala(229)Thr showed a lower Kd than WT (P �

0.03), although with only one heterozygous cell line. However, no

significant difference was detected for the GR� number.

Finally, we performed luciferase assays with COS-1 cells

overexpressing different constructs in the presence of increasing

concentrations of dexamethasone to determine the effect of the

SNPs on GR� transactivation activity. Firefly luciferase activity

in response to various dexamethasone concentrations was mea-

sured to determine the activity of the glucocorticoid-responsive

mouse mammary tumor virus promoter. Renilla luciferase was

used to correct transfection efficiency. With increasing concen-

tration of dexamethasone (0–500 nM), the transactivation of

GR� showed a dose-dependent change (Supplemental Fig. 3).

Renilla luciferase activities were significantly repressed with

higher concentrations of dexamethasone (�10 nM), consistent

with previous reports (33). However, repression levels showed

no differences between WT and variants except at 500 nM (data

not shown). Fig. 2D shows transcriptional activity at 0.3 nM for

WTandvariants.Nosignificantdifferencesat0.3nMwereobserved

betweenWTandvariants.However,SNPGly(99)Argshowedslightly

lower transcriptional activities in the presence of 0.1, 0.3, and 1 nM

dexamethasone (P � 0.028, 0.038, 0.012). 66G�A/Arg(23)Lys and

Asn(363)Ser also resulted in slightly lower activity in the presence of

0.1 nM and 1 nM dexamethasone, respectively (63.4 and 82.3%

of WT; P � 0.0007 and 0.0497), consistent with previous reports

(11–15). In addition to nonsynonymous cSNPs, SNPs in reg-

ulatory regions can also have functional consequences. There-

fore, we performed an association study to identify SNPs that

might have a significant impact on NR3C1 expression.

NR3C1 genotype-phenotype association analysis for

mRNA expression

RNA isolated from the 240 lymphoblastoid cells from which

DNA was extracted for resequencing was used to perform expres-

sion array analysis (19). GR� expression levels for three Affymetrix

probe sets (201865_x_at, 201866_s_at, and 211671_s_at) corre-

lated well (r � 0.75; P � 0.0001). NR3C1 expression varied ap-

proximately 6-fold in these cells as determined by probe,

201866_s_at (Fig. 3). Because NR3C1 contains multiple exon 1s,

we also performed Affymetrix Human Exon 1.0 ST Array assay

using eight randomly selected lymphoblastoid cells. The probe sets

forNR3C1ontheseexonarrayshybridizewithallof thenoncoding

exon 1s except for exons 1D and 1H. The exon array data indicated

that exon 1C was most highly expressed in these lymphoblastoid

cells compared with other exon 1s (data not shown).

To determine whether SNPs in NR3C1 might be associated

with NR3C1 expression, we performed a genotype-phenotype

correlation study using PLINK analysis (25). The analysis was

performed for each ethnic group using all three GR� expression

probe sets. One SNP, Cm746T�C, located in the 5�-flanking

region upstream of exon 1C, with a MAF of 13.3% in MAs,

showed a significant association with NR3C1 gene expression in

that population and remained significant after Bonferroni cor-

rection. Expression of the TT genotype was significantly higher

than CT or CC, as shown in Fig. 4A with probe sets 201865_x_at

and 211671_s_at (P � 0.001). The frequency of this SNP was

18.3% in CAs and 7.5% in AAs, and significant differences were

also observed in CA subjects (P � 0.05). In addition, three poly-

morphisms, deletion of C at nucleotide 237 in exon 1,

Cm238C�T and Cm240G�C in exon 1C showed tight LD

(D� � 1; r2
� 1; P � 0.001) in AA subjects. The frequency of this

haplotype was 5.8% in AAs. The expression level for CC/CC/GG

was significantly higher than those for the C-/CT/GC or –/TT/CC

haplotypes for all three probe sets (P � 0.05) in AAs (Fig. 4A).

Although P values for this haplotype were not significant after

Bonferroni correction because it was associated with all three

NR3C1 probe sets, we performed EMSA together with

Cm746T�C. We also performed whole-cell dexamethasone

binding studies using lymphoblastoid cell lines to determine

whether these four SNPs that resulted in alterations in mRNA

expression level might also change receptor number. We se-

lected six cell lines of Cm746T�C carriers, six cell lines for

Cm237delC/Cm238C�T /Cm240G�C carriers, and nine WT

(without any observed SNPs). Representative binding assay and

genotype-phenotype associations for these SNPs are shown in Fig.

4B. Cm237delC/Cm238C�T /Cm240G�C and Cm746T�C

showedatrend toward lower receptornumbercomparedwithWT.

EMS assays

To determine the effect of the Cm746T�C SNP and the

Cm237delC/Cm238C�T /Cm240G�C haplotype on protein

FIG. 3. mRNA expression levels of NR3C1 in human lymphoblastoid cell lines.

Each bar represents the mRNA expression level of individual sample using

Affymetrix U133 plus 2.0 expression microarray analysis (Probe sets

201866_s_at). Data are colored by ethnic group.
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binding patterns, we performed EMSA using nuclear extracts from

RajiandJurkatcells.EMSAindicatedthat theWTforCm746Thad

lower nuclear protein binding than did the variant Cm746C,

whereas WT for Cm237C/Cm238C /Cm240G had higher nuclear

protein binding than did the variant haplotype Cm237delC/

Cm238T/Cm240C (Fig. 4C). These results supported possible dif-

ferential effects of these polymorphisms on transcription.

Discussion

The GR plays an important role in multiple physiological and

pathophysiological processes (2). Alternative splicing of tran-

scripts for the human GR gene in exon 9 generates two isoforms,

� and � (34). GR� is expressed in most human tissues and rep-

resents the “classical” hGR that functions as a ligand-dependent

transcription factor (1, 2). Glucocorticoids are also widely used

as therapeutic agents to treat a variety of diseases (3). Genetic

variation in NR3C1 has been shown to affect both disease patho-

physiology and response to glucocorticoid therapy, which sup-

ported the hypothesis that SNPs might play a role in receptor

function (6). Therefore, in this study, we resequenced NR3C1

using 240 DNA samples from four ethnic groups to identify

common genetic polymorphisms. We identified 108 polymor-

phisms, 51 of which were publicly available (Table 1 and Fig. 1).

Some SNPs identified during previous resequencing efforts with

FIG. 4. Functional studies of SNPs in the exon 1C and 5�-FR of exon 1C. A, SNP-NR3C1 expression association. **, P � 0.001; *, P � 0.05. SNP Cm746T�C showed in three

ethnic groups, and haplotype Cm237insC/Cm238C�T/Cm240G�C showed in AA subjects with all three probe sets. Forty-eight, 39, and 45 Cm746TT carriers and 8, 21, and

15 Cm746TC/CC carriers were observed in AA, CA, and MA subjects, respectively. Fifty homozygous WT for Cm237insC/Cm238C�T/Cm240G�C as well as six heterozygous

or homozygous variants for this haplotype were detected in AAs. B, Representative whole-cell dexamethasone binding assay for lymphoblastoid cell line and SNP-GR number association

study performed with selected lymphoblastoid cell lines. Each dot represented GR number for each sample. The box plot indicates the quartiles of GR number. C, EMSA of SNPs in the

exon 1C and 5�-FR of exon 1C. EMSA were performed using biotin-labeled probes containing WT or variant sequences for the common Cm746T�C SNP and for the haplotype

Cm237insC/Cm238C�T/Cm240G�C using nuclear extract from Raji and Jurkat cells. Competition reactions were performed with 400-fold excess of unlabeled probes.
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different ethnic groups were also observed during our studies.

For example, 21, 23, and 32 SNPs identified in studies performed

by Hawkins et al. (27), Koyano et al. (35), and Chung et al. (26)

were also found in our study. However, none of the previously

identified rare functional mutations in the GR� gene were ob-

served during our resequencing studies (32, 36).

We then performed functional studies with all nine nonsyn-

onymous SNPs, four common synonymous SNPs, and two com-

mon coding region haplotypes. Our Western blot analysis

showed that multiple isoforms were present in COS-1 cells over-

expressing GR�, and protein levels for the Phe(65)Val and

Asp(687)Glu variants were slightly higher than WT (Fig. 2B).

Asp(687)Glu also showed higher receptor number in COS-1 cells

(Fig. 2B). Apparent Kd values for Ala(229)Thr and Ile(292)Val

were 13 and 26% lower than WT, respectively (Fig. 2C). Whole-

cell dexamethasone binding assays in lymphoblastoid cell lines

also indicated that Kd of Ala(229)Thr was significantly lower

than WT. Transactivation capacity with a GRE-LUC reporter did

not show significant differences at 0.3 nM among the variants, al-

though several SNPs showed significant effects at individual dexa-

methasone concentration (Fig. 2D). Obviously, these results do not

exclude the possibility that other GRE-containing promoters might

showdifferent effects. Several SNPs have been studied intensively,

including 66G�A and Arg23Lys, Asn(363)Ser, and Thr(504)Ser

(11–16). 66G�A and Arg(23)Lys have been reported to be in-

volved in glucocorticoid resistance (9), and Asn(363)Ser has been

associated with increased glucocorticoid sensitivity and coro-

nary artery disease (37). Previous studies with 66G�A and

Arg(23)Lys showed no effect on dexamethasone binding capac-

ity, mRNA, or protein expression levels (12, 13) but did report

effect on ratio of isoforms A and B (12). We did not observe a

significant difference in the A/B ratio between WT and this vari-

ant. This might be due to high expression levels and close posi-

tions of the two isoforms on the gel. The effect of these SNPs on

transactivation remains controversial (11–13). We observed a

significant effect of 66G�A and Arg(23)Lys on dexamethasone-

dependent transactivation activity in the presence of 0.1 nM

dexamethasone. Finally, we failed to observe significant effects

of Asn(363)Ser or Thr(504)Ser on GR� expression level, ligand

binding, or transactivation capacity (Fig. 2, B–D), consistent

with previous findings (13–16).

To identify SNPs in regulatory regions that might affect GR�

expression, we performed genotype-phenotype association stud-

ies using GR� expression array data obtained with the 240 cell

lines from which DNA for resequencing had been extracted.

Obviously, expression patterns are tissue-specific. However, be-

cause one of the major functions of glucocorticoids when used as

immunosuppressants involves effects on lymphocytes (38), lym-

phoblastoid cell lines represent a reasonable system for hypoth-

esis testing. Using exon arrays, we found that exon 1C is highly

expressed in these cell lines, consistent with previous results (8,

39). However, exon 1C is expressed in both GR� and GR�, so

its levels are not specific for GR�. Therefore, we used probe sets

specific to the � isoform to perform the association study. Our

association study identified one SNP, Cm746T�C in the 5�-FR

of exon 1C, that was significantly associated with NR3C1

expression level in MA subjects (Fig. 4A). We also observed a

significant association with the Cm237delC/Cm238C�T/

Cm240G�C haplotype in exon 1C (Fig. 4A). These SNPs also

showed a trend toward lower GR� number than WT determined

by the whole cell binding assays using lymphoblastoid cell lines

(Fig. 4B). Furthermore, EMSAs for both Cm746T�C and

Cm237delC/Cm238C�T/Cm240G�C showed differential

protein binding patterns (Fig. 4C). A search for possible tran-

scription factors binding at these two sites using AliBaba 2.1

(http://darwin.nmsu.edu/�molb470/fall2003/Projects/solorz/

aliBaba_2_1.htm) identified potential SP1 binding sites for

Cm746T�C and Cm237delC/Cm238T/Cm240C. Recently,

Kumsta et al. (40) reported that the variant C allele for

Cm746T�C showed reduced transcriptional activity in re-

porter gene assay, consistent with our expression array data,

and the C allele was also associated with recurrent major de-

pression in a Belgian study (18), also suggesting possible func-

tional effects of this SNP. Obviously, these results obtained

from the microarray data, realizing the limitation of microarray

data, could be further confirmed by quantitative RT-PCR anal-

ysis. Overall, these observations suggest that future studies

might focus on these SNPs and their possible influence on clin-

ical phenotypes related to GR� function.

In conclusion, this comprehensive series of studies provides

new insight into the GR� pharmacogenetics and might help us to

understand better the role of genetic variation in NR3C1 on

response to glucocorticoids.
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