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Abstract Expression of FKBP51, a large molecular weight immunophilin, is strongly enhanced by glucocorticoids,
progestins, and androgens. However, the activity of a 3.4-kb fragment of the FKBP51 gene (FKBP5) promoter was
only weakly increased by progestin and we show here that it is unresponsive to glucocorticoids and androgens. The
entire FKBP5 was scanned for consensus hormone response elements (HREs) using MatInspector. We found that 2
regions of intron E, which are conserved in rat and mouse FKBP5, contain HRE-like sequences with high match scores.
Deoxyribonucleic acid fragments (approximately 1 kb in length) containing these regions were amplified and tested in
reporter gene assays for steroid responsiveness. One region of intron E of FKBP5 (pIE2) conferred both glucocorticoid
and progestin responsiveness to 2 heterologous reporter genes, whereas the other, less-conserved region of intron E
(pIE1) was responsive only to progestins. The inclusion of pIE1 upstream of pIE2 (pIE1IE2) enhanced progestin but
not glucocorticoid responsiveness. None of the constructs containing intronic sequences was responsive to androgens.
Mutation of the putative HREs within pIE1 and pIE2 eliminated hormone responsiveness. Electrophoretic mobility shift
assays demonstrated that progesterone receptors (PR) bound to the HRE in pIE1, whereas both PR and glucocorticoid
receptors interacted with the HRE in pIE2. These data suggest that distal intronic elements significantly contribute to
transcriptional regulation of FKBP5 by glucocorticoids and progestins.

INTRODUCTION

Mammalian gene expression is regulated at multiple lev-
els. Whereas certain genes may be regulated by posttran-
scriptional mechanisms (Casey et al 1989), the expression
of most genes is regulated primarily at the level of initi-
ation of transcription (Beyersmann 2000). General tran-
scription factors and ribonucleic acid (RNA) polymerase
interact at the proximal promoter to form complexes that
initiate transcription. Distal sequences (response ele-
ments) bind inducible transcription factors, which in an
orientation- and spatially-independent manner may either
enhance or repress the formation of transcription initia-
tion complexes.

Response elements involved in gene regulation are
most often located in deoxyribonucleic acid (DNA) se-
quences upstream of the gene. For example, upstream el-
ements for cyclic adenosine 59 monophosphate-response
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element–binding protein, Sp1, and serum response factor
regulate the early growth response factor–1 gene (Russell
et al 2003). However, regulatory elements have been iden-
tified in intron and exon sequences. For example, c-Myc–
binding sites in the first intron contribute to transcrip-
tional regulation of the mouse ornithine decarboxylase
gene (Auvinen et al 2003). Estrogen regulation of rat vas-
cular endothelial growth factor and glucocorticoid regu-
lation of human Dexras1 are mediated by hormone re-
sponse elements (HREs) in the 39-untranslated regions of
the respective genes (Hyder et al 2000; Kemppainen et al
2003). On the other hand, the mouse c-Ha-ras gene con-
tains an enhancer in exon 1 that confers estrogen respon-
siveness and an enhancer in intron 1 that confers gluco-
corticoid responsiveness (Pethe and Shekhar 1999).

Our recent work has focused on understanding how
the FK506-binding protein (FKBP) immunophilin genes
are regulated. Of particular interest are the genes for the
large molecular weight immunophilins, FKBP51 and
FKBP52, which were first identified as components of ste-
roid receptor complexes (Pratt and Toft 1997). They con-
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tain an N-terminal peptidylprolyl cis-trans isomerase do-
main and a C-terminal tetratricopeptide repeat domain
that participates in protein-protein interactions. In addi-
tion to modulating steroid receptor function (Denny et al
2000; Galigniana et al 2001; Hubler et al 2003; Riggs et al
2003), the large molecular weight FKBPs have been
shown to play a role in a number of biochemical pro-
cesses including regulation of transient receptor poten-
tial–like calcium channels (Goel et al 2001), apoptosis (Gi-
raudier et al 2002), transduction efficiency of viral vectors
(Qing et al 2001), and gene transcription (Mamane et al
2000; Guo et al 2001). Given their diverse functions, it is
important to understand how the expression of these pro-
teins is regulated. FKBP52 messenger RNA (mRNA) is
increased by estrogen and heat stress (Kumar et al 2001;
Mark et al 2001). On the other hand, FKBP51 is increased
by glucocorticoids (Baughman et al 1997; Reynolds et al
1998; Wan and Nordeen 2002; Vermeer et al 2003), pro-
gestins (Kester et al 1997; Richer et al 2002; Wan and Nor-
deen 2002; Hubler et al 2003), and androgens (Amler et
al 2000; Mousses et al 2001; Zhu et al 2001; Jiang and
Wang 2003). The genomic organization of the human
FKBP51 and FKBP52 protein genes (FKBP5 and FKBP4,
respectively) has been described (Scammell et al 2001;
Scammell et al 2003), but otherwise little is known of how
these genes are regulated at the molecular level.

Recently, we isolated a 3.4-kb fragment of the FKBP5
promoter and examined its ability to respond to steroid
hormones. We were surprised to find that this fragment
exhibited only a modest response to progestin (Hubler et
al 2003) and subsequently found that it was unresponsive
to glucocorticoids and androgens (reported in this study).
This prompted us to search for regulatory elements in
other regions of FKBP5. We have identified 2 regions of
intron E of FKBP5, more than 75 kb distal to the promoter.
One of these confers robust glucocorticoid and progestin
responsiveness to a heterologous reporter, whereas the
other is only responsive to progestin. These sequences are
similar to consensus HREs and are conserved in rat and
mouse FKBP5. Mutational and electrophoretic mobility
shift assays (EMSA) further suggested that these ele-
ments are functionally important, providing evidence
that the regulation of FKBP5 by glucocorticoids and pro-
gestins occurs at least in part through distal intronic
HREs.

MATERIALS AND METHODS

Cell cultures

A549 human lung carcinoma cells were grown in mono-
layer cultures in Dulbecco modified Eagle medium sup-
plemented with 10% fetal bovine serum (FBS) (Hyclone
Laboratories Inc, Logan, UT, USA), 2 mM L-glutamine, 50

U/mL penicillin G, and 0.05 mg/mL streptomycin. T-47D
human breast cancer cells were grown in Roswell Park
Memorial Institute–1640 medium with 10% FBS and an-
tibiotics, whereas LNCaP human prostate cancer cells
were grown in the same medium with 2 mM L-glutamine.
Cells were grown at 378C in a humidified atmosphere of
5% CO2-95% air. Cells were transferred to medium con-
taining charcoal-dextran–treated FBS (CDS-FBS, Hyclone)
for 18 to 24 hours before hormone treatment.

Plasmid construction and luciferase assay

The FKBP5 sequence was scanned for the canonical HRE,
GGTACAnnnTGTTCT (Nordeen et al 1990; Nelson et al
1999), using the MatInspector transcription factor pro-
gram (Quandt et al 1995). DNA fragments of intron E
(approximately 1 kb in length) containing sequence with
high match scores were polymerase chain reaction am-
plified from human genomic DNA (CLONTECH Labo-
ratories Inc, Palo Alto, CA, USA) and cloned upstream of
the SV40 promoter in MluI- and BglII-digested pGL3-Pro-
moter (Promega Corp, Madison, WI, USA). The hormone
responsiveness of 2 constructs (pIE1Luc and pIE2Luc)
was evaluated in T-47D, A549, and LNCaP cells. T-47D
and LNCaP cells were chosen because FKBP51 is robustly
regulated in these cell types by progestins (Kester et al
1997; Richer et al 2002; Wan and Nordeen 2002; Hubler
et al 2003) and androgens (Zhu et al 2001; Jiang and
Wang 2003), respectively. A549 cells were chosen because
we have shown that, as in many other glucocorticoid-re-
sponsive cell types (Baughman et al 1997; Reynolds et al
1998; Wan and Nordeen 2002; Vermeer et al 2003),
FKBP51 expression is enhanced by glucocorticoids in
these cells (data not shown). Also tested in T-47D and
A549 cells was p3540Luc, a reporter gene containing 3.4
kb of the FKBP5 promoter (Hubler et al 2003), whereas
in A549 cells, the activity of aENaC-Luc, a reporter gene
containing the glucocorticoid-responsive promoter for the
a-subunit of the human epithelial sodium channel (Say-
egh et al 1999; Mick et al 2001) was also examined. Also
tested in LNCaP cells were p3540Luc and prostate-spe-
cific antigen enhancer (PSE)-Luc, a reporter gene contain-
ing the androgen-responsive enhancer for human pros-
tate-specific antigen (Huang et al 1999).

In addition, intron E DNA fragments contained in
pIE1Luc or pIE2Luc were cloned upstream of MluI- and
KpnI-digested p531Luc, a reporter gene containing 0.4 kb
of the FKBP5 promoter (Hubler et al 2003), producing the
constructs pIE1h51Luc and pIE2h51Luc, respectively. The
hormone responsiveness of pIE1h51Luc and pIE2h51Luc
was evaluated in T-47D and A549 cells. Another con-
struct, pIE1IE2Luc, that contained intron E DNA frag-
ments from both pIE1 and pIE2, was prepared by cloning
pIE1 into KpnI- and SacI-digested pIE2Luc. The progestin
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and glucocorticoid responsiveness of pIE1IE2Luc was
evaluated in T47-D and A549 cells, respectively.

We also generated and tested reporter plasmids in
which mutations were introduced into the HREs. Mutant
pIE1Luc (pIE1mut) was constructed by site-directed mu-
tagenesis using the QuikChange Site-Directed Mutagen-
esis Kit (Stratagene, La Jolla, CA, USA), pIE1Luc as the
template, and primers GAG GAC TTA AGC AGA GGT
ATA CAC TAC TCT TCT CAA CAG GCT TAG (sense)
and CTA AGC CTG TTG AGA AGA GTA GTG TAT ACC
TCT GCT TAA GTC CTC (antisense), corresponding to
positions 629–673 in the progestin-responsive FKBP5 in-
tron E sequence (GenBank accession number AY362696,
nucleotide mutations underlined). Mutant pIE2Luc
(pIE2mut) was constructed using pIE2Luc as the template
and primers GTG CCA GCC ACA TTC AGA GTA GGG
TAT TCT GTG CTC TTC AAA AC (sense) and GTT TTG
AAG AGC ACA GAA TAC CCT ACT CTG AAT GTG
GCT GGC AC (antisense), corresponding to positions
684–727 in the glucocorticoid- and progestin-responsive
FKBP5 intron E sequence (GenBank accession number
AY362697, nucleotide mutations underlined). Plasmid
mutations were confirmed by sequencing across both
strands.

Cells were plated in 6-well tissue culture dishes at 1 3
105 cells per well and transfected with 2 mg DNA/well
of the indicated plasmids using Superfect (QIAGEN, Va-
lencia, CA, USA) as described (Hubler et al 2003). The
medium was replaced, and 18 to 24 hours later, A549 cells
were treated with 10-nM dexamethasone (Sigma, St Lou-
is, MO, USA), T-47D cells were treated with 10-nM R5020
(promegestone, NEN Life Science Products Inc, Boston,
MA, USA), and LNCaP cells were treated with 10-nM
dihydrotestosterone (Steraloids Inc, Wilton, NH, USA).
After 24 hours, cells were lysed and assayed for luciferase
activity as described (Jones et al 1996).

Electrophoretic mobility shift assays

EMSAs were performed using the LightShift Chemilu-
minescent EMSA Kit (Pierce Biotechnology Inc, Rockford,
IL, USA) according to protocol. Briefly, A549 or T-47D
cells were grown in media supplemented with 10% CDS-
FBS for 24 hours, after which the medium was replaced
with fresh medium containing 10-nM dexamethasone
(A549 cells) or 10-nM R5020 (T-47D cells) for 3 hours.
Nuclear extracts were prepared using Pierce NE-PER nu-
clear and cytoplasmic extraction reagents. Binding reac-
tions of 20 mL (containing 60 fmol double-stranded, bio-
tin-labeled probe, 50 ng/mL poly(dI-dC), 10 mM Tris, 50
mM KCl, 1 mM dithiothreitol, and 3 mL nuclear extract)
were conducted at room temperature for 20 minutes. In
some experiments, the binding reaction also contained
200-fold excess of unlabeled competitor DNA, 5 mL anti–

glucocorticoid receptor (GR) antibody (PA1-510A, Affin-
ity Bioreagents, Golden, CO, USA), or 0.25 mL anti–pro-
gesterone receptor (PR) antibody (B-30, Santa Cruz Bio-
technology Inc, Santa Cruz, CA, USA), which were added
15 minutes before the labeled probe. The pIE1 HRE probe
was TTA AGC AGA GGT ACA CAC TGT TCT TCT CAA
CAG (sense strand, corresponding to nucleotides 635–667
in GenBank accession number AY362696), whereas the
pIE2 HRE probe was ACA TTC AGA ACA GGG TGT
TCT GTG CTC (sense strand, corresponding to nucleo-
tides 693–719 in GenBank accession number AY362697).
Reaction mixtures were separated on a 6% polyacryl-
amide gel, transferred to Nytran (Schleicher and Schuell,
Keene, NH, USA), and cross-linked to the membrane in
a GS Gene-Linker Chamber (Bio-Rad, Richmond, CA,
USA). The signals were then observed using the strep-
tavidin–horseradish peroxidase conjugate and LightShift
Chemiluminescent Substrate (Pierce).

RESULTS

DNA sequences in intron E confer glucocorticoid and
progestin responsiveness

We recently isolated a 3.4-kb fragment of the FKBP5 pro-
moter with the goal of identifying cis-acting elements that
mediate responsiveness to a variety of steroid hormones
(Hubler et al 2003). However, in reporter gene assays, this
fragment (p3540Luc) is only weakly stimulated (2.1- 6
0.4-fold) by 10-nM R5020 in progesterone-responsive T-
47D cells (Fig 1A), as we demonstrated previously (Hub-
ler et al 2003), and is unresponsive to stimulation with
10-nM dexamethasone in glucocorticoid-responsive A549
cells and stimulation with 10-nM dihydrotestosterone in
androgen-responsive LNCaP cells (Fig 1B,C, respective-
ly). These results suggest that HREs must reside else-
where in FKBP5. We therefore scanned the full 115 kb of
FKBP5 for the canonical HRE sequence (GGT ACA nnn
TGT TCT) (Nordeen et al 1990; Nelson et al 1999) using
MatInspector. Two sequences with the highest match
scores were identified within the 21.7-kb intron E of
FKBP5 (Scammell et al 2001). DNA fragments (approxi-
mately 1 kb in length) containing each of these sequences
were amplified, placed upstream of the SV40 promoter
in pGL3-Promoter, and transfected into hormone-respon-
sive cell lines.

One of these constructs, pIE1Luc, contains the se-
quence GGT ACA CAC TGT TCT (consensus HRE GGT
ACA nnn TGT TCT, half-sites underlined) and was stim-
ulated 7.1- 6 0.6-fold by R5020 in T-47D cells (Fig 1A).
However, it failed to respond to 10-nM dexamethasone
stimulation in A549 cells or to 10-nM dihydrotestesterone
stimulation in LNCaP cells (Fig 1 B,C, respectively). High-
er concentrations of dexamethasone or dihydrotestoster-
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Fig 1. HREs in intron E of FKBP5 confer glucocorticoid and pro-
gestin, but not androgen, responsiveness. (A) T-47D cells were
transfected with a luciferase-reporter plasmid driven by the FKBP5
promoter (p3540) or 1 of 2 fragments of intron E of FKBP5 fused
upstream of the SV40 promoter in pGL3-Promoter (pIE1 and pIE2)
and treated with vehicle or 10-nM R5020. (B) A549 cells were trans-
fected with the luciferase-reporter plasmids p3540, pIE1, pIE2, or a
luciferase-reporter plasmid driven by the human aENaC promoter
(ENaC), and treated with vehicle or 10-nM dexamethasone. (C)
LNCaP cells were transfected with luciferase-reporter plasmids
p3540Luc, pIE1, pIE2, or a luciferase-reporter plasmid driven by the
human prostate-specific antigen enhancer, and treated with vehicle
or 10-nM dihydrotestosterone. After 24 hours, cells were collected
for assay of luciferase activity, and the data are expressed as fold
induction over untreated cells. Each bar represents the mean 6
SEM of 3 independent experiments. HRE, hormone response ele-
ment; PSE, prostate-specific antigen enhancer.

one (up to 1 mM) were also ineffective in regulating
pIE1Luc (data not shown). aENaC-Luc and PSE-Luc were
used as positive controls (Huang et al 1999; Mick et al
2001) and gave robust responses to dexamethasone and
dihydrotestosterone in A549 and LNCaP cells, respec-
tively. These results suggest that the HRE(s) within pIE1

is preferentially responsive to activation of PR. The nu-
cleotide sequence of pIE1 has been deposited in GenBank
with accession number AY362696.

A different pattern of regulation was observed with the
second construct, pIE2Luc, which contains a DNA frag-
ment of intron E located 9 kb downstream of the frag-
ment in pIE1Luc and includes the sequence AGA ACA
GGG TGT TCT (half-sites underlined). pIE2Luc was ro-
bustly stimulated by 10-nM R5020 (18- 6 1.8-fold) in T-
47D cells and by 10-nM dexamethasone (49- 6 6.1-fold)
in A549 cells (Fig 1A,B, respectively). However, similar to
pIE1Luc, pIE2Luc failed to respond to 10-nM dihydro-
testosterone in LNCaP cells (Fig 1C). The nucleotide se-
quence of pIE2 has been deposited in GenBank with ac-
cession number AY362697.

Thus, fragments of 2 regions of intron E of FKBP5 dis-
played hormone responsiveness when cloned upstream
of the SV40 promoter in the pGL3-Promoter vector. We
also tested the activities of these enhancers when placed
upstream of their natural promoter. pIE1 and pIE2 were
cloned into p531Luc, which contains approximately 0.4
kb of the basal FKBP5 promoter in pGL3-Basic (Hubler et
al 2003). The resulting constructs, pIE1h51Luc and
pIE2h51Luc, were tested for hormone responsiveness in
T-47D and A549 cells. In T-47D cells, the activity of
pIE1h51Luc was enhanced 5.4- 6 0.6-fold by 10-nM
R5020 treatment, which was greater than that seen with
p531Luc (2.4- 6 0.2-fold above untreated) but less than
the stimulation of pIE1Luc (7.1- 6 0.7-fold) (Fig 2A). The
activity of pIE2h51Luc was enhanced as robustly by
R5020 as pIE2Luc (34- 6 5.2-fold vs 34- 6 4.7-fold above
untreated). In A549 cells, pIE2h51Luc activity was strong-
ly enhanced by 10-nM dexamethasone (22- 6 3.6-fold
above untreated), although the stimulation was not as
dramatic as that seen with the pIE2Luc plasmid (57- 6
5.0-fold) (Fig 2B). The activities of p531Luc, pIE1h51Luc,
and again pIE1Luc were not affected by 10-nM dexa-
methasone. These results show that pIE1 and pIE2 con-
tain enhancer sequences that are hormone-responsive re-
gardless of the promoter.

Because progestin responsiveness was exhibited by
both pIE1 and pIE2 constructs, we asked whether they
can act in concert to regulate FKBP5. We cloned pIE1 up-
stream of pIE2 in pGL3-Promoter, creating pIE1IE2Luc,
and compared its activity to pIE1Luc and pIE2Luc in
T47-D cells treated with R5020. The activity of
pIE1IE2Luc was enhanced 42- 6 4.6-fold above control
by 10-nM R5020 treatment, whereas the activities of
pIE1Luc and pIE2Luc were increased by 5.7- 6 0.9-fold
and 19- 6 2.1-fold, respectively (Fig 3). These results sug-
gest that enhancer elements in both pIE1 and pIE2 act
together to achieve robust regulation of FKBP5 by pro-
gestins. Because pIE1IE2Luc had no greater activity than
pIE2Luc in A549 cells treated with dexamethasone (data
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Fig 2. Regulation of pIE1 and pIE2 enhancers is independent of
the basal promoter. T-47D (A) or A549 (B) cells were transfected
with luciferase-reporter plasmids driven by the FKBP5 promoter
(p531), the pIE1 enhancer upstream of the FKBP5 promoter
(pIE1h51), the pIE1 enhancer in pGL3-Promoter (pIE1), the pIE2
enhancer upstream of the FKBP5 promoter (pIE2h51), or the pIE2
enhancer in pGL3-Promoter (pIE2). T-47D cells (A) were treated
with vehicle or 10-nM R5020, whereas A549 cells (B) were treated
with vehicle or 10-nM dexamethasone for 24 hours, after which the
cells were collected for assay of luciferase activity. The data are
expressed as fold induction over untreated cells. Each bar repre-
sents the mean 6 SEM of at least 3 independent experiments.

Fig 3. Elements in pIE1 and pIE2 together mediate robust regu-
lation of FKBP5 by progestin. T-47D cells were transfected with lu-
ciferase-reporter plasmids driven by either the pIE1 enhancer (pIE1),
the pIE2 enhancer (pIE2), or pIE1 placed upstream of pIE2
(pIE1pIE2) in pGL3-Promoter, and treated with vehicle or 10-nM
R5020. After 24 hours, the cells were collected for assay of lucifer-
ase activity. The data are expressed as fold induction over untreated
cells. Each bar represents the mean 6 SEM of 4 independent ex-
periments.

not shown), we may also conclude that glucocorticoid
regulation of FKBP5 is mediated at least in part by an
enhancer in pIE2. Similar to pIE1Luc and pIE2Luc,
pIE1IE2Luc was unresponsive to 10-nM dihydrotestos-
terone in LNCaP cells (data not shown), suggesting that
elements elsewhere in FKBP5 must be responsible for reg-
ulation of the gene by androgens.

Conservation of HREs in intron E of FKBP5 of
different species

The fragments pIE1 and pIE2 include DNA sequences
that are hormone responsive. To establish that the puta-
tive HREs we identified in intron E of FKBP5 using
MatInspector indeed mediate hormone responsiveness,
we evaluated these elements using several criteria. First,
regulatory elements in noncoding regions tend to be con-
served among species (Pennacchio and Rubin 2001).
Therefore, we asked whether the HRE-like sequences in
pIE1 and pIE2 in intron E of FKBP5 are conserved in the
FKBP51 genes of 2 other species, rat and mouse. We ob-
tained the genomic organization of rat and mouse FKBP5
by BLAST alignment (Tatusova and Madden 1999) of rat
chromosome 20 (GenBank accession number NWp047597)
and mouse chromosome 17 (NTp039649) with the mouse
FKBP51 mRNA sequence (NMp010220). The exon-intron
boundary positions in rat and mouse FKBP5 were found
to be identical to those in human FKBP5 (Scammell et al
2001), although the size of intron E differed between the
genes (rat, 11.3 kb; mouse, 12.4 kb; humans 21.7 kb). The
sequences within intron E of rat, mouse, and human
FKBP5 were then aligned using BLAST (Tatusova and
Madden 1999). Two areas of similarity included the HRE-
like sequences first identified in human FKBP5. The 2
half-sites of the HRE within pIE1 were conserved in the
rat and human genes and exhibited only 1 difference in
mouse FKBP5 (Fig 4, upper panel). The adjacent sequence
was less well conserved. On the other hand, not only were
the half-sites of the putative HRE within pIE2 perfectly
conserved in the rat, mouse, and human genes but the
surrounding sequence was also conserved (Fig 4, lower
panel). Thus, these hormone-responsive regions of intron
E are highly conserved among species.

Mutational analysis of HREs in pIE1 and pIE2

We next determined whether mutations of critical nucle-
otides within HREs in pIE1 and pIE2 reduce enhancer
activities. Nordeen et al (1990) have shown that critical
positions within the half-sites of a bone fide HRE are
positions 24, 23, 13, 14, and position 16 (underlined
in the consensus HRE, 27GGT ACA nnn TGT TCT17)
(Nordeen et al 1990). Indeed, substitutions at only 1 or 2
of these sites can eliminate hormone responsiveness (Itani
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Fig 4. Relative positions and nucleotide sequences of putative hor-
mone response elements (HREs) within intron E of FKBP5. (A) Solid
boxes represent exons 1 to 11 and horizontal lines represent the 59
promoter and introns A to J of FKBP5. The positions of pIE1 and
pIE2 within intron E are indicated by arrows. FKBP5 spans approx-
imately 115 kb; introns are drawn to scale, but exons are not (av-
erage size of exons 1 to 10 is 0.1 kb, whereas exon 11 is .1.2 kb).
(B) The consensus HRE is shown at top in bold with half-sites un-
derlined. HRE half-sites within pIE1 and pIE2 are shown in upper
case. The sequences of HRE-like regions in pIE1 and pIE2 of intron
E of human FKBP5 are derived from human chromosome 6
(GenBank accession number NTp007592, nucleotides 26375999 to
26375965 and 26367010 to 26366976, respectively), of rat FKBP5
from rat chromosome 20 (NWp047597, nucleotides 3272063 to
3272029 and 3267890 to 3267856, respectively), and of mouse
FKBP5 from mouse chromosome 17 (NTp039649, nucleotides
5002533 to 5002499 and 4998218 to 4998184, respectively). Bases
that are conserved between human, rat, and mouse sequences are
indicated with dashed lines.

Fig 5. Hormone responsiveness of pIE1 and pIE2 enhancers is
abrogated by mutation of the hormone response elements (HREs).
(A) Substitutions were introduced into each of the half-sites (under-
lined) in wild-type pIE1 and pIE2 HREs. The sites of these mutations
are shown in bold. (B) T-47D cells were transfected with pGL3-Pro-
moter luciferase-reporter plasmids driven by either the wild-type
pIE1 enhancer (pIE1), pIE1 containing mutation of HRE1 (pIE1mut),
the wild-type pIE2 enhancer (pIE2), or pIE2 containing mutation of
HRE2 (pIE2mut). Cells were treated with vehicle or 10-nM R5020.
(C) A549 cells were transfected with pGL3-Promoter luciferase-re-
porter plasmids driven by either the wild-type pIE2 enhancer (pIE2)
or pIE2 containing mutation of HRE2 (pIE2mut) and treated with
either vehicle or 10-nM dexamethasone. After 24 hours, cells were
collected for assay of luciferase activity. The data are expressed as
fold induction over untreated cells. Each bar represents the mean 6
SEM of 3 independent experiments.

et al 2002; Kemppainen et al 2003). We introduced sub-
stitutions at positions 23, 13, and 14 into the HRE-like
sequence in pIE1Luc and at positions 24, 23, and 13
into the putative HRE in pIE2Luc (Fig 5A). The hormone
responsiveness of these constructs was tested in T-47D
and A549 cells. We found that the mutation in pIE1 ren-
dered this construct (pIE1mut) completely insensitive to
stimulation by 10-nM R5020 in T-47D cells (Fig 5B). Mu-
tation of the putative HRE in pIE2 abolished its respon-
siveness to R5020 in T-47D cells and to 10-nM dexameth-
asone in A549 cells (Fig 5B,C, respectively). These results
suggest that the HRE-like sequences identified in intron
E of FKBP5 are functional in progestin- and glucocorti-
coid-responsive cells.

Interaction of steroid receptors with
HRE core sequences

Lastly, it was important to establish specific interactions
of steroid receptors with these enhancer elements. To this
end, we performed gel shift assays using nuclear extracts

from T-47D and A549 cells, as a source of PR and GR,
respectively, and biotin-labeled probes encompassing the
core HRE sequences in pIE1 and pIE2. Incubation of nu-
clear extract from T-47D cells with pIE1 or pIE2 HRE
probes resulted in the appearance of DNA-protein com-
plexes (Fig 6A). The intensities of these bands were dra-
matically reduced when either excess unlabelled probe or
antibody to PR was added to the incubation mixture.
These results suggest that PR in T-47D nuclear extract
forms complexes with the HREs in both pIE1 and pIE2.
Incubation of nuclear extract from A549 cells also result-
ed in complex formation, although in this case there was
more than 1 dominant form (Fig 6B). However, the for-
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Fig 6. Specific interaction of proges-
terone receptor (PR) and glucocorticoid
receptor (GR) with hormone response
element (HRE) sequences in FKBP5
intron E. (A) T47-D cells were treated
with 10-nM R5020 for 3 hours and nu-
clear extracts were prepared. Binding
reactions were performed at room tem-
perature for 20 minutes with biotin-la-
beled oligonucleotide probes encom-
passing the HREs in pIE1 (pIE1 HRE)
or pIE2 (pIE2 HRE) either alone (lane
1), or with T-47D cell nuclear extract in
the absence (lane 2) or presence of
200-fold excess unlabeled probe (lane
3) or in the presence of PR antibody
(lane 4). (B) A549 cells were treated for
3 hours with 10-nM dexamethasone
and nuclear extracts were prepared.
Binding reactions were performed at
room temperature for 20 minutes with
biotin-labeled oligonucleotide probes
encompassing the HRE in pIE2 (pIE2
HRE) either alone (lane 1), or with
A549 nuclear extract in the absence
(lane 2) or presence of 200-fold excess
unlabeled probe (lane 3) or in the pres-
ence of GR antibody (lane 4). After gel
electrophoresis, the reaction mixtures
were transferred to nytran membranes,
and signals were detected by chemilu-
minescence. PR and GR binding to
HRE sequences are indicated by ar-
rows.

mation of these complexes was blocked when the incu-
bation was performed in the presence of excess unla-
belled probe. Furthermore, coincubation with GR anti-
body supershifted or reduced the intensity of each of the
bands, suggesting that these protein-DNA complexes
contain GR. Others have also observed multiple protein-
DNA complexes containing GR that have been ascribed
to monomeric and dimeric GR complexes as well as high-
er-order complexes involving other nuclear factors
(Freedman and Alroy 1993; Chen et al 2000; Flick et al
2002).

DISCUSSION

The expression of FKBP51 is increased by glucocorticoids,
progestins, and androgens. In this study, we demonstrate
that glucocorticoid and progestin regulation of this gene
is mediated at least in part by distal intronic HREs. Sev-
eral lines of evidence support this mechanism. First,
whereas 59-flanking sequence of FKBP5 was modestly re-
sponsive to progestins and unresponsive to dexametha-
sone or dihydrotestosterone, HRE-like sequences in in-
tron E of FKBP5 conferred progestin and glucocorticoid
responsiveness to heterologous reporter genes. Second,
these HREs are conserved in human, rat, and mouse
FKBP5. Third, mutation of the HREs abolished respon-
siveness to progestins and glucocorticoids. Fourth, gel

shift analyses demonstrated that PR and GR interact with
these enhancer elements.

There are a number of examples of independently reg-
ulated elements in intron sequences. These include genes
that are regulated by hormones (Slater et al 1985; Tan et
al 1992; Qi et al 1999; Choi et al 2000). They also include
regulation of chaperone proteins such as heat shock pro-
teins (Hsp). For example, a heat shock element in intron
A of hsp90b is essential for constitutive and heat shock–
induced expression of hsp90b (Shen et al 1997). On the
other hand, sequences in the first intron of hsp90a me-
diate inhibition of hsp90a expression (Zhang et al 1999).
There are also examples of regulatory elements in introns
that alone are inactive but are necessary for maximum
activation of gene expression through HREs in the pro-
moter (Hovring et al 1999; Jackson-Hayes et al 2003). As
described above, the majority of intronic regulatory ele-
ments are found in the first intron (intron A). However,
regulatory elements in downstream introns or other re-
gions of the gene distant from the transcription start site,
although unusual, are not unprecedented. For example,
the human ciliary neurotrophic factor receptor gene is
regulated by the TR4 orphan receptor through an en-
hancer in intron 5 (intron E) (Young et al 1997), and se-
quences in introns 7 (G) and 9 (I) contribute to expression
of the human myeloperoxidase gene (Yamada et al 1993).
Furthermore, steroid regulation of the human neutral en-
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dopeptidase gene is mediated by an HRE in the 39-un-
translated region of the gene, more than 70 kb from the
transcription start site (Shen et al 2000). Robust respon-
siveness to progestins and glucocorticoids was observed
here with intronic regulatory elements in intron E of
FKBP5, more than 75 kb from the transcription start site.
To our knowledge, this is 1 of the most distal HREs iden-
tified in an intron of a steroid-responsive gene. However,
recent sequence alignment analyses predict that down-
stream introns harbor more regulatory elements than pre-
viously recognized (Levy et al 2001; Hare and Palumbi
2003). Such computational methods will require function-
al confirmation by experimental approaches similar to
those used here.

One of the intronic fragments (pIE1) was only respon-
sive to progestin, whereas the activity of the other (pIE2)
was stimulated by both progestin and corticosteroid.
Thus, 2 elements within intron E likely contribute to reg-
ulation of FKBP5 by progestin. The selective responsive-
ness of pIE1 is somewhat surprising because pIE1 con-
tains the canonical HRE GGTACAnnnTGTTCT that has
high binding affinity for PR and GR (Nordeen et al 1990;
Lieberman et al 1993). However, a number of factors may
contribute to steroid-specific responsiveness including se-
quences both distal and adjacent to the half-sites, chro-
matin context, and cell type–specific factors (Guido et al
1996; Thackray et al 1998; Nelson et al 1999; Huynh et al
2002; Lambert and Nordeen 2003). On the other hand,
the HRE in pIE2 is a variant of the idealized HRE but
mediates robust stimulation by both hormones. This HRE
closely resembles (1 base mismatch) the HRE of the glu-
cocorticoid-responsive human aENaC promoter (Sayegh
et al 1999; Mick et al 2001).

We were unable to identify an androgen response ele-
ment (ARE) in either intronic pIE1 or pIE2 constructs or
in a 3.4-kb fragment of the FKBP5 promoter. Although
these and other constructs tested contained HRE-like se-
quences to which the androgen receptor (AR) binds with
high affinity (Roche et al 1992; Nelson et al 1999), ele-
ments that differ significantly from the consensus HRE
may be responsible for the regulation of FKBP5 by an-
drogen. In nature, AREs can exhibit significant variation
in sequence, and individual elements in isolation often
have low transcriptional activity (Verrijdt et al 2003). For
example, androgen regulation of the rat probasin pro-
moter occurs through the interaction of AR with 2 dis-
tinct classes of ARE that act in synergy to increase DNA-
binding activity, hormone sensitivity, and transcriptional
activation (Reid et al 2001). The PSE, used here as a pos-
itive control, is made up of at least 4 tandem, nonconsen-
sus AREs (Huang et al 1999). The diversity of AREs and
the possibility that this gene may also be regulated by
androgen through distal elements may make identifying
the FKBP5 ARE(s) quite challenging.

Increased expression of FKBP51 may have important
physiological and biochemical implications. We have
shown that FKBP51 from squirrel monkey is a potent in-
hibitor of GR and PR activities (Reynolds et al 1999; Den-
ny et al 2000; Hubler et al 2003). Indeed, elevated FKBP51
is likely the major cause of glucocorticoid and progester-
one resistance observed in squirrel monkeys and other
New World primates (Chrousos et al 1982a, 1982b; Scam-
mell 2000). Although less potent than squirrel monkey
FKBP51, human FKBP51 can also modify steroid receptor
activity (Denny et al 2000; Hubler et al 2003) and may
normally play a role in regulating steroid responsiveness.
Thus, the induction of FKBP51 by glucocorticoids, pro-
gestins, and androgens may be part of a short feedback
loop resulting in partial desensitization subsequent to ini-
tial exposure to hormone (Cheung and Smith 2000).
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