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Glucocorticoid resistance in squirrel monkeys results from a combination
of a transcriptionally incompetent glucocorticoid receptor and

overexpression of the glucocorticoid receptor co-chaperone FKBP51
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Abstract

Squirrel monkeys have high cortisol compared to Old World primates to compensate for glucocorticoid resistance. Glucocorticoid resistance
in squirrel monkeys may result from mutations in the glucocorticoid receptor (GR) that render it less transcriptionally competent, or expression
of the co-chaperone FKBP51 that reduces ligand binding. The goal of this study was to reconcile the contribution of each mechanism.
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esponsiveness of squirrel monkey GR in COS-7 cells was reduced compared to human GR, but induction of GR activity by maximum
examethasone concentrations was similar. Also, expression of squirrel monkey FKBP51 reduced responsiveness of both squirrel monkey
nd human GR in T-RExTM-293 cells. The EC50 for dexamethasone was 100-fold higher in cells expressing squirrel monkey GR and excess
KBP51 compared to cells expressing only human GR. Effects of FKBP51 expression and treatment with FK506 were also determined in
quirrel monkey SQMK-FP cells that naturally express high levels of FKBP51. Overexpression of FKBP51 in SQMK-FP cells had little
ffect on GR responsiveness, but treatment with FK506 that blocks the effect of FKBP51 increased GR responsiveness. Thus, glucocorticoid
esistance in squirrel monkey cells results from both expression of GRs that are less responsive and overexpression of FKBP51 that further
educes GR responsiveness.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Many New World primate species have high circulating
evels of the adrenal steroid cortisol in comparison to Old

orld monkeys and humans [1,2]. For example, the total
evel of cortisol in squirrel monkeys is more than 10 times
hat in humans. More importantly, the level of free hormone
s 50–100 times greater in squirrel monkeys than humans
2,3]. Although these animals have high levels of cortisol,
s well as several other steroid hormones [4], they have a
elatively normal pituitary–adrenal axis and show no signs of
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cortisol excess [1,5–7]. These results suggest that high levels
of cortisol have arisen to compensate for end-organ resistance
to the hormone.

Glucocorticoid resistance may result from disruption at
one or more steps in the glucocorticoid signaling pathway. For
example, changes in the number or affinity of glucocorticoid
receptors (GR), or in their rate of translocation to the nucleus
or transactivation efficiency, can lead to decreased sensitiv-
ity to glucocorticoids [8,9]. Several laboratories, including
ours, have worked to elucidate the factors responsible for glu-
cocorticoid resistance in squirrel monkeys. However, these
efforts have provided sometimes different, and in some cases
conflicting, results. Nevertheless, there are points of agree-
ment. It is generally accepted that squirrel monkeys and Old
World primates express GR at comparable levels [2]. It is
also accepted that in squirrel monkey cells GR exhibit low
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binding affinity when compared to human or rhesus monkey
GR in their native cellular environments [2,10]. However,
when squirrel monkey GR are expressed in heterologous sys-
tems, they exhibit high binding affinity [10,11]. These results
suggest that squirrel monkey GR is not inherently a low affin-
ity receptor. Rather, species-specific factors must confer low
affinity binding.

In 1999, we demonstrated that two GR-heat shock pro-
tein 90 (Hsp90)-associated co-chaperones, FKBP51 and
FKBP52, are expressed at quite different levels in squir-
rel monkey B-lymphoblasts (SML) compared to human B-
lymphoblasts (HL) [12]. FKBP51 and FKBP52 are large
molecular weight FK506 binding immunophilins that com-
pete for a common binding site on Hsp90 [13,14]. FKBP51
was more than 10-fold higher in the cytosol of SML, whereas
cytosolic FKBP52 in SML was less than half that in HL.
Similar differences in the levels of FKBP51 and FKBP52
were seen in other New World primate cells and in liver sam-
ples from squirrel monkeys [15,16]. We subsequently showed
that overexpression of squirrel monkey FKBP51 increases
the EC50 for dexamethasone-stimulated GR transactivation
in COS-7 cells [17], suggesting that the relative overexpres-
sion of FKBP51 can cause glucocorticoid resistance. Indeed,
structural features of squirrel monkey FKBP51 render it
a more potent GR inhibitor than human FKBP51 [17,18].
Inhibitory effects of FKBP51 on GR activity have been con-
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2. Material and methods

2.1. Materials

Culture medium was obtained from Life Technologies
(Grand Island, NY). Defined fetal bovine serum (FBS) and
charcoal–dextran-treated fetal bovine serum (CD-FBS) were
purchased from HyClone Laboratories, Inc. (Logan, UT).
FK506 was obtained from Fujisawa Pharmaceutical (Deer-
field, IL). Dexamethasone was from Sigma Chemical Co. (St.
Louis, MO). Antibody to human FKBP51 has been described
[25], and antibody to Hsp90 was obtained from StressGen
Biotechnologies Corp. (Vic., Canada). Polyclonal antibody
to human GR (PA1-511A) was obtained from Affinity Biore-
agents (Golden, CO), and anti-FLAG M2 antibody was from
Stratagene (La Jolla, CA). The construction of human and
squirrel monkey GR-pcDNA1.1/Amp plasmids and FLAG-
tagged squirrel monkey FKBP51 plasmid (sm51FLAG-pCI-
neo) has been described previously [10,26]. The mouse mam-
mary tumor virus (MMTV) promoter-luciferase reporter vec-
tor was provided by Dr. R.M. Evans (The Salk Institute, La
Jolla, CA).

2.2. Cell cultures

African green monkey COS-7, human 293, and squir-
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rmed by others using a variety of systems [19,20]. These
esults prompted development of a model for GR activity
n which FKBP52 is stimulatory and FKBP51 is inhibitory
21–23].

In contrast, Schatzberg’s laboratory found no evidence of
n inhibitory effect of squirrel monkey kidney or liver cell
xtracts on rat GR binding affinity [11]. Instead, this group
roposed that glucocorticoid resistance in squirrel monkeys
esults from expression of a structurally different GR that is
nherently transcriptionally less competent than human GR
11]. These results contrast with our work showing that squir-
el monkey and human GR exhibit equivalent transactivation
esponses at maximal ligand concentration [15]. However,
he Stanford University group recently confirmed their earlier
ndings and provided evidence that the low transcriptional
ctivity of squirrel monkey GR results in part from slower
uclear translocation [24]. They identified residues in the
igand binding domain of the squirrel monkey GR that are
esponsible for its impaired activity.

Thus, two different mechanisms have been independently
roposed as the cause of glucocorticoid resistance in squir-
el monkeys: one dependent on the relative abundance of
KBP51 and one inherent to the GR itself. The goal of the
resent study was to take several approaches using both squir-
el monkey cells and heterologous cell systems to reach a
onsensus on the contribution of each mechanism. Our results
uggest that glucocorticoid resistance in squirrel monkeys
esults from both the presence of naturally occurring muta-
ions in the GR gene that lead to inefficient transactivation and
he overexpression of FKBP51 that inhibits ligand binding.
el monkey SQMK-FP cells (Pindak cells [16]) were rou-
inely maintained as monolayers in Dulbecco’s modified
agle’s medium (DMEM) supplemented with 10% FBS,
0 U/ml penicillin G, and 0.05 mg/ml streptomycin. We
lso used the Flp-InTM T-RExTM-293 cells (Invitrogen,
arlsbad, CA) to develop stable cell lines, in which the
xpression of squirrel monkey FKBP51 could be induced
ith tetracycline. Flp-InTM T-RExTM-293 cells were rou-

inely cultured in DMEM supplemented with 10% FBS,
mM l-glutamine, 15 �g/ml blasticidin S, 100 �g/ml zeocin,
nd 50 U/ml penicillin G and 0.05 mg/ml streptomycin.
hey were transfected using Superfect (QIAGEN, Valen-
ia, CA) with pcDNA5/FRT/TO/sm51, a plasmid gener-
ted by subcloning squirrel monkey FKBP51 cDNA into
he pcDNA5/FRT/TO expression vector. Resulting T-REx-
93-sm51 clones were first selected and then maintained in
MEM supplemented with 150 �g/ml hygromycin B, and
BS, glutamine, blasticidin S, penicillin G, and streptomycin
s described above. All cells were grown at 37 ◦C in a humid-
fied atmosphere of 5% CO2/95% air.

.3. Activity of human and squirrel monkey GRs in
OS-7 cells

The activity of squirrel monkey GR was compared to
hat of human GR in ligand-induced transactivation stud-
es in COS-7 cells. COS-7 cells were plated in DMEM,
upplemented with FBS and antibiotics as described above,
n 35-mm 6-well tissue culture dishes at a density of
.5 × 105 cells/well and incubated overnight. Cells were
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transfected with either human or squirrel monkey GR-
pcDNA1.1/Amp (0.5 �g/well) plasmids and the MMTV-
luciferase reporter plasmid (1.5 �g/well) using Superfect.
Cells were subsequently transferred to medium contain-
ing 10% CD-FBS for 24 h, after which the medium was
replaced, and the cells were treated with dexamethasone.
After an additional 24 h, cells were lysed and assayed for
luciferase activity as described [27]. EC50 values (defined
as the concentration of ligand that produces 50% of the
maximum response) were obtained from dexamethasone
concentration–response curves. Unless otherwise indicated,
EC50 values are the mean ± S.E.M. of three independent
experiments.

2.4. Effect of squirrel monkey FKBP51 on GR
transactivation in T-REx-293-sm51 cells

The effect of expression of squirrel monkey FKBP51 on
transactivation of human or squirrel monkey GR was deter-
mined in T-REx-293-sm51 cells. Cells were plated in 6-well
Biocoat plates (BD Biosciences, Rockville, MD) at a den-
sity of 1.5 × 105 cells/well. After 16–20 h of culture, squirrel
monkey FKBP51 expression was induced in one-half of the
plates by treatment with 0.1 �g/ml tetracycline. Cells were
transfected 24 h later with either human or squirrel monkey
GR-pcDNA1.1/Amp (0.5 �g/well) plasmids and the MMTV-
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followed 4 h later by treatment with dexamethasone. Twenty-
four hours later, cells were collected for assay of luciferase
activity.

2.6. Western blot analysis

Cell lysates prepared for luciferase assays were also used
to determine the levels of expressed GR and FKBP51 by
Western blot. The samples were dissolved in sample buffer,
separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), and transferred to nitrocellu-
lose. The blots were incubated in phosphate-buffered saline
(pH 7.4), containing 0.1% Tween-20 and 5% non-fat milk
(blocking buffer), for 1 h at room temperature. The blots
were then incubated at 4 ◦C in blocking buffer overnight
with either anti-GR antibody, anti-FLAG M2 antibody, anti-
FKBP51 antibody, or anti-Hsp90 antibody. All primary anti-
bodies were used at a dilution of 1/1000. After washing, blots
were incubated with secondary antibody in blocking buffer
and developed using an Immune-Star chemiluminescent kit
(Bio-Rad Laboratories, Hercules, CA).

2.7. Statistical analysis

Data were analyzed using either a one- or two-way analy-
sis of variance followed by post hoc tests. Data analysis was
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uciferase reporter plasmid (1.5 �g/well) using Superfect.
ells were subsequently transferred to medium containing
0% CD-FBS with or without tetracycline for 24 h, after
hich they were treated with dexamethasone. Twenty-four
ours later, cells were collected for assay of luciferase activ-
ty.

In another set of experiments, the effect of FK506 on GR
esponsiveness in T-REx-293-sm51 cells was tested. T-REx-
93-sm51 cells were plated, treated with tetracycline, and
ransfected with squirrel monkey GR and MMTV-luciferase
eporter plasmids as described above. Twenty hours after
ransfection, one-half of the tetracycline-treated plates were
reated with 10 �M FK506, followed 4 h later by treatment
ith dexamethasone. Twenty-four hours later, cells were col-

ected for assay of luciferase activity.

.5. Expression of FKBP51 and effects of FK506 in
QMK-FP and 293 cells

Newborn squirrel monkey kidney SQMK-FP and human
mbryonic kidney 293 cells were plated in DMEM, supple-
ented as described above but with 10% CD-FBS, in 35-mm

-well tissue culture dishes at a density of 1 × 105 cells/well
nd incubated overnight. Cells were transfected with squir-
el monkey GR-pcDNA1.1/Amp (0.5 �g/well), MMTV-
uciferase reporter plasmid (2 �g/well), and either empty
CI-neo vector or pCI-neo containing FLAG-tagged
quirrel monkey FKBP51 cDNA (sm51FLAG-pCI-neo)
0.5 �g/well) using Superfect. Twenty hours after transfec-
ion, one-half of the plates were treated with 10 �M FK506,
onducted using SigmaStat software (SPSS Inc., Chicago,
L). Differences between groups were considered significant
f p < 0.05.

. Results

.1. Transcriptional activities of squirrel monkey and
uman GR in COS-7 cells

Previous studies provided conflicting results regarding
he inherent activity of squirrel monkey GR. We previously
eported that the maximum ligand-stimulated transactivation
f squirrel monkey GR was similar to that of human GR
15], but others showed that transactivation curves of squir-
el monkey and human GR, including maximum induction,
ere quite different [11,24]. The goal of the first exper-

ment was to re-examine the relative activities of squir-
el monkey and human GR in COS-7 cells using a broad
ange of dexamethasone concentrations and a low ratio
f GR to reporter plasmid. COS-7 cells were chosen for
his experiment because they normally express low levels
f GR and are routinely used in GR transactivation stud-
es. Furthermore, low ratios of GR to reporter plasmid are
eported to enhance differences in GR activities in transac-
ivation studies in COS-7 cells [24]. Treatment of COS-7
ells transfected with human GR plasmid with dexametha-
one produced a concentration-dependent GR transactivation
esponse with an EC50 of 0.4 ± 0.2 nM (Fig. 1A). By compar-
son, the dexamethasone–response curve in cells transfected
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Fig. 1. Transcriptional activity of squirrel monkey and human GR in COS-
7 cells. (A) COS-7 cells were transfected with squirrel monkey or human
GR-pcDNA1.1/Amp (smGR and hGR, respectively) and MMTV-luciferase
reporter plasmids. Twenty-four hours after transfection, cells were treated
with the indicated concentrations of dexamethasone for 24 h. Cells were
then collected for assay of luciferase activity, expressed as relative light
units (RLU). Each point represents the mean of three separate experiments.
(B) Expression of smGR and hGR in electroporated COS-7 cells. Cell lysates
from each transfected set were pooled, and Western blots were performed
for GR and Hsp90, used as a loading control.

with squirrel monkey GR plasmid was markedly shifted to
the right (EC50 of 13.6 ± 4.9 nM), although the maximum
response to dexamethasone was not different between the
two receptor subtypes. The difference in EC50s generated in
cells transfected with human and squirrel monkey GR was
statistically significant. In this and other experiments, higher
concentrations of dexamethasone inhibited GR transactiva-
tion, perhaps resulting from hormone-induced degradation of
the receptor [28]. However, similar expression of human and
squirrel monkey GR in COS-7 cells was confirmed by West-
ern Blot (Fig. 1B). These results suggest that indeed squirrel
monkey GR is inherently less responsive to sub-maximal
concentrations of ligand than human GR; however, at max-
imal concentrations of dexamethasone squirrel monkey and
human GR are equally active.

3.2. Effect of squirrel monkey FKBP51 on squirrel
monkey and human GR

We previously demonstrated that expression of squirrel
monkey FKBP51 shifts the concentration–response curve
to the right in transactivation studies performed in COS-
7 cells transfected with human GR [17,18]. The decrease
in ligand potency is attributed to reduced binding affin-
ity of human GR for corticosteroid [12,17]. Having shown
that squirrel monkey GR is intrinsically less responsive
t

ethasone [24] (Fig. 1), we next determined if the expres-
sion of squirrel monkey FKBP51 could further reduce dex-
amethasone responsiveness. To answer this question, we
took advantage of human T-REx-293-sm51 cells that were
genetically engineered to express squirrel monkey FKBP51
in an inducible manner. One-half of the T-REx-293-sm51
cells were treated with tetracycline to induce expression
of squirrel monkey FKBP51. All cells were then tran-
siently transfected with MMTV-luciferase reporter plas-
mid and plasmids expressing either squirrel monkey or
human GR.

As in COS-7 cells, the dexamethasone–response curve
in T-REx-293-sm51 cells transfected with squirrel mon-
key GR plasmid was shifted to the right compared to cells
transfected with human GR plasmid (compare Fig. 2A
and B, EC50 of 2.5 ± 1.6 nM versus 0.4 ± 0.1 nM). If the
GR plasmid was omitted from the transfection, dexam-
ethasone had no effect on reporter gene activity, suggest-
ing that endogenous expression of GR in these cells is
low (data not shown). The expression of squirrel mon-
key FKBP51 resulted in an approximately 15-fold, statis-
tically significant shift in the concentration–response curves
when either squirrel monkey or human GR was expressed
(EC50s of 36 ± 10 nM and 6.5 ± 2.1 nM, respectively). West-
ern blots confirm expression of squirrel monkey FKBP51
in T-REx-293-sm51 (Fig. 2C). On the other hand, expres-
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han human GR to sub-maximal concentrations of dexam-
ion of FKBP51 had no effect on the maximum induction of
R activity by dexamethasone. In cells expressing squirrel
onkey GR, maximally induced luciferase activity reached

25,000 ± 30,600 relative light units (RLU) per dish in con-
rol T-REx-293-sm51 cells and 585,000 ± 63,000 RLU per
ish in cells expressing squirrel monkey FKBP51. Like-
ise, expression of squirrel monkey FKBP51 had no effect
n the maximal induction of GR activity in cells express-
ng human GR (data not shown). These results suggest that
ormone responsiveness of squirrel monkey GR is inher-
ntly lower than human GR at sub-maximal ligand con-
entrations and is eroded even further when FKBP51 is
verexpressed.

.3. Inhibitory effect of squirrel monkey FKBP51 is
brogated by FK506

The inhibitory effect of squirrel monkey FKBP51 on glu-
ocorticoid responsiveness in T-REx-293-sm51 cells was
xamined further by testing the effect of the immunosup-
ressant FK506. FK506 has been shown to increase GR
inding in squirrel monkey [17] and mouse L-929 cells [22],
ccompanied by dissociation of FKBP51 from GR hetero-
omplexes [12,22]. Based on these observations, we pre-
icted that FK506 would abrogate the inhibitory effect of
quirrel monkey FKBP51 on GR responsiveness in T-REx-
93-sm51 cells. Expression of squirrel monkey FKBP51 was
nduced in T-REx-293-sm51 cells before transfection with
quirrel monkey GR and MMTV-luciferase reporter plas-
ids. Dexamethasone–concentration response curves were
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Fig. 2. Effect of squirrel monkey FKBP51 on dexamethasone-stimulated
GR transactivation in cells transfected with squirrel monkey or human GR.
T-REx-293-sm51 cells were treated with vehicle (control) or 0.1 �g/ml
tetracycline to induce the expression of squirrel monkey FKBP51 (sm51).
Twenty-four hours later, cells were transfected with either squirrel mon-
key or human GR-pcDNA1.1 [smGR (A) and hGR (B), respectively], and
MMTV-luciferase reporter plasmid. Twenty-four hours after transfection,
cells were treated with the indicated concentrations of dexamethasone for
an additional 24 h. Cells were collected for assay of luciferase activity. Each
point represents the mean of three separate experiments. (C) Cell lysates
from each transfected set were pooled, and Western blots were performed
for GR, FKBP51, and Hsp90, which was used as a loading control.

then performed in the presence and absence of 10 �M FK506.
Treatment with FK506 inhibited the rightward shift in the
response curve resulting from expression of squirrel monkey
FKBP51 (Fig. 3A). The EC50 for dexamethasone in control
cells (6.8 ± 2.3 nM) was significantly lower than the EC50
in cells expressing squirrel monkey FKBP51 (109 ± 34 nM).
However, the EC50 in cells in which FKBP51 was induced

Fig. 3. Inhibitory effect of squirrel monkey FKBP51 on dexamethasone-
stimulated GR activity is abrogated by FK506. (A) T-REx-293-sm51 cells
were treated with vehicle (control) or 0.1 �g/ml tetracycline to induce the
expression of squirrel monkey FKBP51 (sm51). Twenty-four hours later,
cells were transfected with squirrel monkey GR-pcDNA1.1 and MMTV-
luciferase reporter plasmids. Twenty hours after transfection, one-half of
T-REx-293-sm51 cells treated with 0.1 �g/ml tetracycline also received
10 �M FK506. Cells were then treated with the indicated concentrations
of dexamethasone for 24 h, after which they were collected for assay of
luciferase activity. Each point represents the mean of three separate experi-
ments. (B) Cell lysates from each transfected set were pooled, and Western
blots were performed for GR, FKBP51, and Hsp90.

and which were treated with FK506 was only 15.4 ± 5.6 nM,
demonstrating that the inhibitory effect of FKBP51 was
blocked by FK506. Similar induction of FKBP51 was con-
firmed in control and FK506-treated T-REx-293-sm51 cells
(Fig. 3B). These results suggest that the decreased dex-
amethasone response in cells expressing squirrel monkey
FKBP51 likely results from the FK506-sensitive association
of FKBP51 with the GR heterocomplex.

3.4. FKBP51 and FK506 in squirrel monkey SQMK-FP
cells

The results of these studies, performed in several heterol-
ogous cell systems, suggest that: (1) squirrel monkey GR
has reduced activity compared to human GR at sub-maximal
ligand concentrations; (2) the expression of squirrel monkey
FKBP51 leads to FK506-sensitive glucocorticoid resistance.
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The question arises however whether similar regulation is
recapitulated in the natural environment of squirrel mon-
key cells. To answer this question, the effects of FK506 and
FKBP51 expression were determined in SQMK-FP cells,
a kidney epithelial cell line derived from a newborn Boli-
vian squirrel monkey [16]. Human embryonic kidney 293
cells were used for comparison. Each of the cell lines was
transfected with squirrel monkey GR plasmid. The EC50 for
dexamethasone stimulation of GR transactivation in SQMK-

FP cells was 15-fold higher than in 293 cells (26 ± 2.5 nM
versus 1.8 ± 0.8 nM) (Fig. 4B and C). This difference was
significantly different, suggesting that squirrel monkey and
human cell models possess naturally occurring differences in
GR responsiveness. If the GR plasmid was omitted from the
transfection, dexamethasone had no effect on reporter gene
activity, suggesting that endogenous expression of GR is low
in these cells (data not shown).

We propose that overexpression of FKBP51 contributes
to this difference in GR responsiveness in squirrel mon-
key cells. As SQMK-FP cells normally express high levels
of FKBP51 relative to FKBP52 [16] (Fig. 4A), we pre-
dicted that further expression of FKBP51 would have little
effect on GR responsiveness. On the other hand, we pre-
dicted that treatment with FK506, which blocks the effect
of FKBP51 [12,17,22], would increase GR responsiveness.
As anticipated, expression of squirrel monkey FKBP51 in
SQMK-FP cells resulted in only a small, non-significant
increase in EC50 (26 ± 2.5 nM versus 35 ± 16 nM) (Fig. 4B).
Additionally, treatment of SQMK-FP cells with FK506
resulted in a dramatic and statistically significant shift to
the left in the dexamethasone–concentration response curve
(EC50 of 0.54 ± 0.1 nM). FK506 treatment had the same
effect in SQMK-FP cells overexpressing FKBP51 (EC50 of
0.47 ± 0.3 nM). In contrast, FK506 treatment had no effect
on GR responsiveness in 293 cells (Fig. 4C). Human 293
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ells express relatively low levels of FKBP51 (Fig. 4A). As
redicted from results shown in Fig. 2, expression of squirrel
onkey FKBP51 in 293 cells resulted in a statistically signif-

cant shift to the right in the dexamethasone–concentration
esponse curve. Western blots show expression of squirrel
onkey FLAG-tagged FKBP51 in SQMK-FP and 293 cells

Fig. 4D).

. Discussion

The present study provides evidence that glucocorticoid
esistance in squirrel monkeys results from both expression of
R that are inherently less capable of mounting a transcrip-

ional response, as well as the relative overexpression of the
R-Hsp90-associated co-chaperone FKBP51 that reduces

ig. 4. Effects of FKBP51 expression and FK506 treatment on
examethasone-stimulated GR transactivation in squirrel monkey SQMK-
P and human 293 cells. (A) Expression of FKBP51, FKBP52, and Hsp90

n SQMK-FP and 293 cells, determined by Western blot. SQMK-FP (B) or
93 (C) cells were transfected with squirrel monkey GR-pcDNA1.1/Amp
nd MMTV-luciferase reporter plasmids and either empty pCIneo vector
control) or pCIneo containing cDNA encoding squirrel monkey FKBP51
sm51). Twenty hours after transfection, one-half of each group of cells was
reated with 10 �M FK506. All cells were then treated with the indicated
oncentrations of dexamethasone for 24 h, after which they were collected
or assay of luciferase activity. Each point represents the mean of three (B)
r two (C) separate experiments. (D) Cell lysates from each transfected
et were pooled, and Western blots were performed for GR, FLAG epitope
FLAG-51), and Hsp90.
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receptor binding affinity. This conclusion is based on the
following findings: (1) when directly compared in COS-7
cells, squirrel monkey GR was less active than human GR
at sub-maximal concentrations of dexamethasone; (2) the
expression of FKBP51 in cells expressing squirrel monkey
GR caused a further reduction of glucocorticoid responsive-
ness; (3) GR responsiveness in squirrel monkey SQMK-FP
cells was enhanced by treatment with FK506.

The lower activity of Bolivian squirrel monkey GR, stud-
ied here and compared to human GR, confirms previous
results with Guyanese squirrel monkey GR [11,24]. Bolivian
and Guyanese squirrel monkeys are different species of squir-
rel monkey, but amino acid sequences of their GR are 99.9%
identical [10,11,15]. Working with the Guyanese squirrel
monkey GR, Her et al. provided evidence that low transcrip-
tional responsiveness to cortisol is at least partially due to
impaired nuclear translocation [24]. They identified three dif-
ferences in the ligand binding domain of squirrel monkey GR
(Thr551, Ala616, and Ser618) compared to human GR that con-
tribute to diminished translocation. As these substitutions are
also present in the Bolivian squirrel monkey GR, it is likely
that impaired nuclear translocation contributes to defective
GR transcriptional responsiveness to dexamethasone seen in
this study. The same substitutions are present in GR from owl
monkey and cotton-top tamarin [10,29], suggesting genetic
conservation in this region of the GR from glucocorticoid-
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mal concentrations of ligand. These results are consistent
with a reduction in GR binding affinity, a conclusion sup-
ported by work in yeast and mammalian cell systems [17,19].
Indeed, overexpression of FKBP51, which potently inhibits
GR binding, appears to be a property of cells from many
glucocorticoid-resistant New World primates [15,16,30]. It
is not clear why Patel et al. [11] did not detect GR inhibitory
activity in SMK-7 kidney cells from Guyanese squirrel mon-
key. It is unfortunate that these cells were lost before they
could be fully and independently characterized (Dr. Paresh
Patel, personal communication). However, the sensitivity to
FK506 of GR binding in cytosol fractions of squirrel monkey
SQMK-FP cells, shown previously [16], and of GR transac-
tivation in SQMK-FP cells, shown here (Fig. 4), provides
further evidence that the natural milieu of squirrel monkey
cells contributes to low GR activity.

Our results suggest that only the response to sub-maximal
concentrations of corticosteroid is blunted in squirrel mon-
keys, but that at appropriately high concentrations of hormone
a maximal GR effect can be achieved. Thus, during the course
of evolution squirrel monkeys and likely other New World
primates compensated for the expression of GR with low
binding affinity and inefficient nuclear translocation by an
increase in circulating levels of cortisol. We and the Stanford
University group have isolated and quantified these changes
in GR activity under the limitations of in cello conditions. We
f
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esistant New World primate species [2]. There was a notable
ifference between our findings and those of Patel et al. and
er et al. [11,24], however. Although both sets of experi-
ents identified a difference between squirrel monkey and

uman GR responsiveness at low ligand concentrations, we
ound that the maximum induction of transcriptional activity
y dexamethasone was not different between the two recep-
ors [15] (Fig. 1).

We do not know why two squirrel monkey GRs respond
ifferently to maximum hormone stimulation in relatively
imilar heterologous cell systems. However, other studies
rgue that the squirrel monkey GR is capable of mounting a
imilar response to maximal concentrations of ligand as Old
orld primate GR. In one of these studies, dexamethasone

uppression tests were performed on squirrel monkeys and
ld World primate cynomolgus monkeys [2]. It was found

hat, although the dose to achieve the response was almost
0-fold higher in squirrel monkeys compared to cynomol-
us monkeys, the extent of cortisol suppression was the
ame (approximately 90%) after dexamethasone treatment.
n addition, squirrel monkeys exhibit no clinical features
f adrenal insufficiency. Squirrel monkeys maintain plasma
lectrolytes and blood pressure similar to Old World primates
nd respond appropriately to a variety of physiologic and
harmacologic challenges [5–7]. These results suggest that
n cello conditions to study GR activity described here may
easonably approximate the in vivo setting.

The inhibitory effect of FKBP51 on GR activity is also
anifested by a rightward shift in the concentration–response

urve without a change in the response elicited by maxi-
ound that expression of GRs that are inherently less respon-
iveness to hormone in combination with overexpression
f the inhibitory co-chaperone FKBP51 can reduce gluco-
orticoid responsiveness by two orders of magnitude. The
xtent of dampening of GR activity in vivo is also consider-
ble as squirrel monkeys have utilized multiple mechanisms,
eviewed in [31], to increase free cortisol to a level 100-fold
igher than that in man to compensate for end-organ insen-
itivity [2,3]. The nature of selection pressures, dietary or
nvironmental, that led to these changes in the New World
emains to be clarified.
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