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Abstract

An association between a gene polymorphism of the human glucocorticoid receptor (hGR) gene and rheumatoid arthritis has recently
been suggested. This polymorphism contains an A to G mutation in the 3�UTR of exon 9�, which encodes the 3�UTR of the mRNA of the
hGR� isoform. The hGR� isoform can act as a dominant negative inhibitor of hGR�, and therefore may contribute to glucocorticoid
resistance. The A to G mutation is located in an AUUUA motif, which is known to destabilize mRNA. In the present study, the importance
of the mutation in this AUUUA motif was further characterized and mutations in other AUUUA motifs in the 3�UTR of hGR� and hGR�
mRNA were studied. hGR� and hGR� expression vectors, carrying mutations in one AUUUA motif or all AUUUA motifs were transiently
transfected into COS-1 cells. Each transfected vector was analyzed for the mRNA expression level, the mRNA turnover rate and the protein
expression level. The naturally occurring mutation in the 3�UTR of hGR� mRNA increased mRNA stability and protein expression.
Mutation of two other AUUUA motifs in the 3�UTR of hGR�, or mutation of all four AUUUA motifs resulted in a similar effect. Mutation
of the most 5� AUUUA motif did not alter hGR� mRNA expression or mRNA stability. Mutation of all 10 AUUUA motifs in the 3�UTR
of hGR� mRNA increased hGR� mRNA expression and mRNA stability as well as expression of the receptor protein level. Thus, the
naturally occurring mutation in an AUUUA motif in the 3�UTR of hGR� mRNA results not only in increased mRNA stability, but also in
increased receptor protein expression, which may contribute to glucocorticoid resistance. A similar role is suggested for two other AUUUA
motifs in the 3�UTR of hGR� mRNA and for the 10 AUUUA motifs that are present in the 3�UTR of hGR�. Published by Elsevier Science
Inc.
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1. Introduction

Glucocorticoids are steroid hormones that are secreted
by the adrenal gland after stress and in a diurnal rhythm, and
they have a wide variety of effects ranging from altering an
organism’s metabolism [1], to its behavior [2] or its immune
system [3,4]. Clinically, glucocorticoids are widely used for
their anti-inflammatory actions. Immune-related diseases
such as rheumatoid arthritis [5] and asthma [6] are often
treated with glucocorticoids. The effects of glucocorticoids
are mediated by an intracellular receptor, the glucocorticoid
receptor (GR) [7,8]. In humans, two isoforms of this recep-
tor exist: hGR� and hGR�. These two forms are a result of
alternative splicing of the hGR pre-mRNA. hGR� and

hGR� mRNA share the same 5� end (exon 1–8), but differ
in their 3� end (exon 9). hGR� mRNA contains exon 9� and
hGR� mRNA exon 9�. This results in two proteins that are
identical through amino acids 727, but then diverge. hGR�
has an additional 50 amino acids, whereas hGR� has 15
distinct amino acids [7,9]. hGR� resides in the cytoplasm,
can bind glucocorticoids, and translocates to the nucleus
upon ligand binding, where it can alter gene transcription by
binding to glucocorticoid response elements [10,11]. Alter-
natively, it can interact with other transcription factors as
AP-1 [12–14] or NF-�B [15], and inhibit their activity.
hGR� does not bind hormone and is transcriptionally inac-
tive. In vitro studies have shown that it can act as a domi-
nant negative inhibitor of hGR�’s transactivation properties
[9,16].

A number of clinical studies have observed an associa-
tion between increased hGR� expression and steroid-resis-
tance in asthma [17–19]. Recently, Christodoupoulos et al.
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[20] have shown an association between asthma and in-
creased hGR� expression, studying fatal asthma cases. In
addition, an association between increased hGR� expres-
sion and other immune-related diseases as leukemia [21]
and ulcerative colitis [22] has been observed. It is hypoth-
esized that the observed increase in hGR� expression re-
sults in inhibited transcriptional activity of hGR�, which
may result in glucocorticoid resistance. This situation may
not only harm glucocorticoid treatment of immune-related
diseases, but may also be a factor contributing to the patho-
genesis of these diseases.

De Rijk et al. [23] discovered a polymorphism in exon
9� of the hGR gene that is associated with rheumatoid
arthritis. This polymorphism is located in the 3� end of this
exon (position 3669 of hGR� cDNA [7]) and is transcribed
into the 3� untranslated region (UTR) of hGR� mRNA. The
polymorphism is an A to G mutation in an ATTTA motif (to
GTTTA). AUUUA motifs in mRNA are often found in
AU-rich elements (AREs) in the 3�UTR of short-lived mes-
sengers of cytokines, transcription factors and proto-onco-
genes, and are often essential elements for the destabilizing
effect of these AREs [24,25]. Mutation of AUUUA motifs
in the 3�UTR of IL-3 [26] and c-fos mRNA [27] results in
increased stability of the mRNA. Thus, De Rijk et al. [23]
evaluated the effect of the mutation in the 3�UTR of hGR�
mRNA on mRNA turnover in vitro, and observed that this
mutation resulted in an increased stability of hGR� mRNA.
Apparently, the naturally occurring mutation in the
AUUUA motif affects mRNA stability, and may ultimately
result in chronic immune-related pathology like rheumatoid
arthritis.

In the present study we have determined if the altered
stability of the naturally occurring mutant affects the mRNA
expression and mRNA stability, as well as receptor protein
expression. In addition, we have characterized the potential
mRNA-stabilizing effect of mutations in other AUUUA
motifs in hGR� mRNA and in hGR� mRNA. Four
AUUUA motifs are present in the 3�UTR of hGR� mRNA,
and 10 are located in the 3�UTR of hGR� mRNA. Our
results show that three of the four AUUUA motifs in hGR�
mRNA are involved in destabilizing hGR� mRNA. In ad-
dition, AUUUA motifs in the 3�UTR of hGR� decrease its
mRNA stability and decrease the receptor protein expres-
sion.

2. Experimental

2.1. Cell culture and transfection

COS-1 cells were grown as described previously [28].
One day before transfection, cells were transferred to 9.6
cm2 wells (1.5 � 105 per well). Cells were transfected using
TransIt reagent (PanVera, USA) with either the hGR� ex-
pression vector pCMVhGR� [9], the hGR� expression vec-
tor pCMVhGR� [9], or a mutated version of one of these

vectors. One �g of plasmid was used per well. After a 5 h
incubation with the TransIt reagent/DNA mixture, cells
were refed with supplemented DMEM.

2.2. Site-directed mutagenesis

Site-directed mutagenesis was performed using the
QuickChange kit (Stratagene) according to the manufactur-
er’ s instructions. Six different mutants were used in the
present study. Five mutated vectors were obtained by site-
directed mutagenesis of the hGR� expression vector
pCMVhGR� [9], one was made by mutating the hGR�
expression vector pCMVhGR� [9]. All four ATTTA sites
in the 3�UTR of the hGR� cDNA were mutated to
GTTTA (resulting in pCMVhGR�mut1, pCMVhGR�mut2,
pCMVhGR�mut3, and pCMVhGR�mut4). The four
A to G mutations were made at positions 2561 (result-
ing in pCMVGR�mut1, positions as in [7]), 2597
(pCMVhGR�mut2), 3669 (pCMVhGR�mut3), and 3736
(pCMVhGR�mut4). In addition, a vector was made con-
taining four mutated ATTTA sites (pCMVhGR�mutall,
containing A to G mutations at all four sites) by doing four
consecutive rounds of mutagenesis. The sixth mutated vec-
tor was made by mutating all ten ATTTA sites in the 3�UTR
of hGR� cDNA (pCMVhGR�mutall), at positions 2691,
2900, 3003, 3367, 3699, 3882, 3993, 4073, 4204, 4758. The
resulting vectors were analysed by sequence analysis, using
dRhodamine Terminator Cycle Sequencing Ready Reaction
DNA sequencing kit (Applied Biosystems).

2.3. RNA isolation and real time-PCR

Total RNA was isolated using Trizol reagent (Life Tech-
nologies, Inc), according to the manufacturer’ s instructions.
RNA was DNase-treated (DNase purchased from Promega)
and after two phenol/chloroform extractions stored at
�20°C.

To quantitate mRNA levels, real time RT-PCR was per-
formed, using the TaqMan Gold RT-PCR Kit (Applied
Biosystems). Primers and probes used were as following.
For hGR�: forward primer: GAG-GAA-GTT-ATC-CTC-
TGC-CTC; reverse primer: TGT-AAG-CAC-CAC-CTT-
CCT-GTC-T; probe: 6FAM-TTC-CAA-CAG-TGA-GTC-
TGT-CAG-CGC-A-TAMRA. For hGR�: forward primer:
GCT-GGA-TAA-TTA-GCA-TGG-GAT-G; reverse primer:
AAT-TGC-TCC-CTG-CCT-CTG-A; probe: 6FAM-ATG-
AAG-GAA-AGC-CAC-GCT-CCC-T-TAMRA. Fifty ng
total RNA was added to 50 �l of 1� Taqman buffer A, 10
mM MgCl2, 300 �M dATP, dCTP, dGTP, 600 �M dUTP,
10 �M forward primer, 10 �M reverse primer, 5 �M probe,
0.05 U/�l AmpliTaq Gold DNA polymerase, 0.25 U/�l
MultiScribe Reverse Transcriptase and 0.4 U/�l RNase
inhibitor. Reactions were run on an ABI Prism 7700 se-
quence Detection System (PE Applied Biosystems). Re-
verse transcription was performed for 30� at 48°C, then the
sample was incubated for 10� at 95°C and 40 cycles of PCR
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were performed (15� at 95°C and 1� at 60°C). As a standard,
the ribosomal RNA (rRNA) content was measured for each
sample in a separate reaction, using the rRNA TaqMan PCR
kit (Applied Biosystems) according to the manufacturer’ s
instructions. For both hGR� mRNA and rRNA, relative
standard curves were obtained by making serial dilutions of
a control sample. Using these curves, the relative amount of
hGR� or hGR� mRNA was measured in each sample, and
divided by the relative amount of rRNA measured in that
sample.

2.4. Protein isolation and Western blotting

Protein isolation was performed using Trizol reagent
(Life Technologies, Inc), according to the manufacturer’ s
instructions. Protein was dissolved in phosphate-buffered
saline (PBS), containing 1% SDS and a cocktail of protease
inhibitors (Roche). Protein concentrations were measured
using the NI Protein Assay (GenoTechnology, Inc.), accord-
ing to the manufacturer’ s instructions. Aliquots of each
protein isolation were analysed by Western blotting. Five
�g protein was resolved by electrophoresis through 8%
polyacrylamide gels (Novex) and electrophoretically trans-
ferred to nitrocellulose membranes (Novex). Membranes
were blocked at room temperature for 30� in TBST (10 mM
Tris-HCl (pH 7.4), 150 mM NaCl, and 0.1% Tween-20)
containing 5% nonfat dry milk. Subsequently, the mem-
brane was incubated overnight at 4°C with either the hGR�-
specific antibody BShGR (to detect hGR� [29]) or the hGR
antipeptide antibody #57 (to detect hGR� [30]) at a dilution
of 1:1000 in TBST containing 5% nonfat dry milk. After
three 15� washes in TBST containing 5% nonfat dry milk,
the membrane was incubated with a horseradish peroxidase
labeled goat anti-rabbit secondary antibody (Amersham
Corp., 1:10 000 dilution in TBST containing 5% nonfat dry
milk) for 1.5 h at room temperature. Finally, after three 15�
washes in TBST, immunoreactivity was visualized by en-
hanced chemoluminescence (ECL, Amersham Corp.) ac-
cording to the manufacturer’ s instruction. To control for
loading and transfer efficiency, the membrane was stained
for actin immunoreactivity, using the actin antibody MAB
1501 (Chemicon). After three 15� washes in TBST, the
same protocol used for hGR immunostaining was used
(primary antibody 1:10 000; secondary antibody: 1:10 000).
The bands were quantitated using NIHimage software. The
GR signal was normalized to the signal measured for actin.

2.5. Measurement of mRNA and protein expression level

Cells were transfected with pCMVhGR�, pCMVhGR�,
or a mutated version of one of these plasmids. Sixteen hours
after transfection, cells were harvested using Trizol reagent
(Life Technologies, Inc.). For each plasmid, duplicate sam-
ples were taken on each time point. Total RNA and protein
was isolated and hGR� or hGR� mRNA and protein levels
were measured for each sample. Duplicates were averaged

and the data were normalized to the expression level seen
with transfection of the wild type vector. Data shown are the
means ( � s.e.m.) of at least three experiments.

2.6. Measurement of mRNA turnover

Cells were transfected with pCMVhGR�, pCMVhGR�,
or a mutated version of this plasmid. Twenty-four hours
after transfection, actinomycin-D (Calbiochem) was added
to the medium (1 �g/ml), and t � 0 samples were taken
using Trizol Reagent (Life Technologies, Inc.). At 3 h after
the addition of actinomycin-D, cells were harvested using
Trizol reagent. For each plasmid, duplicate samples were
taken. Total RNA was isolated and hGR� or hGR� mRNA
levels were measured for each sample. Duplicates were
averaged and the data were normalized to the expression
level at t � 0 h. Data shown are means ( � s.e.m.) of at least
three experiments.

2.7. Statistical analysis

Statistical analysis was performed using statistical anal-
ysis software JMP (version 3.2.6.1, SAS Institute Inc., Cary
NC). Individual groups were compared using a Student’ s t-
test. Statistical significance was accepted at P � 0.05.

3. Results

3.1. Site-directed mutagenesis of AUUUA motifs in hGR�
and hGR� expression vectors

A schematic representation of hGR� and hGR� mRNA,
and the positions of the AUUUA motifs is shown in Fig. 1A.
The sequences of the respective 3�UTRs are shown in Fig. 1C
and 1D. In order to study the effect of AUUUA motifs in the
3�UTR of hGR� and hGR� mRNA, mutations were made in
the hGR� expression vector pCMVhGR� and the hGR� ex-
pression vector pCMVhGR� [9]. All the mutants used are
shown in Fig. 1B. There are four AUUUA motifs in the 3�UTR
of hGR� mRNA. The motifs occur in tandem: motif #1
and #2 are located closely together at bp 2561 and 2597
respectively, and motif #3 and #4 at bp 3669 and 3736 [7].
An A to G mutation in motif #3 is naturally occurring and
has been shown to be associated with rheumatoid arthritis
[23]. All AUUUA motifs were mutated to GUUUA indi-
vidually, resulting in four mutated expression vectors:
pCMVhGR�mut1, pCMVhGR�mut2, pCMVhGR�mut3, and
pCMVhGR�mut4. In addition, a vector was made in which all
four sites were mutated, pCMVhGR�mutall. In the 3�UTR of
hGR� mRNA, ten AUUUA motifs are present, and they are
scattered throughout the 3�UTR, at positions 2691, 2900, 3003,
3367, 3699, 3882, 3993, 4073, 4204, 4758. All ten sites were
mutated, resulting in the vector pCMVhGR�mutall.
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3.2. The effect of mutating AUUUA motif #3 in hGR�
mRNA

The naturally occurring mutation in AUUUA motif #3
in the 3�UTR of hGR� mRNA, which was shown to be
associated with rheumatoid arthritis in a previous study,
has been suggested to stabilize hGR� mRNA [23]. Here,
we have determined if this mutation would increase the
hGR� mRNA and protein expression level. The hGR�
expression vector pCMVhGR� and the mutated version
pCMVhGR�mut3 were transfected into COS-1 cells, and
the hGR� mRNA level was measured 16 h later by
RT-PCR (Fig. 2A). No difference in the expression level
between the wild type and the mutant hGR� mRNA was
detected.

In order to confirm our previous data on the mRNA
turnover rate, mRNA stability was studied (Fig. 2B). Acti-
nomycin-D (1 �g/ml) was used to block transcription. This
compound strongly binds to DNA, which causes blocking
of RNA synthesis [31]. Since it has been shown that under
certain circumstances, actinomycin-D may inhibit ARE-

induced destabilization of mRNA, our analysis may reflect
an underestimation of the destabilizing effect of the motifs
[32]. Three hours after actinomycin-D addition, hGR�
mRNA expression was measured by RT-PCR (relative to
the expression level at the time of actinomycin-D addition).
The 3 h time point was chosen because a maximal differ-
ence was observed at this time point in our previous work
[23]. The hGR� wild type mRNA level decreased to 56.0 �
3.4% of the level seen at t � 0. The mRNA concentration
of the mutant at 3 h after actinomycin-D addition was

Fig. 1. Location of AUUUA motifs in the 3�UTR of hGR� and hGR�
mRNA. A schematic representation of hGR� and hGR� mRNA is shown
in Fig. 1A. Indicated are the locations of the 10 AUUUA motifs in the
3�UTR of hGR� mRNA and the 4 AUUUA motifs that are present in the
3�UTR of hGR� mRNA. A mutation in motif #3 in hGR� mRNA is
naturally occurring and is associated with rheumatoid arthritis. The mutants
used in the present study are shown in Fig. 1B. Indicated are which
AUUUA motifs were mutated to GUUUA. Fig. 1C and 1D show the
sequences of the 3�UTR of hGR� and hGR� mRNA respectively. Se-
quences are shown from the stop codon which is underlined (‘uga’ se-
quence), until the polyadenylation site. All AUUUA motifs are boxed.

Fig. 1. (Continued).
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70.7 � 2.4% of the level seen at t � 0, significantly higher
than the wild type. These results suggest that the mutation in
motif #3 stabilizes hGR� mRNA, confirming our previous
data [23].

The expression at the protein level was studied by trans-
fecting mutant and wild type vectors into COS-1 cells,
harvesting the cells 16 h later, and measuring hGR� protein
levels by Western blotting (Fig. 2C). In contrast to the
mRNA expression levels, protein levels were affected by
mutation of the AUUUA motif, although the effect was
relatively small. The hGR� protein level of the mutant was
11 � 2% higher compared to the wild type, indicating that
mutation of motif #3 in the 3�UTR of hGR� mRNA results
in increased hGR� protein expression.

3.3. The effect of mutating AUUUA motif #1, motif #2
and motif #4 in hGR� mRNA

The mRNA-destabilizing effect of motif #3 may be
unique to this motif, or the other three AUUUA motifs in
the 3�UTR of hGR� mRNA may have the same proper-
ties. To evaluate the effect of the other three motifs,
we mutated motifs #1, #2 and #4 in pCMVhGR�, re-
sulting in pCMVhGR�mut1, pCMVhGR�mut2, and
pCMVhGR�mut4. In addition, a vector containing
mutations in all four AUUUA motifs was made
(pCMVhGR�all). The mRNA expression level was mea-
sured for each mutation. COS-1 cells were transfected
and 16 h later, cells were harvested and hGR� mRNA
levels were measured (Fig. 3A). All vectors resulted in
equivalent levels of hGR� mRNA expression.

Subsequently, the mRNA turnover rate was studied for
each mutation. Actinomycin-D was added to the transfected
cells and 3 h later, total RNA was extracted and hGR�
mRNA expression levels were measured by RT-PCR. Re-
sults are shown in Fig. 3B. At 3 h after actinomycin-D
addition, a decrease in hGR� mRNA level was seen for the
wild type and mutant vectors. hGR� wild type mRNA
levels decreased to 56.0 � 3.4% of the level seen at t � 0.
Mutation of motif #2, motif #4, and all four motifs resulted
in higher hGR� mRNA levels than the wild type, respec-
tively 86.9 � 11.7%, 79.3 � 7.7%, and 75.7 � 9.2% of the
level seen at t � 0. Only pCMVhGR�mut1 showed hGR�
mRNA levels similar to the wild type at this time point
(59.1 � 6.2%). Apparently, mutation of motif #2 and #4

cin-D (1 �g/ml) treatment. Expression levels are presented relative to the
expression level at the moment of actinomycin-D addition. The level of
mutant hGR� mRNA was significantly higher than that of the wild type. C.
The effect on protein expression. By Western blotting, hGR� protein levels
were measured 16 h after transfection. Data are presented relative to the
expression level of the wild type receptor. The level of protein expression
of the mutant was significantly higher than that of the wild type. Repre-
sentative immunoblots are shown for both the hGR� and the actin Western
blots. *: Significantly different from wild type (P � 0.05).

Fig. 2. The effect of mutating AUUUA motif #3 in hGR� mRNA. A. The
effect on hGR� mRNA expression. The hGR� expression vector pCM-
VhGR� and the mutated version pCMVhGR�mut3 were transfected into
COS-1 cells, and hGR� mRNA levels were measured by RT-PCR 16 h
after transfection. Data are normalized to the expression level of the wild
type mRNA. No difference in the expression level between wild type and
mutant hGR� mRNA was detected. B. The effect on hGR� mRNA sta-
bility. hGR� mRNA expression was measured following 3 h actinomy-
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(like mutation of motif #3) can increase the stability of
hGR� mRNA, whereas motif #1 appears not to be involved
in mRNA stability. These data suggest that there is a defined
functional specificity for the AUUUA motifs.

We next investigated if a change in mRNA turnover
results in altered expression at the protein level. COS-1 cells
were transfected with wild type and mutated hGR� expres-
sion vectors. Sixteen hours after the start of the transfection
cells were harvested, and protein was isolated. Expression
levels of hGR� were measured by Western blotting, and are
presented in Fig. 3C. In contrast to the mRNA levels,
protein levels were affected by mutations of AUUUA
motifs. Transfection of vectors pCMVhGR�mut2,
pCMVhGR�mut4 and pCMVhGR�mutall resulted in
higher hGR� protein levels than the wild type vector (36 �
12%, 31 � 11% and 24 � 9% higher respectively).
pCMVhGR�mut1 resulted in a lower protein level than the
wild type vector (21 � 10%). These data suggest that the
alterations at the protein level are a result of the changed
mRNA turnover rate.

3.4. The effect of mutating AUUUA motifs #1–10 in
hGR� mRNA

AUUUA motifs are overrepresented in the 3�UTR of the
hGR� mRNA. Ten motifs are scattered throughout the
3�UTR. All 10 motifs were mutated to GUUUA in order to
study if they affect the stability and expression of hGR�
mRNA. The mutated expression vector was transfected into
COS-1 cells and hGR� mRNA levels were measured by
RT-PCR (Fig. 4A). The level of mutant hGR� mRNA
expression was significantly higher (an increase of 69 �
19%) than that of the wild type.

The turnover rate of the mutant mRNA was determined
similarly to that of the hGR� mutants. COS-1 cells were
transfected with the wild type or the mutant vector, actino-
mycin-D was added, hGR� mRNA levels were measured
3 h later, and they are shown in Fig. 4B. The turnover rate
of wild type hGR� mRNA was similar to that of hGR�
mRNA. Three hours after actinomycin-D addition, the
mRNA level was decreased to 52.8 � 6.3% of the level at
t � 0. The relative hGR� mRNA level of the mutant was
significantly higher: 74.4 � 3.6%, indicating that mutations
in the AUUUA sites of hGR� mRNA lead to stabilization of
hGR� mRNA.

In order to measure the effect of the mutated AUUUA
motifs on protein expression, the wild type and mutant
vectors were transfected into COS-1 cells, and 16 h later
hGR� protein levels were measured by Western blotting
(results in Fig. 4C). A large effect of the mutations was
observed. There was approximately twice the amount of
protein seen for the mutant compared to the wild type (an
increase of 100 � 37%). Thus, mutating all 10 AUUUA
motifs in the 3�UTR of hGR� resulted in increased levels of
protein expression.

Fig. 3. The effect of mutating AUUUA motif #1, motif #2 and motif #4 in
hGR� mRNA. Three motifs in pCMVhGR� (#1, #2 and #4) were mutated and
analyzed. The data of mut3 are similar to the data shown in Fig. 2 and are
shown for comparison. A. The effect on hGR� mRNA expression. Expression
levels were measured for each mutant at 16 h after transfection into COS-1
cells. Data are normalized to the expression level of the wild type mRNA. No
differences were found in the hGR� mRNA expression levels. B. The effect on
hGR� mRNA stability. The mRNA turnover was studied for each mutant.
Actinomycin-D (1 �g/ml) was added to the transfected cells and 3 h later, total
RNA was extracted and hGR� mRNA expression levels were measured by
RT-PCR. Expression levels are presented relative to the expression level at the
moment of actinomycin-D addition. Mutation of motif #2, motif #4, and all
four motifs resulted in increased hGR� mRNA levels at this time point as
compared to the wild type. C. The effect on protein expression. The hGR�
protein levels 16 h after transfection were measured by Western blotting. Blots
were quantified and data are presented relative to the wild type expression
level. mut2, mut4 and mutall showed higher hGR� protein levels than the wild
type. *: Significantly different from wild type (P � 0.05).
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4. Discussion

The role of AUUUA motifs in mRNA destabilization has
been studied intensively. AREs containing one or several
AUUUA sites have been shown to be destabilizing elements
in the 3�UTR of c-fos and c-myc mRNA [27], and insertion
of AUUUA motifs in the 3�UTR of rabbit �-globin mRNA
destabilizes this mRNA [33]. Mutation of AUUUA sites has
been shown to increase the stability of mRNA in several
studies. Mutating several of the eight AUUUA motifs to
AGGUA in the 3�UTR of interleukin 3 mRNA resulted in
an increased mRNA half-life, although not all motifs ap-
peared to be important for mRNA destabilization [26]. Mu-
tating three AUUUA sites in an ARE of adenovirus IVa2
mRNA to AGGUA (together with U to G mutations in
nearby U-stretches) dramatically decreased the mRNA de-
stabilizing effect of this ARE [34], and mutation of
AUUUA motifs in AREs of the c-fos mRNA to AUAUA or
AUUAA decreased the mRNA destabilizing effect of these
AREs [35].

However, the presence of AUUUA motifs in an ARE
does not guarantee a destabilizing function. AREs in the
3�UTR of c-jun and krox20 mRNA do not change mRNA
stability, although they contain at least one AUUUA motif
[27]. It has been shown that the effectiveness of an AUUUA
motif is determined by surrounding sequences. For exam-
ple, a U-stretch or U-rich region nearby an AUUUA motif
appears to be a major factor contributing to c-fos and c-myc
mRNA destabilization [27]. Thirteen AUUUA pentamers
have been found in the 3�UTR of human estrogen receptor
� (hER�) mRNA, and this 3�UTR appears to be involved in
destabilization of the mRNA [36]. However, mutation of
several AUUUA sites did not result in altered stability of the
hER� mRNA [36].

The four AUUUA motifs in the 3�UTR of hGR� mRNA
are distributed over two AREs. Two of them are located
closely together in an ARE that stretches between position
2510–2623 (71% A/U), and the other two are located in an
ARE that consists of bases 3585–3790 (70% A/U). Accord-
ing to the classification used by Chen and Shyu [25], the two
AREs are class I AUUUA containing AREs, like the AREs
that are found in the 3�UTR of c-fos, c-jun and c-myc
mRNAs [27]. This means that the AREs do not contain
overlapping UUAUUUAUU nonamers.

A mutation in AUUUA motif #3 in the 3�UTR of hGR�
mRNA is naturally occurring and is associated with rheu-
matoid arthritis [23]. Our data show that this mutation does

presented relative to the expression level at the moment of actinomycin-D
addition. The mutant expressed a higher level of hGR� mRNA as com-
pared to the wild type. C. The effect on hGR� protein expression. Protein
levels at 16 h after transfection were measured by Western blotting. Data
are presented relative to the expression level of the wild type receptor. The
mutant showed higher protein levels than the wild type. Representative
immunoblots are shown for both the hGR� and the actin Western blots. *:
Significantly different from wild type (P � 0.05).

Fig. 4. The effect of mutating AUUUA motifs #1–10 in hGR� mRNA. All
10 AUUUA motifs in the 3�UTR of hGR� mRNA were mutated to
GUUUA and analyzed. A. The effect on mRNA expression. The hGR�
mRNA level 16 h after transfection into COS-1 cells was measured by
RT-PCR. Data are normalized to the expression level of the wild type
mRNA, and show that the mutant expressed a higher level of hGR� mRNA
than the wild type. B. The effect on mRNA stability. hGR� mRNA levels
were measured 3 h after the addition of actinomycin-D (1 �g/ml). Data are
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not affect the mRNA level, but rather increases mRNA
stability, which in turn alters hGR� protein expression.
However, the observed difference in expression at the pro-
tein level is relatively small. It will be important to study
hGR� protein levels in individuals carrying the mutation
and if these levels correlate with glucocorticoid resistance
and/or the occurrence of rheumatoid arthritis.

Motif #1 and #2 are located in the same AU-rich region.
Based on the present data, only AUUUA motif #2 appears
to contribute to mRNA destabilization. Sequences sur-
rounding motif #2 probably contribute to its destabilizing
effect. A candidate destabilizing sequence element is a
GUUUG pentamer, downstream of motif #2. Although its
efficacy has not been demonstrated yet, several copies of
this pentamer are present in the 3�UTR of the c-jun mRNA
[27]. Other possible regulatory sequence elements are found
near motif #3. Downstream of this motif are several U-
stretches, which may contribute to its destabilizing effect. In
addition, eight bases downstream of this AUUUA motif, a
consensus GRE half-site is present. It has been shown that
hGR� can bind to these half-sites [37]. However, whether it
binds this particular site under physiological conditions, and
whether this event alters stability of the hGR� mRNA
remains to be elucidated.

At 16 h after transfection, increased hGR� protein levels
are observed when motif #2, motif #3, motif #4 or all four
motifs have been mutated. Apparently, the increased half-
life of the mRNA results in increased receptor levels. How-
ever, we did not observe a difference in mRNA expression
level between the wild type and any of the mutants at 16 h
after transfection. Similar data were obtained at 8, 24 and
48 h after transfection (data not shown). A possible expla-
nation for this result is that hGR� protein may prevent the
mRNA from accumulating by decreasing its own transcrip-
tion rate. A feedback mechanism like this has been proposed
for hGR� [38]. Since hGR� protein is very stable (the
half-life is approximately 48 h [39]) compared to hGR�
mRNA, differences at the protein level will be detectable for
a longer period than differences at the mRNA level.

The effects of mutating AUUUA motifs in hGR�’ s
3�UTR are not additive, in contrast to the effects of muta-
tions in these motifs in c-fos mRNA [35]. Mutation of
motifs #2, #3 or #4 results in a stabilization of the mRNA
and an increase in protein expression that is similar to that
observed after mutating all four motifs. Apparently, the
presence of all three motifs is required in order to destabi-
lize hGR� mRNA. A similar model has been proposed for
the destabilization of IL-3 mRNA by AUUUA motifs [26].
Within a cluster of six motifs, three adjacent motifs appear
to be required for destabilization of this messenger. Another
surprising finding is the observation that mutation of motif
#1 did not alter hGR� mRNA stability under the conditions
of our experiments, but it decreased the expression level of
the receptor protein. Currently, we have no explanation for
this discrepancy. Further studies will be necessary to inves-
tigate if this motif possibly has a stabilizing effect on hGR�

mRNA, that was undetectable due to the time point we
studied or the methods we used.

Although AUUUA pentamers are over-represented in the
3�UTR of hGR� mRNA, their significance has never been
demonstrated. Ten pentamers are located in this region, and
all ten were mutated in our study. This resulted in an
increased expression at the mRNA level, in contrast to the
mutations of AUUUA motifs in the 3�UTR of hGR�
mRNA. In addition, increased mRNA stability and protein
expression were observed. These effects were larger than
the effects observed after mutating AUUUA motifs in the
3�UTR of hGR� mRNA, probably due to the number of
mutated sites.

The expression of hGR� and hGR� mRNA and its
stability have been shown to be affected by ligand-induced
activation of hGR� [40]. When coexpressed, expression of
both hGR� and hGR� mRNA is dramatically downregu-
lated after the addition of dexamethasone [41]. Dexameth-
asone has been shown to decrease the halflife of hGR�
mRNA [38]. It has been suggested that AUUUA motifs play
a role in these effects [42] since glucocorticoids have been
shown to alter the stability of several mRNAs. Dexameth-
asone decreases the stability of Cyclin D3 mRNA, and it has
been demonstrated that the 3�UTR was involved in this
effect [43]. A similar destabilizing effect of dexamethasone
was observed for cyclooxygenase-2 mRNA which contains
22 AUUUA pentamers. However, the 3�UTR of this mRNA
linked to a heterologous reporter failed to show this effect
[44]. We have investigated if ligand-induced downregula-
tion of hGR� and hGR� mRNA is affected by mutations in
AUUUA motifs. No difference in downregulation could be
detected between wild type and mutant hGR� or hGR�
mRNAs (data not shown). These data indicate that ligand-
induced changes in stability or expression of hGR� and
hGR� mRNA are not dependent on the presence of
AUUUA motifs in the 3�UTR.

In summary, the naturally occurring mutation in
AUUUA motif #3 in hGR� mRNA results in increased
stability of hGR� mRNA and a small increase in hGR�
protein expression. Similar effects are observed after mu-
tating two other AUUUA motifs in hGR� mRNA, and after
mutating all ten AUUUA motifs in the 3�UTR of hGR�
mRNA. Together, our data suggest that some (but not all)
AUUUA motifs in the 3�UTR of hGR� and hGR� are
destabilizing elements, which in turn alter the hGR� and
hGR� protein expression level in living cells.
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