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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 i thER3of exon B, which encodes the’BTR of the mRNA of the
hGRB isoform. The hGIB isoform can act as a dominant negative inhibitor of kGGRnd therefore may contribute to glucocorticoid
resistance. The A to G mutation is located in an AUUUA maotif, 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"thERB of hGR3 and hGRx
MRNA were studied. hGRand hGRx 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 tHeITR of hGR8 mRNA increased mRNA stability and protein expression.
Mutation of two other AUUUA motifs in the 3JTR of hGRB, or mutation of all four AUUUA maotifs resulted in a similar effect. Mutation
of the most 5 AUUUA maoitif did not alter hGRB mRNA expression or mRNA stability. Mutation of all 10 AUUUA moatifs in th& 'R
of hGRae mMRNA 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 th¢ BTR of hGR8 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 3UTR of hGR3 mRNA and for the 10 AUUUA motifs that are present in tH&JBR of hGRx. Published by Elsevier Science
Inc.
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1. Introduction hGRB mRNA share the samé€ &nd (exon 1-8), but differ
in their 3 end (exon 9). hGR mRNA contains exon&and

Glucocorticoids are steroid hormones that are secretedhGRB mRNA exon . This results in two proteins that are
by the adrenal gland after stress and in a diurnal rhythm, andidentical through amino acids 727, but then diverge. kKGR
they have a wide variety of effects ranging from altering an has an additional 50 amino acids, whereas BGRs 15
organism’s metabolism [1], to its behavior [2] or its immune distinct amino acids [7,9]. hG&resides in the cytoplasm,
system [3,4]. Clinically, glucocorticoids are widely used for can bind glucocorticoids, and translocates to the nucleus
their anti-inflammatory actions. Immune-related diseases upon ligand binding, where it can alter gene transcription by
such as rheumatoid arthritis [5] and asthma [6] are often binding to glucocorticoid response elements [10,11]. Alter-
treated with glucocorticoids. The effects of glucocorticoids natively, it can interact with other transcription factors as
are mediated by an intracellular receptor, the glucocorticoid AP-1 [12-14] or NF«B [15], and inhibit their activity.
receptor (GR) [7,8]. In humans, two isoforms of this recep- hGRB does not bind hormone and is transcriptionally inac-
tor exist: hGRx and hGRB. These two forms are a result of tive. In vitro studies have shown that it can act as a domi-
alternative splicing of the hGR pre-mRNA. h@Rand nant negative inhibitor of hG&s transactivation properties

[9,16].
* Corresponding author. Tel.#1-919-541-0794; fax:+1-919-541- A number of clinical studies have observed an associa-
1367. tion between increased h@Rexpression and steroid-resis-
E-mail address: schaaf@niehs.nih.gov (M.J.M. Schaaf). tance in asthma [17-19]. Recently, Christodoupoulos et al.
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[20] have shown an association between asthma and in-
creased hGRf expression, studying fatal asthma cases. In
addition, an association between increased hGRS 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 hGRB expression re-
sults in inhibited transcriptional activity of hGRe, 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 a. [23] discovered a polymorphism in exon
9B of the hGR gene that is associated with rheumatoid
arthritis. This polymorphism is located in the 3’ end of this
exon (position 3669 of hGRB cDNA [7]) and is transcribed
into the 3’ untrandated region (UTR) of hGRB mRNA. The
polymorphismisan A to G mutationinan 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] resultsin
increased stability of the mRNA. Thus, De Rijk et a. [23]
evaluated the effect of the mutation in the 3'UTR of hGRB
mMRNA on mRNA turnover in vitro, and observed that this
mutation resulted in an increased stability of hGRB mRNA.
Apparently, the naturaly 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 affectsthe 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 hGRB mRNA and in hGRa mRNA. Four
AUUUA motifs are present in the 3'UTR of hGRB mRNA,
and 10 are located in the 3'UTR of hGRa mRNA. Our
results show that three of the four AUUUA motifsin hGRB
MRNA are involved in destabilizing hGRB mRNA. In ad-
dition, AUUUA motifsin the 3'UTR of hGRa decrease its
mMRNA stability and decrease the receptor protein expres-
sion.

2. Experimental
2.1. Cdll culture and transfection

COS-1 cells were grown as described previously [28].
One day before transfection, cells were transferred to 9.6
cm? wells (1.5 X 10° per well). Cells were transfected using
Translt reagent (PanVera, USA) with either the hGRa ex-
pression vector pPCMVhGRe [9], the hGR expression vec-
tor pPCMVhGRg [9], or a mutated version of one of these

vectors. One ug of plasmid was used per well. After a5 h
incubation with the Translt reagent/DNA mixture, cells
were refed with supplemented DMEM.

2.2. Ste-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 hGRB expression vector
pCMVhGRp [9], one was made by mutating the hGR«
expression vector pCMVhGRa [9]. All four ATTTA sites
in the 3'UTR of the hGRB cDNA were mutated to
GTTTA (resulting in pPCMVhGRBmut1, pCMVhGRBmMut2,
pCMVhGRBMut3, and pCMVhGRBmut4). The four
A to G mutations were made at positions 2561 (result-
ing in pCMVGRBmutl, positions as in [7]), 2597
(PCMVhGRBmMut2), 3669 (pCMVhGRBmut3), and 3736
(PCMVhGRBmMut4). In addition, a vector was made con-
taining four mutated ATTTA sites (pPCMVhGRBmutall,
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 sitesinthe 3'UTR
of hGRa cDNA (pPCMVhGRamutall), 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 wasisolated 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 mMRNA levels, real time RT-PCR was per-
formed, using the TagMan Gold RT-PCR Kit (Applied
Biosystems). Primers and probes used were as following.
For hGRa: 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 hGRp: 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 wl of 1X Tagman buffer A, 10
mM MgCl,, 300 uM dATP, dCTP, dGTP, 600 uM dUTP,
10 uM forward primer, 10 uM reverse primer, 5 uM probe,
0.05 U/l AmpliTag Gold DNA polymerase, 0.25 U/pul
MultiScribe Reverse Transcriptase and 0.4 U/ul RNase
inhibitor. Reactions were run on an ABI Prism 7700 se-
guence 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 TagMan PCR
kit (Applied Biosystems) according to the manufacturer’s
instructions. For both hGRB mRNA and rRNA, relative
standard curves were obtained by making serial dilutions of
acontrol sample. Using these curves, the relative amount of
hGRa or hGRB 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
sdline (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
ng 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
TrissHCI (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 hGRa [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 pCMVhGRB, pCMVhGRq,
or amutated 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 hGRB or hGRa 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.em.) of at least three experiments.

2.6. Measurement of mRNA turnover

Cells were transfected with pCMVhGRB, pPCMVhGRq,
or a mutated version of this plasmid. Twenty-four hours
after transfection, actinomycin-D (Calbiochem) was added
to the medium (1 pwg/ml), and t = O 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 hGRB or hGRa mRNA
levels were measured for each sample. Duplicates were
averaged and the data were normalized to the expression
level att = O h. Datashown aremeans ( = s.em.) of at least
three experiments.

2.7. Satistical analysis

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

3. Results

3.1. Ste-directed mutagenesis of AUUUA motifs in hGRB
and hGRa expression vectors

A schematic representation of hGRa and hGRB 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 moatifsin the
3'UTR of hGRB and hGRa mRNA, mutations were made in
the hGRB expression vector pCMVhGRB and the hGRa ex-
pression vector pPCMVhGRe [9]. All the mutants used are
showninFig. 1B. Therearefour AUUUA motifsinthe3'UTR
of hGRB 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-
vidualy, resulting in four mutated expression vectors:
pCMVhGRBmut1, pCMVhGRAmMUt2, pCMVhGRAmMut3, and
pCMVhGRBmMut4. In addition, a vector was made in which all
four sites were mutated, pPCMVhGRBmutall. In the 3'UTR of
hGRa 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 pPCMVhGRamutall.
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A. AUUUA sites in the 3’UTR of hGRo and hGRB mRNA
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Fig. 1. Location of AUUUA motifs in the 3'UTR of hGRa and hGRB
mMRNA. A schematic representation of hGRa and hGRB mRNA is shown
in Fig. 1A. Indicated are the locations of the 10 AUUUA motifs in the
3'UTR of hGRa mRNA and the 4 AUUUA motifs that are present in the
3'UTR of hGRB mRNA. A mutation in motif #3 in hGRB 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 hGRa and hGRB mRNA respectively. Se-
guences are shown from the stop codon which is underlined (‘uga se-
quence), until the polyadenylation site. All AUUUA motifs are boxed.

3.2. The effect of mutating AUUUA motif #3 in hGRB
MRNA

The naturally occurring mutation in AUUUA motif #3
in the 3'UTR of hGRB mRNA, which was shown to be
associated with rheumatoid arthritis in a previous study,
has been suggested to stabilize hGRB mRNA [23]. Here,
we have determined if this mutation would increase the
hGRB mRNA and protein expression level. The hGRB
expression vector pPCMVhGR and the mutated version
pCMVhGRBmut3 were transfected into COS-1 cells, and
the hGRB 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 hGRB 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 wg/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-

C.3’UTR of hGRo: mRNA

2401 aucaccaauc agauaccaaa auauucaaau ggaaauauca aaaaacuucu guuucaucaa
2461 aagugacugc cuuaauaaga augguugccu uaaagaaagu cgaauuaaua gcuuuuauug
2521 uauaaacuau caguuugucc uguagagguu uuguuguuuu auuuuuuauu guuuucaucu
2581 guuguuuugu uuuaaauacg cacuacaugu gguuuauaga gggccaagac uuggcaacag
2641 aagcaguuga gucgucauca cuuuucagug augggagagu agauggugaa uuagu
2701 uvaavauvaucc cagaaauuag aaaccuuaau auguggacgu aaucuccaca gucaaagaag
2761 gauggcaccu aaaccaccag ugcccaaagu cugugugaug aacuuucucu ucauacuuuu
2821 uuucacaguu ggcuggauga aauuuucuag acuuucuguu gguguauccc cccccuguau
2881 aguuaggaua gcauuuuuugcaug gaaaccugaa aaaaaguuua caaguguaua
2941 ucagaaaagg gaaguugugc cuuuuauagc uauuacuguc ugguuuuaac aauuuccuuu
3001 aufauuualgug aacuacgcuu gcucauuuuu ucuuacauaa UUUULUAUUC aaguuauugu
3061 acagcuguuu aagaugggca gcuaguucgu agcuuuccca aauaaacucu aaacauuaau
3121 caaucaucug ugugaaaaug gguuggugcu ucuaaccuga uggcacuuag cuaucagaag
3181 accacaaaaa uugacucaaa ucuccaguau ucuugucaaa aaaaaaaaaa aaaaagcuca
3241 vauuuuguau auaucugcuu caguggagaa uuauauaggu ugugcaaauu aacaguccua
3301 acugguauag agcaccuagu ccagugaccu gcuggguaaa cuguggauga ugguugcaaa
3361 agacuaaaaaauaac uaccaagagg cccugucugu accuaacgcc cuauuuuugc
3421 aauggcuaua uggcaagaaa gcugguaaac uauuugucuu ucaggaccuu uugaaguagu
3481 uuguauaacu ucuuaaaagu ugugauucca gauaaccagc uguaacacag cugagagacu
3541 uuuaaucaga caaaguaauu ccucucacua aacuuuaccc aaaaacuaaa ucucuaauau
3601 ggcaaaaaug gcuagacacc cauuuucaca uucccaucug ucaccaauug guuaaucuuu
3661 ccugauggua caggaaagcu cagcuacuga uuuuuguggaacugu augucagaca
3721 uccauguuug uaaaacuaca caucccuaau gugugccaua gaguuuaaca caaguccugu
3781 gaauuucuuc acuguugaaa auuauuuuaa acaaaauaga agcuguagua geccuuucug
3841 ugugcaccuu accaacuuuc uguaaacuca aaacuuaaca ucuaa gccacaagaa
3901 auuugauuuc uauucaaggu ggccaaauua uuuguguaau agaaaacuga aaaucuaaua
3961 uuaaaaauau ggaacuucua auauauuuuu aufuuugguu auaguuucag auauauauca
4021 uvauugguauu cacuaaucug ggaagggaag ggcuacugca gcuuuacaug cauua
4081 aaaugauugu aaaauagcuu guauagugua aaauaagaau gauuuuuaga ugagauuguu
4141 uuaucaugac auguuauaua uuuuuuguag gggucaaaga aaugcugaug gauaaccuau
4201 augua guuuguacau gcauucauac aggcagcgau ggucucagaa accaaacagu
4261 uugcucuagg ggaagaggga gauggagacu gguccugugu gcagugaagg uugcugaggce
4321 ucugacccag ugagauuaca gaggaaguua uccucugccu cccauucuga ccacccuucu
4381 cauuccaaca gugagucugu cagcgcaggu uuaguuuacu caaucucccc uugcacuaaa
4441 guauguaaag uauguaaaca ggagacagga agguggugcu uacauccuua aaggcaccau
4501 cuaauagcgg guuacuuuca cauacagccc ucccccagea guugaaugac aacagaagceu
4561 ucagaaguuu ggcaauaguu ugcauagagg uaccagcaau auguaaauag ugcagaaucu
4621 cauagguugc caauaauaca cCuaauuccuu ucuauccuac aacaagaguu uauuuccaaa
4681 uaaaaugagg acauguuuuu guuuucuuug aaugcuuuuu gaauguuauu uguuauuuuc
4741 aguauuuugg agaaauuauaaaaaa acaaucauuu gcuuuuug

D. 3’UTR of hGRp mRNA

2341 acaucucaca cauuaaucug auuuucaucc caacaaucuu ggcgcucaaa aaauagaacu
2401 caaugagaaa aagaagauua ugugcacuuc guugucaaua auaagucaac ugaugcucau
2461 cgacaacuau aggaggcuuu ucauuaaaug ggaaaagaag Cugugcccuu uuaggauacy
2521 ugggggaaaa gaaagucauc uuaauuaugu uuaauugugg agugc uauvauggugg
2581 ugcuguuuga aagcaglauuu ajuuuccuaug uauguguuau cuggccaucc caacccaaac
2641 uguugaaguu uguaguaacu ucagugagag uugguuacuc acaacaaauc cugaaaagua
2701 uuuuuagugu uuguagguau ucugugggau acuauacaag cagaacugag gcacuuagga
2761 cauaacacuu uugggguaua uauauccaaa ugccuaaaac uaugggagga aaccuuggcec
2821 accccaaaag gaaaacuaaC augauuugug ucuaugaagu gcuggauaau uagcauggga
2881 ugagcucugg gcaugccaug aaggaaagcc acgcucccuu cagaauucag aggcagggag
2941 caauuccagu uucaccuaag ucucauaauu UUaguucccu uuuaaaaacc cugaaaacua
3001 caucaccaug gaaugaaaaa uauuguuaua caauacauug aucugucaaa CuUUCCAgaac
3061 caugguagcc uucagugaga uuuccaucuu ggcuggucac ucccugacug uagcuguagg
3121 ugaauguguu uuugugUgug ugugucuggu uuuaguguca gaagggaaau aaaaguguaa
3181 ggaggacacu uuaaacccuu uggguggagu uucguaauuu cccagacuau uuucaagcaa
3241 ccugguccac ccaggauuag ugaccagguu uucaggaaag gauuugcuuc ucucuagaaa
3301 augucugaaa ggauuuuauu uucugaugaa aggcuguaug aaaauacccu ccucaaauaa
3361 cuugcuuaac uacauauaga uucaagugug ucaauauucu auuuuguaua uuaaaugcua
3421 uvauaaugggg acaaaucuau auuauacugu guauggcauu auuaagaagc uuuuucauua
3481 uuuuuuauca caguaauuuu aaaaugugua aaaauuaaaa ccagugacuc cuguuuaaaa
3541 auaaaaguug uaguuuuuua uucaugcuga auaauaaucu guaguuaaaa aaaaaguguc
3601 uuuuuaccua cgcagugaaa ugucagacug uaaaaccuug uguggaaaug uuuaacuuuu
3661 auuuuuucaauuugc uguucuggua uuaccaaacc acacauuugu accgaauugg
3721 caguaaaugu uagcc cagcaaugcc aaauauggag aaacaucaua auaaaaaaau
3781 cugcuuuuuu c

Fig. 1. (Continued).

induced destabilization of mRNA, our analysis may reflect
an underestimation of the destabilizing effect of the motifs
[32]. Three hours after actinomycin-D addition, hGRB
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 hGRB 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
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A. hGRB mRNA expression in COS-1 cells
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Fig. 2. The effect of mutating AUUUA motif #3 in hGRB mRNA. A. The
effect on hGRB mRNA expression. The hGRB expression vector pCM-
VhGRp and the mutated version pCMVhGRBmut3 were transfected into
COS-1 cells, and hGRB 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 hGRB mMRNA was detected. B. The effect on hGRB mRNA sta-
bility. hGRB mRNA expression was measured following 3 h actinomy-

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 hGRB 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 hGRp 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 hGRB mRNA results
in increased hGR protein expression.

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

The mRNA-destabilizing effect of motif #3 may be
uniqgue to this motif, or the other three AUUUA motifsin
the 3'UTR of hGRB 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 pCMVhGRBmutl, pCMVhGRBmut2, and
pCMVhGRBmut4. In addition, a vector containing
mutations in al four AUUUA motifs was made
(PCMVhGRpall). The mRNA expression level was mea-
sured for each mutation. COS-1 cells were transfected
and 16 h later, cells were harvested and hGRB mRNA
levels were measured (Fig. 3A). All vectors resulted in
equivalent levels of hGRB mMRNA 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 hGRf
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 hGRB mRNA level was seen for the
wild type and mutant vectors. hGRB wild type mRNA
levels decreased to 56.0 = 3.4% of thelevel seenatt = 0.
Murtation of motif #2, motif #4, and al four motifs resulted
in higher hGRB 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 pPCMVhGRBmutl showed hGRB
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 pg/ml) treatment. Expression levels are presented relative to the
expression level at the moment of actinomycin-D addition. The level of
mutant hGRB mRNA was significantly higher than that of the wild type. C.
The effect on protein expression. By Western blotting, hGRp 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 hGRB and the actin Western
blots. *: Significantly different from wild type (P < 0.05).
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Fig. 3. The effect of mutating AUUUA motif #1, motif #2 and motif #4 in
hGRB mMRNA. Three motifsin pCMVhGRp (#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 hGRB mRNA expression. Expression
levels were measured for each mutant a 16 h after transfection into COS-1
cells. Data are normaized to the expression level of the wild type mRNA. No
differenceswerefound in the hGRB mRNA expression levels. B. Theeffect on
hGRB mRNA stability. The mRNA turnover was studied for each mutant.
Actinomycin-D (1 ug/ml) was added to the transfected cellsand 3 h later, tota
RNA was extracted and hGRB 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 dl
four motifs resulted in increased hGRB mMRNA levels at this time point as
compared to the wild type. C. The effect on protein expresson. The hGRp
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 hGRp protein levels than thewild
type. *: Significantly different from wild type (P < 0.05).

(like mutation of motif #3) can increase the stability of
hGRB mRNA, whereas motif #1 appears not to be involved
in MRNA stability. These data suggest that thereis adefined
functional specificity for the AUUUA motifs.

We next investigated if a change in mRNA turnover
resultsin altered expression at the protein level. COS-1 cells
were transfected with wild type and mutated hGRB expres-
sion vectors. Sixteen hours after the start of the transfection
cells were harvested, and protein was isolated. Expression
levels of hGRB 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 pCMVhGRBmMut2,
pCMVhGRBmMut4 and pCMVhGRBmutal resulted in
higher hGR protein levels than the wild type vector (36 =
12%, 31 = 11% and 24 *= 9% higher respectively).
pCMVhGRBmutl resulted in alower 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
mMRNA turnover rate.

3.4. The effect of mutating AUUUA motifs #1-10 in
hGRa mRNA

AUUUA motifs are overrepresented in the 3'UTR of the
hGRa 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 hGRa
mRNA. The mutated expression vector was transfected into
COS-1 cells and hGRa mRNA levels were measured by
RT-PCR (Fig. 4A). The level of mutant hGRa 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 hGRB mutants. COS-1 cells were
transfected with the wild type or the mutant vector, actino-
mycin-D was added, hGRa mRNA levels were measured
3 h later, and they are shown in Fig. 4B. The turnover rate
of wild type hGRa mRNA was similar to that of hGRB
mMRNA. Three hours after actinomycin-D addition, the
MRNA level was decreased to 52.8 + 6.3% of the level at
t = 0. The relative hGRa mRNA level of the mutant was
significantly higher: 74.4 = 3.6%, indicating that mutations
inthe AUUUA sites of hGRa mRNA lead to stabilization of
hGRa 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
hGRa 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 al 10 AUUUA
motifsinthe 3'UTR of hGRa resulted in increased levels of
protein expression.
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Fig. 4. The effect of mutating AUUUA motifs #1-10 in hGRa mRNA. All
10 AUUUA motifs in the 3'UTR of hGRa mRNA were mutated to
GUUUA and analyzed. A. The effect on mRNA expression. The hGRa
mMRNA 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 hGRa mRNA
than the wild type. B. The effect on mRNA stability. hGRa mRNA levels
were measured 3 h after the addition of actinomycin-D (1 wg/ml). Dataare

4, Discussion

Therole of AUUUA motifsin mRNA destabilization has
been studied intensively. AREs containing one or several
AUUUA sites have been shown to be destabilizing elements
inthe 3'UTR of c-fos and c-myc mRNA [27], and insertion
of AUUUA motifsin the 3'UTR of rabbit 8-globin mRNA
destabilizes this mRNA [33]. Mutation of AUUUA sites has
been shown to increase the stability of mRNA in severa
studies. Mutating severa of the eight AUUUA moatifs to
AGGUA in the 3'UTR of interleukin 3 mRNA resulted in
an increased MRNA half-life, athough not al motifs ap-
peared to be important for mMRNA destabilization [26]. Mu-
tating three AUUUA sites in an ARE of adenovirus Va2
mMRNA 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 motifsin AREs of the c-fos mRNA to AUAUA or
AUUAA decreased the mRNA destabilizing effect of these
AREs [35].

However, the presence of AUUUA moatifs 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 amagjor 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
a (hERa) mRNA, and this 3'"UTR appearsto be involved in
destabilization of the mRNA [36]. However, mutation of
several AUUUA sitesdid not result in altered stability of the
hERa mRNA [36].

The four AUUUA motifsin the 3'UTR of hGRB mRNA
are distributed over two AREs. Two of them are located
closely together in an ARE that stretches between position
25102623 (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 | 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 hGRB
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 hGRa mRNA as com-
pared to the wild type. C. The effect on hGRa 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 hGRa and the actin Western blots. *:
Significantly different from wild type (P < 0.05).
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not affect the mRNA level, but rather increases mRNA
stability, which in turn aters hGRB protein expression.
However, the observed difference in expression at the pro-
tein level is relatively small. It will be important to study
hGRp protein levels in individuas 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
hGRa can bind to these half-sites [37]. However, whether it
binds this particular site under physiological conditions, and
whether this event aters stability of the hGRB mRNA
remains to be elucidated.

At 16 h after transfection, increased hGRp 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 hGRB protein may prevent the
MRNA from accumulating by decreasing its own transcrip-
tionrate. A feedback mechanism like this has been proposed
for hGRa [38]. Since hGRpB protein is very stable (the
half-life is approximately 48 h [39]) compared to hGRB
MRNA, differences at the protein level will be detectable for
alonger period than differences at the mRNA level.

The effects of mutating AUUUA motifs in hGRB'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 al four motifs. Apparently, the
presence of all three motifsis required in order to destabi-
lize hGRB mRNA. A similar model has been proposed for
the destabilization of 1L-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 hGRB 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 hGRg

mMRNA, 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 hGRa mRNA, their significance has never been
demonstrated. Ten pentamers are located in this region, and
al ten were mutated in our study. This resulted in an
increased expression at the mRNA level, in contrast to the
mutations of AUUUA moetifs in the 3'UTR of hGRS
mMRNA. 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 hGRB mRNA, probably due to the number of
mutated sites.

The expression of hGRa and hGRB mRNA and its
stability have been shown to be affected by ligand-induced
activation of hGRa [40]. When coexpressed, expression of
both hGRa and hGRB mRNA is dramatically downregu-
lated after the addition of dexamethasone [41]. Dexameth-
asone has been shown to decrease the halflife of hGRa
mMRNA [38]. It has been suggested that AUUUA motifs play
arole in these effects [42] since glucocorticoids have been
shown to alter the stability of severa mRNAs. Dexameth-
asone decreases the stahility 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 thismRNA
linked to a heterologous reporter failed to show this effect
[44]. We have investigated if ligand-induced downregula-
tion of hGRa and hGR mRNA is affected by mutationsin
AUUUA moatifs. No difference in downregulation could be
detected between wild type and mutant hGRa or hGRf
MRNASs (data not shown). These data indicate that ligand-
induced changes in stability or expression of hGRa and
hGRB mMRNA are not dependent on the presence of
AUUUA motifsin the 3'UTR.

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

Acknowledgment

The authors would like to thank Dr. Roel DeRijk for
sharing unpublished data on polymorphisms in the human
glucocorticoid receptor gene, and Dr. Debby Stumpo and
Dr. Judith Emmen for critical reading of the manuscript.



M.J.M. Shaaf, J.A. Cidlowski / Steroids 67 (2002) 627—636 635

References

[1] Golub MS. The adrenal and the metabolic syndrome. Curr Hypertens
Rep 2001;3:117-20.

[2] de Kloet ER, Oitzl MS, Joels M. Stress and cognition: are cortico-

steroids good or bad guys? Trends Neurosci 1999;22:422—6.

[3] Rook GA. Glucocorticoids and immune function. Baillieres Best

Pract Res Clin Endocrinol Metab 1999;13:567—81.

Chrousos GP. The stress response and immune function: clinical

implications. The 1999 NoveraH. Spector Lecture: Ann NY Acad Sci

2000;917:38-67.

Da SilvaJA, Bijlsma JW. Optimizing glucocorticoid therapy in rheu-

matoid arthritis. Rheum Dis Clin North Am 2000;26:859—80.

[6] Simon RA. Update on inhaled corticosteroids: safety, compliance,
and new delivery systems. Allergy Asthma Proc 1999;20:161-5.

[7] Hollenberg SM, Weinberger C, Ong ES, Cerelli G, Oro A, Lebo R,
Thompson EB, Rosenfeld MG, Evans RM. Primary structure and
expression of a functional human glucocorticoid receptor cDNA.
Nature 1985;318:635-41.

[8] Giguere V, Hollenberg SM, Rosenfeld MG, Evans RM. Functional
domains of the human glucocorticoid receptor. Cell 1986;46:645-52.

[9] Oakley RH, Sar M, Cidlowski JA. The human glucocorticoid receptor
beta isoform. Expression, biochemical properties, and putative func-
tion. J Biol Chem 1996;271:9550-9.

[10] Beato M, Chalepakis G, Schauer M, Slater EP. DNA regulatory
elements for steroid hormones. J Steroid Biochem 1989;32:737—47.

[11] Beato M, Sanchez-Pacheco A. Interaction of steroid hormone recep-
tors with the transcription initiation complex. Endocrine Rev 1996;
17:587-609.

[12] Jonat C, Rahmsdorf HJ, Park KK, Cato AC, Gebel S, Ponta H,
Herrlich P. Antitumor promotion and antiinflammation: down-mod-
ulation of AP-1 (Fos/Jun) activity by glucocorticoid hormone. Cell
1990;62:1189-204.

[13] Yang-Yen HF, Chambard JC, Sun YL, Smea T, Schmidt TJ, Drouin
J, Karin M. Transcriptional interference between c-Jun and the glu-
cocorticoid receptor: mutual inhibition of DNA binding due to direct
protein-protein interaction. Cell 1990;62:1205-15.

[14] Schule R, Rangarajan P, Kliewer S, Ransone LJ, Bolado J, Yang N,
Verma IM, Evans RM. Functional antagonism between oncoprotein
¢-Jun and the glucocorticoid receptor. Cell 1990;62:1217-26.

[15] McKay LI, Cidlowski JA. Molecular control of immune/inflamma-
tory responses: interactions between nuclear factor-« B and steroid
receptor-signaling pathways. Endocrine Rev 1999;20:435-59.

[16] Bamberger CM, Bamberger AM, de Castro M, Chrousos GP. Glu-
cocorticoid receptor beta, a potential endogenous inhibitor of glu-
cocorticoid action in humans. J Clin Invest 1995;95:2435-41.

[17] Leung DY, Hamid Q, Vottero A, Szefler SJ, Surs W, Minshall E,
Chrousos GP, Klemm DJ. Association of glucocorticoid insensitivity
with increased expression of glucocorticoid receptor beta. J Exp Med
1997;186:1567—-74.

[18] Hamid QA, Wenzel SE, Hauk PJ, Tsicopoulos A, Wallaert B, Léfitte
JJ, Chrousos GP, Szefler SJ, Leung DY. Increased glucocorticoid
receptor beta in airway cells of glucocorticoid-insensitive asthma.
Am J Respir Crit Care Med 1999;159:1600—4.

[19] Sousa AR, Lane SJ, Cidlowski JA, Staynov DZ, Lee TH. Glucocor-
ticoid resistance in asthma is associated with elevated in vivo expres-
sion of the glucocorticoid receptor B-isoform. J Allergy Clin Immu-
nol 2000;105:943-50.

[20] Christodoulopoulos P, Leung DY, Elliott MW, Hogg JC, Muro S,
Toda M, Laberge S, Hamid QA. Increased number of glucocorticoid
receptor-B-expressing cells in the airways in fatal asthma. J Allergy
Clin Immunol 2000;106:479—-84.

[21] Shahidi H, Vottero A, Stratakis CA, Taymans SE, Karl M, Longui
CA, Chrousos GP, Daughaday WH, Gregory SA, Plate M. Imbal-
anced expression of the glucocorticoid receptor isoforms in cultured

[4

[l

[5

-

lymphocytes from a patient with systemic glucocorticoid resistance
and chronic lymphocytic leukemia. Biochem Biophys Res Commun
1999;254:559—65.

[22] Honda M, Orii F, Ayabe T, Imai S, Ashida T, Obara T, Kohgo Y.
Expression of glucocorticoid receptor beta in lymphocytes of patients
with glucocorticoid-resistant ulcerative colitis. Gastroenterology
2000;118:859—66.

[23] Derijk RH, Schaaf MJ, Turner G, Datson NA, Vreugdenhil E,
Cidlowski J, de Kloet ER, Emery P, Sternberg EM, Detera-
Wadleigh SD. A human glucocorticoid receptor gene variant that
increases the stability of the glucocorticoid receptor B-isoform
mMRNA is associated with rheumatoid arthritis. J Rheumatol 2001,
28:2383-8.

[24] Shaw G, Kamen R. A conserved AU sequence from the 3’ untrans-
lated region of GM-CSF mRNA mediates selective mRNA degrada-
tion. Cell 1986;46:659—67.

[25] Chen CY, Shyu AB. AU-rich elements: characterization, and impor-
tance in MRNA degradation. Trends Biochem Sci 1995;20:465-70.

[26] Stoecklin G, Hahn S, Moroni C. Functional hierarchy of AUUUA
motifs in mediating rapid interleukin-3 (IL-3) mRNA decay. J Biol
Chem 1994;269:28591-7.

[27] Chen CY, Shyu AB. Selective degradation of early-response-gene
mRNAs: functional analyses of sequence features of the AU-rich
elements. Mol Cell Biol 1994;14:8471-82.

[28] Allgood VE, Powell-Oliver FE, Cidlowski JA. Vitamin B6 influences
glucocorticoid receptor-dependent gene expression. J Biol Chem
1990;265:12424-33.

[29] Oakley RH, Webster JC, Sar M, Parker CR, Cidlowski JA. Expres-
sion and subcellular distribution of the B-isoform of the human
glucocorticoid receptor. Endocrinology 1997;138:5028—-38.

[30] Cidlowski JA, Bellingham DL, Powell-Oliver FE, Lubahn DB, Sar
M. Novel antipeptide antibodies to the human glucocorticoid recep-
tor: recognition of multiple receptor formsin vitro and distinct local-
ization of cytoplasmic and nuclear receptors. Mol Endocrinol 1990;
4:1427-37.

[31] Aivasashvilli VA, Beabealashvilli RS. Sequence-specific inhibition
of RNA elongation by actinomycin D. FEBS Lett 1983;160:124—8.

[32] Chen CY, Xu N, Shyu AB. mRNA decay mediated by two distinct
AU-rich elements from c-fos, and granulocyte-macrophage colony-
stimulating factor transcripts: different deadenylation kinetics, and
uncoupling from trandation. Mol Cell Biol 1995;15:5777—-88.

[33] Akashi M, Shaw G, Hachiya M, Elstner E, Suzuki G, Koeffler P.
Number and location of AUUUA motifs: rolein regulating transiently
expressed RNAs. Blood 1994;83:3182—7.

[34] Vakalopoulou E, Schaack J, Shenk T. A 32-kilodalton protein binds
to AU-rich domainsin the 3’ untranslated regions of rapidly degraded
mRNAs. Mol Cell Biol 1991;11:3355-64.

[35] Chen CY, Chen TM, Shyu AB. Interplay of two functionally and
structurally distinct domains of the c-fos AU-rich element specifiesits
mMRNA-destabilizing function. Mol Cell Biol 1994;14:416—26.

[36] Kenedy MR, Flouriot G, Sonntag-Buck V, Dandekar T, Brand H,
Gannon F. The 3'-untranslated region of the human estrogen receptor
alpha gene mediates rapid messenger ribonucleic acid turnover. En-
docrinology 2000;141:2805-13.

[37] Tully DB, Cidlowski JA. Affinity of interactions between human
glucocorticoid receptors and DNA: at physiologic ionic strength,
stable binding occurs only with DNASs containing partialy sym-
metric glucocorticoid response elements. Biochemistry 1990;29:
6662—70.

[38] Burnstein KL, Jewell CM, Sar M, Cidlowski JA. Intragenic se-
guences of the human glucocorticoid receptor complementary
DNA mediate hormone-inducible receptor messenger RNA down-
regulation through multiple mechanisms. Mol Endocrinol 1994;8:
1764-73.



636 M.J.M. Shaaf, J.A. Cidlowski / Steroids 67 (2002) 627—636

[39] Webster JC, Oakley RH, Jewell CM, Cidlowski JA. Proinflammatory [42] VedeckisWV, Ali M, Allen HR. Regulation of glucocorticoid recep-
cytokines regulate human glucocorticoid receptor gene expression tor protein and mMRNA levels. Cancer Res 1989;49:2295s-302s.
and lead to the accumulation of the dominant negative beta isoform: [43] GarciaGras EA, Chi P, Thompson EA. Glucocorticoid-mediated
a mechanism for the generation of glucocorticoid resistance. Proc destabilization of cyclin D3 mRNA involves RNA-protein interac-
Natl Acad Sci U S A 2001,;98:6865—70. tions in the 3'-untranslated region of the mRNA. J Biol Chem 2000;

[40] Burnstein KL, Cidlowski JA. The down side of glucocorticoid recep- 275:22001-8.
tor regulation. Mol Cell Endocrinol 1992;83:C1-8. [44] Newton R, Seybold J, Kuitert LM, Bergmann M, Barnes PJ. Repres-

[41] Oakley RH, Jewell CM, Yudt MR, Bofetiado DM, Cidlowski JA. The sion of cyclooxygenase-2 and prostaglandin E2 release by dexameth-
dominant negative activity of the human glucocorticoid receptor beta asone occurs by transcriptional and post-transcriptional mechanisms
isoform. Specificity and mechanisms of action. J Biol Chem 1999; involving loss of polyadenylated mRNA. J Biol Chem 1998;273:

274:27857—66. 32312-21.



