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ABSTRACT: Alternative splicing of exon 9 in human glucocorticoid receptor (hGR) transcripts yields two
native hGR transcripts and proteins, hGRR and hGRâ. We have now identified four novel hGRR tran-
scripts that have various deletions of exon 2 sequences. Among these hGRR splice variants, three of
them, 1A1/E2dist hGRR, 1A2/E2prox hGRR, and 1A3/E3 hGRR, arise from the hGR 1A promoter, while
1B/E3 hGRR comes from the hGR 1B promoter. When fused to Flag and enhanced green fluorescent
protein (EGFP) tags at the carboxy terminus, all transcript variants can be correctly translated in vitro and
in vivo. The Flag-tagged hGRR protein variants can functionally bind to a glucocorticoid response element
(GRE) and can mediate hormonal stimulation of a pGRE-luciferase reporter gene. Compared to the
“classical”, native hGRR, these four variants exhibit a cell type-specific activation of a reporter gene, and
this is influenced by the hGRR 3′ untranslated region in the hGR transcript. When equal amounts of the
cDNAs for these GRR variant proteins are transfected into cells, they can exhibit lower or higher
transcriptional activation compared to the classical GR. Furthermore, the EGFP-tagged proteins are nuclear
localized, even in the absence of hormone. Using quantitative reverse transcription PCR, we found that
these transcripts exist at a low level in CEM-C7 cells and IM-9 cells, although the concentrations of the
1A3/E3 hGRR and 1B/E3 hGRR transcripts are higher than for hGRâ transcripts, while 1A1/E2dist hGRR
and 1A2/E2prox hGRR transcript levels are comparable to the 1A1 hGRR and 1A2 hGRR (without the
exon 2 deletions) transcript levels, respectively. Because these novel hGR, N-terminal deleted, protein
variants have altered biological activity, their expression could potentially affect the hormone sensitivity
or resistance in leukemia and be useful in diagnosing hormone-sensitive or -resistant disease.

Glucocorticoids (GCs) play important roles in regulating
many biological processes including hematopoiesis, immune
system responses, and metabolism. Importantly, GCs are
routine chemotherapeutic agents used for various hematologic
malignancies that include multiple myeloma, non-Hodgkin’s
lymphoma, acute lymphoblastic leukemia (ALL), and chronic
lymphoblastic leukemia, because of their cytolytic actions
in lymphoid and leukemic cells, especially in childhood acute
lymphoblastic leukemias (1-3). In these cases, glucocorti-
coid hormones induce the apoptosis and lysis of lymphoblast
cells, the mechanisms of which are largely unknown (4).

Apoptosis of lymphoid malignancies induced by GCs is
mediated by the glucocorticoid receptor (GR) protein (5), a
ligand-induced transcription factor of the nuclear receptor

family of transcription factors (6). After binding the hormone,
the GR dimerizes, translocates to the nucleus, and functions
as a transcription factor, e.g., by binding to glucocorticoid
response element (GRE) sequences. The GR protein contains
three domains: (1) an N-terminal domain, which is coded
by exon 2 and contains an activation function, AF-1, segment
involved in protein-protein interaction with various cofac-
tors; (2) a DNA-binding domain (DBD), which is coded by
exons 3 and 4 and is necessary for DNA binding and
homodimerization; and (3) a C-terminal ligand-binding
domain (LBD), which specifically binds glucocorticoid
hormones (6) and contains a second activation function,
AF-2. Two native human GR proteins have been described
(hGRR, 777 amino acids, and hGRâ, 746 amino acids), and
their molecular functions have been intensively investigated
in vitro and in vivo (6-8). hGRR is the active form that can
functionally bind hormone and DNA, while hGRâ cannot
bind hormone, due to a defective LBD. Because hGRâ has
an intact DBD identical to hGRR, its potential dominant
inhibitory effects on hGRR were suggested via competitive
binding to the GRE (8). Some studies have identified other
hGR variants deriving from mutated and deleted forms of
hGR transcripts (9-15). These variants have only been
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observed in cultured cancer cell lines or cancer cells obtained
from patients, raising the possibility that these transcripts
occur predominantly in cancer cells. However, it is not yet
completely clear if these GR variants may also be important
in normal cells or in other diseased states and if they
modulate the activity of the wild-type GRR protein in vivo.

hGR transcripts are coded by nine exons in the hGR gene
(16). Exon 1 codes for a 5′ untranslated region, and the actual
sequence is determined by alternative promoter usage (hGR
promoter 1A, 1B, or 1C) and/or alternative splice donor sites
for exon 1A (17, 18). Exons 2-9 code for the hGR protein
with an ATG translation start site located in exon 2 and two
different exon 9 forms for the generation of either GRR- or
GRâ-encoding transcripts. At least five exon 1-containing
mRNA transcripts encode the hGRR protein (1A1, 1A2, 1A3,
1B, and 1C) (17, 18). Thus, including alternative splicing
of exons 8 and 9R or 9â, there are at least 10 potential mature
mRNAs for the hGR. hGR transcripts have very long 3′
untranslated regions, which are important in the posttran-
scriptional regulation of hGR gene expression (19). Although
a recent paper shows that splicing factor SRp30c is required
for the alternative splicing in exons 8-9 to form hGRâ (20),
the mechanisms involved in splicing of the hGR transcripts
are largely unknown.

Here we describe four novel alternatively spliced hGRR
transcripts, 1A1/E2dist hGRR, 1A2/E2prox hGRR, 1A3/E3
hGRR, and 1B/E3 hGRR, in T-cell ALL (CEM-C7) and
pre-B cell leukemia (IM-9) cell lines. One of these transcripts
(1A2/E2prox hGRR) is also expressed in normal human
cerebellum. All of these transcripts have the potential to
produce GR-related proteins different from the “classical”
GRR protein. The 1A3/E3 hGRR and 1B/E3 hGRR tran-
scripts code for an N-terminal truncated GR protein that
lacks all of the exon 2-encoded sequence, including activa-
tion function 1 (AF-1), while the 1A1/E2dist hGRR and
1A2/E2prox hGRR transcripts code for GRR proteins with
partial truncation of the exon 2-encoded N-terminus plus the
addition of additional novel amino acid sequences encoded
by exon 1A. Transient transfection experiments in various
cell types (Jurkat, COS-1, and E8.2) suggested possible cell
type-specific functions for the hGRR proteins coded by these
alternatively spliced mRNA transcripts, as well as a different
cellular localization from that of the classical hGRR in the
absence of hormone. Quantitative reverse transcription PCR
analysis revealed low copy numbers of these transcripts in
CEM-C7 and IM-9 cell lines, although one of the forms was
more abundant than hGRâ transcripts. Further, 1A3/E3
hGRR and 1B/E3 hGRR transcript levels were upregulated
by steroid in hormone-sensitive CEM-C7 cells. These
observations suggest that these newly identified hGRR
transcript variants may have physiologically relevant roles
that may be manifested in a cell type-specific manner.
Whether the variant protein products modulate the respon-
siveness of normal cells, or of hematological malignancies,
to corticosteroids remains to be determined.

MATERIALS AND METHODS

Cell Cultures.Human CEM-C7, T-cell acute lymphoblas-
tic leukemia cells (from Dr. E. Brad Thompson, University
of Texas Medical Branch, Galveston, TX) were grown in
RPMI 1640 with 10% dialyzed fetal bovine serum (D-FBS;

Life Technologies, Gaithersburg, MD). Human Jurkat, T-cell
acute lymphoblastic leukemia cells (ATCC, Manassas, MD)
were maintained in RPMI 1640 supplemented with 10% fetal
bovine serum (FBS; Life Technologies). COS-1 cells were
cultured in DMEM (low glucose) containing 10% FBS.
Mouse fibroblast E8.2 cells were grown in DMEM (high
glucose) with 10% bovine calf serum (BCS; Life Technolo-
gies). All of the cells were grown at 37°C in a humidified
incubator under 5% CO2.

RNA Purification and ReVerse Transcription Polymerase
Chain Reaction (RT-PCR).Total cellular RNA was isolated
from cultured cells using Tri-Reagent following the manu-
facturer’s protocol (Molecular Research Center, Inc., Cincin-
nati, OH). One microgram of total RNA was reverse-
transcribed using the Advantage RT for PCR kit (Clontech,
Inc., Palo Alto, CA) and an oligo(dT) (20) primer. Resultant
cDNAs were amplified using the Advantage cDNA PCR kit
according to the manufacturer’s instructions. The PCR
reaction products were resolved on 1.2% agarose gels or 5%
PAGE. The primer sets hGR 1Ap/e,+126 bp (described in
ref 17)/exon 9R specific reverse primer (5′-GCCAAGTCT-
TGGCCCTCTAT-3) and hGR 1Ap/e,+126 bp/hGR DBD
Rev (5′-GAATCTAGATCAGAGCACACCAGGCAG-3′)
were used to amplify exon 1A-containing transcripts. For
exon 1B-containing transcripts, the primer set 1BCAPXhoI
(5′-TGCTCTCGAGCTTCTCTCCCAGTGCGAGAGCGCG-
3′) and DBD Rev was used for PCR, and the primer set
hGR1CCAPXhoI (5′-TGGCTCGAGGGAGACTTTCTT-
AAATAGGGGC-3′) and DBD Rev was used to amplify
hGR 1C transcripts.

Expression Vectors and Constructs.pCMVhGR was
kindly provided by Dr. John A. Cidlowski, NIEHS, Research
Triangle Park, NC. pEGFP-N1 was from Clontech (Palo
Alto, CA) and pcDNA3.1+ was from Invitrogen (Carlsbad,
CA). A synthetic 1× Flag coding sequence (5′-GATCCA-
GATTACAAGGACGACGATGACAAGTGAGC-3′) and its
complimentary oligo (5′-GGCCGCTCACTTGTCATCGT-
CGTCCTTGTAATCTG-3′) were inserted at theBamHI/NotI
site of pcDNA3.1+ to generate the pcDNA3.1-Flag vector
construct. A primer set for 1A-containing transcripts, 5′-
GCCGGATCCAGGTTATGTAAGGGTTTGCTTTCACC-
3′ (forward) and 5′-CTTGTGAGACTCCTGTAGTG-3′ (re-
verse, hGR cDNA 1660 AS), was used to generate the PCR
amplicons 1A3/E2, 1A1/E2dist, 1A2/E2prox, and 1A3/E3.
These amplicons were cloned into pCRII, digested with
BamHI andClaI, and ligated intoBglII/ClaI-digested pCMV
hGRR to generate pCMV1A1/E2dist hGRR, pCMV1A2/
E2prox hGRR, pCMV1A3/E3 hGRR, and pCMV1A3/E2
hGRR.

To generate the enhanced green fluorescent protein (EGFP)
fusion expression construct p1A1/E2dist hGRR-EGFP, the
1A1/E2dist hGRR full-length cDNA sequence was amplified
[forward primer, 1ACAPXhoI 5′-TTGTCTCGAGAGGT-
TATGTAAGGGTTTGCTTTCA-3′ (XhoI), and reverse
primer, hGR full-length rev 5′-AGGCGGATCCTTTTGAT-
GAAACAGAAGTTTTTTG-3′ (BamHI)] with the introduc-
tion of a mutation of an in-frame cDNA stop codon (TGA
to GAT; underlined, bold, and italic in the primer sequence).
This was digested byXhoI andBamHI and inserted between
theXhoI/BamHI site of pEGFP-N1. Other EGFP fusion ex-
pression constructs, p1A2/E2prox hGRR-EGFP, p1A3/E3
hGRR-EGFP, p1B/E3 hGRR-EGFP, p1C/E2hGRR-
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EGFP(WT), and p1A3/E2 hGRR-EGFP(WT), were con-
structed by replacing theXhoI/ClaI region of p1A1/E2dist
hGRR-EGFP withXhoI/ClaI-digested PCR products ampli-
fied using primer sets 1ACAPXhol/hGR cDNA1660 AS (for
the 1A2/E2prox, 1A3/E3, and 1A3/E2 constructs), 1BCAPX-
hoI/hGR cDNA1660 AS (for the 1B/E3 construct), and
hGR1CCAPXhoI/hGR cDNA1660 AS [for the 1C/E2 (WT)
construct], respectively. The cloned cDNAs were also
transferred from pEGFP fusion constructs (NheI/BamHI
fragments) into pcDNA3.1-Flag (NheI/BamHI) to yield
C-terminal Flag-tagged fusion protein products. All con-
structs were sequenced to ensure the correct insertion.

Transient Transfection and Luciferase Reporter Gene
Analysis.Cells were transfected using Superfect (Qiagen,
Valencia, CA). A GR transactivatable luciferase reporter
expression construct, pGRE (Clontech), was cotransfected
with the alternatively spliced hGR cDNA variant expression
constructs and/or pCMVhGRR. A â-galactosidase expression
construct (pCMV-â-galactosidase) was included for trans-
fection efficiency normalization. Ethanol or dexamethasone
(1 µM) was added 24 h after transfection, and cells were
collected for analysis after another 24 h of incubation. Cell
lysates were assayed for luciferase andâ-galactosidase activ-
ity on an Ascent luminometer (Lab System, Franklin, MA).

Western Blot Analysis.For protein analysis, cells were
collected and lysed with 1× Laemmli SDS loading buffer
with a protease inhibitor cocktail (catalog no. P 8340; Sigma,
St. Louis, MO). Proteins were resolved on SDS-PAGE
(10%) or Ready-gel Tris-HCl gels (4%-20%; Bio-Rad,
Hercules, CA) and transferred to Immobilon-nitrocellulose
(NC) membranes (Millipore, Bedford, MA). The membranes
were blocked and blotted using a standard ECL western
blotting method (Amersham, Piscataway, NJ). Rabbit poly-
clonal anti-hGR antibodies were obtained from Santa Cruz
Biotechnologies (Santa Cruz, CA), anti-Flag M2 mouse
monoclonal antibodies were from Sigma, and rabbit poly-
clonal anti-Flag antibodies were purchased from Affinity
BioReagents (Golden, CO).

In Vitro Translation and Gel Shift Assays.Using the TNT
T7 transcription-translation kit (Promega, Madison, WI),
hGRR variants that were inserted in the pcDNA3.1-Flag
vector were translated according to the manufacturer’s
instructions for western blot and gel shift banding assays.
For gel shift analysis, a32P end-labeled, consensus GRE
(glucocorticoid response element: 5′-AGAGGATCTGTA-
CAGGATGTTCTAGAT-3′) was used, and anti-Flag anti-
bodies (Affinity BioReagents) were used for the supershift
assays as described previously (17). Complexes were re-
solved on 4% PAGE, and the gels were dried for autorad-
iography.

EGFP Fusion Protein Expression and Detection.Mouse
E8.2 cells were transiently transfected with EGFP fusion hGR
expression constructs using the Superfect transfection reagent
(Qiagen). After 24 h of incubation, cells were observed using
a fluorescent microscope at an emission light wavelength of
488 nm for green fluorescence.

Quantification of Transcripts.Total RNA was isolated
from cells by guanidinium thiocyanate-phenol-bromochlo-
ropropane extraction using TriReagent according to the
guidelines of the manufacturer. Quantification of GR tran-
scripts in samples of total RNA was done by real-time
quantitative RT-PCR (QRT-PCR) with Taqman probes

(Applied Biosystems, Foster City, CA) containing 6-car-
boxyfluorescein at the 5′ end and the quencher 6-carboxy-
N,N,N′,N′-tetramethylrhodamine at the 3′ end, as described
previously (21). The sequences of the primers and Taqman
probes are listed in Supporting Information (Table S1). RNA
standards were generated as follows. DNA fragments en-
compassing the QRT-PCR amplicons were generated by PCR
using primers listed in Table S1. DNA fragments were cloned
into the pCRII-TOPO vector using a TOPO TA cloning kit
from Invitrogen (Carlsbad, CA). RNA was generated by in
vitro transcription ofHindIII- or BamHI-digested plasmid
DNA using the MEGAscript T7 kit from Ambion Inc.
(Austin, TX), followed by gel purification as previously
described (21). RNA standards were quantified by fluorom-
etry using the RiboGreen RNA quantitation reagent and kit
from Molecular Probes (Eugene, OR) as previously described
(21). For the quantification of GR transcripts, the samples
were diluted to ca. 40 ng of total RNA/µL, and RNA
standards were diluted in 40 ng of yeast RNA/µL. GR
transcript concentrations were normalized relative to total
RNA. Total RNA was determined by measuring 18S rRNA
by real-time QRT-PCR relative to known quantities of
Taqman control total human RNA purchased from Applied
Biosystems. Pre-developed Taqman assay reagents (PDAR)
from Applied Biosystems for measuring 18S rRNA were
used.

RESULTS

Identification of New, AlternatiVely Spliced hGR Tran-
scripts.RT-PCR amplification of cDNA from DEX-treated,
T-cell ALL CEM-C7 cells using hGR 1A promoter-spe-
cific primer/hGR E3 AS primer sets revealed several PCR
amplicons smaller than the expected 1A/E3 transcripts
(Figure 1, arrows b, c, and d). DNA sequencing showed that
these smaller amplicons were identical to the normal hGR
transcript cDNA sequence except that the exon 2 coding
sequence was partially (Figure 2A, 1A1/E2dist, 1A2/E2prox)
or completely (Figure 2A, 1A3/E3) deleted. Subsequently,
we identified a 1B/E3 variant in CEM-C7 cell samples, in
which exon 1B is directly spliced to exon 3 (Figure 1, arrow
e, 1B/E3; see Figure 2A). Using the hGRR-specific exon 9
primer, hGRR AS, we also amplified the full-length, specific
hGRR variants corresponding to the shorter amplicons b, c,
d, and e shown above (Figure 1), and these were confirmed
by sequencing. Some of these variants also exist in IM-9
B-cells (Figure 1, panel B, band labeled b, 1A1/E2dist). This
observation suggested that, besides native, classical hGRR
transcripts that have been described before, there are also
other types of hGRR transcript variants. As these variant

Table 1: Concentration of GR Transcripts in Lymphoblast Cellsa

transcript concentration (fmol/g of RNA)

splice
CEM-C7/

EtOH
CEM-C7/

DEX
IM-9/
EtOH

IM-9/
DEX

exon 1A1/E2dist <0.25 <0.25 <0.25 <0.25
exon 1A2/E2prox<2.5 <2.5 <2.5 <2.5
exon 1A3/E3 0.59 4.6 <0.25 <0.25
exon 1B/E3 25 67 7.3 7.3
exon 8/exon 9R 4.6× 103 2.0× 104 6.6× 103 3.2× 103

a Transcript concentrations were determined in CEM-C7 and IM-9
cells treated for 24 h with 1µM DEX or the ethanol vehicle. The values
are the averages of four samples.
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transcripts would encode proteins without the AF-1 function
(Figure 2A), they might modulate the glucocorticoid respon-
siveness of the cell. Therefore, cDNAs for these newly
identified hGRR transcript variants were cloned and inves-
tigated to determine if they could produce protein products
and if these novel proteins had biological activity and specific
functions.

The Variant hGR Transcripts Use Functional AlternatiVe
Translation Start Codons Located in Exon 1A or Exon 3.
Because the reported protein translation start codon exists
in exon 2 of classical hGR transcripts, the deletion of exon
2 sequences could have caused the defective initiation of
translation or the termination of hGRR protein translation
by frame-shift mutation. However, computer analysis of the
full-length sequence of these alternatively spliced, partial
exon 2 deletion variants (1A2/E2prox and 1A1/E2dist)
revealed a unique upstream (exon 1A+154) initiator ATG
codon in exon 1A (Figure 2). Thus, this alternative
splicing could give rise to an N-terminal partially de-
leted hGRR protein with an additional 19 (1A1/E2dist) or
51 (1A2/E2prox) amino acids coded for by exon 1A and
added in-frame to the remainder of hGRR (Figure 2B). The
predicted molecular masses of the GRR proteins derived from
the 1A1/E2dist and 1A2/E2prox transcripts are approximately
47 and 53 kDa, respectively. For the 1A3/E3 and 1B/E3
transcripts, an ATG is located immediately downstream of
the exon 1/exon3 splice, and it could potentially serve as a
translation start site to give a completely exon 2-deleted,
N-terminal truncated, hGRR protein with a molecular mass
of about 42 kDa (Figure 2B).

To determine whether these transcripts can be functionally
recognized by the cellular translational machinery and be
translated into variant hGR proteins, we fused a Flag tag or
EGFP tag to the C-terminus of the predicted truncated
protein, using fusion protein expression constructs driven by
the CMV promoter (for eukaryotic cells) or the T7 promoter
(for bacterial expression and in vitro translation). The CMV-
driven constructs were transfected into the mouse E8.2 cell
line that does not express any GR mRNA or protein (22).
Western blots using the EGFP-tagged hGRR protein variants
and an EGFP sequence-specific antibody (Figure 3A)

demonstrated that the predicted alternative initiator ATGs
could be used and that these exon 2-deleted hGR transcripts
were correctly translated into the predicted C-terminal EGFP-
tagged protein. Using an in vitro rabbit reticulocyte lysate
transcription/translation system and T7 promoter-driven
constructs, these hGRR variant proteins were also success-
fully translated into Flag-tagged proteins (Figure 3B). These
observations suggest that alternative usage of the two
predicted new translation ATG start codons in these tran-
scripts is possible and that the 1A1/E2dist, 1A2/E2prox,
1A3/E3, and 1B/E3 hGRR transcripts that we identified can
be translated in vitro and in vivo into hGRR protein variants
that diverge at the N-terminus from the classical hGRR
protein.

The hGRR Protein Variants Can Functionally Bind to a
Consensus GRE.We tested the DNA-binding activity of in
vitro translated, Flag-tagged, 1A3/E2 GRR and 1C/E2 hGRR
(both classical hGRR; control), 1A3/E3 hGRR, 1A2/E2prox
hGRR, 1A1/E2dist hGRR, and 1B/E3 hGRR proteins. The
gel shift analysis clearly showed the binding of these Flag-
tagged hGRR protein variants to a consensus GRE in vitro
(Figure 4, S), and the anti-Flag antibody can supershift the
protein-GRE complexes into slower migrating complexes
(Figure 4, SS). Shifted bands were also seen in the control
samples (no plasmid, pcDNA3.1-Flag), and this most likely
represents endogenous rabbit GR protein in the rabbit
reticulocyte lysate used for the coupled transcription-
translation reaction. To support this interpretation, the anti-
Flag antibody could not supershift this band (Figure 4), as
the endogenous rabbit GR is not Flag-tagged. Thus, like the
classical hGRR protein, these hGRR variants are able to
functionally bind to a glucocorticoid response element (GRE)
that mediates the response of promoters to hormonal regula-
tion. This was not surprising, because in all of these variants
the DNA-binding domain, the dimerization domain, and the
C-terminal ligand-binding domain are intact, and these are
critical for the protein-DNA interaction at the GRE sequence
(23, 24).

Transcriptional ActiVity of hGR Protein Variants on a
GRE-Containing Promoter.We next determined if the
hGRR variant proteins have biological activity. A luci-

FIGURE 1: RT-PCR amplification of novel, alternatively spliced hGR mRNA transcripts in leukemia cell lines. EtOH- and DEX-treated
CEM-C7 and/or IM-9 cell cDNA samples (as indicated above the gels) were amplified using (A) an exon 1A3-specific hGR 1A544 sense
upstream primer and an hGR exon 9R downstream primer, (B) an upstream 1A FP6 sense primer and an hGR exon 9R downstream primer,
(C) an exon 1B CAP upstream primer and an hGR E3 antisense downstream primer, and (D) an exon 1A2/E2prox-specific upstream primer
and an hGR E9R antisense downstream primer. The lower case letters in each panel refer to the alternatively spliced transcripts that are
defined below the gels.
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ferase reporter expression construct, pGRE, in which the
luciferase gene is driven by a GRE and a TATA-box-like
promoter (GRE-TAL), was used in transient cotransfection
experiments with hGRR protein expression constructs to
determine the transactivation and/or transrepression activities
of the hGRR variant proteins compared to the classical
hGRR. Three cell lines were used, Jurkat (a T-cell ALL line),
COS-1 (African green monkey kidney cells), and E8.2
(mouse fibroblasts).

Initially, Flag-tagged hGRR variant expression plasmids
were used. Equivalent amounts of cDNA were transfected
for all constructs. As expected, the classical hGRR protein
significantly mediated the hormonal responsiveness. In all
three cell lines, no DEX response was obtained without
transfection of hGRR expression constructs (Figure 5A,
compare Vector with 1C/E2 hGRR-Flag samples). In Jurkat
and COS-1 cells (which contain endogenous nonfunc-
tional GR protein), transfection with 1A1/E2dist hGRR and

1B/E3 hGRR cDNAs resulted in activity similar to that of
classical hGRR in transactivating the GRE-TAL promoter,
while less potent activation, compared to classical 1C/E2
hGRR transfection, was obtained with the 1A2/E2prox hGRR
and 1A3/E3 hGRR cDNAs (Figure 5A). However, in E8.2
cells (which lack any detectable GR protein), transfections
with the cDNAs of all of the hGR protein variants caused
less transactivation than with the classical 1C/E2 hGRR. Of
these, 1A1/E2dist hGRR displayed the lowest activity (Figure
5A). These observations suggest that, in the absence of any
endogenous GRR protein (functional or nonfunctional), the
hGR protein variants with exon 2 deletions are able to
mediate a specific hormonal response via a GRE but that
they may be less active than the classical hGRR protein.
Because of their lower transactivation properties, proteins
coded by these transcripts could potentially function as partial
competitive inhibitors in cells containing endogenous native
hGRR. In addition, these functional variant GRR proteins

FIGURE 2: Alternative splicing of hGR mRNA transcripts. (A) Alternative splicing of hGR gene transcripts to generate hGR transcripts.
The top panel shows the splicing of different, untranslated exon 1 sequences to a common splice acceptor site at the beginning of exon 2.
Because there is an in-frame stop codon upstream of the ATG initiator methionine in exon 2, none of the exon 1 sequences contribute
peptide sequence to the classical GR. The lower panel shows alternatively spliced transcripts described here. Because the in-frame stop
codon is deleted in the splicing out of most of exon 2 for the 1A1/E2dist and 1A2/E2prox transcripts, the GR proteins derived from these
two transcripts have novel, additional amino acids derived from the translation of exon 1A in the amino terminus of the GR variants. (B)
Nucleotide sequences of exon 1A and 1B spliced to exon 2 and exon 3 to generate 1A1/E2dist, 1A2/E2prox, 1A3/E3, and 1B/E3 hGR
splicing variants. Abbreviations: AF-1, activation function 1 of the glucocorticoid receptor; ATG (c), the initiator methionine used to code
for the classical, wild-type GR; ATG (1), cryptic initiator methionine coded by exon 1A; ATG (3), cryptic initiator methionine coded by
exon 3.

Glucocorticoid Receptor Splice Variants Biochemistry, Vol. 44, No. 20, 20057399



may complement nonfunctional GRR mutants, and this could
give rise to the cell type-specific activity seen in the Jurkat
and COS-1 cells. Finally, these GRR variants can repress
basal GRE-containing promoter activity in the absence of

ligand, as most dramatically seen for 1A1/E2dist hGRR in
Jurkat and COS-1 cells (Figure 5A).

While these Flag-tagged hGRR protein variants showed
less or, at most, the same activity as classical hGRR, other
experiments using the pCMVhGRR vector (containing the
normal GR mRNA 3′ untranslated region) showed that
transfection with the 1A1/E2dist hGRR (pCMV1A1/E2dist
hGRR) and 1A3/E3 hGRR (pCMV 1A3/E3 hGRR) causes
a more potent transactivation (assayed with the GRE-TAL
promoter) compared to classical hGRR (pCMV hGRR)
(Figure 5B). In Jurkat cells, 1A1/E2dist hGRR appears to
be about three times more potent in stimulating the GRE-
TAL promoter upon hormone treatment than classical hGRR
(1C/E2 hGRR, Figure 5B). 1A2/E2prox hGRR and 1A3/E3
hGRR also significantly activate the GRE-TAL promoter
upon DEX treatment (Figure 5B), although the degree of
activation was comparable to classical 1C hGRR. No DEX
response (repression or activation) was observed on the GRE-
TAL promoter with the pCMV 5 empty vector (Figure 5B),
as no functional GR protein is expressed in Jurkat cells.
Similar to results for the Flag-tagged hGRR splice variant
proteins, lower basal reporter gene activities (no added DEX)
were also observed for Jurkat cells transfected with
pCMV1A1/E2dist hGRR and pCMV1A2/E2prox hGRR
expression constructs. The increased transactivation obtained
with the 1A1/E2dist hGRR cDNA is surprising, because
activation function 1 (AF-1), which has been reported to
mediate most of the transactivation of the GR (25, 26), is
absent in 1A1/E2dist hGRR.

As in Jurkat cells, transfection with the 1A1/E2dist hGRR
cDNA caused higher transactivation in COS-1 cells and E8.2
cells, although it was even more potent (∼6-fold) than
classical 1C hGRR (Figure 5B) in COS-1 cells and less
potent (∼2-fold) in E8.2 cells. In addition, while 1A3/E3

FIGURE 3: Translation of EGFP-tagged and Flag-tagged hGR
alternatively spliced variants. (A) Mouse E8.2 cells were transfected
with cDNA expression plasmids for the EGFP-tagged classical
hGRR protein (lane F) and the variant proteins. As a control, cells
were also transfected with the GFP-containing vector not containing
any fused hGR sequences (GFP). After the cells were extracted,
western blotting was performed using an anti-EGFP-specific
antibody. (B) Flag-tagged classical hGRR and hGRR variant cDNAs
were in vitro transcribed and translated using a TNT T7 transcrip-
tion/translation kit from Promega. In all of these cases, protein
concentrations from cell lysates or translation mixtures were
measured using a Bio-Rad Dc protein assay kit, and 40µg of total
protein per sample was subjected to SDS-PAGE. After electro-
phoresis, the proteins were transferred to nitrocellulose membranes
and blotted with the appropriate antibody. Lanes contained samples
using the following constructs: (A) vector alone; (B) 1A1/E2dist
hGRR; (C) 1A2/E2prox hGRR; (D) 1A3/E3 hGRR; (E) 1B/E3
hGRR; (F) 1C/E2 classical GRR.

FIGURE 4: DNA-binding activity of Flag-tagged hGRR variants as analyzed by EMSA. For the electrophoretic mobility shift assays (EMSAs),
2 µL of in vitro translated protein mixture was added to the DNA-binding mix, as described in Materials and Methods. A consensus GRE,
end-labeled with32P using T4 polynucleotide kinase, was added to the binding mix at 50 fmol per reaction. Incubations were done at room
temperature for 30 min before the samples were loaded on prechilled 4% PAGE gels, followed by electrophoresis at 4°C. For supershift
analyses, 2µg of anti-Flag antibody was added to each DNA-binding reaction mix containing the in vitro translated protein, and this was
incubated in room temperature for 45 min prior to addition of the32P-labeled GRE oligo. The various samples used are indicated in the
figure. Abbreviations: S,32P-labeled GRE-protein complexes; SS, supershifted bands obtained after addition of an anti-Flag tag antibody.
The smaller panel (below, right) is a darker exposure of the upper right-hand panel to more clearly show the supershifted bands. The small
panel (bottom, left) is a very overexposed control gel in which the pcDNA3.1-Flag vector (no fused hGRR sequences) was added to the
transcription-translation reaction. The shifted DNA bands are likely due to endogenous rabbit GR present in the rabbit reticulocyte lysate
used for the reaction. As this endogenous GR is not Flag-tagged, the addition of an anti-Flag antibody caused no supershift in the band.
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hGRR behaved like the classical hGRR protein in transac-
tivating the GRE-TAL reporter gene in Jurkat cells, trans-
fection with its cDNA demonstrated more activity than the
classical receptor cDNA in both COS-1 and E8.2 cells
(Figure 5B). These results imply potential cell type-specific
actions of 1A3/E3 hGRR. 1A2/E2prox hGRR had transac-
tivating properties similar to classical hGRR in all three cell
lines. The effects of the hGRR variant proteins on basal
promoter activity of GRE-TAL (no hormone added) differed
greatly among the cell types, being mostly inhibitory in Jurkat
cells, mostly stimulatory in COS-1 cells, and (with the
exception of the classical GRR protein) without effect in E8.2
cells.

Taken together, these studies show functional cell type-
specific differences in the transcriptional activity of these
hGRR variants on a GRE-containing promoter. The reason
for the differences in activity between constructs using the
pcDNA3.1-Flag (Figure 5A) and pCMVhGRR (Figure 5B)

backbones is unclear. One possibility is that the pCMVhGRR
backbone constructs contain the full-length, native hGR 3′
untranslated region (UTR) (8), and these transcripts more
closely resemble natural hGRR transcripts than the pcDNA3.1-
Flag construct, which contains the SV40 3′ UTR.

Cellular Localization of hGRR Protein Variants.Because
of the unusual activities of some of the hGRR variant
proteins, we wished to determine their subcellular localization
both in the presence and in the absence of hormone. Thus,
we used hGR fusion proteins containing EGFP at the
C-terminus of the hGR proteins. Initially, we transfected
p1C/E2 hGRR-EGFP, which expresses the classical
hGRR-EGFP fusion protein, into HeLa and COS-1 cells
and treated these with ethanol vehicle control or 1µM DEX.
As expected, HeLa and COS-1 cells transiently transfected
with classical hGRR-EGFP exhibited fluorescence through-
out the cell in the absence of DEX (Figure 6A). However,
DEX treatment caused an accumulation of hGRR-EGFP in

FIGURE 5: Responsiveness of a GRE-containing luciferase reporter gene to variant hGRR proteins. (A) 1.5µg of the pGRE luciferase
reporter gene was cotransfected along with vector alone (pcDNA3.1-Flag) or with expression vectors containing cDNAs for the various
alternatively spliced hGRR protein variants containing the Flag tag at the carboxy teminus. Three cell lines were used: Jurkat T-lymphoblasts,
COS-1 African green monkey kidney cells, and mouse E8.2 fibroblasts. Experimental details are found in Materials and Methods. (B) 1.5
µg of the pGRE reporter gene was transiently transfected to cells along with 1.5µg of pCMV empty vector or pCMV constructs containing
cDNAs that code for the various alternatively spliced hGRR protein variants. 1µg of the pCMV-â-gal construct was included in all the
transfection reactions to normalize the transfection efficiency. The luciferase activity of each transfection was measured with a luminometer
and normalized by its ownâ-gal activity. Each transfection was performed three or four separate times. The values are the means, and the
error bars are( SEM. In the DEX treatment experiments, each normalized luciferase activity value from the EtOH-treated sample was set
at 100%, and the DEX-treated sample value is shown as the percentage of the respective EtOH- (vehicle-) treated samples. To plot basal
promoter activity, the values from the pCMV 5, empty vector-transfected, control samples were set to 100%, and the values for the hGR
variant-transfected cells are given as the percentage of the respective empty vector control value.
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the nucleus along with a decrease of cytoplasmic fluores-
cence. Therefore, the fusion of EGFP at the C-terminus of
hGRR does not interfere with its cellular location or with
its hormone-induced nuclear translocation.

Using C-terminal EGFP fusion expression constructs, the
cellular localization of the hGRR variant proteins was then
determined. In striking contrast to the classical hGRR protein,
all of the N-terminal, exon 2-deleted, hGRR-EGFP fusion
proteins were nuclearly localized in both HeLa cells and
COS-1 cells even in the absence of hormone (Figure 6B).
Because the EGFP tag does not itself affect the hGRR

cellular location (Figure 6A), the absence of the N-terminal
segment that is coded for exon 2 of the hGR gene results in
the constitutional nuclear location of these hGRR variant
proteins.

Cellular LeVels of AlternatiVely Spliced hGR Variants in
CEM-C7 Cells and IM-9 Cells.The concentrations of the
alternatively spliced variants and of the GR transcript
containing the splice site between exon 8 and exon 9R
(hGRR-encoding transcripts) were determined in CEM-C7
cells and IM-9 cells treated for 24 h with either 1µM DEX
or ethanol vehicle (Table 1). In CEM-C7 cells, the concen-
trations of the 1A1/E2dist and the 1A2/E2prox transcripts
were too low to be accurately determined by the QRT-PCR
assays (less than 0.25 fmol/g of RNA and 2.5 fmol/g of RNA,
respectively), compared to 4.6× 103 fmol/g of RNA for
total hGRR transcripts in the absence of DEX. In CEM-C7
cells, 1B/E3 is the most abundant exon 2-deleted transcript,
being present at 25 fmol/g of RNA in the absence of DEX
(Table 1). In IM-9 cells, except for the 1B/E3 transcript (7.3
fmol/g of RNA), the levels of alternatively spliced hGRR
transcripts were too low to be accurately measured, while
total hGRR transcripts were present at a concentration of
6.6 × 103 fmol/g of RNA in the absence of DEX. Thus,
these alternatively spliced transcripts each constitute less than
1% of the transcripts with the exon 8- exon 9R splice site.
Similarly to total hGRR-encoding transcripts, the 1B/E3 and
1A3/E3 transcripts were significantly upregulated by DEX
in CEM-C7 cells. However, while the hGRR-encoding
transcripts were significantly downregulated by DEX in IM-9
cells, the 1B/E3 transcript failed to show simultaneous
downregulation.

Finally, we wished to determine if any of these alterna-
tively spliced GRR transcripts were present in any normal
human tissues. In a preliminary experiment, the specific
expression of the 1A2/E2prox transcript was detected in
human cerebellum (data not shown), but not in eight other
tissues, suggesting a possible specific, physiologically rel-
evant role for this transcript in cerebellum. However, the
levels of this transcript in this tissue were still low, being,
at most, about 0.1% of the total GRR transcripts.

DISCUSSION

The cellular hGR protein level is directly related to the
responsiveness of cells to glucocorticoids (27). Furthermore,
the cellular hGRR level is critical in determining the
sensitivity of leukemia and multiple myeloma patients during
hormone treatment or combination chemotherapy (28-30).
Patients that exhibit hormone resistance may have not only
abnormally low intracellular levels but also defective,
mutated GR proteins (29, 31).

A naturally occurring splice variant, GRâ, has been
extensively studied. While hGRR mediates steroid signaling
and the normal cellular response, studies on the role of hGRâ
as a possible dominant negative inhibitor in this process have
led to inconclusive or contradictory results in vitro and in
vivo (8, 14, 32-34). No other forms of functional hGR have
been reported in normal tissues and cells. However, several
hGR forms with alternative splicing have been found in
cancer cells, and these could contribute to the development
of hormone resistance in certain types of hematologic
malignancies. For example, human GR P, which is coded

FIGURE 6: Cellular localization of hGRR protein variants. HeLa
cells and COS cells were transfected by EGFP-tagged hGRR variant
expression constructs as described in Materials and Methods. The
cells were observed via fluorescence microscopy 24 h after
transfection. Panel A: a plasmid containing EGFP-tagged, wild-
type, classical hGRR, p1C/E2 hGRR-EGFP, was transfected into
either HeLa cells or COS-1 cells. The cells were treated with either
ethanol vehicle (EtOH) or 1µM DEX. Panel B: HeLa or COS-1
cells were untransfected (No Plasmid) or were transfected with an
empty vector (pcDNA3), a plasmid containing EGFP alone
(pEGFP-N1), or plasmids containing cDNAs coding for the various
alternatively spliced hGRR protein variants that were tagged at the
carboxy terminus with EGFP. No hormone was added to these
cultures.
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by exon 2 through a part of intron 7, is a C-terminal truncated
protein found in tumor cells (11). It has been recently
reported that GR P is found in most hematological malignan-
cies and, given its transcriptional regulatory abilities, it may
be important in determining hormonal sensitivity in multiple
myeloma patients (35). An hGRγ splice variant is present
in a corticotroph adenoma (12). This variant has an amino
acid (arginine) coded by an intron inserted in the DNA-
binding domain, and it can comprise up to 8% of the total
hGRR amount in cells. The alternatively spliced GR variants
that we have discovered in CEM-C7 human T-cell ALL cells
are potential candidates for novel hGR isoforms that could
alter the cellular responsiveness to steroid therapy.

The GR protein contains three distinct functional domains
(6). The amino-terminal domain contains the AF-1, or tau1,
domain that is reported to be responsible for the majority of
the transactivation properties of the GR (6, 24-26, 36, 37).
This region, which is deleted in the splicing variants that
we have described here, acts as an interaction platform for
a number of proteins that affect gene transcription (38, 39).
However, the N-terminal deleted variant GRR proteins were
capable of significant steroid-dependent transactivation of a
GRE-containing reporter gene, suggesting that the AF-2
activation function contributes significantly to the hormonal
response.

The GR variants containing the natural hGR 3′ UTR
displayed particularly interesting properties (Figure 5B).
Transfection with the 1A1/E2dist hGRR caused transacti-
vation of the reporter gene to a higher level than the classical
hGRR in all cell lines tested. However, the magnitude of
this increased response, compared to the classical hGR varied
widely in the Jurkat (∼3-fold), COS-1 (∼6-fold), and E8.2
(∼2-fold) cell lines. Jurkat cells have two mutant GR proteins
expressed at relatively normal levels, and COS-1 cells have
low, but detectable levels of simian GR, while E8.2 cells
are almost completely devoid of any GR protein (22, 40).
This appears to be comparable to results obtained for the
S49 mouse lymphoma nti GR mutant, which is similar to
the complete exon 2-deleted (1A3/E3, 1B/E3) mutants that
we have found here. The nti mutant is less transcriptionally
active in CV-1 cells that have low endogenous GR (41),
while it has activity higher than the wild-type receptor when
it is expressed in S49 cells that contain relatively high levels
(30% immunologically cross-reactive receptor) of nonfunc-
tional (<2% of hormone-binding activity) GR (42). The
interpretation of these results was that the AF-1 negative/
hormone-binding positive nti mutant was complemented with
endogenous AF-1 positive/hormone-binding negative en-
dogenous GR in these cells by the formation of heterodimers
between these mutant GR proteins. A similar situation may
exist here. Thus, heterodimers between 1A1/E2dist variant
proteins and endogenous GR in Jurkat and COS-1 cells may
result in a greater transactivation than classical GRR ho-
modimers. Because E8.2 cells essentially lack any endog-
enous GR protein, the intrinsic activity of the various, indi-
vidual, alternatively spliced, GRR variant proteins is probably
that seen in the E8.2 cell line. Conversely, 1A2/E2prox
hGRR is indistinguishable from the classical hGRR in all
cell types (Figure 5B), while 1A3/E3 hGRR has activity
equivalent to classical hGRR (in Jurkat cells) or an apparent
higher activity in COS-1 and E8.2 cells. These observations
suggest that these hGRR variants coded by the alternatively

spliced hGRR mRNA retained full hGRR function and yet
can be modulated in specific cells in a way different from
classical hGRR, perhaps by other transcription cofactors
present in these cells. Currently, it is not known what roles,
if any, are played by the unique N-terminal peptides coded
for by hGR 1A exon sequences in 1A1/E2dist hGRR (19
amino acids) and 1A2/E2prox hGRR (51 amino acids).

Besides their intrinsic receptor activity, and their ability
to interact with endogenous GR protein present in the cells,
other reasons for the altered activity of the hGRR variants
are possible. For example, the different 3′ UTRs present in
the Flag-tagged construct (SV40 3′ UTR, Figure 5A) and
the nontagged GR proteins (hGR 3′ UTR, Figure 5B) could
affect the stabilities or translational efficiencies of the various
transcripts, resulting in nonequivalent expression levels of
the hGR protein variants. For example, the hGR 3′ UTR
appears to be important in controlling the half-life of hGR
transcripts (19). This could be the reason that pCMVhGRR-
based hGRR variant expression constructs behaved differ-
ently from the pcDNA3.1-Flag-based constructs in mediating
the transactivation of GRE-containing promoter.

Perhaps most dramatically, the hGRR variants lacking
AF-1 were located in the nucleus without bound ligand. This
constitutive nuclear location may be the reason for the
surprising transrepression (most evident for Flag-tagged GR
in Jurkat cells) or transactivation (most clearly seen for Flag-
tagged GR in E8.2 cells) observed for basal promoter activity
in the absence of hormone. Previous studies have shown that
overexpression of mouse GR protein in CHO cells causes a
hormone-independent nuclear localization of receptor (43,
44). We do not believe that this phenomenon occurs here,
as cells transfected with the native, classical hGR expression
construct displayed normal cytoplasmic localization without
DEX but nuclear localization when DEX was added. The
cause for the nuclear localization of the variant GRR proteins
is not yet clear. It does not appear to be a function of the
unique exon 1A-derived polypeptide sequences at the amino
termini of the 1A1/E2dist or 1A2/E2prox variants, as the
1A3/E3 hGRR and 1B/E3 hGRR proteins also were nuclearly
localized in the absence of hormone. One possible explana-
tion is that the GR N-terminal acidic region reduces
nonspecific DNA binding and that this reduces nonspecific
nuclear accumulation (24). Furthermore, the transcriptional
effect of these GRR variant proteins could be promoter-
specific, as was found for tau1-deleted mutants of the GRR
protein (36). The effect of these variant GRR proteins on
the expression of endogenous hormonally regulated genes
remains to be determined.

The alternatively spliced GRR variants are present at low
concentrations in CEM-C7 and IM-9 cells, relative to the
total concentration of GRR transcripts. Thus, the potential
physiological or pathological roles are not yet clear. Also,
the relationship between the transcript and protein levels for
the GRR variants is not known. Specific antibodies to detect
the endogenous GRR variant proteins are unavailable.
Therefore, it is possible that the intracellular protein levels
could be biologically relevant, for example, if protein stability
and half-lives were greater for the variant GR proteins than
for the classical GRR protein. Because the alternatively
spliced transcripts were detected in a cancer cell line, it is
not yet known if these variant GRR proteins are present in
normal tissues to a significant extent. However, preliminary
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studies have shown that normal human cerebellum does
specifically contain the 1A2/E2prox transcript. It is possible
that this GRR variant plays a specific, physiologically
relevant role in this tissue. Finally, additional studies are
needed to assess the presence and cellular levels of these
variant GRR transcripts and proteins in acute lymphoblastic
leukemia patients. Because of the novel and atypical biologi-
cal activity of the GRR variant proteins on regulating
transcription of a GRE-containing reporter gene, it is possible
that they play an important role in the hormonal responsive-
ness (resistance or hypersensitivity) to hormone therapy. If
they do, then the detection of these transcripts in leukemia
patients may be useful diagnostically, and new treatment
regimens might be developed to improve clinical treatment
based upon the GRR protein variant that is present in the
individual patient.
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