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Glucocorticosteroid hormones, including dexamethasone,
have diverse effects on immature lymphocyte function that ulti-
mately lead to cell death. Previous studies established that glu-
cocorticoid-induced alterations in intracellular calcium home-
ostasis promote apoptosis, but the mechanism by which
glucocorticoids disrupt calcium homeostasis is unknown.
Through gene expression array analysis, we found that dexa-
methasone induces a striking elevation of inositol 1,4,5-
trisphosphate receptor (IP;R) levels in two murine lymphoma
celllines, WEHI7.2 and S49.A2. IP,R elevation was confirmed at
both mRNA and protein levels. However, there was not a strong
correlation between IP;R elevation and altered calcium homeo-
stasis in terms of either kinetics or dose response. Moreover,
IP;R knockdown, by either antisense or small interfering RNA,
did not prevent either calcium disruption or apoptosis. Finally,
DT40 lymphoma cells lacking all three IP;R isoforms were just
as sensitive to dexamethasone-induced apoptosis as wild-type
DT40 cells expressing all three IP;R isoforms. Thus, although
alterations in intracellular calcium homeostasis contribute to
glucocorticoid-induced apoptosis, these calcium alterations are
not directly attributable to IP4R elevation.

Glucocorticosteroid hormones are essential regulators of
metabolism, development, and immunity. The effects of glu-
cocorticoids on the immune system are particularly notewor-
thy because of their clinically important anti-inflammatory and
immunosuppressive actions (reviewed in Ref. 1). Glucocorti-
coids have both positive and negative effects on thymocyte
development and lymphocyte function (reviewed in Refs. 2 and
3). At pharmacological levels, glucocorticoids have profoundly
negative effects on immature lymphocytes, inhibiting both glu-
cose metabolism and cytokine signaling (reviewed in Ref. 4).
Sustained exposure to pharmacological glucocorticoid concen-
trations inhibits lymphocyte proliferation and ultimately cul-
minates in cell death, long recognized to be a prime example of
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apoptosis (5). Thus, the potent synthetic glucocorticoids pred-
nisone and dexamethasone are among the most effective agents
used to treat lymphoid malignancies (reviewed in Ref. 6).
Glucocorticoid actions are generally genomic in nature and
mediated through the glucocorticoid receptor, a member of the
nuclear receptor superfamily of transcription factors (reviewed
in Ref. 7). Pioneering studies decades ago used the WEHI7.2
and S49 murine T-cell lines to demonstrate the essential role
of glucocorticoid receptors in mediating cell death induction
by dexamethasone (8). Numerous studies, including those
employing the CEM human T-cell leukemia line and transgenic
mouse models, have further refined our knowledge of the role
of glucocorticoid receptors and glucocorticoid-mediated gene
regulation in this important form of apoptosis (reviewed in
Refs. 4, 9, and 10). Using similar model systems, the technology
of oligonucleotide microarray analysis has been applied to iden-
tify the spectrum of genes regulated by glucocorticoids in both
normal and leukemic lymphocytes (11-16). Gene expression
analysis has also been extended to glucocorticoid-treated pri-
mary leukemia cells isolated from patient samples (17, 18).
Because of the fundamental importance of glucocorticoid-
induced apoptosis, the primary goal of these gene expression
studies has been to identify glucocorticoid-regulated genes
responsible for mediating cell death. Not surprisingly, these
studies have identified a large number of glucocorticoid-regu-
lated genes, including the gene encoding the pro-apoptotic pro-
tein Bim (15). Bim knockdown inhibits glucocorticoid-induced
apoptosis, and hence, its up-regulation by dexamethasone plays
a critical role in this cell death process (19, 20), but other glu-
cocorticoid-induced genes potentially involved in mediating
cell death were also detected by microarray analysis (21-23).
Here we report finding, through oligonucleotide microarray
analysis, that the expression of genes encoding IP;R > isoforms
1 and 2 are up-regulated by dexamethasone in both WEHI7.2
and S49.A2 cells. IP;Rs are ligand-gated calcium channels
located in the endoplasmic reticulum (ER) membrane
(reviewed in Refs. 24 -26). Various roles for IP,Rs in cell sur-
vival and apoptosis have been proposed (reviewed in Ref. 27).
Finding that IP;R expression is glucocorticoid-induced is

2 The abbreviations used are: IP;R, inositol 1,4,5-trisphosphate receptor; GFP,
green fluorescent protein; GR, glucocorticoid receptor; ER, endoplasmic
reticulum; siRNA, small interfering RNA; PBS, phosphate-buffered saline;
TKO, triple-knockout; TG, thapsigargin.
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intriguing because numerous reports indicate that glucocorti-
coid treatment alters calcium homeostasis in lymphocytes,
contributing to cell death induction (reviewed in Refs. 4 and
28). One might speculate that IP;R elevation could contribute
to alterations in calcium homeostasis in the absence of IP,-
mediated stimulation through several mechanisms. If IP;Rs are
not completely closed in the basal unstimulated state, net cal-
cium leakage would be magnified by an elevation of IP;R levels.
Also, other events associated with the cell death process may
trigger IP;R-mediated calcium loss from the ER as follows: (i)
elevation of reactive oxygen species, known to sensitize IP;Rs to
endogenous levels of IP; (29); (ii) release from mitochondria of
cytochrome ¢, which is reported to bind to IP;Rs and enhance
their opening (30); and (iii) activation of caspases, which cleave
IP;Rs, producing a continuously open truncated channel (31,
32). Therefore, in the work described here, the dexamethasone-
mediated elevation of IP,Rs is confirmed at both the mRNA and
protein levels, and the hypothesis that IP;R induction mediates
calcium changes that promote apoptosis is tested by multiple
approaches.

EXPERIMENTAL PROCEDURES

Reagents—Unless otherwise noted, all chemicals were pur-
chased from Sigma.

Cell Culture and Gene Expression Analysis—WEHI7.2 and
S49.A2 cells were cultured and gene expression analysis was
conducted using Affymetrix MG-U74A (version 2) GeneChips
as described previously (15). DT40 wild-type and IP;R triple-
knockdown cell lines, originally created by Sugawara et al. (33),
were gifts from William Schilling (Case Western Reserve Uni-
versity) and were cultured in RPMI 1640 medium containing
10% heat-inactivated fetal bovine serum (U.S. Biochemical
Corp.), 1% chicken serum, 2 mMm L-glutamine, 12.5 units/ml
penicillin, and 12.5 ug/ml streptomycin.

Northern Blotting—Northern blotting was performed by
standard methods. Full-length cDNA probes for IP,R1, IP;R2,
and IP;R3 were obtained by performing restriction digests on
pGEM-T Easy vectors (Promega) that contained full-length
sequences generated by PCR from expression constructs for
IP;R1 and IP;R3 (gifts from Dr. Suresh Joseph, Thomas Jeffer-
son University) and IP;R2 (gift from Dr. Jean-Francgois Dufour,
University of Bern).

Immunoblotting—Immunoblotting was performed as
described previously (34) with protein samples electrophoreti-
cally resolved through 4 —20% gradient gels (Bio-Rad). The anti-
bodies for IP;R1, IP;R3, and B-actin were purchased from Cal-
biochem, Pharmingen, and Sigma, respectively. Antibody for
IP,R2 was a gift from Richard Wojcikiewicz (SUNY Upstate
Medical University).

Ca®" Measurements—Ca®>" measurements by fluorometry
were performed as described previously (34). Briefly, cells were
loaded in extracellular buffer (130 mm NaCl, 5 mm KCl, 1.5 mm
CaCl,, 1 mm MgCl,, 25 mm HEPES, pH 7.5, 1 mg/ml bovine
serum albumin, and 5 mMm glucose) with 1 um Fura-2/AM for 45
min at room temperature. Cells were then pelleted and resus-
pended in fresh extracellular buffer and incubated for 30 min at
room temperature to allow dye de-esterification. Ca®>" meas-
urements were then performed on a fluorometer (Photon
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Technologies, Inc.). 10 mm EGTA was added immediately
before cytosolic Ca>" was measured to chelate extracellular
Ca®" and eliminate its contribution to the determined Ca*"
concentration. Data were analyzed using Felix software version
1.42 (Photon Technologies, Inc.).

Flow Cytometric Apoptosis Assays—One million cells were
collected by centrifugation, washed once with PBS, and resus-
pended in 500 ul of ice-cold methanol for fixation. After incu-
bation for at least 1 h at —20 °C, cells were centrifuged, washed
once with PBS, and incubated for 30 min at 37 °C in staining
solution (50 pg/ml propidium iodide (Molecular Probes), 0.1%
Nonidet P-40, 20 ug/ml RNase A, and 0.1% sodium azide in
PBS). Propidium iodide fluorescence was measured with a
FACScan XL flow cytometer (Coulter). Single whole cells with a
DNA content less than that of the G, population were scored as
apoptotic. Data analysis was conducted using WinList 3D ver-
sion 5.0 (Verity Software House). Quantification of apoptosis in
live cells, as performed in experiments using DT40 cells, was as
follows. 24 h after vector electroporation, 1 million cells were
pelleted and resuspended in 1 ml of PBS. Hoechst 33342
(Molecular Probes) was added to a final concentration of 5
pg/ml, and cells were incubated at 37 °C for 15 min. Cells were
then analyzed on a BD Biosciences LSR flow cytometer, exciting
Hoechst 33342 with a UV laser and GFP with a 488-nm laser.
Single whole cells with a DNA content less than that of the G,
population were scored as apoptotic.

RNA Interference—The negative control siCONTROL
non-targeting siRNA pool as well as IP;R1, IP;R2, and IP;R3
siGENOME SMARTpools were purchased from Dharmacon
(Lafayette, CO). After suspension in 1X siRNA buffer,
SMARTpools were added at a concentration of 1 um each to
0.2-cm cuvettes containing 10 million WEHI7.2 cells sus-
pended in 200 ul of Opti-MEM I (Invitrogen). Cuvettes were
then subjected to a single 140-V, 10-ms square-wave pulse from
a Gene Pulser Xcell (Bio-Rad), and the contents of the cuvette
were immediately added to fresh medium. The electroporation
conditions were optimized by electroporating 1 um siGLO
cyclophilin B (Dharmacon) and visualizing cellular siRNA
uptake by epifluorescence microscopy. The optimized condi-
tions yielded siRNA uptake into >80% of WEHI7.2 cells. Cells
were grown in culture post-transfection for 24 h before use in
subsequent experiments.

IP,R Antisense RNA Repression—The IP;R antisense RNA
vector (pcDNA3.1-IP,R-antisense) was created by amplifying
the —211 to +466 fragment of IP;R1 from pGEM-T-IP;R1 by
PCR and ligating it in reverse orientation into pcDNA3.1(+)
(Invitrogen). WEHI7.2 cells were transfected with the IP;R
antisense RNA vector or the empty vector control using the
electroporation protocol as described above, and cells were
added to a T75 flask with tissue culture medium containing 1
mg/ml G418. Cell populations were monitored daily and split to
100,000 cells/ml if the density approached 1 million cells/ml.
After 1 week in selection culture, live cells were isolated with
Ficoll-Paque Plus (GE Healthcare) according to the manufac-
turer’s standard protocol. G418-resistant cells were cultured in
the continued presence of 1 mg/ml G418 until they were used in
experiments.
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FIGURE 1.1P;R induction by dexamethasone. A, signal intensities of labeled complementary RNA hybridized
to oligonucleotide probes on Affymetrix arrays for IP;R1 and IP;R2 in WEHI7.2 and S49.A2 lymphoma cells. Cells
were treated for the indicated times with ethanol vehicle (white bars) or 1 um dexamethasone (black bars). Data
represent the mean of duplicate samples. B, Northern blot analysis confirming elevation of IP;R1 and IP;R2
mRNA levels in WEHI7.2 cells following treatment with 1 um dexamethasone (DEX). Results are representative
of five experiments. C and D, immunoblots confirming elevation of IP;Rs in WEHI7.2 and S49.A2 cells treated
with 1 um dexamethasone. Results are representative of multiple independent experiments: five for WEHI7.2

and three for S49.A2.

Dexamethasone Binding Assay—Twenty million cells of each
type analyzed were pelleted by centrifugation and washed twice
in fresh medium. Cells were then resuspended at a concentra-
tion of 5 million/ml, and 1 ml was transferred to autoclaved
glass tubes, four tubes per cell type. [’H]Dexamethasone was
then added to each glass tube at a final concentration of 30 nm.
Unlabeled dexamethasone was added to two of the four tubes at
a final concentration of 3 uM. Cells were then incubated for 2 h,
and the incubation was terminated by the addition of 3 ml of
ice-cold PBS. Cells were centrifuged, and the pellet was resus-
pended in 1 ml of culture medium. Following room temper-
ature incubation for 5 min, cells were washed once with ice-
cold PBS and resuspended in 1 ml of ethanol. Radioactivity
was quantified by scintillation counting, and the specific
dexamethasone binding was calculated as the radioactivity
in the [*H]dexamethasone-only tube minus the radioactivity
in the tube containing [*H]dexamethasone with unlabeled
dexamethasone.

Dual-Luciferase Reporter Assay—Dual-Luciferase reporter
assays were performed using the Dual-Luciferase reporter assay
kit (Promega) according to the manufacturer’s standard proto-
col. Briefly, DT40 cells were electroporated (5 million cells;
0.2-cm cuvette subjected to a single 140-V, 10-ms square-wave
pulse) with 50 ug of pTAT3-Luc, which contains three tandem
repeats of the glucocorticoid-responsive tyrosine aminotrans-
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lysis buffer solution, and incubated
on ice for 30 min. The tubes were
then centrifuged at maximum speed
for 5 min, and 10 ul of supernatant
was added to 96-well plates in dupli-
cate. Luminescence was measured
in a PerkinElmer Victor3 plate
reader, which measured firefly and
Renilla luciferase activity following
injection of appropriate substrates.
Background luminescence was
measured in wells containing 10 ul
of water instead of cell supernatant.
Promoter activity was quantified by
dividing the background-corrected
firefly luciferase luminescence by the background-corrected
Renilla luciferase luminescence.

Statistics—Statistical analyses were performed with Microsoft
Excel 2003 using a two-tailed Student’s £ test.

RESULTS

IP;R Up-regulation by Dexamethasone—As detailed in ear-
lier reports from our laboratory (15, 21-23), two glucocorti-
coid-sensitive murine T-cell lines, WEHI7.2 and S49.A2, were
employed in microarray experiments to identify genes up-reg-
ulated by dexamethasone. Briefly, both cell lines were incu-
bated in parallel with 1 um dexamethasone or ethanol (the vehi-
cle in which dexamethasone was dissolved) for various times,
followed by mRNA isolation and hybridization to Affymetrix
oligonucleotide arrays. Increased hybridization of mRNA from
both of the dexamethasone-treated cell lines to oligonucleo-
tide probe sets corresponding to IP;R1 and IP;R2, relative to
time matched vehicle controls, was detected (Fig. 14). Nota-
bly, probe sets corresponding to IP;R3 were not present on
the arrays. The dexamethasone-mediated up-regulation of
IP,R1 and IP;R2 in WEHI7.2 cells was confirmed by North-
ern hybridization (Fig. 1B) and immunoblotting (Fig. 1C). A
more modest elevation of IP;R3 was detected following dex-
amethasone treatment (Fig. 1C). Dexamethasone also up-
regulated IP;Rs in S49.A2 cells, and here also the induction
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FIGURE 2. Kinetics of IP;R and calcium elevations. A, an immunoblot,
representative of multiple experiments, documenting the time course of
IP;R1 and IP;R2 elevation in WEHI7.2 cells treated with 1 um dexametha-
sone. IP;R elevation is detected as early as 6 h following dexamethasone
addition and appears nearly maximal by 10 h. B, time course of cytoplas-
mic calcium elevation following treatment of WEHI7.2 cells with 1 um
dexamethasone (Dex). Error bars represent the mean = S.E. of five sepa-
rate experiments. *, p = 0.01.
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FIGURE 3. Dose-response relationships between IP;R elevation and calcium alterations and cell death.
A, an immunoblot, representative of five separate experiments, demonstrating the elevation of IP;R1
following treatment of WEHI7.2 cells with the indicated concentrations of dexamethasone for 24 h. B,
calcium traces demonstrating the dexamethasone (DEX) dose dependence of cytoplasmic calcium eleva-
tion and decreased TG-releasable calcium in WEHI7.2 cells treated with the indicated concentrations of
dexamethasone for 24 h. Arrows indicate the point of TG addition. Traces are representative of three
separate experiments, each performed with duplicate samples. C, cytoplasmic calcium concentration and
TG-induced peak calcium elevation in WEHI7.2 cells treated with the indicated concentrations of dexa-
methasone for 24 h. Error bars represent the mean = S.E. (n = 3). D, WEHI7.2 cell viability at 24 and 48 h
following treatment with the indicated concentrations of dexamethasone. Error bars represent the
mean * S.E. (n = 3). Note that viable cells were not detected at the 48-h time point following treatment

with 0.1 and 1 um dexamethasone.
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of IP;R1 was more prominent than the induction of IP;R3
(Fig. 1D).

Lack of Correlation between IP,R Up-regulation and Calcium
Alterations—To assess the potential correlation between IP;R
elevation and cytoplasmic calcium elevation, IP;R1 levels and
cytoplasmic calcium levels were measured at frequent time
points over a 24-h period after adding 1 uM dexamethasone to
WEHI7.2 cells (Fig. 2). IP,R1 and IP;R2 elevations were
detected by immunoblotting as early as 6 h following dexa-
methasone addition and were nearly maximal by 10 h (Fig. 24).
Cytoplasmic calcium elevation, measured fluorometrically
using the calcium-sensitive dye Fura-2/AM, appeared to lag
behind IP;R elevation, being variable (p = 0.31) at 12 h follow-
ing dexamethasone addition but significant (p = 0.01) at 18 and
24 h after dexamethasone addition (Fig. 2B). Based on single-
cell calcium measurements, the calcium elevation appeared
throughout the cell population rather than reflecting a large
elevation in a subpopulation of cells (data not shown).
Although the delay between IP4R elevation and calcium ele-
vation suggests a lack of correlation between these two
events, it is possible that because calcium homeostasis is
tightly regulated the cell works to maintain calcium homeo-
stasis as long as possible.

Also, the dose-response relationship between IP,;R eleva-
tion and disruption of calcium homeostasis was assessed. As
shown in Fig. 34, the IP;R elevation at 10 nm dexamethasone
was just as high as at 0.1 and 1 puMm. This observation was
highly consistent in five separate experiments. The effect of
the same range of dexamethasone concentrations on cyto-
plasmic calcium concentration and thapsigargin (TG)-in-
duced calcium elevation was measured fluorometrically in
Fura-2/AM-loaded cells. Note that extracellular calcium was
chelated by EGTA immediately
before adding TG. Hence, the
cytoplasmic calcium elevation
induced by TG is an indirect meas-
ure of ER calcium content. A dose-
related elevation of cytoplasmic
calcium concentration was ac-
companied by a dose-related
decrease in TG-induced peak cal-
cium elevation (Fig. 3, B and C).
These findings confirm our earlier
evidence that cytoplasmic calcium
concentration is elevated and ER
lumenal calcium content is de-
creased following dexamethasone
treatment (35). Thus, although
IP;R elevation is maximal at 0.01
uM dexamethasone, alterations in
calcium homeostasis are more
prominent at 0.1 and 1 um dexa-
methasone than at 0.01 uMm dexa-
methasone. Also, cell death induc-
tion occurred earlier in a higher
percentage of cells at dexametha-
sone concentrations in excess of
that required to maximally elevate
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tosis, but it was not. Thus, these
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IP,R levels (Fig. 3D). Hence, there is not a strong correlation
between IP;R elevation and disrupted either calcium home-
ostasis or cell death.

Failure of IP;R Knockdown to Inhibit Calcium Alterations
and Apoptosis—Because induction of more than one IP;R iso-
form was observed, an antisense construct was designed to
reduce expression of all three IP;R isoforms. When expressed
in WEHI7.2 cells, this antisense construct markedly inhibited
dexamethasone-induced IP;R elevation (Fig. 44) but did not
prevent the dexamethasone-induced elevation of cytoplasmic
calcium (Fig. 4B) or the decrease in ER calcium content (Fig.
4C). Moreover, knocking down IP;Rs did not prevent dexa-
methasone-induced loss of cell viability (measured by trypan
blue dye exclusion) (Fig. 4D) or apoptosis (measured by flow
cytometry) (Fig. 4E).

To confirm these findings by an alternative method, siRNA
was used to reduce IP,R levels in dexamethasone-treated cells.
Extensive preliminary studies using fluorescently labeled
siRNA oligonucleotides were performed to optimize siRNA
delivery in WEHI7.2 cells (data not shown). Using a pool of
siRNA oligonucleotides directed toward all three IP,R sub-
types, significant reduction of all three subtypes was achieved
both in untreated and dexamethasone-treated cells (Fig. 54),
but this did not prevent dexamethasone-induced calcium alter-
ations (Fig. 5B) or apoptosis (Fig. 5C). When individual IP;R
subtypes were targeted by siRNA, the degree of knockdown was
even more substantial, although selective knockdown of one
IP,R isoform was often associated with a reciprocal elevation of
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FIGURE 4. Antisense RNA-mediated IP;R repression. WEHI7.2 cells were transfected with empty vector
(NeoMix) or vector expressing antisense RNA directed toward all three IP;R isoforms (ASMix), and mixed cell
populations (i.e. non-clonal) were selected in G418. Cells were treated for 24 h with 0.1 um dexamethasone
prior to the following measurements. A, immunoblot documenting antisense RNA-mediated repression of
basal and dexamethasone (DEX)-induced IP;R expression, representative of 10 experiments. B, cytoplasmic
calcium concentration. Error bars represent the mean * S.E. of three separate experiments. C, TG-induced
calcium elevation. Error bars represent the mean = S.E. of three separate experiments. D, cell viability (trypan
blue exclusion). Error bars represent the mean = S.E. of four experiments. E, apoptosis (sub-G; DNA accumu-
lation). Error bars represent the mean = S.E. of four experiments. VEH, ethanol vehicle.

findings, together with the preced-
ing evidence of a lack of correlation
between IP;R elevation and calcium
alterations, strongly suggest that
IP,R elevation is not required for
dexamethasone-induced changes
in either calcium homeostasis or
apoptosis.

Failure of IP;R Knockout to
Inhibit Dexamethasone-induced
Apoptosis in DT40 Cells—Because
siRNA-mediated IP;R knockdown
in the preceding experiments was
not complete, one might speculate
that the residual complement of
IP,Rs following siRNA might be
sufficient to mediate calcium ele-
vation in dexamethasone-treated
cells. Therefore, a model system in which all three IP,R iso-
forms are knocked out would theoretically be ideal for investi-
gating the role of IP;Rs in glucocorticoid-induced apoptosis.
The only such model system currently available is the chicken
DT40 B-cell line in which all three IP;R isoforms have been
deleted (33). However, wild-type DT40 cells, which express all
three IP;R isoforms, proliferate rapidly without loss of viability
inthe presence of 1 um dexamethasone (Fig. 7A). To investigate
the mechanism of this glucocorticoid resistance, whole-cell
binding assays using [PH]dexamethasone were performed in
both DT40 wild-type and IP;R triple-knockout (TKO) cells,
comparing the amount of dexamethasone binding to that in
WEHI7.2 cells (Fig. 7B). The specific binding of dexamethasone
was much lower in DT40 cells compared with WEHI7.2 cells,
suggesting either that DT40 cells have a low level of glucocor-
ticoid receptor expression or that their glucocorticoid recep-
tors are defective. Therefore, to resensitize DT40 cells to dexa-
methasone-induced apoptosis, wild-type and IP;R TKO cells
were transiently transfected with a GFP-tagged rat glucocorti-
coid receptor (GR-GFP). To test whether the transfected recep-
tor was functional in regulating gene expression, Dual-Lucif-
erase reporter assays were conducted. DT40 wild-type and IP;R
TKO cells transfected with GR-GFP or the GFP empty vector
were cotransfected with the Renilla luciferase control vector
phRG-TK and pTAT3-Luc, in which firefly luciferase expres-
sion is driven by three tandem glucocorticoid-response ele-
ments. Transfected cells were treated with 1 uM dexametha-
sone for 18 h, and normalized firefly luciferase activity was
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FIGURE 5. siRNA-mediated repression of all three IP;R isoforms.
A, WEHI7.2 cells were transfected with siRNA SMARTpools for all three IP;R
isoforms (IP3R TKD, triple knockdown of all three subtypes simultaneously) or
a non-targeting SMARTpool (NT Pool) and subsequently treated for 24 h with
100 nm dexamethasone (DEX) or ethanol vehicle. The correct molecular mass
band for IP;R2 (~300 kDa) is the lower, sharper band, as indicated by the
arrow. Findings are representative of 13 separate experiments. B, cytosolic
(Cyt) calcium and TG-releasable calcium were quantified in WEHI7.2 cells
transfected with SMARTpools for all three IP;R subtypes simultaneously and
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quantified. Expression of GR-GFP enhanced the TAT3 pro-
moter activity following dexamethasone treatment in both cell
lines (Fig. 7C), indicating that the transfected glucocorticoid
receptor is functional. Next, to test whether IP;R TKO cells are
resistant to dexamethasone-induced apoptosis, DT40 wild-
type and IP;R TKO cells, transfected with GR-GFP or GFP,
were treated with 1 um dexamethasone, and sub-G; DNA was
quantified 72 h after treatment. Assessing apoptosis by flow
cytometry allowed for the gating on GFP- or GR-GFP-express-
ing cells, thus limiting the analysis to positive transfectants.
There was an increase in sub-G; DNA in the dexamethasone-
treated GR-GFP-expressing cells but not in the GFP alone-ex-
pressing cells, indicating that sensitivity to glucocorticoid-in-
duced apoptosis was partially restored by GR-GFP transfection.
IP;R TKO cells showed equivalent levels of sub-G; DNA accu-
mulation to wild-type cells (Fig. 7D), indicating that knockout
of all three IP;R subtypes did not protect DT40 B-cells from
glucocorticoid-induced apoptosis.

DISCUSSION

IP,Rs are IP;-gated calcium channels located primarily in the
ER membrane (24 —26). Here they release calcium ions from the
ER lumen to the cytoplasm, thus generating calcium signals
that regulate a wide range of cellular processes (36). Each IP;R
channel is a tetramer of four subunits, and each subunit is com-
posed of three major domains: an amino-terminal IP,-binding
domain, a carboxyl-terminal channel-forming domain, and in
the middle a regulatory and coupling domain (24-26). The
function of IP,Rs is highly regulated by ATP, phosphorylation,
and interaction with a variety of accessory proteins (37). The
three different IP;R isoforms share considerable sequence
homology as well as common gating and conductance prop-
erties, although they differ somewhat in terms of their affin-
ities for IP;, ATP, and calcium (24 —26). Most cells express all
three IP;R isoforms, with the exception of neurons, in which
IP;R1 predominates. IP;R expression patterns are dynami-
cally regulated at many levels, including transcription,
mRNA stability, translation, protein degradation, and pro-
tein trafficking (24, 25).

As described in this work, the unexpected discovery that dex-
amethasone up-regulates IP,R isoforms 1 and 2 resulted from
oligonucleotide microarray analysis intended to identify glu-
cocorticoid-induced genes in two glucocorticoid-sensitive
murine T-cell lymphoma lines, WEHI7.2 and S49.A2. The dex-
amethasone-induced up-regulation of IP,R1 and IP;R2 was
highly consistent in numerous experiments performed by sev-
eral different investigators in our laboratory. Dexamethasone-
induced elevation of IP;R3 was to a lesser degree and not as
consistent among repeated experiments, although IP;R3 was
readily detected in both the WEHI7.2 and S49.A2 cell lines.

treated for 24 h with 1 um dexamethasone or ethanol vehicle (VEH). Error bars
represent the mean = S.E. of four experiments. C, apoptotic sensitivity to
dexamethasone was compared between cells transfected with SMARTpools
for all three IP5R subtypes simultaneously and cells transfected with a non-
targeting SMARTpool. Cells were treated with 100 nm dexamethasone or eth-
anol vehicle for 24 or 48 h, and apoptosis was measured by flow cytometric
quantification of sub-G, DNA accumulation. Error bars represent the mean =
S.E. of four experiments.
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FIGURE 6. siRNA-mediated repression of individual IP;R isoforms.
A, WEHI7.2 cells were transfected with siRNA SMARTpools for IP;R1 (siR7),
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Dexamethasone-induced IP;R Elevation

To our knowledge, there are only two previous reports
regarding regulation of IP;Rs by glucocorticoids. A recent
study found that stressing rats by immobilization induced
glucocorticoid-dependent elevation of IP;R1 and IP;R2 in
cardiac cells (38), whereas an earlier report concluded that
dexamethasone selectively up-regulated IP;R3 in lympho-
cytes while down-regulating IP;R1 and IP;R2 (39). Notably,
the latter report employed the S49 murine T-cell line, which
was also employed in the work described here. The differ-
ence between our current findings and those provided in this
earlier report is puzzling, but several potential explanations
can be offered. First, although both studies employed deriv-
atives of the S49 cell line, it is possible that these derivatives
were actually quite different in their patterns of IP;R expres-
sion or their responsiveness to dexamethasone. Second, a
more intriguing hypothesis is that patterns of IP;R expres-
sion and their regulation by various factors, including glu-
cocorticoids, may vary according to culture conditions. This
concept is based in part on experimental evidence that endo-
thelial cells switch from predominantly isoform 1 to isoform
3 1P;R expression after several days in culture (40). The third
explanation is technical, in that differences in findings may
relate to the use of different antibodies having different
degrees of specificity in the two studies. In the present study,
the elevation of IP;R1 and IP;R2 following dexamethasone
treatment was marked, consistent, and confirmed not only
using two different antibodies in immunoblots of each iso-
form but also using Northern hybridization at the mRNA
level.

A central question addressed in this study is whether or not
the up-regulation of IP;Rs by dexamethasone plays a critical
role in mediating dexamethasone-induced apoptosis. It had
been concluded previously that IP;R3 induction by dexameth-
asone is an important step in glucocorticoid-induced apoptosis,
based on evidence that antisense RNA-mediated inhibition of
IP;R3 elevation prevented glucocorticoid-induced calcium ele-
vation and apoptosis (39). To us this was a very attractive con-
cept, but it is not supported by the experimental findings
reported here. First, we did not find a strong correlation
between IP,R elevation and either calcium perturbation or apo-
ptosis in terms of either the kinetics or dose-response relation-
ship of these events. Second, knocking down all three IP;R iso-
forms by antisense RNA or siRNA did not have a detectable
effect on dexamethasone-induced calcium alterations or cell

nine experiments. B, cytosolic calcium and TG-releasable calcium were quan-
tified in cells transfected with SMARTpools for each subtype individually and
treated for 24 h with 1 um dexamethasone or ethanol vehicle (VEH). Error bars
represent the mean = S.E. of three experiments. Each comparison of cytosolic
calcium elevation and decreased TG-releasable calcium between dexameth-
asone-treated and untreated cells was significant (p < 0.01). For dexametha-
sone-treated cells, each comparison of cytosolic calcium elevation and
decreased TG-releasable calcium between non-targeting SMARTpool (NT)
and SMARTpools for IP;R1 (R7), IP3R2 (R2), and IP5R3 (R3) was insignificant
(p > 0.5). C, apoptotic sensitivity to dexamethasone was measured in cells
transfected with SMARTpools for each subtype individually. Cells were
treated with 100 nm dexamethasone or ethanol vehicle for 24 or 48 h, and
apoptosis was measured by flow cytometric quantification of sub-G, DNA
accumulation. Error bars represent the mean = S.E. of three experiments. In
each comparison the dexamethasone-mediated increase in apoptosis was
significant (p < 0.01), but in each case knocking down an individual IP3R
subtype failed to inhibit apoptosis (p > 0.5).
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firefly luciferase reporter plasmid and the phRG-TK Renilla luciferase control plasmid. 24 h following transfec-
tion, cells were treated with 1 um dexamethasone for 18 h, and Dual-Luciferase reporter assays were performed
on the cells. TAT3 promoter activity is expressed as firefly luciferase luminescence divided by Renilla luciferase
luminescence. Error bars represent the mean = S.E. (n = 4). D, DT40 wild-type and IP5R TKO cells were trans-
fected with GFP or GR-GFP, as indicated, and cells were treated with 1 um dexamethasone. Apoptosis was
assessed at 72 h by quantifying sub-G, DNA accumulation by live cell flow cytometry and gating on GFP-
positive cells. Error bars represent the mean = S.E. (n = 3).

anced by “positive” findings in the
same cell lines using similar tech-
nical approaches. For example,
siRNA-mediated reduction of
IP,R levels in WEHI7.2 cells did
inhibit calcium elevation induced
by T-cell receptor activation (43),
a process that is clearly mediated
through IP;R (reviewed in Ref. 44).
Also, gene expression analysis in
WEHI7.2 and S49.A2 cells led to
the discovery that the pro-apopto-
tic protein Bim is induced by
dexamethasone (15), and siRNA-
mediated Bim down-regulation
inhibited dexamethasone-induced
apoptosis in WEHI7.2 cells,? consist-
ent with evidence that siRNA-medi-
ated Bim down-regulation inhibits
dexamethasone-induced apoptosis in
leukemia and lymphoma cell lines
(19, 20).

If IP;R elevation is not respon-
sible for dexamethasone-induced
alterations in calcium homeostasis,
then what is? Maintenance of
intracellular calcium homeostasis
is a complex process that involves
the coordinated action of a variety
of calcium pumps and channels, as
well as mitochondrial buffering
(45, 46). Thus, potentially a num-
ber of homeostatic mechanisms
may be perturbed by glucocorti-
coid treatment, thereby altering
calcium homeostasis. One possi-
bility is caspase-mediated IP;R
cleavage following dexametha-
sone treatment, causing the IP;R
channels to leak calcium from the
ER. This theory is based on evi-
dence that caspase-3, activated

death. Although it was reported that antisense RNA-mediated
knockdown of IP,R1 inhibits dexamethasone-induced calcium
elevation and apoptosis in the Jurkat T-cell line (41), in the
present study, knocking down individual IP;R isoforms by
siRNA did not inhibit dexamethasone-induced calcium alter-
ations or apoptosis. Our finding is consistent with studies con-
ducted using IP;R1 ™/~ mouse T-cells that found that eliminat-
ing IP;R1 does not inhibit glucocorticoid-induced apoptosis
(42). Third, the induction of apoptosis by dexamethasone was
not inhibited by knocking out expression of all three IP4R iso-
forms in DT40 cells. Thus, in our view, the question of how
glucocorticoid treatment induces disturbances in intracellular
calcium homeostasis remains unanswered.

Although the results presented here are “negative” in
terms of suggesting that IP;R elevation is not required for
dexamethasone-induced apoptosis, they are counterbal-
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during apoptosis, cleaves IP,Rs, thereby producing a leaky
channel (31, 32). However, dexamethasone-induced calcium
alterations in WEHI?7.2 cells clearly precede caspase activa-
tion, and IP;R cleavage is not detected in dexamethasone-
treated cells.* Another potential mechanism responsible for
dexamethasone-induced calcium alterations is oxidative
stress, suggested earlier by Fernandez et al. (47). This theory
is consistent with evidence that glucocorticoid-induced
changes in redox status contribute to glucocorticoid-in-
duced cell death (48). However, reactive oxygen would likely
affect the function of multiple proteins involved in maintain-
ing calcium homeostasis; hence, identifying a single target

3 M. H. Malone, M. C. Davis, and C. W. Distelhorst, unpublished data.
4M. C. Davis and C. W. Distelhorst, unpublished data.
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responsible for altered calcium homeostasis in glucocorti-
coid-treated lymphocytes may prove difficult.

In summary, we report here that the glucocorticoid hormone
dexamethasone significantly and reproducibly up-regulates
levels of IP;R1 and IP;R2 and, somewhat less consistently, up-
regulates IP;R3 in two murine T-cell lines that are commonly
employed models of glucocorticoid-induced apoptosis. How-
ever, there was not a close correlation, on either a kinetic or
dose-response basis, between IP;R up-regulation and dexam-
ethasone-mediated alterations in either intracellular calcium
homeostasis or apoptosis, and knocking down IP;R levels did
not inhibit dexamethasone-induced alterations in either cal-
cium homeostasis or apoptosis. Although these findings do not
exclude a contributing role for disrupted calcium homeostasis
in the process of glucocorticoid-induced apoptosis, they raise
the question of how these calcium alterations are mediated.
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