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Objective. Glucocorticoid is widely used for the treatment of diseases such as hematological
malignancies. Glucocorticoid sensitivity is different from person to person and the mechanism
of the regulation of glucocorticoid sensitivity is not well known. Glucocorticoid resistance is

a major clinical problem.

Methods and Results. Here, using glucocorticoid-induced T-cell apoptosis, a model system for
the analysis of the mechanism of glucocorticoid action, we clarified that mitogen-activated
protein kinases (MAPKSs) modify glucocorticoid sensitivity, namely that the activation of ex-
tracellular signal-regunlated protein kinase (ERK) and p38 MAP kinase reduce and enhance

glucocorticoid sensitivity, respectively.

Conclusion. These findings might provide new tools for overcoming glucocorticoid-resis-
tance. ©2006 International Society for Experimental Hematology. Published by Elsevier Inc.

Glucocorticoid is a stress hormone secreted from the adre-
nal gland. Glucocorticoid is physiologically involved in
metabolism, cell differentiation, and several aspects of the
maintenance of homeostasis. Pharmacologically, glucocor-
ticoids have immunosuppressive, anti-inflammatory, and
anti-allergic actions, and are administered for the treatment
of diseases such as hematological malignancies and auto-
immune diseases.

Glucecorticoid acts through glucocorticoid receptor
(GR) to activate or repress the expression of target genes.
Transcriptional regulation by GR depends on coregulators,
such as coactivators and corepressors, modifying the chro-
matin structure or mediating the recruitment of the basic
transcriptional machinery.

It has long been known that glucocorticoid induces
apoptosis in thymocytes. In mice under stressful conditions,
the thymus becomes involuted by thymocyte apoptosis.
Glucocorticoid also induces apoptosis in T cell tumeor
cell lines derived from leukemia, lymphoma, or thymoma.
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Glucocorticoid-induced apoptosis in T cell tumor cell lines
shares many common features with that in thymocytes.

Although functional GR is known to be required for glu-
cocorticoid-induced apoptosis in T cells, it remains contro-
versial as to which of the activation or repression functions
of GR are involved in the apoptosis. A gene expression
event is also known to be necessary for glucocorticoid-in-
duced T-cell apoptosis from experiments using the RNA
and protein synthesis blockers, actinomyein I and cyclo-
heximide, respectively. In any case, enhanced expression
of pro-apoptotic genes or inhibited expression of anti-apo-
ptotic genes could be necessary for glucocorticoid-induced
T-cell apoptosis, although the target genes remain to be elu-
cidated [1-4].

It is generally thought that glucocorticoid-induced T-cell
apoptosis is performed through a mitochondrial pathway
[1-4]. Apoptosis through mitochondria is regulated by
bel-2 family members, which include bcl-2, bel-xL, Bak,
Bax, Bad, and Bim. bcl-2 and bel-xL are anti-apoptotic,
while Bak, Bax, Bad, and Bim are pro-apoptotic [5,6]. Af-
ter the apoptotic signal reaches the mitochondria, several
factors are released from the intermembrane space, leading
to the activation of caspases and relief of the inhibitory
activity of inhibitors of apoptosis proteins (IAPs) against
caspases. These signals cause several apoptotic phenotypes
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including externalization of phosphatidylserine, chromatin
condensation, and DNA fragmentation [7.8].

There are at least four distinct groups of mitogen-
activated protein kinases (MAPK): the extracellular signal—
regulated protein kinases (ERX), the p38 MAP kinases, the
¢-Jun NH,-terminal kinases (JNK), and ERKS, also referred
to as BMK-1[9,10]. MAPKs have been shown to be involved
in numerous biological phenomena including cell survival

and cell death. It is generally thought that ERX is involved .

in cell proliferation and survival, while on the other hand,
p38 and JNK are involved in stress response and apoptosis,
although the response depends on the cell type and the sur-
rounding context (Fig. 1) [11,12]. ERKS, the least studied
MAPXK, is activated by a variety of growth factors and stress
stimuli [10]. MAPK are activated by a series of phosphory-
lation cascades, the so-called MAPK phosphorelay module,
consisting of MAP kinase kinase kinase (MAPKKK), MAP
kinase kinase (MAPKK), and MAPK. MAPKKK, activated
by several stimuli, phosphorylates and activates MAPKK,
and then activated MAPKX phosphorylates and activates
MAPK. MAPK, in turn, phosphorylates and activates several
substrates including other protein kinases and transcription
factors. MAPKK is a dual-specificity kinase phosphorylating
both a threonine and a tyrosine residue in the activation loop
of MAPK to activate it [13,14].

To examine the cross-talk between glucocorticoid and
MAPK signaling pathways in glucocorticoid-induced T-
cell apoptosis, the effects of inhibition or activation of the
MAPK phosphorelay module were investigated at several
steps of apoptosis in a T cell leukemia cell line, CCRF-CEM.

Results

Dexamethasone-sensitive cell line CC7

and dexamethasone-resistant cell line CC3

In the human T lymphoblast cell line CCRF-CEM, apopto-
sis can be induced by a synthetic glucocorticoid, dexameth-
asone. It has been reported that CCRF-CEM cells are
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heterogeneous and contain both dexamethasone-sensitive
and dexamethasone-resistant populations [15,16]. We
subcloned several dexamethasone-sensitive and dexametha-
sone-resistant cell lines using the limiting-dilution
technique, and analyzed the externalization of phosphati-
dylserine by annexin V binding. In the most sensitive clone,
named CC7, after treatment with 107% M dexamethasone
for 48 hours, the percentage of annexin V binding-positive
cells was 51.2% * 2.96% and the majority of annexin V-
binding-positive cells were negative for the uptake of pro-
pidium iodide (PI) dye. On the other hand, in the most re-
sistant clone, named CC3, after the sane treatment with
dexamethasone, only a small percentage of cells were pos-
itive for annexin V binding (Fig. 1).

In order to investigate the dose dependency of dexametha-
sone, CC7 cells were untreated, or treated with 10™° M, 1077
M, or 107® M dexainethasone. As a result, 8.50% *+ 0.20%,
8.58% = 0.52%, 35.2% = 1.05%, and 51.2% * 2.96% of
cells became positive for annexin V binding, respectively,
showing that dexamethasone induced annexin V binding in
a dose-dependent manner (Fig. 2A). On the other hand, only
a small percentage of CC3 cells became positive for ansexin
V binding at each concentration of dexamethasone (Fig. 2B).

To delineate the effects of MAP kinase inhibitors on glu-
cocorticoid-induced apoptosis, the externalization of phos-
phatidylserine was analyzed by annexin V binding in the
presence or absence of dexamethasone with or without
U0126, an ERXK inhibitor, or SB203580, a p38 inhibitor.

In the presence of 10 uM U0126, after treatment with
1078 M, 1077 M, or 107¢ M dexamethasone, 18.8% =+
1.40%, 83.6% = 2.72%, and 93.6% *+ 2.02% of cells
were positive for annexin V binding, respectively. U0126
alone had no effect on the annexin V binding (Fig. 24),
suggesting that ERK may inhibit ghicocorticoid-induced
T-cell apoptosis. In order to investigate the dose depen-
dency of U0126, CC7 cells were untreated, or treated
with 0.1 uM., 1 M, or 10 pM U0126 in the presence of
1077 M dexamethasone. As a result, 37.3% = 3.88%,
42.0% * 2.42%, 83.5% = 1.27%, and 91.0% * 141%
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Figure 1. Dexamethasone-sensitive cell line CC7 and dexamethasone-resistant cell line CC3. The dexamethasone-sensitive cell line CC7 and dexametha-
sone-resistant cell line CC3 were isolated from the CCRF-CEM cell line. Both CC7 cells and CC3 cells were cultured for 48 hours in the presence or absence
of 107° M dexamethasone. and tested for the externalization of phosphatidylserine by annexin V binding using a flow cytometer. The dot plots represent one

of three independent experiments.



1544 T. Tanaka er al.! Experinental Hematology 34 (2006) 15421552

b

106

AnnexinV
positive cells (%)
o
o

G
dexamethascne (M

G

oy
£
S

80 r
80
0 F
20 b

AnngxinV
positive cells (%)

0
dexamethascne - + + + +
Uo126 (uh) - - 0.1 1 10

-
f)
(&3

-
30 - [ U026
B8 sB2o3sse

40 -
20 -

AnnexinV
positive cells (%)

0 24 . =3
dexamethasonz (M) - 108 107 158

b

100 -
80 -
&0 i
40 ¢
20 ¢

gl
dexamethasone

£8203580 {(uM) - - 0.3 1 0

AnnexinVv
posilive cells (%)

Figure 2. The effects of the MAPK inhibitors on the externalization of phosphatidylserine. Dexamethasone-sensitive CC7 cells (A) and dexamethasone-re-
sistant CC3 cells (B) were cultured for 48 hours with different concentrations of dexamethasone in the presence or absence of 10 M U0126 or 10 uM
$B203580. Externalization of phosphatidylserine was detected by annexin' V binding, and the percentage of annexin V-binding cells was calculated. White,
gray, and black bars indicate no treatment, and treatments with 10 (M U0126 and 10 uM SB203580, respectively. To test the dose dependency, CC7 cells
were cultured for 48 hours with different concentrations of U126 (C) or SB203580 (D) in the presence or absence of 10~7 M dexamethasone. The data are

the mean + SE of thiee independent experiments.

of cells became positive for annexin V binding, respec-
- tively, showing that U0126 enhanced the action of dexa-
methasone in a dose-dependent manner (Fig. 2C).

On the other hand, in the presence of 10 pM SB203580,
after treatment with 107 M, 1077 M, or 10™° M dexameth-
asone, 7.50% = 0.20%, 12.0% = 0.92%, and 15.6% =
2.52% of cells were positive for annexin V binding, respec-
tively. SB203580 alone had no effect on the annexin V
binding (Fig. 2A), suggesting that p38 may enhance glaco-
corticoid-induced T-cell apoptosis. In other words, p38 may
be necessary for glucocorticoid-induced T-cell apoptosis. In
order to investigate the dose dependency of SB203580,
CC7 cells were untreated, or treated with 0.1 pM, 1 uM,
or 10 uM SB203580 in the presence of 1077 M dexameth-
asone, As aresult, 35.2% = 2.22%, 23.5% £ 1.87%, 14.3%
* 0.81%, and 7.27% * 1.92% of cells became positive for
annexin V binding, respectively, showing that SB203580
inhibited the action of dexamethasone in a dose-dependent
manner (Fig. 2D).

Next, dexamethasone-resistant CC3 cells were un-
treated, or treated with 107° M, 1077 M, or 107% M dexa-
methasone in the presence of 10 pM U0126. As a result,
61% = 1.39%, 11.6% = 1.48%, 15.9% * 2.31%, and
40.9% = 1.76% of cells became positive for annexin V
binding, respectively (Fig. 2B), suggesting that suppression
of the activation pathway of ERK may make glucocorti-
coid-resistant cells glucocorticoid sensitive.

Effects of U0126 and SB203580

on several steps of apopiosis

Next, the effects of U0I126 and SB203380 on several
steps of apoptosis, including the mitochondrial membrane

potential, caspase-3-like activity, DNA fragmentation, and
chromatin condensation, were analyzed in CC7 cells.

First, we analyzed the loss of mitochondrial membrane
potential using the fluorescent probes JC-1 and DiOCs.
JC-1 has been shown to be specific for measuring changes
in the mitochondrial membrane potential. Loss of the mito-
chondrial membrane potential is indicated by a shift in the
fluorescence from red to green [17]. In Figure 3A, the out-
lined region 1 (R1) and region 2 (R2) indicate J aggregates
(red fluorescence) -and JC-1 monomers (green fluores-
cence), respectively. The percentage of the R2 population
was 6.2% and 49.0% in the absence or presence of 107°
M dexamethasone for 48 hours, respectively. This increase
in the R2 population induced by dexamethasone was en-
hanced by U0126 (R2; 87.4%) and inhibited by
SB203580 (R2; 12.2%). U0126 or SB203580 alone had lit-
tle effect on the R1 and R2 populations. In the presence of
U0126, there was a small decrease in the red fluorescence
of R1 in either the presence or absence of dexamethasone.
The meaning of this phenomenon is not clear.

Figure 3A also shows the results of the analysis using
the other fluorescent probe, DiOC;. Both Pl-negative and
DiOCg-positive cells were in the normal mitochondiial
membrane potential state, Treatment with dexamethasone
resulted in a decrease in the intensity of DiOCgs The
low-intensity population of DiOCg in the presence of dexa-
methasone (42,7%) was enhanced by U0126 (93.9%),
and inhibited by SB203580 (8.9%). U0126 or SB203580
alone had little effect on the mitochondrial membrane
potential.

Activated caspase-3 was then measured using anti-active
caspase-3 antibody as described in the experimenral
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Figure 3. Effects of U0126 and SB203580 on several steps of apoptosis. Both CC7 cells and CC3 cells were cultured for 48 hours with or without dexa-
methasone in the presence or absence of 10 uM 10126 or 10 M SB203580. The concentration of dexamethasone was 1076 M unless described. {A) Loss of
mitochondrial membrane potential was detected with the cationic flucrescence probes JC-1 and DiOC. (B) Caspase-3 activity was analyzed with anti-active
caspase-3 antibody. The number in each histogram indicates the percentage of cells containing activated caspase-3. (C) DNA fragmentation was detected with
Pl using a flow cytometer. The percentage of the sub-Go/G, fraction was calculated as described in the Materials and methods, and is shown in each histo-
gram. (D) Nuclear morphology was observed with Hoechst 33342 staining under a confocal microscope. White arrows show apoptotic cells. The dot plots,

histograms, and micrographs represent one of three independent experiments.

procedures. Caspase-3 activity was represented by an in-
crease in the phycoerythrin fluorescence intensity.

As shown in Figure 3B, the population of cells contain-
ing activated caspase-3 increased from 9.1% to 24.2% after
treatment with 1077 M dexamethasone for 48 hours. Con-
comitant use of 10 WM U0I26 or SB203580 changed the
population of cells containing activated caspase-3 to
76.7% and 15.5%, respectively. U0126 or SB203580 alone
had little effect on the caspase-3-like activity.

DNA fragmentation was then analyzed. Apoptotic cells
containing fragmented DNA were represented by the so-
called sub-Gy/G1 population in the cell-cycle analysis using
PL. As shown in Figure 3C, the sub-G¢/G; population
increased from 4.17% to 15.0% after treatment with 10™°
M dexamethasone for 48 hours. Concomitant use of
10 puM UGI26 or SB203580 changed the sub-Gy/G,

population to 75.3% and 5.00%, respectively. UD126 or
SB203580 alone had little effect on the sub-G/G, population.

As another apoptotic change in the nucleus in addition to
DNA fragmentation, chromatin condensation was also ana-
lyzed. Chromatin condensation was actually induced by
treatment with dexamethasone, and concomitant use of
U0126 or SB203580 augmented or inhibited it, respectively
(Fig. 3D).

The above data showed that U0126 enhanced and
SB203380 inhibited dexamethasone-induced apoptosis duz-
ing several steps of apoptosis including the externalization
of phosphatidylserine, loss of mitochondrial membrane
potential, caspase-3 activity, DNA fragmentation, and chro-
matin condensation in CC7 cells, supporting the idea that
ERK inhibits and p38 enhances glucocorticoid-induced
T-cell apoptosis. These data also suggest that ERK and
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p38 affect the apoptosis process at the premitochondrial or
mitochondrial stage.

The effect of U0126 on the several steps of apoptosis de-
scribed above was also investigated in CC3 cells. First, in
the loss of mitochondrial membrane potential using the
fluorescent probe JC-1, the percentage of the R2 population
in the presence of 10™° M dexamethasone for 48 hours was
increased by U0126 from 9.4% to 26.9%. In the loss of mi-
tochondrial membrane potential using the other fluorescent
probes DiOCs, the low-intensity population of DiOCg in the
presence of dexamethasone was increased by U0126 from
6.5% to 47.8% (Fig. 3A). The population of cells contain-
ing activated caspase-3 in the presence of 1077 M dexa-
methasone for 48 hours was increased from 10.2% to
25.2% by the concomitant use of 10 uM U026
(Fig. 3B). As for DNA fragmentation, apoptotic cells in
the sub-Gy/Gy population in the cell-cycle analysis using
PI in the presence of 107 M dexamethasone for 48 hours
ware increased by the treatment of 10 uM U0126 from
6.15% to 18.3% (Fig. 3C). Chromatin condensation was in-
duced by the concomitant use of dexamethasone and U0126
(Fig. 3D). These results suggest that the treatment of U0126
relieves glucocorticoid resistance in CC3 cells at the premi-
tochondsial or mitochondrial stage.

To directly demonstrate the hypothesis that ERK inhibits
and p38 enhances glucocorticoid-induced T-cell apoptosis,
the effects of transient expression of constitutive-active
MEK]1 or MKK6 were investigated. The low transfection
efficiency in T cells made it difficult to analyze the effects
of gene expression product by transient transfection. Nucle-
ofector (Amaxa Biosystems, Cologne, Germany) dramati-
cally improved the transfection efficiency. The proportion
of cells expressing more than 10-fold the GFP flucrescence
after transfection of pEGFP-C1, an EGFP expression vec-
tor, was 7.8% £ 2.8% (mean £ SD) (Fig. 4A). Transfection
of the expression vectors for constitutive-active MEK1
(pFC-MEK1) or MKK6 (pcDNA3.1-MKK6 SETE) with
pEGEFP-CI at a concentration ratio of 4 to 1 ensured the ex-
pression of MEK1 or MKKG6 in the GFP-expressing cells.
Cells transfected with the control vector pcDNA3.1 and
PEGFP-CI at a concentration ratio of 4 to 1 were incubated
in the absence or presence of dexamethasone, and the cells
expressing more than 10-fold the GFP fluorescence were
sorted and analyzed for annexin V binding. Treatinent
with' dexamethasone increased the population of annexin
V-binding cells from 3.5% t0 30.6% (Fig. 4B). In a similar
manner, the expression vectors for constitutive-active
MEKI or MKK6 were transfected with pEGFP-C1. In cells
expressing constitutive-active MEK ! or MKK6, 20.9% and
54.3% of cells were positive for annexin V binding, respec-
tively, in the presence of dexamethasone (Fig. 4B). Since
UO126 also inhibits ERKS at higher concentrations, the ef-
fect of constitutive-active form of MEKS, a direct activator
of ERKDS, was also investigated. In cells expressing consti-
tutive-active MEKS or a control expression vector, 35.8%

and 38.9% of cells were positive for annexin V binding, re-
spectively (Fig. 4B). These data from the overexpression
study suggest that ERK (ERK1/2) inhibits and p38 en-
hances glucocorticoid-induced T-cell apoptosis, and that
ERKS shows little effect if any.

In order to investigate the effect of knocking down ERK
or p38, CC7 cells were transfected with siRNA for ERK1/2
or p38a/B or FAM-labeled control siRNA by Nucleofector.
Since SB203580 inhibits both p38« and p38p among P38
isoforms, the inhibition of p38 by SB203580 is considered
to be through p38c/B. Almost all cells transfected with
FAM-labeled control siRNA showed FAM fluorescence;
the fransfection efficiency of siRNAs into CC7 cells was
considered to be near 100%.

The mRNA levels of ERKI/ERK?2 or p38a/p38p in CC7
cells transfected with siRNA for ERK1/2 or p38«/B, respec-
tively, was analyzed by real-time PCR. Given the mRNA
level for the control siRNA 1.0, the relative mRNA levels
of ERK1, ERK?2, p38«, and p38B were 0.13, 0.12, 0.54,
and 0.17, respectively (Fig. 4C).

Treatment with dexamethasone increased the population
of annexin V binding-positive cells from 5.5% to 58.8% in
cells transfected with control siRNA. In cells transfected
with ERK1/2 or p38¢/B, 67.5% and 49.2% of cells were
positive for Annexin V binding, respectively, in the pres-
ence of dexamethasone. In the absence of dexamethasone,
siRNA for ERK1/2 or p380/B showed no effect on annexin
V binding, respectively (Fig. 4D).

These data show that knocking down ERK1/2 or p38«/
B enhances or inhibits glucocorticoid-induced T-cell apo-
ptosis, respectively.

Analysis of the effect of ERK or p38 on the
iransactivation or mansrepression function of GR

Next, the effects of the activation of ERK or p38 on the trans-
activation or transrepression function of GR were investi-
gated. First, the transactivation function of GR was
analyzed using both (GRE),-tk-luc and MMTV-luc as re-
porter plasmids. In cells transfected with the control vector
and (GRE),-tk-luc, dexamethasone treatment increased the
relative luciferase activity from 0.01 % 0.002 to 0.05 =
0.003. Transfection with the expression vectors for constitu-
tive-active MEK 1, MKX3, or MKK6 increased the lucifer-
ase activity to 0.10 = 0.015, 0.08 = 0.023, and 0.08 =
0.011, respectively, in the presence of dexamethasone
(Fig. 5A). Then, MMTV-luc was used as a reporter plasmid,
and similar experiments were performed. In the cells trans-
fected with the control vector or the expression vectors for
constitutive-active MEK1, MKK3, or MKX6 in the presence
of dexamethasone, the relative luciferase activity was 0.17
£ 0.005, 0.15 = 0.005, 0.17 £ 0.010, and 0.17 = 0.008, re-
spectively. In the untreated cells, the luciferase activity was
nearly at the background level (Fig. 5B). These data suggest
that both ERK and p38 either activate or do not change the
GR transactivation function, depending on the target genes.
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Figure 4. The effects of activation or inhibition of MAP kinase pathways on the exlernalization of phosphatidylserine. 5 /. 10° CC7 cells were transfected
with 1 ng of pEGFP-C1 and 4 g of either a vector plasmid encoding constitutive-active MEK1, MKKSG, or MEKS and a control expression vector, and
treated with or withowt 107® M dexamethasone for 40 hours. The cells exhibiting more than 10-fold of GFP fluorescence were soried {A) and analyzed
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Then, the transrepression function of GR was investi-
gated by analyzing the degree of repression of TNF-o-
activated nuclear factor-«kB (NF-kB) activity by dexameth-
asone. The luciferase activity in the absence of TNF-« in
cells transfected with the control vector was set as 1. In
the control cells, dexamethasone suppressed the TNF-cz-ac-
tivated NF-kB activity from 9.8 = 1.5t0 4.4 + 1.6. In cells
transfected with the expression vectors for the constitutive-
active MEK1, MKXK3, or MKKS6, dexamethasone treatment
suppressed the TNF-z-activated NF-kB activity from 8.5 =
15,106 223, and 103 £ 1.7 1040 £ 1.3, 4.3 + 1.6, and
4.5 = 0.4, respectively (Fig. 5C). These data suggested that
neither ERK nor p38 has any effect on transrepression func-

tion of GR. The results of the effects of ERK and p38 on the
transactivation or transrepression function of GR could not
explain the opposite effects of ERK and p38 on glucocorti-
coid-induced T-cell apoptosis, suggesting that the main tar-
get of ERK and p38 in glucocorticoid-induced T-cell
apoptosis is not the level of transcription regulated by
GR, although this possibility cannot be excluded.

Analysis of the steady-state protein

expression levels of bel-2 and IAP jamily members

As described before, apoptosis through mitochondria is
regulated by bel-2 family members, which consist of both
ant-apoptotic members, such as bel-2 and belxl, and
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then treated with or without 107 M dexamethasone for 18 hours. The lu-
ciferase activity was measured using the Dual-Luciferase Reporter Assay
System (Promega} and normalized by the Renilla luciferase activity. (C)
CC7 cells were transtected with 800 ng NF-kB-dependent luciferase re-
porter (16xB)s-tk-luc, 200 ng pRL-CMV, 400 ng pCMX-GR, and 600
ng pcDNA3.1 or an expression vector encoding constitutive-active
MEK]1, MKX3, or MKKS6, and then treated with TNF-z in the presence
or absence of 107% M dexamethasone for 24 hours. The luciferase activity
in mock-transfected cells with no treatment was set as 1.0.

pro-apoptotic members, such as Bak, Bax, and Bad. There-
fore, the steady-state protein expression levels of bel-2, bel-
xL, Bak, Bax, and Bad was examined by Western blotting
analysis in untreated CC7 cells or CC7 cells treated with
U0126 and/or dexamethasone for 24 hours. To lessen the

effect of the decrease in the protein level accompanying ap-
optosis itself, the incubation was performed for 24 hours.
The glucocorticoid-induced apoptosis in CCRF-CEM cells
is known to become evident after 24 hours [18]. As aresult,
no remarkable changes in the protein levels were detected.
In addition, as other regulators of apoptosis, two IAP family
members, ¢-IAP1 and XIAP, were also analyzed for their
protein expression levels; no remarkable changes in the
levels of these proteins were detected (Fig. 6).

Effect of U0I26 on several

dexamethasone-resistant cell lines

As described before, apoptosis was induced in dexametha-
sone-resistant CC3 cells in the presence of U0126
(Fig. 2B). To examine whether apoptosis is induced in other
dexamethasone-resistant cell lines, six human T cell lines,
namely Jurkat, JM, RPMI-8402, PEER, CCRF-HSB-2,
and HPB-ALL, were tested for annexin V binding in a sim-
ilar manner. No differences in annexin V binding were
found between the presence and absence of 107% M dexa-
methasone for each cell line. In the presence of U0126,
however, 18.9% = 4.0% and 28.4% * 1.3% of PEER
and CCRF-HSB-2 cells respectively were positive for an-
nexin V binding in cells, although slight increases in the an-
nexin V binding were detected by treatment with U0126

dexamethascne - -+
Uo126

Bel-2 family Bak

Bad

p-actin

Y R YIRS e -actin

Figure 6. Analysis of the steady-state protein expression levels of bel-2
and [AP family members. CC7 cells were wreated with or without 10
uM U0126 in the presence or absence of 107% M dexamethasone for 24
hours and then lysed with RIPA buffer. A total of 20 ug protein was loaded
in each lane. The protein expression levels of hel-2, bel-xL, Bak, Bax, Bad,
¢c-IAPI, XIAP, and f-actin were analyzed with immunoblotting.
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alone. No increases in annexin V binding were found in the
other four T cell lines by the concomitant use of dexameth-
asone and U0126 (Fig. 7A). It was investigated whether the
treatment of U0126 actually inhibited the activation of ERK
in PEER and CCRF-HSB-2 cells, respectively. Phosphory-
lated ERK1 (p44) and ERK2 (p42) decreased after the
treatment of 10 uM U0126 in the absence or the presence
of dexamethasone in both cells (Fig. 7B), showing that
U0126 inhibits ERK activation in both PEER and CCRF-
HSB-2 cells. These results suggest that some of the gluco-
corticoid-resistant cell lines were converted into glucocorti-
coid-sensitive cell lines by the inhibition of ERK activation.

Discussion ,

In this report, the results suggest that ERK inhibits and p38
enhances glucocorticoid-induced T-cell apoptosis at several
steps of apoptosis, namely the loss of mitochondrial
membrane potential, caspase activation, externalization of
phosphatidylserine, DNA fragmentation, and chromatin
condensation. This notion was further supported by exper-
iments on the activation of ERK or p38 by transient trans-
fection of constitutive-active MAPKKSs or on the inhibition

>
]
e

-
301 [Zluotes

dexamethasone
dexamethasong, U0126

percentage of annexinV positive cells

RPMI-8402 PEER CCRF- HPB-ALL
HSB-2

Jurkat JM

. : - dexamethasone
- + - + - + - + Uotas

n _ phospho-pd4
e et 1 phospho-pd2

e I L
o e gn v e G R QR - 4D

PEER CCRF-HSB-2

Figure 7. Effects of U0126 on glucocorticoid-induced apoptosis in several
dexamethasone-resistant cell ines. (A) Six human T cell lines, namely Ju-

rkat, JM, RPMI-8402, PEER, CCRF-HSB-2, and HPB-ALL, were treated -

with or without 10 M U0126 in the presence or absence of 1077 M dexa-
methasone for 48 hours, and then analyzed for annexin V binding. (B)
PEER and CCRF-HSB-2 cells were treated with or without 1078 M dexa-
methasone in the presence or absence of 10 uM U0126 for 24 hours. Cell
lysate was subjected to immunoblotiing with anti-phospho ERK1/2 anti-
body or anti-ERK1/2 antibody.

of ERK or p38 by siRNA. Since ERK and p38 are thought
to play pivotal roles in differentiation, proliferation, cell
survival, and apoptosis in T cell [11,19,20], clarification
of the cross-talk with glucocorticoid is extremely intrigu-
ing. It may also provide some clues for clarifying the mech-
anism of glucocorticoid-induced T-cell apoptosis. However,
since the roles of both glucocorticoid and MAPKs in apo-
ptosis depend on the cell type, these findings cannot be gen-
eralized for all cell types.

Our findings also suggest that ERK and p38 possibly af-
fect the apoptosis process at the premitochondrial or mito-
chondrial stage (Fig. 8). Among the premitochondrial
stages, transcriptional regulation by GR is a possible target
of ERK and p38. It was reported that GR was not a direct
target of ERK and p38 [21], and that coactivators of GR
could be possible targets {22-25]. In our study, both ERK
and p38 activated GR-mediated transactivation when
(GRE),-tk-luc was used as the reporter gene, but not
when MMTV-luc was used as reporter gene. The effects
of ERK and p38 on GR-mediated transactivation might de-
pend on the target genes [26]. On the other hand, neither
ERK nor p38 had much effect on the transrepression by
GR. In any case, the opposite effects of ERK and p38 on
glucocorticoid-induced T-cell apoptosis could not be ex-
plained at the level of transcription, although the possibility
was not ruled out.

Pro-apoptotic and anti-apoptotic bcl-2 family members
that regulate apoptosis through mitochondria are other pos-
sible targets of ERK and p38. Since the protein levels of
several bcl-2 members were not changed after treatment
with U0126, we could not identify the targets of ERK.
One possibility is that the phosphorylation status or subcel-
lular localization of bcl-2 family members might be
changed by ERK [27,28].

It is known that glucocorticoid induces G1 arrest in the
cell cycle in glucocorticoid-induced T-cell apoptosis [29]. It
was reported that p38 was necessary for G1 arrest in cy-
cling cells [12]. It was hypothesized that p38 was necessary

Loss of mitochondrial
membrane potential

i M Caspase activation

? Externalization of

ERK1/2 p3s

{

Glucocorticoid iy
Signating mmmawa }

phosphatidylserine

Chromatin condensation
DNA fragmentation

Figure 8. ERK1/2 and p38 possibly affect the apoptotic process at the pre-
mitochondrial or mitochondrial stage. After the apoptotic signal reaches
the mitochondria, several factors are released from the intermembrane
space, leading to activation of the apoptosis cascade. Apoptosis through
mitochondria is regulated by bel-2 family members. See the text for de-
tails. ERK and p38 are supposed to affect the apoptosis process at the pre-
mitochondrial or mitochondrial stage.



1550 T. Tanaka et al.! Experimental Hematology 34 (2006) 1342-15352

for G1 arrest in glucocorticoid-induced T-cell apoptosis, but
SB203580 alone had little effect on the cell cycle itself in
CC7 cells (Fig. 3C and data not shown). Thus, this hypoth-
esis seems to be unlikely.

ERK is mainly activated by the Ras-Raf pathway [9].
The Ras-Raf-ERK pathway is activated through the stimu-
lation of T-cell receptor or by several growth factors, The
finding that ERK inhibits glucocorticoid-induced T-cell ap-
optosis, although reported by others [26,30,31], explains
the fact that apoptosis through T-cell receptor antagonizes
glucocorticoid-induced apoptosis . Moreover, it was shown
in this report that inhibition of the ERK pathway restored
dexamethasone sensitivity in some glucocorticoid-resistant
T cells. This is especially significant when considering clin-
ical measures for glucocorticoid resistance. The combina-
tion of both inhibitors of the ERK activation pathway and
glucocorticoid may help us to cope with glucocorticoid re-
sistance. Regarding the reason why inhibition of ERK did
not restore dexamethasone sensitivity in all the glucocorti-
coid-resistant T cell lines, there are several possibilities.
One is that some of the cells may be devoid of functional
GR. Another is that the survival of some cells may depend
principally on other signals including that of PI3-kinase.

A variety of signals including lipopolysaccharide (LPS),
inflammatory cytokines such as TNF-o and IL-1, hor-
mones, G protein—coupled receptors, osmotic and heat
shock, and other stresses activate p38 [12]. Some of these
stimuli may also be used with glucocorticoid to overcome
glucocorticoid resistance.

Experimental procedures

Reagenis

Dexamethasone, antibody for B-actin and HRP-conjugated
anti-goat IgG were purchased from Sigma (St. Louis,
MO, USA), U0126 and SB203580 were from Calbiochem
(San Diego, CA, USA), TNF-a was from R&D Systems,
Inc. (Minneapolis, MN, USA), and JC-1, DiOC4(3) and
Hoechst 33342 were from Molecular Probes, Inc. (Eugene,
OR, USA). The antibodies for ERK1/2, p38 MAPK, INK/
SAPK, phospho-ERK1/2, phospho-p38 MAPK, phospho-
INK/SAPK, Bax, HRP-conjugated anti-mouse IgG, and
HRP-conjugated anti-rabbit IgG were from Cell Signaling
Technology, Inc. (Beverly, MA, USA). Antibodies for bel-
2, bel-xL, Bak, Bad, c-IAPI, and XIAP were from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). pRL-
CMV was from Promega Co. (Madison, WI, USA).
pEGFP-C1 was from Clontech (Palo Alto, CA, USA).
pcDNA3.1 was from Invitrogen Co. (Carlsbad, CA,
USA). pFR-luc, pFC-MEKI, pFC-MKXK3, pFC-MEKK,
pFAZ-EIk1, pFA2-CHOP, and pFA2-cJun were from Strata-
gene (La Jolla, CA, USA). siRNAs for ERK 1, ERK2, p38a,
p388, and FAM-Iabelad control siRNA were obtained from
Ambion (Austin, TX, USA).

Plasmid construction

pcDNA3.1-MKK6-SETE was a kind gift from Dr. Yukiko
Gotoh (Tokyo, Japan). Human MEKS cDNA was amplified
by RT-PCR method with ExTaq (Takara, Japan) and cloned
into pTarget mammalian expression vector (Promega, Madi-
son, WI, USA). The primers used for the amplification were
5'-ATGCTGTGGCTAGCCCTTGGC-3' and 5-TCACGG-
GGGCCCCTGCTGG-3!. Constitutive active form of
MEKS, MEK5-SDTD [32], was constructed by replacing
both Ser313 and Thr317 with Asp with Site-directed IT muta-
genesis kit (Stratagene, La Jolla, CA, USA). The mutagene-
sis primers were 5'-GCACTCAGCTGGTGAATGATATAG-
CCAAGGATTATGTTGGAACAAATGC-3 and 5/-GCAT-
TTGTTCCAACATAATCCTTGGCTATATCATTCACCA-

GCTGAGTGC-3'. ¢DNA sequence of MEK5-SDTD was
confirmed with sequence analysis. The firefly-luciferase re-
porter vector and MMTV-Iuc have been described previously
[33]. tk-Luc was constructed by cloning the —109 to +37 re-
gion of the herpesvirus thymidine kinase promoter into the
Bgl Il and Hind I sites of the pGL3-basic vector (Promega,
Madison, WI, USA). A pair of oligonucleotides, 5'-
TAGCCCCTTGGAAATTCCGGAGCTTGGAAATTCCG-

GAGCTTGGA AAT TCCGGAG-3' and 5'-TCGACTCCG-
GAATTTCCAAGCTCCGGAATTTCCAAG CTCCGGA-
ATTTCCAAGGGGCTA-3/, were annealed, resulting in
a double-stranded oligonucleotide with both a blunt end
and a Xho I-compatible overhang that was then inserted
into the Sma [ and Xho 1 sites of tk-Luc, giving rise to
(16xB)s-tk-Luc containing three copies of the kB sites found
in the human ICAM-1 gene promoter [34]. A pair of
oligonucleotides, 5'-GTTACAAACTGTTCTGTTACAAA-
CTGTTCT-3 and 5-TCGAAGA ACAGTTTGTAACA-
GAACAGTTTGTAAC-3, were annealed, resulting in a dou-
ble-stranded oligonucleotide with both a blunt end and a Xho
I-compatible overhang that was then inserted into the Sma I
and Xho L sites of tk-Luc, giving rise to (GRE),-tk-Luc con-
taining two copies of the glucocorticoid response element
(GRE) [35].

Cell culture and limiting dilution

All the human T cell lines, except for CCRF-CEM, were
provided by the Fujisaki Cell Center (Hayashibara Bio-
chemical Laboratories, Inc., Okayama, Japan). CCRF-
CEM was obtained from Dainippon Pharmaceutical Co.
Ltd. (Osaka, Japan). Fetal bovine serum was treated with
dexiran-coated charcoal as described previously [36]. Cells
were cultured in RPMI 1640 supplemented with 10% fetal
bovine serum (FBS), 100 U/mL penicillin, 100 pg/mL
streptomycin, 292 wg/mlL L-glutamine, and 5 uM 2-mer-
captoethanol. Regarding the limiting dilution, CCRE-
CEM cells were diluted in a volume of 300 uL at a density
of 1 cell/mL in 96-well plates. The wells containing a single
cell, as observed under a microscope, were selected for iso-
lating subclones.
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Dezection of apoptosis

Externalization of phosphatidylserine was detected with an
annexin V-FITC kit (mmunotech Co., Marseilles, France)
or annexin V-PE (Pharmingen, San Diego, CA, USA).
Briefly, cells were washed with phosphate-buffered saline
(PBS) and resuspended with annexin V binding buffer, fol-
lowed by the addition of annexin V and PL. The cells were
analyzed using an EPICS flow cytometer (Beckiman Coul-
ter, Inc., Miami, FL, USA) or a FACScan (BD Biosciences,
San Diego, CA, USA), and the percentage of annexin
V-binding cells was calculated. Regarding the loss of
mitochondrial membrane potential, 2 x 107 CC7 cells
were incubated in culture medium containing 5 uM JC-1
or 40 uM DiOCg(3) at 37°C for 30 minutes, and then ana-
lyzed using a FACScan. Activated caspase-3 was detected
with PE-conjugated anti-active caspase-3 antibody (Phar-
mingen). Anti-active caspase-3 antibody recognizes the het-
erodimer of 17- and 12-kDa subunits that were derived
from the 32-kDa proenzyme. Approximately 1 x 10° cells
were fixed in PBS containing 1% paraformaldehyde, per-
meabilized, and stained intracellularly in PBS containing
0.1% saponin and 4% FBS. Celis were then washed twice
in PBS containing 4% FBS and analyzed on a FACScan
flow cytometer. Regarding the degradation of DNA, 1 x
10° CC7 cells were washed with ice-cold PBS, resuspended
with 2 mL of ice-cold 70% ethanol, and then incubated for
4 hours at 4°C. The cells were washed with PBS twice, re-
suspended with I mL of PBS containing 10 pg/mL RNase
A, incubated for 30 minutes at 37°C, and propidinm iodide
was added to a final concentration of 10 pg/mL. The PI in-
tensity was measured for 1 x 10° events using a FACScan,
and the percentage of the sub-Go/G; fraction was analyzed
using CellQuest software. To assess the apoptotic nuclear
morphology, CC7 cells were stained with 2 ng/mL Hoechst
33342, and observed under a confocal microscope (Leica
Microsystems, Wetzlar, Germany).

Transfection

CC7 cells were transfected using Nucleofector (Amaxa Bio-
systems, *Cologne, Germany) according to the manufac-
turer’s instruction. Briefly, 5 x 10° CC7 cells were washed
with PBS, resuspended with the cell line nucleofector kit V
solution, and mixed with plasmid DNA in a total volume of
100 uL. The cell mixture was transferred to a cuvette and
transfected with program C-16 using Nucleofector. Trans-
fected cells were cultured in 2 mL RPMI 1640 medium at
37°C for 3 hours, and treated with various stimuli.

Real-time PCR

After total RNA was purified with RNeasy kit (Qiagen, To-
kyo, Japan), first-strand ¢DNA synthesis was performed
with QuantiTect reverse transcription kit (Qiagen). Primers
were designed using Primer Express software (Applied Bio-
systems, Foster City, CA, USA). The primers used were
follows: 5-CCTTCCAACCTGCTGCTCAAC-3' and 5'-

TTCTGTCAGGAACCCTGTGTGATC-3' for ERKI, 5'-
ACCTGCTGGA CCGGATGTTAA-3" and 5'-GGTGAGC-
CAGCGCTTCCT-3  for ERK2, 5-TGTGAATGAA-
GACTGTGAGCTGAAGATT-3 and 5'-GCCACGTAGC
CTGTCATTTCATC-3 for p38«, and 5-CTTGGAAG-
GATGCTGGTGCT-3" and 5'-CCTCAACGCTCTCATCA-
TATGG-3' for p38p. Samples were subjected to real-time
PCR with SYBR Premix Ex Taq (TAKARA) usin g LightCy-
cler (Roche, Mannheim, Germany). Using comparative delta
Ct method, the mRNA level of target gene was calculated.

Luciferase assay

Luciferase assays were performed using the Dual-Lucifer-
ase Reporter Assay System (Promega, Madison, WI,
USA)_ according to the manufacturer’s instructions. Two
x 107 CC7 cells were washed with PBS and lysed with
100 pL. of passive lysis buffer. Fifty uL of the lysate was
subjected to the luciferase assay. The luciferase activity
was detected with a Luimat LB 9507 luminometer (Berthold
Technology Co., Bad Wildbad, Germany).

Immunoblotting

Cells were washed with PBS and lysed with RIPA buffer
(1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% so-
dium dodecyl sulfate [SDS], Complete Mini Protease Inhib-
itor Cocktail [Roche Diagnostics, Mannheim, Germany] in
PBS). The lysates were collected and centrifuged at 15,000
rpm for 15 minutes at 4°C. The protein concentrations were
measured with BCA protein assay (Pierce, Rockford, 11,
USA). A total of 20 pg protein was subjected to SDS-
PAGE and transferred onto a PVDF membrane (Bio-Rad
Laboratories, Hercules, CA, USA). The membrane was in-
cubated in blocking buffer (5% nonfat skim milk in PBS or
Tris-buffered saline (TBS) containing 0.05% Tween-20) for
1 hour. The membrane was incubated for 2 hours in the pri-
mary antibody, washed with PBS or TBS containing 0.05%
Tween-20, and then incubated for 1 hour in the secondary
antibody. The protein expression levels were visualized
with an ECL Plus kit (Amersham Biosciences, Bucking-
hamshire, England) and a STORMS600 image analyzer
(Amersham Biosciences).
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* Measurement of androgen concentration : current evaluation and problems.
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