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Glucocorticoids (GCs) induce apoptosis in lym-
phoid cells through activation of the GC receptor
(GR). We have evaluated the role of p38, a MAPK, in
lymphoid cell apoptosis upon treatment with the
synthetic GCs dexamethasone (Dex) or deacylcor-
tivazol (DAC). The highly conserved phosphopro-
tein p38 MAPK is activated by specific phosphor-
ylation of its threonine180 and tyrosine182
residues. We show that Dex and DAC stimulate p38
MAPK phosphorylation and increase the mRNA of
MAPK kinase 3, a specific immediate upstream
activator of p38 MAPK. Enzymatic assays con-
firmed elevated activity of p38 MAPK. Pharmaco-
logical inhibition of p38 MAPK activity was protec-
tive against GC-driven apoptosis in human and

mouse lymphoid cells. In contrast, inhibition of the
MAPKs, ERK and cJun N-terminal kinase, en-
hanced apoptosis. Activated p38 MAPK phosphor-
ylates specific downstream targets. Because
phosphorylation of the GR is affected by MAPKs,
we examined its phosphorylation state in our sys-
tem. We found serine 211 of the human GR to be a
substrate for p38 MAPK both in vitro and intracel-
lularly. Mutation of this site to alanine greatly di-
minished GR-driven gene transcription and apo-
ptosis. Our results clearly demonstrate a role for
p38 MAPK signaling in the pathway of GC-induced
apoptosis of lymphoid cells. (Molecular Endocrin-
ology 19: 1569–1583, 2005)

THE MECHANISM by which glucocorticoids (GCs)
bring about the apoptotic death of lymphoid cells

is not clear. However, some important landmarks in
the process have been identified (1–3). It has been
established that an interval of continual steroid expo-
sure is required, up to many hours in malignant lym-
phoid cells. Sufficient levels of active intracellular GC
receptor (GR) are necessary during this time, and the
steroid-activated GR evokes a network of regulatory
events. Eventually, more and more cells become in-
extricably committed to overt apoptosis. When it was
first recognized that the cell death evoked by activated
GR was apoptotic, it was hoped that this might sim-

plify the problem, but this expectation has waned as
awareness of the complexity of mammalian apoptotic
pathways has increased (4–8). It is certain now that the
antecedent gene network affected by GCs involves a
dense amount of signal pathway cross talk (1–3). Con-
sequently, considerable effort has been devoted to the
identification of the critical regulated genes. Transcrip-
tional induction or suppression of some genes has
been clearly identified, and the use of gene array data
has led to recognition of a number of additional can-
didate genes that deserve further experimental testing
(9–12). The GC/GR-driven pathway to apoptosis of
lymphoid cells is strongly influenced by other cellular
signaling systems that function at a posttranslational
level, to control the activity of enzymes and transcrip-
tion factors. The cAMP/protein kinase A pathway syn-
ergizes strongly with the GC-GR system in producing
lymphoid-cell apoptosis (13–15). Other evidence
shows that the redox balance of the cell (16), members
of the protein kinase C pathways (17–19), and other
posttranslational regulatory systems (20, 21) also have
potent influences. Before the work reported here, sev-
eral lines of evidence hinted at the possibility that the
MAPKs might also be involved.

The MAPK signaling system has been implicated in
gene induction by GCs (22–25). In several cell sys-
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tems, MAPKs have been found to play a role in apo-
ptosis initiated by mechanisms other than GCs (26–
33). We therefore tested the contributions of three
major MAPKs in the apoptosis specifically evoked by
GCs in malignant lymphoid cells. We show that p38
MAPK is a component of the GC-evoked pathway to
lymphoid cell apoptosis in human and mouse cell sys-
tems and that the p38-specific upstream kinase kinase
MKK3 appears to be involved. In contrast to p38, other
major MAPKs, viz. ERK and cJun N-terminal kinase
(JNK), appear to support cell viability in the context of
GCs. We further find that site-specific phosphorylation
of the human GR (hGR) N-terminal activation function
domain (AF1) by p38 MAPK is involved in the apopto-
tic and gene-inductive events initiated by GC.

RESULTS

Specific Inhibition of MAPKs in Human and
Mouse Cells Reveals that p38 MAPK Activity Is
an Important Component in GR-Dependent
Lymphoid Cell Apoptosis

To test the relevance of p38 MAPK activity, several
clones of CEM (human) cells and the S49.1 clone of
mouse cells were examined. Two highly specific inhib-
itors of p38 MAPK were employed. The use of two
inhibitors helped rule out nonspecific effects due to a
particular chemical structure. ICR-27 cells (34) are a

subclone of CEM cells selected after mutagenesis
from the GC-sensitive clone CEM-C7, for resistance to
apoptosis in high concentrations of the synthetic GC
dexamethasone (Dex). The basis for this insensitivity is
lack of functional GR because the sensitivity of ICR-27
cells to Dex-evoked apoptosis is restored after sup-
plying them with GR via transfection (35). We repeated
and confirmed that experiment by transfecting the
cells with plasmids expressing an enhanced green
fluorescent protein (EGFP) fused to the hGR. When
subsequently treated with Dex, significant apoptosis
ensued in those cells that had received the EGFP:hGR
gene. This apoptotic effect was completely prevented
by simultaneous addition of equimolar RU486, a com-
petitive antagonist for the GR (data not shown). Thus,
the apoptotic response was entirely dependent on the
steroidal activation of the transfected GR. When
SB203580, a specific blocker of the p38 MAPK, was
added along with Dex, the steroid-induced apoptosis
was prevented for at least several days (Fig. 1).

This dependence of GR-evoked apoptosis on p38
MAPK activity is not limited to one particular clone of
human cells. S49 cells are mouse lymphoid cells, per-
haps the first lymphoid line shown to be susceptible to
GC-evoked apoptosis (36). As with ICR-27 cells that
had been restored to Dex sensitivity by provision of
adequate GR, inhibition of p38 MAPK in the naturally
sensitive S49.1 clone blocked the cells’ apoptotic re-
sponse to Dex. A demonstration of this is shown in Fig.
2, depicting an experiment measuring the subdiploid

Fig. 1. p38 MAPK Activity Is Necessary for GC-Evoked Apoptosis of ICR-27 Cells Transfected with hGR
ICR-27 cells were transfected at greater than 90% efficiency with an expression vector bearing the hGR gene fused with EGFP.

Twenty-four hours later, the cells were plated at 1.0 � 105 viable cells/ml and treated with vehicle (ethanol/DMSO) only (�), 10�6

M Dex (*), 1.0 �g/ml SB203580, a specific inhibitor of p38 MAPK activity (f), or both together (‚). Viable cells were counted
thereafter for 5 d. Error bars: 1 SD; n � 3. One of two experiments with comparable results.
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Fig. 2. Inhibiting p38 MAPK Activity Reduces GR-Dependent Apoptotic DNA Lysis in Mouse S49.1 Lymphoma and Human CEM
Lymphoid Leukemia Cells

The histograms depict propidium iodide stained cells to show cellular DNA content. M1 represents cells with a subdiploid
content of DNA. Cells were exposed to 48 h (S49.1) or 72 h (CEM) of 10�6 M Dex alone or together with the p38 MAPK activity
inhibitors SB203580 or SB202190 (1.0 �g/ml) before staining and analysis by flow cytometry. Each histogram represents results
from counting 20,000 events. The inset table represents percentage of cells with subdiploid DNA content; *, not done. n � 1
experiment with S49.1 cells; one of two experiments with CEM-C7–14 and CEM-C1–6 cells shown. Two additional experiments
confirmed protection of S49.1 cells’ viability when p38 was blocked with either SB203580 or SB202190.
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content of DNA in S49 cells—a classic index of apo-
ptosis. S49.1 cells treated with Dex display marked
intracellular DNA lysis as they undergo apoptosis, as
the data show. Addition of either specific inhibitor of
p38 MAPK activity prevented most of this apoptotic
response. Data are shown for the inhibitor SB202190.
Although GC-sensitive human CEM lymphoid clones
do not exhibit such marked DNA lysis as S49 cells, it
can be demonstrated (37), and Fig. 2 also shows data
indicating that inhibiting p38 MAPK activity reduces
Dex-induced intracellular DNA lysis in two clones of
apoptosis-sensitive CEM cells that naturally contain
functional GR. This effect correlates in these clones
with considerable, although not total, protection of cell
viability in the face of Dex. Figure 3 shows the results

of one such experiment, done in triplicate. In four
similar experiments, after 72 h of treatment, there was
an average increase of 2.3-fold in viable cells when
one of the specific p38 MAPK inhibitors was added
along with the Dex. Similar results were obtained when
the cells were treated with deacylcortivazol (DAC):
inhibition of p38 with either SB compound clearly re-
duced apoptosis (data not shown).

We have shown that the rapid and sustained sup-
pression of c-myc transcription by Dex-activated GR
is an important component in the process leading to
initiation of apoptosis (38–40). Transient or chronic
expression of c-myc partially protects against Dex-
initiated apoptosis (39, 41). Consequently, we tested
the effect of inhibiting p38 activity coupled with sus-

Fig. 3. Inhibition of p38 MAPK Activity Ameliorates Dex-Driven Apoptosis in Two Clones of Nonmutagenized CEM Cells
Cultures of CEM-C7–14 and CEM-C1–6 cells were exposed to vehicle (�) (�1% ethanol), 10�6 M Dex (*), specific p38 MAPK

activity inhibitors 1.0 �g/ml SB203580 (f) or 1.0 �g/ml SB202190 (Œ), or combinations of the inhibitors plus Dex (▫, ‚). The
cultures were then followed for content of viable cells. Upper graph, CEM-C7–14; lower graph, CEM-C1–6 cells. Error bars: 1 SD,
n � 3. One of four experiments each with triplicate biological samples of CEM-C7–14 cells is shown. Single triplicate experiment
with CEM-C1–6 cells. (See also independent experiment on CEM-C1–6, Fig. 2.)
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tained c-myc expression on the viability of the partially
protected CEM cells treated with Dex. For this pur-
pose, we compared effects in clone CEM-C7–14 (en-
dogenous cMyc suppressed by Dex) and CEM-C7–14
Myc ER clone 22 (carrying a constitutive c-myc gene).
Equal numbers of cells were plated in multiple wells of
a tissue culture plate, and Dex was added to a con-
centration of 10�6 M to all but the control wells. The
combination of p38 inhibitor and constitutive cMyc
proved to be additive; this can be seen by comparing
the percentage of cells surviving after 3 d of treatment
in Dex alone with the surviving fraction treated with
Dex plus inhibitors of p38 MAPK (Table 1). In the cells
expressing cMyc constitutively, the fraction of survi-
vors is greater with use of either p38 inhibitor than it is
in the same CEM clone lacking constitutive cMyc. The
proportionate effect of the p38 MAPK inhibitors on
Dex-induced apoptosis is about the same in both
clones. Blocking p38 MAPK in either CEM-C7–14 or
CEM-C7–14 Myc ER cells increases surviving cells by
2- to 3-fold (compare columns D–F of Table 1). Thus,
the proportional effect of the inhibitors is the same in
both CEM-C7–14 cells (in which Dex blocks c-myc
transcription and thereby lowers cMyc) and cMyc-
constitutive CEM-C7–14 Myc ER cells. These results
suggest that providing cMyc and blocking p38 MAPK
are largely independent prosurvival events.

CEM-C7–14 Myc ER cells were also used during the
experiment to examine the effect of varying the time of

inhibition of p38 MAPK after addition of Dex. Each of
the two specific inhibitors of p38 MAPK was added to
the Dex-treated wells at three times: simultaneously
with Dex, 24 or 48 h later. After 3 d total, all cells were
counted. The data show that although the greatest
protection is afforded when p38 is inhibited as Dex is
administered, significant protection occurs upon add-
ing the inhibitor 24 or even 48 h after the steroid (Table
2). This suggests that a phosphoprotein that must be
replenished is needed for the GC-driven apoptotic
process.

The important supportive role of p38 MAPK activity
for GC-GR-evoked apoptosis is unique among the
three major MAPKs tested. Inhibition of either ERK or
JNK alone had a small effect on cell growth over
several days with about a 30% reduction of cell num-
bers and no loss in viability. When either of these
MAPKs was inhibited, however, Dex-evoked apopto-
sis of CEM cells was enhanced. Figure 4 shows an
example of the effect of blocking JNK or ERK when
Dex was supplied to the medium surrounding Dex-
sensitive CEM cells. Inhibition of either MAPK signifi-
cantly increased the numbers of cells killed by 10�6 M

Dex after 72 h.

p38 MAPK Activity, Not mRNA, Is Increased by
GC; Intermediate Upstream Kinase (MKK3) mRNA
Is Induced

The above results raise the question of the level at
which the steroid-activated GR and p38 pathways
interact. We took advantage of our data from Af-
fymetrix gene chip assays to screen for initial answers
to this question. In addition to results from 20 h of
exposure to Dex (9), we examined unpublished data
from 2–12 h of treatment with the steroid (submitted in
detail elsewhere; Webb, M.S., A. Miller, Y. Fofanov,
and E. B. Thompson). No consistent evidence was
found for multifold increases in p38 mRNA levels, al-
though sporadic modest (up to 50% above controls)
increases were noted (data not shown). This sug-
gested that either constitutive levels of p38 activity

Table 1. The Proportion of Cells Surviving Dex Increases When p38 Is Inhibited in CEM-C7-14 Cells that Constitutively
Express cMyc

Viable Cells per Milliliter (�105) after 3 d % Survivors

Cells: CEM-C7-14 Myc ER Dex� Dex� Dex only Dex � Dex �
203580 202190

0 Drug SB203580 SB202190 Dex SB203580 SB202190 (D/A) � 100 (E/B) � 100 (F/C) � 100
(A) (B) (C) (D) (E) (F)
11.5 11.6 8.9 4.0 7.5 5.8 35 65 65
(�3.3) (�3.0) (�2.5) (�0.8) (�0.8) (�1.2)

Cells: CEM-C7-14
10.0 9.6 8.4 1.6 4.1 3.8 16 43 45

Data from independent experiments on CEM-C7-14 and CEM-C7-14 Myc ER cells. Cells plated in equal numbers were at once
treated with the agents indicated. After 3 d, viable cells were counted. Shown are averages from triplicate biological experiments
for CEM-C7-14 Myc ER cells (1 SD) and the average of two experiments for CEM-C7-14, both of which show added protection
with the use of the p38 activity inhibitors. Left (Unshaded area), Average viable cells from three wells. Right (Shaded area),
Percentage of viable cells relative to matched control as indicated.

Table 2. Viable Cells per Milliliter (�105) after 3 d

Time of
Addition
(Days)

Vehicle Dex

SB203580 SB202190

Alone Dex (at 0)
Plus SB Alone Dex (at 0)

Plus SB

0 12.5 3.8 12.5 7.8 9.6 6.2
1 7.0 4.9
2 6.2 4.2

Effect of time of addition of p38 MAPK inhibitors on their
protection against Dex-induced apoptosis of CEM-C7-14
Myc ER cells. Average of two experiments.
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were sufficient to support Dex-induced apoptosis, or
that the steroid somehow caused p38 activation. The
MAPKs are activated by site-specific phosphoryla-
tions, carried out by the MAPK kinases (MAP2Ks/
MKKs). For the most part, these also showed little
change, with one significant exception: as judged by
the gene chip array data, mkk3, a p38-specific imme-
diate upstream activating kinase, was induced mod-
estly by steroid, although not to the often-used 2-fold
cutoff. To substantiate these suggestive results, we
performed PCR and Northern blot analyses to evaluate
MKK3 mRNA levels. Northern blots of total cellular
RNA confirmed a modest, but clear increase in MKK3
mRNA levels after a 24-h exposure to either 10�6 M

Dex or 10�7 M DAC, an even more potent synthetic GC
(Fig. 5A). RT-PCR (not shown) and quantitative PCR
(Fig. 5B) experiments further confirmed that each GC
caused modest, but significant increases in MKK3
mRNA. This response is not unique to the human cell
model. In mouse S49.1 cells, both steroids raised the
MKK3 mRNA levels about 2-fold after an 8-h expo-
sure, as estimated by RT-PCR (data not shown). Lev-

els of mRNA for MKK6, the other kinase kinase spe-
cifically responsible for phosphorylation of p38,
showed no regulatory response to either steroid (not
shown).

We also examined the phosphorylation/activation of
p38 after steroid treatment. Phosphorylation of p38 on
threonine180 and tyrosine182 by MKKs activates its
kinase function. By use of polyclonal antibodies spe-
cific for p38 phosphorylated at these sites, we found
that both Dex and DAC brought about activation of
p38 in S49.1, CEM-C7–14, and CEM-C1–6 cells (Fig.
6), whereas p38 protein levels remained nearly con-
stant. We also noted that control levels of p38 phos-
phorylation varied considerably as the CEM cells were
disturbed by being plated out and subsequently grown
in culture without added steroids. Disturbing the cells,
when setting up the experiment, raised phospho-p38
levels temporarily (2 h controls Fig. 6A), but by 8 h, the
control levels had fallen considerably; thereafter, they
rose slightly until 32 h, the last time sampled. At 8 h
and beyond, both Dex and DAC caused an increase
over controls in the site-specific, activating phosphor-
ylation of p38 (Fig. 6B). Control mouse S49.1 cells did
not show elevated phospho-p38 2 h after being re-
plated but did show a rise in control levels thereafter.
An increase in phosphorylated p38 in the Dex-treated
mouse cells is clearly seen by 24 h. Activation of p38
was confirmed by direct assay of its protein kinase
function in cell extracts. Figure 7 shows the results of
such an assay in CEM-C1–6 extracts, demonstrating a
statistically significant increase of in vitro p38 protein-
kinase activity after 20 h of treatment of the cells with
either 10�6 M Dex or 10�7 M DAC. Thus, the GCs cause
a modest, but clear increase in the mRNA for MKK3, a
specific activating kinase for p38, and also bring about
an increase in phosphorylation/activation of p38.

Serine 211 (S211) of the Human GR Is a Site-
Specific Target of Phosphorylation by p38 MAPK
and Is Important in Apoptosis

These cumulative results strongly suggest that GC
treatment of apoptosis-prone mouse and human lym-
phoid cells leads to activation of the p38 MAPK, in part
at least, due to the induction of mkk3. The activity of
the p38 kinase clearly plays an important role in the
eventual death of the cells (Figs. 1–3; and Tables 1 and
2). Consequently, it may be asked, what are the pro-
tein substrates of p38 that are important in this pro-
cess? Because it has been shown that GC-dependent
phosphorylation at S211 of the hGR is important for
the nuclear localization of the hGR (43), and because
this serine lies in the important N-terminal AF1 of the
hGR, we tested the possibility that the hGR S211
might be an as yet unrecognized substrate of p38. In
vitro comparisons of several protein kinases showed
that p38 was a potent kinase for S211 on the hGR.
Purified recombinant AF1 domain of the hGR was
incubated with several purified kinases: p38, ERK 2,
Cdc 2, and casein kinase II. The reactions were eval-

Fig. 4. Inhibition of MAPKs ERK or JNK Enhances Dex-
Evoked Apoptosis of Dex-Sensitive cells, CEM Clone CEM
C7–14

Cells in log growth were plated at 1.0 � 105 viable cells/ml
and treated with vehicle (�) (�1% ethanol/DMSO), 10�6 M

Dex alone (*), ERK-inhibitor U0126 1.0 �g/ml (upper panel) or
JNK inhibitor SP600125 1.0 �g/ml (lower panel) (f), or with a
combination of inhibitor plus Dex (‚). Viable cells counts were
obtained 48 and 72 h later. Error bars: 1 SD; n � 3. One of two
experiments with essentially the same results.
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uated by separating the proteins with gel electro-
phoresis and immunoblotting with polyclonal antibod-
ies specific for phosphorylated S211 of the hGR. Of
the kinases tested, only p38 and ERK phosphorylated
the site in vitro (Fig. 8). We then tested whether the
three MAPKs contributed to AF1 S211 phosphoryla-
tion in vivo. Dex or DAC was added to cultures of CEM
C7–14 cells, and 20 h later extracts were prepared for
immunochemical analysis of the phosphorylation state
of S211. Use of the two GCs serves essentially as
duplicates, while ruling out a peculiar, steroid-specific
effect. As others (42) have shown, corticoid treatment
markedly increased S211 phosphorylation. In our
hands, addition of a p38 inhibitor to the culture me-
dium reduced this effect by about one third, whereas

inhibitors of ERK or JNK did not block the phosphor-
ylation; if anything, ERK block increased it (Fig. 9).

Because, in vitro and in vivo, p38 could act to phos-
phorylate the GR at this specific site, we tested
whether this was relevant to GR function. It has long
been known that removal of its ligand binding domain
results in a constitutively active GR (43). CV-1 cells,
which do not contain a functional GR, were trans-
fected with an expression plasmid encoding hGR500,
a constitutively active form of the hGR (44–46).
hGR500 contains the entire N-terminal and DNA bind-
ing portions of the receptor. When bound to a GC
response element (GRE) via its DNA binding domain,
the powerful AF1 transactivating domain in the N-
terminal portion of hGR500 causes increased tran-

Fig. 5. GCs Cause an Increase in MKK3 mRNA in CEM-C7–14 and CEM-C1–6 Cells
CEM-C7–14 cells were grown for 24 h in medium containing vehicle (�1% ethanol/DMSO) (V), 10�6 M Dex (D), or 10�7 M DAC

(Z). Cellular RNA was extracted, electrophoresed on an agarose gel, transferred to a nylon membrane, and blotted with 32P labeled
cDNA probe for MKK3. The blots were evaluated by densitometry and the signal intensities were normalized to either 18s RNA
on the same filter (experiment 1) or to �-actin, which was detected by stripping and reprobing the same filter (experiment 2). The
table shows the calculated folds of induction in response to each of the GCs (A). B, An experiment following MKK3 mRNA by
quantitative PCR in CEM-C7–14 (two independent experiments) and CEM-C1–6 (one experiment) treated with vehicle (�1%
ethanol) or 10�6 M Dex for 8 and 24 h. All data are expressed relative to the 8 h control, C7–14, experiment 1, set as 1-fold.
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scription of GRE-driven genes. Plasmids encoding
wild-type hGR500 or its gene altered to encode ala-
nine instead of serine at position 211 (S211A) were
transfected into the CV-1 cells. To test the conse-
quence of the mutation, a plasmid encoding a pro-
moter that contained a GRE site driving a reporter
gene was cotransfected. The results show that the
mutant lacking a phosphorylatable amino acid at po-
sition 211 was considerably less potent in inducing the
reporter gene (Fig. 10). We tested the effect of the
S211A mutation on apoptosis driven by hGR500. We
have shown previously that in ICR-27 cells (also lack-
ing functional GR), the constitutively active hGR500
causes apoptosis equivalent in extent to that driven by
holo-GR (44). The data from two experiments show
that ICR-27 cells transfected with the nonphosphory-
latable S211A mutant hGR500 showed an average of

60% less cell death than those transfected with non-
mutated hGR500 (Fig. 11).

DISCUSSION

We show here that inhibition of the p38 MAPK activity
inhibits GC-evoked apoptosis of lymphoid cells from
two species, Homo sapiens and Mus musculis. Data
from the use of highly specific chemical inhibitors of
p38 � and � MAPK, and of ERK and JNK lead us to this
conclusion. Two inhibitors of p38 MAPK were em-
ployed, SB203580 and SB202190. These have been
tested against at least 24 well-known protein kinases
involved in cell signaling paths (47, 48) and shown to
be quite specific. Their specificity has been validated

Fig. 6. Time Course of Phosphorylation/Activation of p38 MAPK by GCs
A, Time course for CEM-C7–14, CEM-C1–6, and S49.1 cells plated at a density of 2.0 � 105 viable cells/ml and treated with

vehicle (�1% ethanol) (V) or 10�6 M Dex (D). Cellular protein was extracted at 2, 8, 12, 24, and 32 h after Dex treatment.
Immunoblotting was performed with an antibody for phospho-specific p38 MAPK (threonine180, tyrosine182). A 1-h exposure to
the potent JNK/p38 activator anisomycin was used as a positive control (A). As a control for protein loading a second reaction
for �-actin was performed on each filter. The reaction from the S49.1 cell filter shown here is representative of all three
immunoblots. B, Data from a separate experiment in which CEM-C7–14 cells were plated at a density of 4.0 � 105 viable cells/ml
and treated with vehicle (�1% ethanol for Dex, DMSO for DAC), 10�6 M Dex, or 10�7 M DAC. Cellular protein was extracted at
4, 8, 12, 20, and 35 h after GC treatment. Immunoblotting was performed with antibodies for phospho-specific p38 MAPK
(threonine180, tyrosine182, and p38 MAPK protein (p38). A total of three experiments following p38 MAPK phosphorylation were
performed, all with similar results.
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further by use of a drug-resistant mutant of p38 (49).
The mechanism for this specificity is known. The in-
hibitors bind the ATP site of p38, and crystal structures
show this site to have a special topology among pro-
tein kinases, such that the indicated inhibitors are
uniquely effective (50–52). To inhibit JNK, we em-
ployed a chemically different inhibitor, SP600125,
which has an IC50 for JNKs 1, 2, and 3 at least two
orders of magnitude lower than for 16 other kinases,
and one order of magnitude lower for MKK4, a JNK
upstream activator (53). We inhibited ERK activity with
U0126, which inhibits MEK1/MKK1, the activator of
ERK; U0126 has been shown to suppress the activity
of the classic MAPK (ERK) cascade in cells (54, 55)

We show that the p38 MAPK blockers significantly
reduce the apoptosis due to Dex in four clones derived
from the human leukemic cell line CEM and in one
clone of mouse lymphoid cells. Thus, in two mamma-
lian species, p38 MAPK is involved in GC-evoked ap-
optosis. The most marked effect was in ICR-27 cells,
a subclone of CEM-C7, derived after chemical mu-
tagenesis and one-step selection for resistance to Dex
(34). These cells lack functional GR; when it is re-
placed, their sensitivity to Dex is restored (35, 44). In
these cells, transfected with GR, death due to Dex was
prevented by addition of p38 MAPK inhibitor (Fig. 1).
To avoid concerns over transient transfections and
use of mutagenized cells, and to test the generality of
the effect, we also tested two nonmutagenized clones
of CEM cells and the S49.1 clone of mouse lymphoid
cells, all of which are sensitive to Dex-induced apo-
ptosis. The inhibitors significantly ameliorated the ap-

optosis in every case, although not as completely as in
the GR-transfected ICR-27 cells. It is widely held now
that cell paths to death, as for most important biolog-
ical processes, are multiple and interactive. This is
attested to by the fact that the partial protections by
cMyc and blocking p38 MAPK are additive (Tables 1
and 2). We ascribe, therefore, the stronger block of
apoptosis in ICR-27 cells to the likelihood that the
mutagenic treatment that they had received had
knocked out other critical paths, leaving the p38 path
dominant. Additional studies are planned to test this
hypothesis.

Use of other highly specific chemical inhibitors
showed that blocking either of the major ERK or JNK
pathways enhanced rather than diminished Dex-
evoked apoptosis. Thus, the results presented in this
paper strongly imply the involvement of p38 MAPK,
and not other general MAPK pathways, in GC-depen-
dent lymphoid cell apoptosis. Application of addi-
tional, molecular biology-based methods will be re-
quired to fully substantiate this conclusion.

Consistent with our primary conclusion is our doc-
umentation of p38 MAPK activation following treat-
ment of the cells with two potent, structurally different
GCs. This occurred without an increase in p38 protein.
When its phosphorylation was used as an index of
activation, it took 8 h or more for p38 MAPK to be
activated, perhaps a little less with the more active

Fig. 8. MAPKs p38 and ERK 2 Phosphorylate S211 of the
hGR AF1 in Vitro

Purified recombinant hGR AF1 was incubated with assay
buffer alone � active ERK 2, p38, or calf intestine alkaline
phosphatase (CIAP). An ATP/Mg�� cocktail was added to all
samples except the buffer control. Samples were then incu-
bated in a 30 C water bath and harvested after 30 min and
2 h. Proteins were subjected to SDS-PAGE gel electrophore-
sis and transferred to a PVDF membrane. Immunoblot anal-
ysis using an antibody to phospho-specific hGR (S211) indi-
cated phosphorylation in both ERK 2 and p38 treatments.
The buffer-only (unphosphorylated) and samples with calf
intestine alkaline phosphatase added yielded no positive an-
tibody reactions; n � 2 experiments with p38 MAPK, 1 with
ERK 2 because the latter was confirmatory of published
results.

Fig. 7. p38 MAPK Activity Is Increased in Cell Extracts from
Cells Treated with GCs

CEM C1–6 cells were grown in nine separate wells to a
density of 4.0 � 105 viable cells/ml. Sets of three wells were
treated with vehicle (�1% ethanol for Dex, DMSO for DAC),
10�6 M Dex, or 10�7 M DAC for 20 h. Cellular protein was
extracted and p38 MAPK activity was quantitated by mea-
suring its ability to transfer 32P-labeled ATP to a synthetic
peptide substrate with subsequent binding to a cellulose
filter. The level of radiolabeled peptide was evaluated by
scintillation counting. Data are represented as incorporated
counts per minute per microgram of whole cell lysate. Sta-
tistical significance was evaluated by paired t test; *, P �

0.04, n � 3. Single experiment.
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steroid, DAC. We confirmed that p38 was activated by
assaying its activity in cell extracts. The slow time
course is consistent with prior induction of proteins
that ultimately cause the activating phosphorylation of
p38. The known immediate upstream activators are
MKK3 and MKK6, both specific to p38. In addition,
MKK4, whose best-known substrate is JNK, also can
phosphorylate p38. Time-course gene array data
failed to show induction of MKK4 and MKK6 but sug-
gested a small increase in MKK3 mRNA. We con-
firmed that this occurred by RT-PCR, Northern blots,
and real-time PCR. Induction appeared to be detect-
able around 8–12 h in clone CEM-C7–14, later in the
clone CEM-C1–6. Further work will be required to
show whether mkk3 induction is rapid enough and
sufficient to account fully for the p38 phosphorylation,
although mkk3 appears to at least contribute.

As to the consequences of p38 MAPK phosphory-
lation, the many substrates of the kinase offer a wide
range of opportunities for investigation. Because of
the central role of the GR in the apoptotic process, and
of the GR AF1 domain in particular, we focused on this
region. So far as we know, it had not been shown
previously that p38 phosphorylates hGR S211 in vivo
or in vitro. A recent review lists cyclin-dependent ki-
nase as the only known kinase for the S211 site (56),

and earlier work had shown that ERK does not phos-
phorylate rat GR at the equivalent site (57). The same
laboratory has shown that phosphorylation of hGR
S211 is increased by Dex treatment of lung cancer and
osteosarcoma cell lines, that the phosphorylated S211
hGR is found predominantly in the nucleus, and that
the modified hGR has enhanced transcriptional activ-
ity (43). We now confirm and extend these findings by
showing in lymphoid cells that S211 phosphorylation
enhances GRE-dependent transcription. We further
show that S211 of AF1 is a specific substrate site for
p38 MAPK. This is relevant to GC-driven apoptosis,
because the mutation S211A, which prevents phos-
phorylation at the position, diminishes apoptosis
driven by the constitutively active GR lacking the li-
gand binding domain. The results are diagrammed in
Fig. 12 as a testable hypothetical model.

In sum, we here present strong evidence implicating
the phosphorylation/activation of the p38 MAPK in the
apoptosis evoked by GCs in mouse and human lym-
phoid cells. Among the MAPKs, p38 is a specific sub-
strate for the kinase kinase MKK3. We show that two
different GCs, Dex and DAC, cause a modest but
reproducible increase in MKK3 mRNA levels. Neither
steroid induced MKK6 or MKK4, the two other MKKs
known to phosphorylate p38. Close comparisons of

Fig. 9. Inhibition of Cellular p38 MAPK Activity Reduces GC-Dependent Phosphorylation of hGR (S211)
CEM-C7–14 cells were grown to a density of 4.0 � 105 viable cells/ml and treated with vehicle (�1% ethanol/DMSO) (V), 10�6

M Dex (D), 10�7 M DAC (Z), in the presence or absence of inhibitors for p38 (1.0 �g/ml SB203580), JNK (1.0 �g/ml SP600125),
or ERK (1.0 �g/ml U0126) for 20 h. Cellular protein was extracted and immunoblotting was performed with an antibody to
phospho-specific hGR (S211). Bands were quantitated densitometrically and the results depicted as a bar graph. n � 1
experiment. Comparable results with Dex and SB203580 were obtained in three additional experiments.
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time course and activities of the entire set of kinase
kinases will be required to determine whether MKK3
alone is responsible for the p38 activation. We show
that a specific site, S211, in the AF1 activation domain
of the GR is a substrate for p38. We confirm that
phosphorylation of S211 enhances the ability of the
GR to stimulate transcription and extend this finding to
lymphoid cells. Finally, we show that mutation of S211
to alanine reduces the ability of a constitutively active
form of the GR to cause apoptosis. This suggests that
the phosphorylation of S211 by the p38 MAPK is at
least one mechanism though which the kinase is in-
volved in GR-driven apoptosis.

MATERIALS AND METHODS

Cell Culture

The human CCRF-CEM cell line was isolated from a patient
with acute lymphoblastic leukemia. Subclone CEM-C7–14,
sensitive to GC-evoked apoptosis, was obtained from the
original sensitive CEM-C7 clone (9, 58). Subclone CEM-C1–6
is a GC-sensitive spontaneous revertent from the GC-resis-
tant CEM-C1 clone (9). The GC-resistant clone of ICR-27
cells was derived from the parental CEM-C7 clone after mu-
tagenesis by selection in high-dose Dex (34). ICR-27 cells
contain only an inactive mutant hGR allele (59). CEM-C7–14
Myc ER cells, clone 22, have been described (41). S49.1
mouse lymphoma cells and CV-1 African green monkey kid-

ney epithelial cells were obtained from the American Type
Culture Collection (ATCC) (Manassas, VA). CEM cells were
grown in RPMI 1640 (Cellgro Media Tech, Herndon, VA) (pH
7.4); S49.1 cells were grown in DMEM containing 4.5 g/liter
glucose (Invitrogen, Carlsbad, CA) and 1 mM sodium pyruvate
(Sigma-Aldrich, St. Louis, MO). CV-1 cells were cultured in
MEM with Earle’s salt (Invitrogen). All the media were sup-
plemented with heat-inactivated fetal bovine serum (FBS)
(Atlanta Biologicals, Norcross, GA), 5% for lymphoid cells
and 10% for CV-1 cells. Cells were cultured at 37 C in a
humidified atmosphere of 95% air, 5% CO2, with subcultur-
ing at regular intervals to ensure logarithmic growth. Viable
cells were determined by their ability to exclude trypan blue
dye (Sigma-Aldrich) and were counted by hemacytometer or
on a Vi-cell automated cell counter (Beckman Coulter, Miami,
FL). In comparisons with various methods for determining
apoptosis, we have in many publications shown this to be a
reliable way of estimating the ultimate apoptosis in this cel-
lular system. All experiments were initiated in triplicate at
1.0 � 105 viable cells/ml unless otherwise indicated. Cells
were treated as appropriate to the experiment with vehicle
[ethanol/dimethylsulfoxide (DMSO) �1% final concentration],
10�6 M Dex, 10�7 M DAC (obtained through the kind offices of
Dr. J. P. Raynaud, Roussel-UCLAF, Paris, France), 1.0 �g/ml
SB203580, 1.0 �g/ml SB202190, 1.0 �g/ml SP600125, or 1.0
�g/ml U0126. All chemicals were from Sigma-Aldrich unless
otherwise indicated.

Transient Transfection of ICR-27 Cells by
Electroporation

Logarithmically growing ICR-27 cells were collected by
centrifugation at 1000 rpm for 5 min at 25 C and washed
with 10 ml of sterile 37 C phosphate-buffered isotonic
saline, pH 7.4 (PBS). Cells were resuspended to a density
of 1.0 � 107 viable cells/ml in serum free 37 C RPMI 1640,
and 800 �l aliquots of the suspension were placed into
0.4-cm gap electroporation cuvettes (Bio-Rad, Hercules,
CA) containing 15 �g of either pEGFP-C1, pEGFP-hGR,
pECFP-C1, pECFP-hGR500, or pECFP-S211A hGR500
(BD CLONTECH, Palo Alto, CA) plasmid DNA. Cuvettes
were electroporated using 500 �F and 300 V, using a Gene
Pulser II (Bio-Rad). Electroporated cells were then sus-

Fig. 10. Mutation of hGR (S211) to a Nonphosphorylatable
Amino Acid (Alanine) Reduces GRE-Driven Gene Transcrip-
tion

SEAP activity induced by pECFP-hGR500 and pECFP-
S211A hGR500 was determined by using a pGRE-SEAP re-
porter vector. CV-1 cells were transfected with 0.13 �g of
pGRE-SEAP and 0.13, 0.27, 0.40, and 0.53 �g of pECFP-
hGR500 or pECFP-S211A hGR500. Cells were incubated for
24 h, after which the growth medium was tested for SEAP
activity using a CSPD chemiluminescent substrate. SEAP
activity was determined in duplicates and is represented as
relative light units (RLU), with the ranges shown by the error
bars. Experiment performed twice, comparable results.

Fig. 11. hGR500-Driven Apoptosis Is Reduced by Mutation
of Phosphorylation-Site S211 to Alanine

ICR-27 cells were transfected with pECFP, pECFP-
hGR500, or pECFP-S211A hGR500. The remaining viable
cells were counted 96 h later using trypan blue exclusion. The
reduction in viable cells caused by pECFP-hGR500 was used
to define maximum cell kill in each experiment (average of
two experiments each in triplicate � 8.5 � 104 cells killed).
This is compared with the cell kill by pECFP-S211A hGR500
expressed as percentage of cells killed relative to pECFP-
hGR500.
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pended in 10 ml of RPMI 1640 supplemented with 5% FBS
and cultured as previously stated. Cells used in the
hGR500 vs. S211A hGR500 comparison assay were
treated with phorbol 12-myristate 13-acetate 50 ng/ml and
phytohemagglutinin 1.0 �g/ml final concentration to stim-
ulate transgene expression. Twenty-four hours after elec-
troporation, viable cell numbers were quantified using
trypan blue exclusion, diluted to 1.0 � 105 viable cells/ml
in RPMI 1640 supplemented with 5% FBS, and treated
with vehicle (ethanol/DMSO), 10�6 M Dex, 1.0 �g/ml
SB203580, 10�6 M Dex � 1.0 �g/ml SB203580. Viable cell
numbers at various time points after treatment were de-
termined by trypan blue dye exclusion using a Vi-cell au-
tomated cell counter.

Apoptotic DNA Lysis and Cell Cycle Evaluation by
Propidium Iodide (PI) Staining and Flow Cytometry

Cells were collected by centrifugation, resuspended in 1 ml of
4 C PBS/0.1% sodium azide solution and transferred to
1.5-ml microtubes. In these, the cells were collected at 1000
rpm for 5 min at 4 C. The supernatant liquid was removed and
the cells were suspended in low-salt stain (3% polyethylene
glycol 8000, 50 �g/ml PI, 4 mM sodium citrate from Mallinck-
rodt, Hazelwood, MO), plus 0.1% Triton X-100 (Bio-Rad) and
180 U ribonuclease A (Worthington Biochemicals, Lakewood,
NJ). The samples were incubated in a 37 C water bath in the
dark for 20 min, then an equal volume of high salt stain (3%
polyethylene glycol 8000, 50 �g/ml PI, 400 mM sodium ci-
trate, 0.1% Triton X-100) was added. The samples were
covered and placed at 4 C for at least 1 h in the dark before
analysis. Sample lots were analyzed for DNA content by flow
cytometry in the University of Texas Medical Branch core
laboratory. Red, PI-stained DNA was detected using a
585-nm filter.

Estimation of Specific mRNA Levels

Duplicate cultures of CEM-C7–14 cells grown to a density of
4.0 � 105 viable cells/ml were treated with vehicle (ethanol/
DMSO), 10�6 M Dex, or 10�7 M DAC. Cells were harvested by
centrifuging at 1000 rpm at 25 C for 10 min, resuspended in lysis
buffer (RNeasy kit, QIAGEN, Valencia, CA), and processed per
the instructions of the RNeasy mini-prep kit. The blotting pro-
cedure was carried out as previously described (9) with minor
modifications. The cDNA for MKK3 was isolated from the plas-
mid pCMV-Sport6 containing the full-length mkk3 gene (Gen-
Bank ID BC032478, ATCC) and used as a probe in the Northern
blot hybridizations. A total of 12 �g of RNA was analyzed for
each experimental variable. Audioradiograms were developed
on Blue Lite Autorad film (ISC BioExpress, Kaysville, UT) and
bands were quantitated by normalization to either 18s or �-actin
on an Alpha Innotech Imager (San Leandro, CA). Film linearity
was ensured through graphic analysis. Quantitative Real-time
RT-PCR was performed using Assays-on-Demand primer mix
containing TaqMan MGB probe (FAM dye labeled) to the mkk3
gene (Applied Biosystems, Foster City, CA). Predeveloped 18s
rRNA (VIC dye labeled probe) combined with TaqMan assay
reagent (P/N 4319413E) was used as an endogenous control.
Separate tube (singleplex) one-step RT-PCR (TaqMan one-step
RT-PCR master mix reagent kit; Applied Biosystems) was per-
formed with 80 ng of RNA for both mkk3 and the endogenous
control. One-step RT-PCR was performed using an ABI 7000
sequence detection system (Applied Biosystems) using the fol-
lowing cycling parameters: reverse transcription 48 C for 30
min, AmpliTaq activation 95 C for 10 min, denaturation 95 C for
15 sec, and annealing/extension 60 C for 1 min (40 cycles).
Duplicate threshold cycle (CT) values were analyzed using Mi-
crosoft Excel using the comparative CT(��CT) method as de-
scribed by the manufacturer (Applied Biosystems). The amount
of target (2-��CT) was obtained by normalizing to the endoge-
nous reference (18s) relative to a single calibrator (CEM-C7–14
experiment 1, control, 8 h).

Fig. 12. Interactions of MAPK and GC Pathways in Lymphoid Cell Apoptosis as Supported by Data in this Manuscript
GCs bind and activate the GR, which induces the gene for MKK3 as well as inducing or repressing other genes, which leads

to site-specific phosphorylation/activation of p38 MAPK. This kinase phosphorylates many other substrates including the hGR as
shown at position S211. This phosphorylation enhances GR:GRE-dependent transcription. Inhibition of p38 MAPK activity
reduces GC-driven apoptosis, whereas inhibition of MAPKs ERK or JNK enhance this process.
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Immunochemical Analysis

Cells were grown to a density of 2.0 � 105 or 4.0 � 105 viable
cells/ml for phospho and p38 MAPK protein independent of
phosphorylation state assays and 4.0 � 105 cells/ml for anal-
ysis of hGR S211 phosphorylation in vivo. Purified hGR AF1
domain (61) was used for analysis of hGR S211 in vitro. For
time course experiments, cell cultures were treated with eth-
anol only or brought to 10�6 M Dex by addition of a concen-
trated stock solution and then recultured for 2–32 h. Cultures
were treated with ethanol/DMSO, 10�6 M Dex, 10�7 M DAC,
� 1.0 �g/ml SB203580, � 1.0 �g/ml SP600125, or � 1.0
�g/ml U0126 for 20 h for analysis of hGR S211 phosphory-
lation state. Cells were pelleted and washed as previously
stated. The washed cell pellets were transferred to 1.5-ml
centrifuge tubes and lysed on ice using 4 C M-per cell lysis
buffer (Pierce, Rockford, IL) supplemented with protease in-
hibitor cocktail (Sigma-Aldrich), 10 mM sodium fluoride, and 1
mM sodium orthovanadate. Cellular debris was pelleted by
centrifugation at 13,000 rpm for 10 min 4 C in a Beckman
microfuge. Clarified samples were transferred to fresh cold
microfuge tubes, and the protein concentration was esti-
mated using bicinchoninic acid (Pierce). Whole cell lysate (25
�g) was mixed with 5� SDS-PAGE sample buffer supple-
mented with 2% 2-mercaptoethanol and heated to 100 C for
5 min. Samples were electrophoresed by 10% SDS-PAGE
with subsequent transfer to a polyvinylidine difluoride (PVDF)
membrane (Bio-Rad; or Amersham Pharmacia Biotech, Pis-
cataway, NJ) using a semidry electroblotter (Bio-Rad). Mem-
branes were washed with Tris-buffered saline (TBS) [140 mM

sodium chloride, 20 mM Tris (pH 7.6)] and blocked for 1 h in
TBS supplemented with 5% nonfat dry milk. Membranes
were washed again and placed in a solution of TBS plus 5%
BSA and 0.1% Tween 20 containing either an antibody phos-
pho-(threonine180 and tyrosine182) specific to p38 MAPK
(Calbiochem, San Diego, CA), phosphorylation state-inde-
pendent p38 MAPK (Calbiochem), or hGR phosphoserine
211 (Cell Signaling Technology, Beverly, MA) and incubated
for 16 h at 4 C with gentle agitation. Membranes were sub-
sequently washed with TBS supplemented with 0.1% Tween
20. Membranes were probed with a horseradish peroxidase
goat/antirabbit secondary antibody for 1 h at 25 C. After
again washing, the membranes were saturated with the
horseradish peroxide substrate ECL (Amersham Pharmacia
Biotech) and exposed to Kodak (Rochester, NY) photo-
graphic film for various times to ensure linearity.

Kinase Assay

CEM-C1–6 cells were grown to a density of 4.0 � 105 viable
cells/ml and treated in triplicate with vehicle (ethanol/DMSO
as appropriate), 10�6 M Dex, or 10�7 M DAC for 20 h. Cells
were harvested and washed as stated. Cell pellets were
resuspended in 4 C lysis buffer [20 mM MOPS (pH 7.2), 25 mM

�-glycerol phosphate, 5 mM EGTA, 1 mM sodium orthovana-
date, 1 mM dithiothreitol, and protease inhibitor cocktail].
Samples were subjected to two cycles of freeze-thaw at �80
C and 30 C. Samples were clarified as described. Protein was
quantitated using bicinchoninic acid as previously stated. A
kinase assay was then performed as per the instructions of
the p38�/SAPK2a assay kit (Upstate, Lake Placid, NY) using
5 �g of whole cell lysate. Data are expressed as incorporated
counts per minute per 1 �g protein in whole cell lysate.

Phosphorylation of hGR AF1 S211 in Vitro

Recombinant hGR AF1, consisting of amino acids 77 through
262 of the hGR, was expressed and purified as described
(60). Protein phosphorylation was carried out by combining
1.0 �g of purified AF1 with 10 �l ATP/Mg�� cocktail (500 �M

ATP, 75 mM magnesium chloride) (Upstate), 36.5 �l assay
dilution buffer [20 mM MOPS (pH 7.2), 25 mM �-glycerophos-

phate, 5 mM EGTA, 1 mM sodium orthovanadate, 1 mM di-
thiothreitol], also from Upstate, and 2.5 �l of purified kinases
ERK 2, Cdc 2, or casein kinase II (New England Biolabs,
Beverly, MA), or active p38 MAPK (Upstate). Two control
reactions were as follows: unphosphorylated 1.0 �g AF1 plus
49 �l assay dilution buffer and dephosphorylated 1.0 �g AF1,
1.0 �l calf intestine alkaline phosphatase (New England Bio-
labs), 5 �l 10� reaction buffer, and 43 �l water. All samples
were incubated at 30 C in a water bath with gentle agitation.
After 30 min and after 2 h of incubation, 25-�l samples were
removed, mixed with 5� sample buffer supplemented with
2% 2-mercaptoethanol and heated to 100 C for 5 min. Sam-
ples were then electrophoresed on a 10% SDS-PAGE gel
with subsequent transfer to a PVDF membrane (Bio-Rad)
using a semidry electroblotter (Bio-Rad). The membrane was
probed with an antibody specific to the phosphorylated S211
of the hGR and processed as previously described.

Estimation of Gene Transactivation by hGR500

The recombinant clone hGR500 was fused with the gene for
the enhanced cyan fluorescent protein (ECFP) to make the
expression plasmid pECFP-hGR500. The analysis plasmid
pECFP-S211A hGR500 contained the single mutation S211A
in the hGR gene. CV-1 cells were plated in a 24-well plate
(500 �l/well) 1 d before transfection. At 95% confluency, cells
were cotransfected with 0.13 �g of pGRE-SEAP reporter
vector (BD CLONTECH) plus various amounts (0 to 0.5 �g) of
pECFP-hGR500 or pECFP-S211A hGR500 using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. The total amount of DNA added was kept fixed
at 0.8 �g by addition of pECFP as necessary. The cells were
then returned to the 37 C incubator for 24 h, and 50 �l of
medium were then collected and tested for presence of se-
creted placental alkaline phosphatase (SEAP) using the Great
EscAPe SEAP Chemiluminescence Detection Kit (BD CLON-
TECH) according to the protocol provided by the
manufacturer.
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